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Summary

Summary

Hepatocellular carcinoma (HCC) is one of the me#itdl tumors worldwide. So far, the only
treatment option for unresectable HCC is the miml#ige inhibitor sorafenib, an inhibitor of
the Raf/MEK/ERK (MAPK) signaling pathway, which isne of the major pathways
implicated in HCC. Although HCC cannot be cured doyafenib treatment, targeting the
MAPK pathway may be a promising strategy for HC@r#épy. In order to improve HCC
treatment, it is of particular importance to untemsl the action of sorafenib in more detalil.
Therefore, a comprehensive analysis of its effeets performed in HCC cells and tissue and
compared to specific inhibitors of the MAPK pathway my thesis, the following aspects

could be demonstrated:

1. Both, Sorafenib and MEK-specific inhibitors represgthe MAPK signaling pathway, but
had partially opposite effects on other signalingthpvays like Akt signaling. As a
consequence, HCC cell numbers were reduced aftafesib and MEK inhibitor
treatment, but cell division was mainly inhibiteg sorafenib and to a low extent by the
MEK inhibitors. In contrast, apoptosis was strongetuced by the MEK inhibitors, but
differences were observed between the cell linbss $uggests that in HCC besides the
MAPK pathway other signaling pathways play an int@ot role and need to be targeted in
addition to the MAPK pathway.

2. HCC cell lines expressed a variety of surface maécwhich are associated with tumor
progression. In addition, they secreted severanhokées and growth factors which favor
tumorigenesis and angiogenesis. Inhibition of th&AY pathway modulated both surface
molecule expression and secretion of several chem@skand growth factors, whereby,
tumor progression is inhibited.

3. NK cells are supposed to be important for fightagginst HCC, but in HCC tumor tissue,
NK cells were almost absent. There, the microemvitent was altered with an increase of
several chemokines and angiogenic factors. Thew¥atbns might account for the
decreased numbers of NK cells. vitro treatment of resected HCC tissue with sorafenib
resulted in a substantial decrease in the condemiraf these increased factors. This
indicates that alterations of the microenvironmemght be also induced by sorafenib in
HCC patients and, thereby, affecting recruitmeninohune cells, NK cells in particular,

into the tumor tissue.



Zusammenfassung

Zusammenfassung

Das Hepatozellulare Karzinom (HCC) ist einer desdstigsten Tumore weltweit. Das bisher
einzige erfolgreiche Medikament ist der Multi-Kieamhibitor Sorafenib, der eines der
Hauptsignalwege des HCC, den Raf/MEK/ERK (MAPK) r&ilyveg, hemmt. Obwohl
Sorafenib nur zu einer gewissen Verlangerung desletbens der HCC-Patienten fuihrt, stellt
die Hemmung des MAPK-Signalweges dennoch eine etispechende Strategie da. Um in
Zukunft aber die HCC Behandlung zu verbessernesshotwendig den Wirkmechanismus
von Sorafenib auch jenseits der Signalkaskadererstehen. Daher wurde eine umfassende
Analyse von Sorafenib im Bezug auf die Wirksamhksit HCC Tumorzellen und im HCC-
Gewebe durchgefuhrt, wobei eine Besonderheit in degkten Vergleich mit spezifischen
MEK-Inhibitoren besteht. In meiner Arbeit konntédgendes gezeigt werden:

1. Sowohl Sorafenib als auch die MEK-Inhibitoren hemnten MAPK Signalweg, aber
haben teilweise unterschiedliche Effekte auf andgignalwege wie Akt. Dies hat zur
Folge, dass Tumorzellzahlen durch Sorafenib undMEK-Inhibitoren gesenkt wurden,
aber die Zellteilung wurde hauptsachlich von Saordfeund weniger durch die MEK
Inhibitoren gehemmt. Im Gegensatz induzierten diEKMnhibitoren starker Apoptose,
wobei es aber Unterschiede zwischen den verscheadéelllinien gab. Dies deutet darauf
hin, dass neben dem MAPK-Signalweg auch andereabigge eine wichtige Rolle
spielen und fur eine erfolgreiche Behandlung de€HiGséatzlich inhibiert werden mussen.

2. Zum einen exprimieren HCC Zellen eine Vielzahl dme@&achenmolekilen, welche z.T.
bei der Tumorprogression beteiligt sind. Zum andesekretieren sie Chemokine und
Wachstumsfaktoren, welche das Tumorwachstum wédidstern. Die Hemmung des
MAPK-Signalweges durch Sorafenib bzw. MEK-Inhibé&ar verandert die Expression
dieser Oberflachenmolekile und reduziert vor alldisn Sekretion der Chemokine und
Wachstumsfaktoren, was sich inhibierend auf die dijgmogression auswirkt.

3. NK Zellen spielen bei der Tumorbekampfung eine adat Rolle und sind im HCC
Tumorgewebe stark reduziert. Im HCC ist das Miki@ui verandert, wobei einige
Chemokine und Wachstumsfaktoren signifikant erhgiht. Diese Veradnderung konnte
auch ein Grund fur den Ausschluss der NK ZellenH@C-Gewebe sein. Ben vitro
Behandlungen von reseziertem HCC-Gewebe mit Sakafdnnte eine signifikante
Senkung dieser Faktoren erzielt werden, was ddmadkeutet, dass auch in Patienten eine
Veranderung des Mikromilieus durch Sorafenib hegeonfen werden kdnnte und die
Rekrutierung der NK Zellen beeinflusst.



1 Introduction

1 Introduction

Hepatocellular carcinoma (HCC) is th® Bost prevalent cancer worldwide and represents
the 3% most lethal cancer with 500,000 to 600,000 depétsyear, worldwide (El-Serag and
Rudolph, 2007; Llovegt al, 2003). The incidence of HCC is increasing in fpagrand in the
United States mainly due to hepatitis C virus (HGMection with an estimated fivefold
increase until 2015 (Seveat al, 2010). HCC does not only arise as a result of HCV
infections, but can also develop through hepagtidrus (HBV) infections or non-infectious
destructive conditions like alcohol intoxicationhieh is called alcoholic steatohepatitis
(ASH), or fat deposition, called non-alcoholic stdeepatitis (NASH) (Figure 1) (Koranggt

al., 2010a; Severet al, 2010). Moreover, in most of the cases, HCC io@ased with
advanced fibrosis or with cirrhosis, which makee #ituation for the patient even more
difficult (Severiet al, 2010). Because the development of cirrhosis andrpssion towards

HCC are poorly understood, intensive researchtsglto be performed.

The main problem in HCC therapy is that conventiamemotherapy has failed in terms of
curing the disease. Surgical resection or livendpdantation would be the most effective
treatment for improving survival of the patientsf bnly few patients are candidates for these
operations due to diagnosis of HCC at stages twaraxtd for a curative therapy. Because of
this and a lack of treatment options, patients witinesectable HCC typically have a very
poor prognosis with a five year survival of only 5%9% (Farazi and DePinho, 2006;

Mendez-Sancheet al, 2008). In this situation, the small molecule $eméb (Nexavar) is the

Healthy :SI?_'V’ I:'fsv H | Fibrosis

i)

Figure 1. Development of hepatocellular carcinoma. Hepatocellular carcinoma (HCC) can
develop through HBV and HCV infections or non-infectious destructive conditions like alcohol
intoxication (alcoholic steatohepatitis, ASH) or fat deposition (non-alcoholic steatohepatitis, NASH).
This might lead to liver fibrosis and cirrhosis, which then can transform into HCC. Figure was
modified from (Korangy et al., 2010a).
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only treatment option for unresectable HCC whicbvatd a survival benefit compared to

non-treated patients with an average of threeuoriwonths.

Due to the fact that sorafenib is not a curativerdpy but has effects for unresectable HCC, it
is of particular importance to understand its medra of action. This will help to understand
how to improve drug development and drug admirtistna Therefore, it is very important to
have a comprehensive analysis of the mechanisnhefattion of sorafenib in order to
understand where sorafenib benefits are and wheZ€ Hreatment can be improved.
Sorafenib is a multikinase inhibitor targeting fRRaf/MEK/ERK (MAPK) signaling pathway,
as well as growth factor receptors (receptor tyr@diinases). Because it is thought that the
antitumor effect is mainly achieved through theilition of the Raf/MEK/ERK signaling
pathway, sorafenib is compared to specific inhilsitof the MEK kinase and a specific B-Raf
inhibitor, which are currently used in clinical amgte-clinical evaluations. With this
comparison, it can be concluded which effects aediated through the MAPK pathway and
whether inhibition of only this pathway is suffioiefor successful treatment of HCC.

To get a broad view of how the inhibitors work, lgsas were performed regarding their
effects on (1 ifferent signaling pathway$iow the inhibitors influenceell proliferation to
what extent they inducapoptosis and (2) how they modulate timune cell recruitment
and cytotoxicity Moreover, the change of tH8) hepatic microenvironmerin HCC and
changesn vitro-treated HCC tissue will be investigated. In thedis, significant findings in
this respect are presented that contribute toctmsprehensive analysis of HCC and signaling
pathway inhibitors.

Before showing the results, the basic principlesuativer immunology and hepatocellular
carcinoma are introduced, as far as they are irapbfor a better understanding of the results
and the discussion. Section 1.1 gives an overviéwh® importance of the liver for the
immune system with its diversity of cells and disti cytokine and chemokine milieu
(microenvironment). Section 1.2 explains the pilaignaling pathways in HCC and the
importance of natural killer cells, which play antral role for tumor cell killing, with their
mechanisms of tumor recognition. Moreover, an oesvvof currently tested signaling

pathway inhibitors for the treatment of HCC will gien.



1.1 Liver Immunology

1.1 Liver Immunology

The liver is one of the largest human organs wittaidy blood flow of more than 2000 liters
(Gershwinet al, 2007c). This is necessary, because the funcfitimediver is to regulate the
composition of the blood by detoxification of hauhfsubstances, metabolism of
carbohydrates, lipids, and proteins, storage otaggns, uptake of amino acids, and the
production of uric acid. Furthermore, the liverim/olved in the clearance of bacterial
products and toxins from the blood (Knolle and @erk2000). Moreover, the liver produces
and secretes bile, which is stored in the gall#adBesides this, the liver plays a pivotal role
for the immune system. In the following sectioril(1), the basic function and mechanisms of
the immune system in the liver are described. 8ecli.1.2 explains the communication

signals of the cells in the liver.

1.1.1 Function of the immune system in the liver

The liver is the first organ, which receives bldoom the gastrointestinal (Gl) tract, but it
also gets the blood from the systemic circulatib®.central location in the body and the
position as the first checkpoint for substancemftbe Gl tract makes the liver an important
organ also for the immune system since it represantoarder for foreign substances
(Racanelli and Rehermann, 2006). The blood fromGhéract and the systemic circulation
enter the liver through the portal vein and thedtiepartery, respectively, and flows together
into the hepatic sinusoids (Figure 2) (Adams andt&dn, 2006; Fox, 2006). This mixed
blood in the hepatic sinusoids is then transpaietthe central veins, which collect the blood
into the vena cava inferior. Therefore, via thesetes, the liver receives antigen-rich (e.g.
from pathogens) blood from the gut but also from stomach, spleen, and pancreas. In the
sinusoids the blood flow is slow, which leads teidad exchange of molecules between the
sinusoidal space and cells of the liver (Adams Bksteen, 2006). The sinusoids are lined by
liver sinusoidal endothelial cells (LSECs), whicivk open “fenestrae” to allow the antigens
to pass the LSEC layer (Figure 2). Kupffer celliicla are liver-resident macrophages, are
attached to the endothelial cells. Hepatic steltaits (HSCs) and dendritic cells (DCs) are
found in the space of Dissé, the location betwéenendothelial cells and the hepatocytes
(Figure 2). Through the fenestrates of the LSEG3s Bnd HSCs can reach into the sinusoids
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and get in contact with circulating antigens anchpyocytes (Adams and Eksteen, 2006).
They are important liver-resident antigen-presentiells (APCs) that can take up antigens
from the blood stream or from the liver tissue gmdsent them to lymphocytes, primarily
CD8" and CD4 T cells (Racanelli and Rehermann, 2006; Wiatal, 2008).

Liver acinus

Sinusoid
Central vein

Septal branch

Bile
canaliculus

Sinusoidal lumen pace of Disse

Bile Kupffer
canaliculi  cell

Hepatocyte

Hepatic
artery
branch

G
@)
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%
@)
*
@)
%
Q

Portal
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Figure 2: Structure of hepatic lobule.  The liver is perfused by the blood from the gut and the
systemic circulation flowing through the portal vein and the hepatic artery, respectively, into the
hepatic sinusoids. In the hepatic sinusoids the blood from the portal vein and hepatic artery is
mixed and transported to the central veins, which collect the blood into the vena cava inferior. In
the sinusoids a vivid exchange of molecules occurs between the sinusoidal space and cells of the
liver. The sinusoids are lined by liver sinusoidal endothelial cells, which have open fenestrae.
Kupffer cells are attached to the endothelial cells and hepatic stellate cells and dendritic cells are
found in the space of Dissé, the location between the endothelial cells and the hepatocytes. Figure
was adapted from (Adams and Eksteen, 2006).

Through the blood stream, not only pathogen-derawgthens are transported to the liver, the
liver itself can also be a target of potentiallyrh&ul pathogens under infectious conditions.
In the liver, hepatocytes, APCs and effector ceflghe innate (NK and NKT cells) and

adaptive (T and B cells) immune system are abliedace an immune response (Klein and
Crispe 2006). Hepatocytes, which account for albwatthird of all hepatic cells, can secrete
acute-phase proteins and complement componentghwdre important for the first line

defense during infections (Weiler-Normann and Retaem, 2004). Moreover, they play an
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important role for the induction of the innate immeusystem by the secretion of pattern
recognition receptors. These proteins bind to mgthe and lead to their clearance by
activation of the complement system and markingitiar the uptake by phagocytes (Gato
al., 2008).

Hepatic NK cells account for 30-50% of all livemyphocytes and are located in the lumen of
the hepatic sinusoid (Gaat al, 2008; Lotze and Thomson, 2010; Norisal, 1998). They
carry out a major part of the hepatic innate immuesponse by fighting against viruses,
intracellular bacteria and parasites, and in tHerdee against primary liver tumors and liver
metastases (Gaet al, 2008; Racanelli and Rehermann, 2006). Moreoves, ddlls are
important for the recruitment of T and B cells, ameltrophils to the liver, where several
cytokines and chemokines are involved (Crispe, 2003

For the recognition of presented antigens of i@atells, T lymphocytes play an important
role. In the liver, regarding the classical T lyropites, CD8 T cells outnumber CD4T
cells, which is in contrast to the distributiontive blood, where CO4T cells are almost twice
as much as CDS8T cells (Crispe, 2003). For the recognition of #pmptide antigens, natural
killer T (NKT) cells play a pivotal role in the lar. They recognize non-peptide antigen
targets such as glycolipids in the context of tle@-nlassical antigen-presenting molecule
CD1d. They contribute to immune responses agasaxsthba, viruses, and tumors (Kawagto
al., 1997; Kronenberg, 2005).

Besides antigens from pathogens, food-derived emsigire transported to the liver and taken
up by APCs and presented to the immune systemp@&riZ003). Since food-derived antigens
are constantly present, it is mandatory to avoidetivation of the immune system to prevent
damage of the liver and other organs (Gershetial, 2007c). This is achieved by inhibiting
the immune system by peripheral tolerance agdnestet antigens (Knolle and Gerken, 2000).
In the liver, mainly LSECs, but also DCs, NKT celésd regulatory CD4CD25 T cells
(Tregs) play an important role for the inductiontalerance towards oral antigens (Gershwin
et al, 2007c; Kronenberg, 2005; Weiler-Normann and Raaen, 2004).

This shows that the liver is able to induce an imenvesponse but also maintain peripheral
tolerance. This intra-hepatic balance between nmih@tory and tolerogenic conditions is
maintained by an intensive crosstalk between tfierdnt cells of the liver. For this crosstalk,
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signal molecules like cytokines and chemokines assential among other factors.
Modifications of the cytokine and chemokine seomtcan cause a shift in the balance
between inflammatory and tolerogenic conditionseséh modifications play a role in liver
diseases like HCC, but the exact mechanisms habe &ucidated. Therefore, it is important
to understand the regulation of cytokines and cliemes and the alterations during disease

progression especially in HCC.

1.1.2 Hepatic cytokine milieu

The communication between the different hepaticlsceé obligatory to maintain a
coordinative interaction with their environmentarder to react immediately when conditions
change. In this scenario, cytokines and chemokiesan essential role. In general, most of
the cytokines and chemokines are not constitutiygtyduced and in the liver the normal
cytokine production is rather at a low level (Gevsh et al, 2007a). Under pathogenic
stimulation, various cells are activated and redeagokines as a consequence of activation.
Cytokines are a diverse group of small soluble sigihaling proteins, which are secreted by
different hematopoietic cells, including lymphoctemonocytes, and granulocytes in
response of an activation impulse. Cytokines amir tteceptors are grouped according to
their structure. The large cytokine superfamilséparated in the hematopoietic family with
four alpha-helices, which includes many interlesk{fL), the IL-1 family, gp130 utilizing
cytokines (IL-6 family), the IL-12 family, the IL& superfamily, IL-17, interferons (IFNs)
and tumor necrosis factor (TNF) superfamily. Theg distinct from the chemoattractant
families, called chemokines (Commiesal, 2010; Janewagt al, 2005).

Binding of a cytokine to its corresponding recepiarthe target cell triggers an intracellular
signal transduction cascade which leads to pralif@n and to a rapid change in gene
expression. Cytokines act on different cell typed aave partly overlapping effects on the
cell. They play major roles in immunity and inflaration, but also in lymphoid development,
differentiation, and homeostasis. Many cytokines akegulate cell cycle transition and can
protect cells from going into apoptosis (Gururajl &umar, 2005).

Several cytokines like IL-2, IL-15, IL-16, IL-21,NFB and IFN/ can induce cell-mediated

immunity, whereas other cytokines like IL-1 receptomtagonist (IL-1RA), transforming
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growth factorp (TGH3) and IL-10 are involved in anti-inflammatory effec{Steinke and
Borish, 2006).

In contrast to cytokines, chemokines play an ingodrtrole in tissues, especially the liver,
because they are needed to attract leukocytestsubssgpecific tissue sites and, thereby, play
a pivotal role for the maintenance of the celludanstellation in the liver. Moreover, they
recruit immune cells to the liver and influence themune responses including intrahepatic
inflammation (Oo and Adams, 2010). However, chemekialso play an important role for
liver regeneration and angiogenesis, but they @ ‘@bused” during tumor development,
progression and tumor angiogenesis (Keelegl, 2011; Simpsort al, 2003). During tumor
development, chemokine secretion is changed in suckay that the balance between
inflammatory and tolerogenic conditions is shifteda more tolerogenic microenvironment
which support tumor growth. One of the key chemekiacting as a double-edged sword is
CXCLS8 (IL-8), which has been shown to recruit imrawells and to promote tumor growth.

Chemokines, which were first named mostly accordantheir defined function, were newly
classified according to their structure (Table hey are separated into four families, the C,
CC, CXC and CXC chemokines, which are based on the positionettnserved first two
cysteine residues close to the N-terminus (Keelewl, 2011). Most of them fall into the
group of CC and CXC chemokines (Table 1). The C @XdC chemokines only consist of
one member each, XCL1 (lymphotactin) andsCK1 (fractalkine), respectively. The CC and
CXC chemokines differ from each other that the ®€nsokines have two cysteine residues
lying next to each other, while the CXC chemokimese also two cysteine residues, but
these are separated by one non-conserved amindkeadey et al, 2011; Simpsoret al,
2003). The CXC chemokines are even further subggdudepending on being ELR-positive
or ELR-negative (Table 1). ELR is a motif of theetd amino acids glutamine (E), leucine (L)
and arginine (R), which lies immediately next te ttXC motif.

All chemokines achieve their activities through thieding to specific G-protein-coupled
seven-transmembrane receptors (GPCR). The differencother cytokines is that chemokines
can bind to and therewith activate several relageeptors (Table 1) (Platanias, 2005). Many
chemokines bind to the same chemokine receptor. é@mple, most ELR-positive
chemokines bind to the CXC chemokine receptor 1GRX) and/or CXCR2, while the ELR-
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negative chemokines bind to CXCR3 and some alsoXGR4 (Simpsoret al, 2003). The
most common chemokines and their receptors aesllist Table 1.

ELR-positive CXC chemokines and several CC chemexkiike CCL2 (MCP-1), CCL11
(Eotaxin) and CCL16 (NCC-4) are potent promotersiie induction of angiogenesis, which
are also called angiogenic chemokines (Keelegl, 2011). In contrast, ELR-negative CXC
chemokines often inhibit angiogenesis (angiostatipreover, the ELR-negative CXC
chemokines can induce IFNs and promote Thl-depéndenunity by the recruitment of
CXCR3 T and NK cells (Keelegt al, 2011).

Table 1: CC and CXC chemokine classification and corresponding rece ptors.
CC Chemokines CXC Chemokines
nozfr:ilr;tlﬁre Old nomenclature Receptor noiﬁ:‘zg t'ﬁre Old nomenclature Receptor ELR motif
CCL2 MCP-1 CCR2
CCL3 MIP-1a CCR1, CCR5 Angiogenic
CCL4 MIP-1B CCR5 CXCL1 Gro-a CXCR2 +
CCL5 RANTES CCR1, CCR3, CCR5 CXCL2 Gro-B CXCR2 +
CCL7 MCP-3 CCR1, CCR2, CCR3 CXCL3 Gro-y CXCR2 +
CCL8 MCP-2 CCR2, CCR3, CCR5 CXCL5 ENA-78 CXCR2 +
CCL11 Eotaxin CCR3 CXCL6 GCP-2 CXCR2 +
CCL12 MCP-5 CCR2 CXCL7 NAP-2 CXCR2 +
CCL13 MCP-4 CCR1, CCR2, CCR3 CXCL8 IL-8 CXCR2 +
CCL14 HCC-1 CCR1
CCL15 HCC-2 / leukotactin CCR1, CCR3, CCR5 Angiostatic
CCL16 LEC/NCC-4 CCR1 CXCL4 PF-4 CXCR3
CCL17 TARC CCR4 CXCL9 Mig CXCR3
CCL18 MIP-4 unknown CXCL10 IP-10 CXCR3
CCL20 LARC / MIP-3a CCR6 CXCL11 I-TAC CXCRB3/CXCR7
CCL21 SLC CCR7
CCL22 MDC CCR4 Others / Unknown
CCL24 Eotaxin-2 CCR3 CXCL12 SDF-1 CXCR4/CXCR7
CCL25 TECK CCR9 CXCL13 BCA-1 CXCR5
CCL26 Eotaxin-3 CCR3 CXCL14 BRAK ?
CCL27 CTACK CCR3, CCR2, CCR10 CXCL15 Lungkine CXCR6 +

In the liver, many different cytokines, chemokinasd growth factors like IFNs, IL-10,
CXCL8 (IL-8), CXCL10 (IP-10), TGP, vascular endothelial growth factor (VEGF) and
hepatocyte growth factor (HGF) are produced by liver-resident hepatocytes, APCs and
cells of the innate and adaptive immune systemther balance of immune response and
tolerogenic conditions. For example, Kupffer celljich are important phagocytes in the
liver, can be secretors of inflammatory cytokini&s IIL-1, IL-6 and TN and chemokines
like CCL2 (MCP-1), CCL3 (MIP-&) and CCL5 (RANTES), but also express IL-10 and
TGH3 in response to LPS (Germaabal, 2008; Gershwiret al, 2007b; Knolle and Gerken,
2000). Hepatic NK cells can produce NrAnd at low levels TNé, but rarely IL-2 (Simpson
et al, 2003). Through the secretion of IL-10 and P3#y Kupffer cells and LSECs, hepatic
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DCs become tolerogenic. These resting DCs can ihieibit the proliferation of tissue-
infiltrating lymphocytes through the expression iohibitory molecules like CTLA-4 and
PD-1. When DCs get activated, they downregulatesetheolecules and migrate to the

extrahepatic lymph nodes to activate the immunpaese (Racanelli and Rehermann, 2006).

In general, the cytokine and chemokine microenvirent of the liver plays an important role
for the recruitment of immune cells. In HCC, thdatyne and chemokine milieu, which is
important for a good balance of immune responset@edance, is changed in such a way that
the tumor can escape the immune system and istahbl®uce angiogenesis for its own
oxygen and nutrient supply. The initial alterati@mas be caused by factors like HBV or HCV
infection which first lead to cirrhosis and cangmess towards to HCC (Figure 1). Although a
lot of research is performed in this area, sunpglsi little is still known about the altered
cytokine and chemokine milieu during cirrhosis ad@C. Therefore, it is mandatory to
analyze the cytokine and chemokine milieu in thalthg liver in comparison to liver
cirrhosis and HCC and the consequences for thelibe@nt of cells to the liver. The initial
steps of tumor development which can lead to agdamthe cytokine and chemokine milieu
are often caused by mutations in the cell withintic@ regulators of the signal transduction or
the cell cycle. These mutations often affect siggapathways which regulate many cell
functions including cell proliferation, inductiorf apoptosis, as well as secretion of cytokine
and chemokines. Therefore, it is also very impdrtarelucidate how the signaling pathways
regulate these cellular functions and how theyadtered during HCC tumorigenesis.

11
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1.2 Hepatocellular Carcinoma

As described at the beginning, hepatocellular ocaroa is one of the most prevalent and
lethal tumors worldwide with increasing incidencBsie to the lack of treatment options and
diagnosis at a late unresectable stage, patietitsH@C have a very poor survival prognosis.
As shown in Figure JHBV and HCV infections or alcohol intoxication afat deposition
can lead to liver fibrosis and cirrhosis, whichrtlean transform into HCC.

For the development of HCC, a tumor cell or the hamor respectively, needs to acquire
several modifications, which were classified by Blaan and Weinberg as the hallmarks of
cancer as depicted in Figure 3 (Hanahan and WenBe00; Hanahan and Weinberg, 2011).
They include sustained proliferative signaling, oa from growth suppressors, resistance
against programmed cell death (apoptosis), acoquisif replicative immortality, induction of
angiogenesis, tissue invasion and metastasis. Mereecently the hallmarks were extended
with two enabling hallmarks, which are genome ibgity and tumor-promoting
inflammation, and two emerging hallmarks, which @agrogramming energy metabolism and

avoiding immune destruction.

Sustaining Evading
proliferative growth
signaling suppressors

Resisting
cell
death

Enabling
replicative
immortality

Genome
instability &
mutation

promoting
inflammation

Inducing Activating
angiogenesis invasion &
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Figure 3: Hallmarks of cancer. Hanahan and Weinberg suggested this “hallmark of cancer” in
2000, which include 6 essential hallmarks. In 2011 they were extended with two enabling
hallmarks: the genome instability and tumor-promoting inflammation, and the two emerging
hallmarks: reprogramming energy metabolism and avoiding immune destruction. Figure was
modified from (Hanahan and Weinberg, 2011).
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This shows that the development of a tumor like H&Curs in several steps with frequent
mutations. Since these mutations often include ggkayf signaling pathways, which are
important for the regulation of the cell fate, thain altered signaling pathways of HCC are
described in section 1.2.1. Moreover, tumor cetls atered in such a way that they can
escape the immune system. Since NK cells play ataivole for the elimination of tumor

cells, their regulation and main function are digsat in section 1.2.2. As the growth factor
signaling pathways are often altered or mutatdd@c, they represent a promising target for

therapy. Section 1.2.3 summarizes potential siggahhibitors for the treatment of HCC.

1.2.1 Oncogenic signaling in HCC

For the reason that a variety of molecular mecimagiand signaling pathways can be altered
in hepatocarcinogenesis, it is important to una@atthe main signaling pathways. In HCC,
alterations are mostly seen in the growth factoepéor-mediated MAPK (mitogen activated
protein kinase) signaling pathway (Ras/Raf/MEK/ER#Je wntB-catenin pathway and the
p53 gateway (Aravallet al, 2008; Breuhahet al, 2006; Llovet and Bruix, 2008).

The MAPK signaling cascade (Figure 4) is one of iegor pathways implicated in HCC
(Whittakeret al, 2010). At the time this pathway was elucidaté@, groups of Rony Seger
and Edwin Krebs described the MAPK signaling casaslan information highway, used by
many extracellular signals, e.g. growth factorstrigger intracellular targets mediated by a
network of interacting proteins that regulate @éanumber of cellular processes (Seger and
Krebs, 1995). It is a constitutively present sigmahsduction pathway that regulates central
cellular processes, including proliferation, diéatiation, angiogenesis and survival (Gollob
et al, 2006).

The MAPK pathway lies downstream of various growfctors and bind to their
corresponding receptors at the cell surface, eeeptor tyrosine kinases (RTKs), which
include VEGF receptor (VEGFR), epidermal growthtdacreceptor (EGFR), fibroblast
growth factor receptor (FGFR), HGF receptor (HGRRceMet) and insulin-like growth
factor receptor (IGFR) (Figure 4). Upon bindingtieé growth factor, the receptor dimerizes
and gets activated by trans-phosphorylation ofsiyi® residues. This leads to an activation of
an adaptor molecule complex composed of growthofatceptor bound 2 (GRB2), SH2

13
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domain protein C (SHC) and Son of Sevenless (SDOI&. complex, in turn, activates the
Ras/Raf/MEK/ERK pathway, which releases a cascddspecific phosphorylation events
(Avila et al., 2006). Within this pathway, activdt&OS leads the removal of GDP from a
member of the inactivated plasma membrane-bound §&i#&®ase Ras subfamily including
KRas, NRas, and HRas (Friday and Adjei, 2008). ¢aasthen bind GTP and becomes active,
while binding of GTP leads to a conformational aparof Ras and allows binding and
activation of different effector molecules like Rdbr the MAPK pathway and
phosphatidylinositol 3-kinases (PI3K) for the Aldtpway (Figure 4).

The lipid kinase PI3K also regulates a number dfulze processes, like transcription,
migration, angiogenesis, cell growth, proliferatiamd apoptosis, which, in turn, can play an
important role in cancer (Osakt al, 2004). PI3K phosphorylates phosphatidylinositafls
the cell membrane, e.g. phosphatidylinositol-4 g§phosphate (PIP2) to phosphatidylinositol-
3,4,5-trisphosphate (PIP3). PIP3 at the cell mendr&cruits protein kinases such as Akt,
which bind with their pleckstrin homology (PH)-doimao PIP3 (Hennessgt al, 2005;
Tanaka and Arii, 2010; Whittakest al, 2010). Akt in turn, phosphorylates a variety of
cellular signaling molecules like MDM2, mTOR and daotates several pro- and anti-
apoptotic molecules. MDM2 can bind to p53 leadimgibiquitination and degradation of p53
(Figure 4). Phosphorylation of p53 at serine 15yéner, protects p53 from MDM2-mediated
degradation, therefore, the phosphorylation statigthese molecules contribute to their
stabilization and degradation respectively. Alterad in PI3K/Akt signaling components are
frequent in HCC and thus, contribute to hepatooagenesis (Huynh, 2010; Whittaketr al,
2010).

In the Raf/MEK/ERK pathway, the serine/threonin@dge Raf, consisting of three main
isoforms A-Raf, B-Raf and C-Raf, is recruited byeoof the Ras proteins to the plasma
membrane (Whittakeet al, 2010). Raf was shown to bind efficiently to Radyovhen Ras

Is bound to GTP, not GDP. It is postulated that Rafctivated through phosphorylation upon
binding to Ras (Friday and Adjei, 2008). This pHaspylation locks Raf into an activated
conformation that is then independent of bindingRs for the continued activity of Raf.
From Raf, the signal is transmitted via the cascald®APK and ERK kinases 1 and 2
(MEK1/2). MEK1/2 is activated through serine phosphation in its activation loop
(Ser217/Ser221 and Ser222/Ser226). The activateldsMite dual specificity kinases (act as
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both tyrosine and serine/threonine kinases) andaaetERK1/2 through phosphorylation of
threonine and tyrosine residues at Thr202/Tyr2@KE) and Thr185/Tyr187 (ERK2) in the

activation loop. ERK phosphorylates several subsiran the cytosol and in the nucleus,
many of them involved in cell proliferation and wwal (Keshet and Seger, 2010).
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Figure 4. MAPK signaling pathway. Extracellular growth factors bind to the receptor tyrosine
kinase (RTK). This results in Ras activation through the adaptor molecule complex
GRB2/SHC/SOS, which then can activate Raf and PI3K. Binding of cytokine like MIF to its receptor
leads to an activation of PI3K and MEKK1-4. Raf phosphorylates and activates MEK, which then
phosphorylates and activates ERK. PI3K ultimately leads to Akt activation. Stress signals induce
the activation of INK and p38 signaling pathway. Several transcription factors like pP9ORSK, CREB,
p53, c-Jun and ATF-2 are activated through these signaling pathways leading to cell proliferation or
apoptosis. P: phosphorylation; RTK: receptor tyrosine kinase; CR: Cytokine receptor; GPCR: G-
protein-coupled receptor. Pathway was generated with the pathway builder from
www.proteinlounge.com.
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The p38 and JNK signaling pathways, which also oglto the MAPK family, play an
important role in the response to stress stimmimune responses and inflammation. These
two cascades are induced by several stress fantdrigands that activate different receptors
including death receptors, GPCRs and RTKs (Figyrékéshet and Seger, 2010). JNK and
p38 phosphorylate and therewith activate sevesalstription factors like ATF-2, ELK-1,
and c-Jun. p38 also activates p53 and c-Jun, leutathtivation of c-Jun is controversially
discussed (Huet al, 2007; Keshet and Seger, 2010). The duration mtesity of signaling
pathway activity affects the cellular response ttraeellular signals such as growth factors
for instance. Therefore, it is important to stuéyeral pathways in parallel in order to get a

more comprehensive view on signal events and toeisequences for the microenvironment.

The abnormal regulation of these MAPK cascadesblegm shown to contribute to tumor
development and other human diseases. It was Hedcthat the MAPK expression and
activity is increased in primary human hepatocalutarcinoma (Schmidt 1997). This
overexpression or increased activation of companehthe MAPK pathway is believed to
contribute to tumorigenesis, tumor progression disg¢ase metastasis in a variety of solid
tumors (Leichtet al, 2007). For example, it has been reported thah fedl tested HCC
samples, 100% of the MEK1/2 proteins were activated constitutively phosphorylated
(Huynhet al, 2003).

The increased activation of the Raf/MEK/ERK pathwagolid tumors (HCC) usually occurs
by two main mechanisms. The first mechanism is atedi by oncogenic mutations within
the NRas gene primarily, which lead to constitupaghway activation through Raf (Gollob
et al, 2006). Oncogenic Ras mutations occur in about 39%ICC (Downward, 2003;
Gollob et al, 2006). The second main mechanism for activatiegRaf/MEK/ERK pathway
is a constitutive Raf activation due to overexpms®f either growth factors (VEGF, EGF,
IGF or c-Met) or their receptors (e.g. VEGFR, EGFBEFR or c-Met) (Gollobket al, 2006;
Lachenmayeret al, 2010). Mutations in the Raf gene are only a mwent in HCC as
compared to other tumors like melanoma or papilidnyroid cancer (Friday and Adjei,
2008). Since in HCC the MAPK pathway is constitalyvactivated by these mutations or

overexpression, it represents a good target foagw®aitic intervention.

There are also other genetic changes besides tikratemm of the MAPK pathway, which are
involved in the pathogenesis of HCC. The PI3K/A&thway is often constitutively activated
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in HCC, which is mostly due to anomalies of the RTEinction, the inhibitor of Akt
(Whittaker et al, 2010). This activation of the PI3K/Akt pathwaydsrrelated with a poor
prognosis in HCC (Schmitet al, 2008). Additional mutations are found in the tumo
suppressor gene p53 and in the WNT signaling pathiWlassainet al, 2007). P53 and its
family members p63 and p73 are central playerss®vreral cellular functions. It is a
transcription factor that mediates cellular respsn® diverse stresses, e.g. DNA damage,
which include cell cycle arrest, apoptosis, seneseeDNA repair or alteration of metabolism
(Muller et al, 2006). Therefore, mutations of p53 can often lkeacksistance to apoptosis as
well as to changes in gene expression.

Besides having a major influence on cell proliferatand apoptosis, the MAPK family,
PI3K/Akt pathways and the p53 family are involvedtihe regulation of a broad variety of
cellular functions like cell differentiation, celinigration and adhesion, cytokine and
chemokine secretion, and regulation of cell surfmodecule expression, which is important
for the recognition by immune cells. Thereforasitimportant to understand the alterations of

the signaling pathways leading to the developmé&htQC.

1.2.2 NK cells and the recognition of hepatocellular canrmoma cells

Natural killer (NK) cells, which represent a lymmytic population, are important players of
the first line defense in the body, the so-callegiaie immune system, which is able to Kill
virus-infected or malignant cells. Moreover, NKlsalre classified as innate immune effector
cells because in contrast to T cells they do netin@iming for activation and their receptors
are not generated via the process of somatic reioatnin. Recent data, however, suggest
that NK cells also have functions of the adaptimenune system and even may seem to have
a memory (Paugt al, 2010; Vivieret al, 2011).

NK cells can Kkill target cells by cytotoxicity, i.eecretion of perforins and granzymes, or by
receptor-mediated apoptosis induction via Fas Ggé@D95L) or Tumor Necrosis Factor
Related Apoptosis Inducing Ligand (TRAIL). It hasem described that a subset of human
hepatic NK cells may have a reduced effector fumgtbut under appropriate inflammatory
conditions develops into potent killers (Nores al, 1998). In another study it could be

shown that hepatic NK cells can “spontaneously’hait prior activation lyse NK-sensitive
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HLA class | negative K562 target cells (Dohemy al, 1999). Besides their cytotoxic
functions, NK cells can secrete a variety of pnod anti-inflammatory cytokines like IRN
TNFa, GM-CSF and IL-10 and chemokines like CCL3-5, CXCGind CXCL10, which leads
to an indirect modulation of the immune responseshgping the microenvironment (Di
Santo, 2006).

Human peripheral blood NK cells can be divided i6B@56"™ CD16 (~90%) and CD58"
CD16 (~10%) NK cells. As described in 1.1.1, NK celie anriched in the liver tissue and it
could be shown that the liver comprises a differdistribution of CD58™ CD16 and
CD56"" CD16 NK cells, but the exact characterization of hephiK cells has to analyzed
(Caiet al, 2008; Moroscet al, 2010).
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Figure 5: Activation of NK cells.  Normal cells bind both the stimulatory and the inhibitory NK cell
receptors. Signals delivered through the inhibitory receptors dominate and prevent NK cell
activation and the lysis of normal cell. Transformed or infected cells downregulate expression of
inhibitory ligands (“missing self recognition”) and/or up-regulate ligands for activating NK cell
receptors (“induced-self recognition”) allowing NK cell activation and killing of the target cell. Figure
was adapted from (Raulet and Vance, 2006).
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Table 2: Human activating and inhibitory NK cell receptors.

Receptors Cellular ligands Receptors Cellular ligands
Activating receptors Inhibitory receptors
NKG2D ULBP1-6, MICA and MICB KIR2DL2 / KIR2DL3 HLA-C1 group
CD94/NKG2C HLA-E KIR2DL1 HLA-C2 group
NKp30 B7-H6 KIR3DL1 HLA-Bw4
NKp44 ND KIR3DL2 HLA-A3 and HLA-A11
NKp46 HA CD85j/LIR-1/ILT-2 several HLA class | molecules
NKp80 AICL KLRG1 Cadherins
DNAML1 (CD226) CD155 (PVR) and CD112 (nectin-2) NKR-1A (CD161) LLT1
CD96 CD155 (PVR) and CD112 (nectin-2) CD94/NKG2A HLA-E
CD16 (FcyRIIIA) 1gG siglec 7/9 sialic acid
KIR2DS1 HLA-C2 group
KIR2DS2,3 HLA-C1 group Receptors with dual functions
KIR3DS1 ND 2B4 CD48
KIR2DS4 HLA-C1 group NTB-A NTB-A
CD2 LFA-3 (CD58) KIR2DL4 HLA-G (soluble)

Table was adapted and modified from (Ljunggren and Malmberg, 2007).

The activity of NK cells is regulated via a largariety of activating and inhibitory receptors
on their cell surface. This is a tightly regulatedance, because the up- and downregulation
of the ligand binding to the activating and inhaloyt receptor will determine the function of
NK cells (Figure 5). Negative regulatory receptors NK cells, that interact with MHC
ligands and inhibit target cell destruction by N&lls, were first described by Klas Karre in
his missing-self hypothesi&igure 5) (Ljunggren and Karre, 1990). As depicite Table 2,
there are several classes of inhibitory receptaots MHC ligands, including the killer cell
immunoglobulin-like receptor (KIR) family and theD@4/NKG2A complex (Di Santo,
2006). These inhibitory receptors mostly bind toAHtlass | molecules, but do not depend on
specific peptides presented by HLA class I. Thisriaxction between self MHC and inhibitory
ligand causes NK cell “tolerance” of HLA class Igtwve, “self”, cells. The inhibitory
receptors are each differently expressed by a suhdeK cells and most NK cells have at
least one inhibitory receptor on their surfacetHadisarming modeproposed by Raulet, it
has been described that NK cells that do not hayearaibitory receptors for self-MHC get
“shut down” or inactivated (“self-tolerance”) (Famdezet al, 2005). In thdicensing model
the group of Yokohama describes that NK cells becamly functionally competent when
inhibitor receptors have interacted with self-MH®letules during NK cell development and
acquisition of full functional competence (Kiat al, 2005). In another model, the group of
Vivier postulated that NK cells require aducationto complete their development (Anfossi
et al, 2006). In this model, NK cells only reach theil tompetence if they receive a signal

by an inhibitory receptor binding to a self-MHC-raolle.
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Besides the variety of inhibitory receptors, thare also several activating receptors (Table
2), because loss of the ligands for the inhibitegeptor is not always sufficient to trigger full
NK cell activation. The activating receptors consisNKG2D, DNAM-1, the CD94/NKG2C
complex, the activating part of the KIR family atiee natural cytotoxicity receptors (NCR,
NKp46, 44, 30). These receptors recognize a vaakdifferent ligands on target cells which
are in part higher expressed on infected, transfdrand stressed cells or are derived from
pathogens (Figure 5). However, several ligandsttiese receptors are still unknown. The
NKG2D receptor binds to MHC class | like ligandshigh consist of eight molecules:
MICA/B and ULBP1-6 (Eagleet al, 2009a; Eagle=t al, 2009b; Nausch and Cerwenka,
2008). These are stress induced ligands, whichsarally not expressed or only to a low level
on healthy cells. During infection or malignantnséormation, these ligands are expressed at
the cell surface and can be recognized by NK hetiugh NKG2D. This binding triggers lytic
activity as well as the production of cytokines.ofMmer important activating receptor is
DNAM-1 (CD226), which binds to CD155 (polio-virusaeptor, PVR) and CD112 (Nectin-
2). These ligands are expressed by several tumkersiCC.

In general, NK cell triggering occurs through anbalance of stimulating and inhibitory
ligands (Figure 5). In this setting, cytokines amtimulatory molecules are also important
for the regulation of NK cell activity (Carayannapos and Yokoyama, 2004). Tumor cells
or virus-infected cells often lose or downreguldieir MHC class | molecules in order to
evade cytotoxic T cell response, which requires pgkptide / MHC class | complex for
recognition and subsequent activation. NK cells iarssome situations important to fight
against the tumor also through direct killing o€ ttumor cells. It has been reported that
hepatic NK cells show higher cytotoxicity againgnbr cells than peripheral blood or splenic
NK cells (Gaoet al, 2008). This observation underlines the differebeéwveen peripheral
and hepatic NK cells both in phenotype and functadso in the human situation (Morosb
al., 2010). Of note, tumor cells and virus-infectedlschave evolved mechanisms to avoid
recognition and Killing by NK cells. It was desatbthat NK cells of patients with HCC have
a reduced activity and HCV-infected hepatocytes e€seape NK cells by inhibition of NK
cell function (Caiet al, 2008; Deignaret al, 2002). Because NK cells are very important for
fighting against tumor cells, the exact alteratiofdiepatic NK cells in cirrhotic and tumor
tissue and the tumor evasion mechanisms of HChsighiK cells have to be analyzed in
more detail. In consequence, tumor therapy is nbt performed by influencing the tumor
cells alone, but also needs to be analyzed indheat of the whole microenvironment. It is
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1.2 Hepatocellular Carcinoma

still unknown, to what extent HCC treatment by dmablecules, for instance, is influencing
the immune system, the microenvironment and esibethe killing capacity of hepatic NK
cells towards tumor cells. In this hepatic envir@mty the tissue contribution to the local

milieu in this organ should not be underestimated.

1.2.3 Overview of immunological and signaling treatment ptions

As described above, HCC is often diagnosed at assentable stage and chemotherapy has
failed for HCC treatment. Therefore other treatmmtions are needed for HCC therapy. As
one of the central players in hepatocarcinogengsisMAPK signaling pathway has been a
focus of intense research for therapeutic targef(frgday and Adjei 2008). Therefore, a
number of new drugs, mostly small molecules or notomal antibodies, which target
molecules involved in HCC tumorigenesis, are undancal investigations (Gretept al,
2009; Huynh, 2010). The multikinase inhibitor serab (Nexavar) is the first and so far only
approved small molecule for the treatment of adednelCC. In a randomized phase Il
double-blind placebo-controlled clinical trial (SRR trial), it was shown that patients with
advanced HCC had an increased median overall sureivabout three months when they
were treated with sorafenib compared to the corgroup (Llovetet al, 2008). Sorafenib
inhibits B-Raf and C-Raf, but also the autophosplation of several receptor tyrosine
kinases like VEGFR1,2 and 3, FGFR1, platelet-derigeowth factor receptor (PDGFR),
c-kit and others, making it a broad acting substafogure 6) (Wilhelmet al, 2006; Wilhelm

et al, 2004). It has been reported that sorafenib inslacéitumor effects in HCC through the
inhibition of angiogenesis, which is done by thedlage of the receptor tyrosine kinases. In
addition, sorafenib inhibits cell proliferation andduces apoptosis of the tumor cells
(Whittaker et al, 2010). Although several mechanisms of sorafeniittanor activity have

been revealed, many are still unclear and need thidzovered.
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Figure 6: Schematic overview of molecular targeted therapy in HCC . Signaling pathway and
targeted therapy was partly adapted from (Greten et al., 2009). Pathway was generated with the
pathway builder from www.proteinlounge.com.

Sincetreatment wittsorafenib showethattargeting kinases seems to bpromisingstrategy

for the treatment of HCC, seveiothermultikinase inhibitors or specific inhibitors arader
clinical evaluatio (Figure 6) Anotherpromising therapeutic multikinase inhibi for HCC
was sunitinib (sutent, SU11248which é&dso inhibits receptor tyrosine kinase receptors ¢
as VEGFR, PDGFR, -kit and RET kinase. Sunitinib \s positively evaluatecfor the
treatment of HCC(after aphase Il clinical tria, but the ope-label phase Il clinical study we
stopped in 2010 due to higher incidence of seradverse events in the suniti-treated
patient group compared to sorafeni(Pfizer, 201C. There are several other multikine
inhibitors targeting VEGFR and PDG|, which areunder clinical evaluation for treatment
HCC. They includevatalanib (PTK787), cediranib (AZD2171) and SUG66EESU-68)

(Tanaka and Arii, 201\ It has to be shown whether these inhibitors hawefeide effect:
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1.2 Hepatocellular Carcinoma

Besides multikinase inhibitors, also selective laiiors are currently tested. Erlotinib is a
specific inhibitor of EGFR and it was observed tltatlinically mainly stabilized HCC
disease. Monoclonal antibodies are also being de&te the treatment of HCC like
bevacizumab (Avastin), which is directed againstGFeand has been approved for several
other tumors (Greteet al, 2009).

There are also some rather new specific inhibitessed for targeting the MAPK pathway.
Among different MEK inhibitors, AZD6244 (Selumetmishowed high potency of MEK1/2
inhibition and good efficacy imn vitro andin vivo models (Yehet al, 2007). Currently,
AZD6244 is tested in a phase Il study for advanoedetastatic hepatocellular carcinoma.
Another potent MEK inhibitor is PD0325901, whichshahown promising results with
decrease growth in HCi@ vitro and in mouse model systems (Hengigl, 2010).

For the treatment of other tumors like melanomap ahutant-specific inhibitors like the
B-Raf’®°°F inhibitor has been developed (Tsial, 2008). PLX4720 has been described has
a specific inhibitor of B-Raf and the mutant V60f2EEm. For melanoma treatment it is under
clinical evaluation and shows promising effectst there are also some reports which
describe that PLX4720 can have some adverse @ifdtincrease of the MAPK pathway and
cell proliferation (Heidorret al, 2010; Poulikakogt al, 2010). Its effect for the treatment of
HCC has not yet been performed.

Besides single agent therapy, there are also deskmacal and pre-clinical trials for the
combination of sorafenib with other targeted anebtmoxic drugs. Sorafenib is currently tested
in a randomized phase Il study for the treatmehtH&C in combination with the
chemotherapeutic agent doxorubicin (Abou-Adtaal, 2010).

The testing of variety of drugs shows that the tmeent of effective therapies for HCC is
very important. But still, extensive research hasbé performed to fully understand the
mechanisms of action of the therapeutic drug ardd¢lasons why there is such a remarkable
discrepancy between experimental efficacy of a dang its clinical success in terms of

disease free survival or overall survival.
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2 Goals of the Thesis

Therapy options for unresectable hepatocellulacicama are very poor with the multikinase
inhibitor sorafenib being the only effective treatm It shows survival benefits for HCC
patients, however unresectable HCC cannot be chyedorafenib treatment. In order to
improve HCC treatment, it is of particular importanto understand the mechanism of the
action of sorafenib especially in comparison withes MAPK inhibitors. In the long run, this
will help to improve drug development and drug adstration. Regarding this big problem
for HCC therapy, a comprehensive analysis of tHecef of sorafenib and other MAPK

inhibitors was performed on HCC cells and tissmewmy thesis and had the following goals:

1. In HCC, the MAPK pathway is often permanently aated, suggesting a pivotal role
for this pathway in tumor development. This acimatis often due to a mutation in
upstream molecules of the cascade. Thus, targitily] APK pathways seems to be a
potential target for the treatment of HCC. Sevemhll molecules are under clinical
evaluation for HCC. In my thesis, | analyzed therently used multikinase inhibitor
sorafenib with potential new MAPK inhibitors sucls MEK inhibitors U0126,
AZD6244 and PD0325901, and a new mutation speBHiRaf inhibitor PLX4720 for
HCC treatment regarding their mechanism of act®mce in many tumor lines,
additional pathways are usually activated, | uniedehe effects of the different
MAPK inhibitors on several other signaling pathwajoreover, inhibitors were
compared for their potency regarding the inhibitadrcell proliferation and induction

of apoptosis, which are important requirementsfigiciive anti-tumor drugs.

2. Many surface molecules, also those which are inaporor cell-cell interaction and
recognition by the immune cells, are regulated by MAPK and closely linked
pathways. Because these signaling pathways ame aftesated in HCC, | investigated
the differences in surface molecules between HQiees. Moreover, | determined
whether treatment of HCC cells with MAPK inhibitaran alter the surface molecule
expression in such a way that the tumor cell retmgnand killing by NK cells is
modulated. Due to the dependency on the chemokidecgtokine milieu for the

infiltration of immune cells into the tumor, | exarad the proportion of NK and T
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2 Goals of the Thesis

cells in cirrhotic and HCC liver tissue in companso healthy liver. The secretion of
cytokines, chemokine and growth factors are oftgjulated by the MAPK or related
signaling pathways. Especially in HCC, many chemegi and growth factors are
upregulated by the tumor cells. In my work, theregon of chemokines and growth
factors was analyzed in HCC cell lines and testééther inhibition of the MAPK

pathway by several MAPK inhibitors is able to altee chemokine and growth factor

secretion.

. In the liver, the cytokine and chemokine microeomiment play an important role for
the recruitment of immune cells and for organ fioxctin general. In hepatocellular
carcinoma, the cytokine and chemokine milieu, whichmportant for a good balance
of immune response and tolerance, seems to be ettanguch a way that the tumor
can escape the immune system and is able to irahgiegenesis. In a comprehensive
analysis, | unraveled the alterations of the cytekichemokine and growth factor
milieu in cirrhotic and HCC tissue in comparisorhialthy liver tissue. In addition, |

aimed to define the consequences of MAPK inhibibarthe microenvironment.
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3.1 Cell Culture
3.1.1 Media

Table 3: Medium for cell culture.  Medium used for cultivation of primary cells and cell cultures.

NEAA: Non-Essential Amino Acids; FBS: Fetal Bovine Serum
Cell medium Composition
RPMI Il1 RPMI 1640, 2 mM L-Glutamin, 1 mM Na-Pyruvat, 1x NEAA
™ RPMI 1640, 10% FBS, 2 mM L-Glutamin, 1 mM Na-Pyruvat, 1x NEAA
HepG2 medium DMEM, 10% FBS, 2 mM L-Glutamin, 1x NEAA, 1x HEPES buffer, 1x Gentamycin
Hep3B medium MEM, 10% FBS, 2 mM L-Glutamin, 1x HEPES buffer, 1x Gentamycin
Huh-7 medium DMEM, 10% FBS, 1x Pen/Strep
primary NK cell medium RPMI I, 500 U/ml IL-2
NKL medium RPMI IIl, 5% T cell growth factor (AG Falk), 15% FBS, 5% human serum, 100 U/ml IL-2
. RPMI 1640, 5% T cell growth factor (AG Falk), 15% FBS, 10% human serum, 200 U/ml
NK92 medium IL-2
3.1.2 Cell lines
Table 4: Cell lines.
Name Origin Medium Source
Human hepatoblastoma cell line from 15 year old M. Miller-Schilling
HepG2 caucasian male adolescent; HepG2 medium (University Hospital
NRas-mutant (Q61L); B-catenin mutant Heidelberg)
Human hepatocellular carcinoma cell line from a 8 year M. Miiller-Schilling
Hep3B old black male juvenile; Hep3B medium (University Hospital
p53-/-; contains an integrated hepatitis B virus genome Heidelberg)
Human hepatocellular carcinoma cell line from a 57 M. Miiller-Schilling
Huh-7 year old Japanese male adolescent; Huh-7 medium (University Hospital
p53 mutant (Y220C) Heidelberg)
K562 Human erythroleukemia line, HLA class | negative ™ D. Schendel (HZGU)
NK92 Human NK cell leukemia line NK92 medium M. Uhrb_erg (University
Dusseldorf)
NKL Human NK cell leukemia line NKL medium M. Lopez-Botet (UPF

Barcelona, Spain)

RPMI 1640, DMEM, MEM, FBS, L-glutamine, sodium-pyate, 10x Pen/Strep, 10x HEPES

buffer, 10x gentamycin and non-essential aminosaaidre purchased from Invitrogen. Cell

lines have been tested for mycoplasma contamiretibteast once a month.

26



3.2 Antibodies

3.2 Antibodies

Table 5: Primary antibodies. Antibodies used for direct or indirect flow cytometry. BD: Beckton
Dickinson, BC: Beckman Coulter

Antigen Conjugation Isotype Clone Concentration Source
Isotype control - IgG1 MOPC21 5 pg/ml Sigma
Isotype control - 19G2a UPC10 5 pg/ml Sigma
Isotype control - IgM MOPC104E 5 pg/ml Sigma
HLA class | - 19G2a W6/32 S?gg:ﬂggit J.Johnson
HLA-A2 + B17 ; IgG1 HB54 S'L)g:ﬂggit ATCC
HLA-A24 - IgM 5 pg/mi One Lambda Inc.
HLA-DR - I9G L243 S?g:ﬂggit J. Johnson
ULBP1 - IgG2a 170818 5 ug/ml R&D
ULBP2 - IgG2a 165903 5 ug/ml R&D
ULBP3 - 1gG2a JFY02 5 pg/mi R&D
ULBP4 - IgG2a 7H7, Ratte S'B:)ber:gggﬁt E. Kremmer
MICA - 19G2b 159227 5 pg/mi R&D
MICB - 19G2b 236511 5 pg/mi R&D
ICAM-1 - IgG2a Srl‘ﬁgﬂggﬁt J. Johnson
LFA-3 - 19G Sr:?;)ber:gggﬁt J. Johnson
CD155 - lgG1 PV.404 5 ug/ml BC
Apol - 19G2a AHO0152 5 pg/mi Invitrogen
TRAIL-R2 - 1gG1 HS201 5 pg/mi M. Miiller-Schilling
TNF-R1 - 1gG1 16803 5 pg/mi M. Miiller-Schilling
Isotype control FITC 19G2b MOPC19 2l BD
Isotype control PE 19G2a 7T4-1F5 2 ul BC
Isotype control PerCP 19G2a X39 2ul BD
Isotype control APC 19G2a X39 2ul BD
CD3 FITC IgG1 UCHT1 2ul BC
CD4 APC IgG1 13B8.2 2l BC
CD6 PE lgG1 M-T605 2 ul BD
CcD8 PE lgG1 B9.11 2ul BC
CD16 F'TCéIEe""CiﬁC IgG1 3G8 2l BC
CD25 FITC IgG2a B1.49.9 2 ul BC
CD44 FITC lgG1 37.51.1 2ul BC
CD56 APC, IgG1 NKH-1 2ul BC
CD107a FITC, PE IgG1 H4A3 10 pl BD
CD166 PE IgG1 3A6 2ul BC
c-Met APC lgG1 95106 4l R&D Systems

Table 6: Secondary antibodies. Secondary antibodies used for indirect flow cytometry.

Antigen Conjugation Species Concentration Source
aMaus-lgG PE goat 1:100 Jackson ImmunoResearch
aMaus-lgG/M PE goat 1:100 Jackson ImmunoResearch
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Table 7: Western blot antibodies.

Antigen

Mouse anti-human p53

Mouse anti-human p63 (4A4)
Mouse anti-human p73

Rabbit anti-human Mcl-1 (S-19)
Rabbit anti-human Bcl-x
Mouse anti-human B-actin
Goat anti-mouse 1gG

Conjugation

Peroxidase

Primary and secondary antibodies used for western blot.

Clone Isotype Source
DO-1 IgG2a Invitrogen
sc-8431 IgG2a Santa Cruz Biotechnology
GC15 19G Upstate Biotechnology / Millipore
sc-819 19G Santa Cruz Biotechnology
E18 19G Epitomics
B11Vv08 Promokine

Jackson ImmunoResearch

3.3 Buffers, Chemicals, Reagents and Special Machines

Table 8: Sub-G1 method.

Sub-G1 Method

Nicoletti buffer
PBS
Propidium lodide

Components, Source
0.1% sodium citrate, 0.1% Triton X-100, pH 7.4
Invitrogen
Sigma

Table 9: Western blot buffers.

Western Blot
Gel electrophoresis running buffer
10x transfer buffer
1x transfer buffer

6x Laemmli buffer

Blocking buffer

Wash buffer

First antibody dilution buffer
Second antibody dilution buffer

Precision Plus Protein Standards All Blue
Super Signal West Dura Extended Duration

Substrate

Components, Source

NuPage MOPS SDS running buffer 20x NPO001
120 mM Tris base, 960 mM glycine
10% 10x transfer buffer, 20% methanol, 70% water

150 mM Tris-HCI, pH 6.8, 6% SDS, 30% glycerine, 0.15%
bromphenolblue, 0.3 M DTT

PBS, 0.1% Tween 20, 5% non fat dried milk, AppliChem A0830
PBS, 0.05% Tween 20
PBS, 5% BSA fraction V, 0.2% Tween 20
PBS, 2.5% nonfat dried milk, 0.1% Tween 20
Bio-Rad 161-0373

Thermo Scientific 34075

Table 10: Bio-Plex. Buffers, cytokines and filter plates.

Cytokine multiplex measurements

Reagent Kit A (wash buffer, assay buffer, detection antibody diluents)

Human cytokine tests:

Source

Bio-Rad

IL-1B, IL-RA, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12(p70), IL-13, IL-15, IL-17, Eotaxin,

FGF basic, G-CSF, GM-CSF, IFNy, IP-10, MCP-1, MIP-1a, MIP-1B, PDGF-bb, RANTES, TNFa,

Bio-Rad

VEGF, CTACK, Gro-a, HGF, ICAM-1, IFN-a2, IL-2Ra, IL-3, IL-12(p40), IL-16, IL-18, LIF, MCP-3,
M-CSF, MIF, MIG, B-NGF, SCF, SCGF-B, SDF-1a, TNFB, TRAIL, VCAM-1, IL-1a

96-well filter plates

Millipore
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Table 11: Phosphoplex.

Phosphoprotein multiplex measurements Source
Cell lysis kit + protease inhibitors Bio-Rad
PMSF (Phenylmethylsulfonfluorid) Sigma
Phosphoprotein reagent kit Bio-Rad
96-well filter plates Millipore
Total-protein tests: .
Bio-Rad

Akt, p53, IkB-a, ATF-2, c-Jun, ERK1/2, JNK, MEK1, p38 MAPK, CREB

Phospho protein tests:

Akt (Ser*®), GSK-3a/B (Ser’'/Ser®), p53 (Ser'), IkB-a (Ser*’/Ser®), NF-kB p65 (Ser™),

ATF-2 (Thr717), c-Jun (Ser®), ERK1/2 (Thr*®Tyr®®, Thr'®Tyr'®"), INK (Thr'®/Tyr'®),

MEK1 (Ser**

er~"), p38 MAPK (Thr="/Tyr™°), CREB (Ser
/S 221) 38 ( hlaO/ 182) C (S 133)

Table 12: ELISA.

ELISA

TGFB

MICA

MICB

Substrate solution
Stop solution

Source

RnD Systems #DY240
RnD Systems #DY1300
RnD Systems #DY1599
RnD Systems #DY995
RnD Systems #DY994

96-well plates NUNC
Table 13: MAPK inhibitors.

MAPK Inhibitors Source
DMSO (solvent) Sigma (#472301)
Sorafenib (Nexavar, BAY 43-9006) Bayer AG
PLX4720 Selleck Chemicals (#5152)
uo0126 Promega (#V1121)

AZD6244 (Selumetinib, ARRY-142886)
PD0325901

Astra Zeneca / Selleck Chemicals (#S1008)
Selleck Chemicals (#S1036)

Table 14: Special machines.

Special machines
XCELLigence system: RTCA-DP, E-Plate-16
Luminex 100 system
FACS Calibur
FACS LSR I

ELISA Reader TECAN sunrise

Source
Roche Diagnostics
Bio-Rad
BD
BD
TECAN
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4 Methods
4.1 Cell Culture

Cells were cultured in an incubator at 37°C with 6@. In general, cells were frozen in
50% FBS, RPMI Ill, 10% DMSO at -80°C. FBS was imeatied by incubation at 56°C for

45 minutes (min).

4.1.1 Cultivation of adherent and suspension cells

Adherent tumor cells (HepG2, Hep3B and Huh-7) wapkt every two to three days using
trypsin/EDTA for 5 min at 37°C to detach cells. Tv®teolytic cleavage reaction by trypsin
was stopped by adding new FBS containing mediuthdaells. For cells in suspension, new
medium was added every two to three days.

The three cell lines HepG2, Hep3B and Huh-7 werduss arin vitro model system for
HCC. These cell lines have been used for the aisabfsfunctional features of liver cells,
because they have different mutations. The hepliitarecarcinoma in different patients
shows a molecular diversity (Hoshidaal, 2010; Zucman-Rossi, 2010). HepG2 cells, which
derived from the liver tissue of a 15 year old Gmign American male with a well
differentiated hepatocellular carcinoma, have aatmnh in NRas (Q61L) leading to a
constant activation of the MAPK pathway. The Heg®s, which were derived from a HCC
of an 8 year old black male, have a deletion of @3 are often used to analyze the effects of
p53. Huh-7 cells, which were derived of a well éiintiated HCC of a 57-year-old Japanese
male, have a gain of function mutation in p53 (Y@20eading to a lack of p53 transcriptional
activity and more resistance to apoptosis (Mutfeal, 1998). Not much is known about the
p53 (Y220C) mutation. It has been described bygtioeip of Brachmann that the mutant p53
(Y220C) is uniquely localized to the cytoplasm 1299 cells (Baronet al, 2004). These
results suggest that p53 (Y220C) is not functiomalctivating p53 target genes.

4.1.2 | solation of peripheral blood mononuclear cells (PBMCs)

Isolation of PBMCs from blood of healthy donorspatients with HCC was performed using
the polysaccharide Ficoll (Biochrom AG), which haglensity of 1077 mg/ml (Noble and
Cutts, 1967). Thus, the components of the bloodwseparated by Ficoll gradients according
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to their density during centrifugation. The bloadhich was collected in EDTA of heparin

collection tubes, was diluted with PBS at a rafid:@ and slowly placed on 15 ml Ficoll in a
50 ml tube. Then, the tube was centrifuged at 8# @5 min without brake. This caused the
separation of the blood components according to thensities. PBMCs were in the white
interphase, which can be found between the abowedbplasma and the below Ficoll
solution, and transferred into a fresh 50 ml tubd aentrifuged. To remove the remaining
erythrocytes, cell pellet was incubated with ergtyte lysis buffer for 5 min at room

temperature (RT). After two washing steps with P88Is were resuspended in RPMI III and
cell number was determined by trypan blue stai@ind counting the living cells under the

microscope.

4.1.3 | solation of NK cells from PBMCs

NK cells from PBMC were isolated using the magn@&imal-bead untouched human NK
cells kit (Invitrogen/Dynal). The NK cells were lated according the manufacture’s
protocol. In principle, a mixture of biotinylatedomoclonal antibodies against the non-NK
cells was added to PBMC. During a short incubatimne, the depletion MyOne SA

Dynalbeads bound the non-NK cells. The bead-boweilld evere then separated from NK
cells with a magnet. Bead-bound cells were dischrded the remaining untouched NK cells
used for further experiments. Purity of the NK dediction was checked by flow cytometry
with CD3 and CD56 staining.

4.1.4 Treatment of hepatocellular carcinoma cellswith MAPK inhibitors

The MAPK signaling pathway in HCC cell lines washilited by using small molecule
inhibitors. Five different inhibitors were used:ra@nib, PLX4720, U0126, AZD6244 and
PD0325901 (Figure 7).

Sorafenib, also called Nexavar (Bayer AG), inhibits C-Raa{R), wild-type B-Raf, mutant-
specific BRaf’*®Fand receptor tyrosine kinases (e.g. VEGFR-2,3; PDFRt-3 and c¢-KIT),
which leads to inhibition of MEK/ERK signaling (Gab et al, 2006; Wilhelmet al, 2004).
One pill of sorafenib (tosylated 200 mg, Bayer Af&s solved in 31.4 ml DMSO (stock
solution, 10 mM) and used at final concentratioesMeen 0.5 and 15 uM, as indicated in

figure legends.
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PLX4720 (Selleck Chemicals) preferentially inhibits mutatB-Rat’*®°c and with lower
affinity to wild-type B-Raf (Tsakt al, 2008). It is solved in DMSO (stock solution, 10/n
and used at final concentrations between 2.5 and\Vi.0

U0126 (Promega) binds MEK1/2, inhibiting its catalytictizity and therefore activation of
downstream kinases ERK1/2 (Favahal, 1998). It is solved in DMSO (stock solution,

10 mM), and used at final concentrations betwebra@d 15 M.

AZD6244, also called selumetinib or ARRY-142886 (Astra &esn and Selleck Chemicals),
is a selective, non-ATP competitive inhibitor of MIE2 and therefore activation of ERK1/2
(Davies et al, 2007). It is solved in DMSO (stock solution, 1M and used at final
concentrations between 2.5 and 15 pM.

PD0325901(Selleck Chemicals) is non-competitive with ATPdais specific and highly
potent against MEK1/2 and therefore activation &KB/2 (LoRussoet al, 2010). It is
solved in DMSO (stock solution, 10 mM), and usedirél concentrations between 5 and
10 pM.

A
Sorafenib PLX4720
QQ ) i
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Figure 7: Chemical structures of MAPK inhibitors. (A) B-Raf inhibitors. (B) MEK inhibitors.
Chemical structures were drawn with ISIS Draw 2.1.4.
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In order to analyze short-term as well as long-teffacts of MAPK inhibition, the following
time points were chosen for analysis: 0, 30 minl®, 24, 48, 72 and 96 hours (h). 110
HepG2, Hep3B and Huh-7 cells were seeded in 6plates, one 6-well plate for each time-
point. Cells were seeded the day before treatmahtalowed to adhere and grow for about
24 h. For treatment with MAPK inhibitors, the mediwas discarded and 1.5 ml of the drug-
containing medium was added. In addition to thebimdrs, cells were cultured in medium
only and treated with DMSO as controls. Since nudghe inhibitors are not stable and get
degraded at 37°C, medium was changed after 48 lreatment. After the respective
incubation times, we harvested cell culture medisupernatants for the detection of
chemokines and growth factors and lysed the csitsguthe cell lysis kit for phospho-protein
detection (Bio-Rad).

For flow cytometry analysis, cells were seeded @hcin cell culture dishes 24 h before
treatment. Then, medium was discarded and mediuminhibitors and DMSO control was
added. After their respective incubation time, sop&ant was collected and cells detached

using trypsin/EDTA.

4.1.5 Preparation of protein lysates

We used the cell lysis kit (Bio-Rad) for the preggan of tumor cell lysates, because this
lysis procedure maintains the binding site for bathpture and detection antibody. The
treatment with different small molecule inhibitars the MAPK pathway was performed as
described above. After treatment, the supernatast eollected for cytokine and chemokine
detection, and cells were washed with 2 ml ice-¢elBS per well. After adding 150 pul cold
lysis buffer to each well, cells were detached vaitbell scraper and lysates were transferred
to 1.5 ml microcentrifuge tubes. Next, the tubesenacubated during gentle rotation at 4°C
for 20 min, and then shock-frozen at -80°C to iasee cell digestion. After thawing the
lysates on ice, they were centrifuged at 15,000rg2D min at 4°C. The supernatants were
transferred to new tubes, and stored at -80°C.| 2¢sate were used for detection of total

protein concentrations.
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4.1.6 Determination of protein lysate concentrations and adjustment to assay

concentrations

For the determination of protein concentration, wsed the Pierce BCA Protein Assay Kit
(Thermo Scientific). A standard dilution series ngsibovine serum albumin (BSA) was
prepared. 10 ul of each standard dilution or sarm@e pipetted into a 96-well microtiter
plate well in duplicates. 200 pl of the working geat were added to each well, and mixed on
a plate shaker for about 30 seconds (sec). The plas covered and incubated at 37°C for
30 min. After the incubation time, the plate wasled down to RT and the absorption was
measured at 562 nm with an ELISA reader (TECAN iseir The Magellan software of the
ELISA reader calculated the concentration of thaegn lysates using the standard curve with
a 4 parameter Marquardt algorithm. Protein cone¢ininis were set to the lowest measured
concentration amongst all lysates within one gralijpted with human serum diluent for the
detection of cytokines and with assay buffer arsislypuffer in a 1:1 dilution for the detection
of phosphorylated proteins.

4.2 Tissue Preparation

4.2.1 Preparation of tissue lysates

For generation of tissue lysates we also useddhdysis (Bio-Rad). Depending on the tissue
size, 250 to 500 pl ice-cold lysis buffer were atitiea 1.5 ml microcentrifuge tube. Frozen
liver tissue was placed into a Petri dish, whigs lon an ice-cold metal block. A small piece
was cut off the frozen tissue sample and the rest stored again at -80°C. The small tissue
piece was chopped up as much as possible and dregdsfinto the microcentrifuge tube
containing the lysis buffer. After vortexing, thesue was shock-frozen at -80°C to increase
cell digestion. Thawing the lysates on ice, theyemaut in a cold ultrasonic bath (Bandelin
electronics) for 10 min. To increase cell lysissdies were pipetted up and down. After
repeated shock-freezing and thawing on ice, tibmates were ultrasonicated again and then
centrifuged at 15,000 g for 20 min at 4°C. The sog&@nt was transferred into a new tube,
and stored at -80°C. 20 pl lysate was used forctete of total protein concentrations as

described above.
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4.2 Tissue Preparation

4.2.2 | solation of liver lymphocytes

Liver lymphocytes were isolated according to Moetyal. 2005. Freshly isolated hepatic
tissue was washed once with HBSS medium (Invitrpg@mnemove the remaining blood. The
tissue was gently chopped up with a sterile blate small pieces (1-2 mm?3) and transferred
into a 50 ml tube with HBSS-containing collageng560 mg/l (312 U/mg)), DNase |
(50 mg/l) and FBS (2%). The tissue suspension wagbiated at 37°C for 30 to 60 min and
then passed through a 30 mm nylon mesh filter tooke cell clumps and undissociated
tissue. To increase the amount of cells, a plufrgen a 20 ml syringe was used to dissociate
the tissue further. The nylon mesh was washed timess with HBSS medium. The filtered
suspension was centrifuged at 500 g for 10 min°@t @nd the cell pellet washed twice in
HBSS. To remove hepatocytes, the final pellet vessispended in HBSS and centrifuged at
36 g for 1 min at 4°C. The resulting supernatans wansferred into a new 50 ml tube. The
supernatant was centrifuged once again at 500 gl@bmin at 4°C. The pellet was
resuspended in 15 ml HBSS medium and slowly addetiSom| Ficoll in a 50 ml tube and
centrifuged at 840 g for 25 min without brake. Thhite interphase containing the liver
lymphocytes was transferred into a new tube andeadsvith HBSS medium. The pellet was
resuspended in TM medium containing 100 U/ml ILcBunted and a fraction was used for

flow cytometry staining.

4.2.3 Ex vivo treatment of liver tissue samples

Explants from freshly isolated liver of HCC indiwvals were divided into small pieces, each
having the same size, under sterile conditions iandbated with 1 ml medium with and
without 5 UM sorafenib, PLX4720, U0126, AZD6244RID0325901 for 8 h at 37°C. After
treatment, supernatants were transferred into 1thilmes and stored at -80°C until multiplex
and ELISA analysis.
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4.3 Flow Cytometry

4.3.1 Principle of flow cytometry

Flow cytometry is used to simultaneously analyazgdanumbers of cells regarding to their
size, granularity and surface expression of flumeadly stained molecules.

As a cell passes through the laser beam, it rafractscatters light and subsequently is
detected in two modes (forward and sideward sca@8C and SSC). FSC represents the
amount of light that is scattered in the forwardediion as laser light strikes the cell. The
magnitude of forward scatter is roughly proportiotathe size of the cell. SSC captures
granularity and structural complexity of cells. Téfere, the cell size and the viability of the
cells can be measured in these modes (Robinsor).2@8breover, fluorescent dyes or
fluorochrome-labeled antibodies can be used to rasitknsic properties of cells, which make
it possible to distinguish between different calpplations, e.g. lymphocytes, monocytes and
granulocytes, and to analyze membrane-expressedtrarcytoplasmic molecules. Several
dyes can be separated with one measurement. Sirgeedumbers of cells are analyzed in a
short time, statistically valid information aboutllc populations are quickly obtained
(Robinson, 2004).

Flow cytometry analysis was used to characteriziase expression of ligands for NK and T
cells, and adhesion molecules on hepatocellulacimana and hepatoma cell lines. In
addition, PBMCs and subpopulations of hepatic lyogyties were analyzed. HLA class |
expression, CD155 expression and various otheremamkere used in indirect staining FACS
assays to identify changes in surface expressibowimg exposition to MAPK inhibitors.
For cytotoxicity assays with NK cells, it was nesay to define the NK cell population, and
other subpopulations within PBMC for specific arsgdy CD107a staining was used as marker
for detection of degranulating effector cells faliag contact with target cells. Measurements
were performed with BD FACS Calibur or BD LSR lichanalyzed using the BD CellQuest
software and BD FACS Diva software, respectively.
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4.3 Flow Cytometry

4.3.2 Measurement of flow cytometry

Sample preparation for indirect staining

For indirect staining, unlabeled primary antibodresre used. 50,000 to 200,000 cells were
resuspended in 50 pl FACS buffer per staining aadsferred in a 96-well microtiter plate.
40 ul of primary antibody (5 pg/ml) or 50 pl of mdoma supernatant was then added to the
cell suspension, and incubated on ice for 45 matlofving a washing step with FACS buffer,
secondary goat or rabbit anti-mouse antibody caipdywith PE was added in 50 pul FACS
buffer. After a further incubation period of 20 nmom ice in the dark, cells were washed in
FACS buffer and measured immediately, or fixed wi#h PFA in PBS. Isotype control

monoclonal antibodies were used to determine namepbackground staining.

Sample preparation for direct staining

Direct antibody staining was performed in 96-weltratiter plates. 50,000 to 200,000 cells
per sample were resuspended in 50 ul FACS buffet, raspective antibodies in different
combinations were added. After incubation on icd anthe dark for 30 min, cells were
washed with 150 pul FACS buffer, and if necessaejisavere fixed using 1% PFA in PBS.

Isotype controls for each color were used to datemonspecific background staining.

4.3.3 CD107a Degranulation assay

During the killing process of target cells, NK afctells release cytotoxic granules into the
immunological synapse. With the fusion of the lymuoss to the cell membrane, lysosomal-
associated membrane protein-1 (LAMP-1, CD107a),clwhs associated with the granula
membrane, becomes transiently detectable at thesadhce of activated NK and T cells
(Alter et al, 2004). Specific antibodies were used to detexddiCD107a expressing effector
cells as a marker for target cell-induced cytot@atvity.

Isolated NK cells from PBMC were stimulated for 240 48 h with 500 U/ml IL-2. In 96-
well plates target and effector cells were mixedait:1 ratio in 200 pl medium, and 10 pl
CD107a antibody (PE-labeled) per well was immedtijaselded. After 1 h of incubation,
2 mM monensin (BD Bioscience) was added to preudst acidification of endocytic

vesicles, thus avoiding the degradation of reirgkzad CD107a proteins from the surface,
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and allowing the visualization of this marker fellimg stimulation (Alteret al, 2004). Three
hours later, after a washing step, further antibsthining was used to characterize the
effector cell population, with e.g. DNAM-1 FITC, GOPerCP, CD56 APC and CD16 Pacific

blue, as previously described.

4.4 Detection of Cell Proliferation

4.4.1 Cell Count

Proliferation can be determined just by measurhedell number. About 1x2Gells were
seeded into a 6-well plate and grown for 24 h. Téwls were treated with MAPK inhibitor at

a concentration of 5 uM. Cell number was analyzdati@time points 0, 24 h, 48 h, 72 h and
96 h. Cells were counted after trypan blue stainisigg a Neubauer counting chamber under
a light microscope. Trypan blue is a vital staiediso selectively color dead cells. Live cells

with intact membrane are not colored.

4.4.2 CFSE proliferation

Cell proliferation can be measured with carboxyfescein diacetate succinimidyl ester
(CFDA-SE). The non-fluorescent CFDA-SE has two aieeside chains, which makes the
molecule highly membrane permeable (Figure 8). CFEBAIs taken up by the cell, but could
easily exit the cell again. Yet, in the cytosole ttwo acetate side chains are removed by
esterases. The potent carboxy-fluorescein sucdalyingster (CFSE) is fluorescent; almost
membrane impermeable and can covalently bind tagetlular molecules. CFSE reacts with
amine groups, which then form a stable amine barnbistable fluorescent labeling of the cell
is achieved (Parish, 1999; Weston and Parish, 1#90)iferating cells sequentially halve the
CFSE fluorescence upon each cell division, bec&S8E gets equally distributed to the
daughter cells (Figure 8) (Hasbatlal, 1999; Lyons and Parish, 1994).

For CFSE proliferation assays, cells were centatugnd the pellet was resuspended in
2.5 UM CFSE in PBS. After incubation for 10 min3atC, cells were washed with PBS and
the pellet was resuspended in 5 ml RPMI 11l + 109mkAn serum and incubated for 30 min at

37°C. After a washing step with medium, cells wadjusted to 1x10cells/ml and seeded
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4.4 Detection of Cell Proliferation

into a 6-well plate with 1 ml medium per well. Aft@4 h, cells were treated with 1 ml
medium containing MAPK inhibitor at a concentratioh 5 uM. Cell proliferation was
analyzed after 0 and 96 h by flow cytometry (FACSilaur, BD).
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Figure 8: CFSE labeling of the cell The non-fluorescent carboxy-fluorescein diacetate

succinimidyl ester (CFDA-SE) is highly membrane permeable because of its two acetate side
chains. CFDA-SE is taken up by the cell, but because CFDA-SE is highly lipophilic it can exit the
cell again. In the cytosol the acetate side chains are removed by esterases, which make the
fluorescent carboxy-fluorescein succinimidyl ester (CFSE) less membrane permeable and
therefore CFSE exits from the cell at a slower rate. CFSE can covalently couple to molecules in the
cytosol. It couples to molecules (R1-NH,) to form conjugates (CFR1), which can still exit from the
cell or are rapidly degraded. CFSE can also be bound to long-lived molecules (R2-NH2) to form
conjugates (CFR2), which cannot escape from the cell. Figure was adapted from (Parish, 1999).

4.4.3 xCEL Ligence system

The xCELLigence system (Roche Diagnostic) monitaellular processes such as
proliferation, cytotoxicity and morphological chasy (adhesion) in real-time without
incorporation of labels or dyes. It utilizes anotdenic readout called impedance across
interdigitated micro-electrodes integrated on tbhé&dm of microtiter plates called E-plates.
The gold electrodes at the bottom of E-plates cammut 80% of the bottom of the wells
(Atienzaet al, 2005; Kirsteiret al, 2006).

The presence of adherent cells on the electrodsosesurface will alter the local ionic
environment at the interface between electrode sotdtion, leading to an increase in the
impedance. The more cells attach to the bottomhefE-plate, the larger the increase in
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electrode impedance (Figure 9). In addition, thpadance depends on the quality of the cell
interaction with the electrodes. For example, iaseal cell adhesion or spreading will lead to
a larger change in electrode impedance. To quaaéfystatus based on the measured cell-
electrode impedance, a dimensionless parameteedeceil index (Cl) is used. Cl is derived

as a relative change in measured electrical impedém represent the status of cells in the
wells. When cells are not present or do not adberthe electrodes, the Cl is zero. Under the
same physiological conditions, when cells attachthen electrodes, the CI value increases.
Thus, Cl is a quantitative measure of cell numbesgnt in a well. Additionally, changes in

cell status, such as cell morphology, cell adhesomrell viability will lead to changes in CI.

Thus, the CI can be used to monitor cell viabilidg]l number, morphology, and degree of

adhesion. However, it is not possible to discrirterizetween these events.

In the xCELLigence system theal-ime cell analyzer_dial date (RTCA DP) instrument was
used, which composes slots for three E-platesolpetform proliferation assays, measure the
effects of MAPK inhibitors, and the extent of NKllcklling. The instrument was placed in
an incubator set to 37°C and 5% £0O
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Figure 9: xCELLigence technology and derivation of the cell index. Cell index (Cl) is a relative

metric, and requires a background measurement as a starting point for evaluation. Changes in
impedance by cell adhesion and proliferation lead to higher impedance and higher values of CI.
Image used from Roche Diagnostics.
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Monitoring of cell proliferation

Proliferation assays

For proliferation tests, between 2500 and 10000 &l HepG2, Hep3B and Huh-7 were
seeded in duplicate or triplicate E-plate 16 wédlseach cell line. Control wells contained
only medium and the initial background measurenvegs performed with 100 pl medium
only in each well. After addition of the cells, thevere allowed to sink for 30 min at RT,
before initiating the measurement. Incubation @f tkells occurred at 37°C and 5% £fOr
the indicated times. In the absence of inhibitorsother drugs, increasing impedance

correlates with cell proliferation.

Monitoring of MAPK inhibitors on cell proliferation

MAPK inhibitors aim to reduce cell proliferation dmpossibly induce cell death of tumor
cells. The real-time monitoring technique of theExCigence system is especially suited to
continuously analyze the effects of MAPK inhibition cell status and proliferation without
any further intervention over long incubation pdgo

Cells were seeded in the E-plate 16 wells one dggre addition of inhibitor or solvent
control. After adjusting the background measuremetit 100 pl medium, 2500 to 5000 cells
were added in a total volume of 50 pl medium pdt,vaad rested for 30 min at RT. Then the
E-plate 16 was placed in the RTCA instrument amdnieasurement was started. After about
24 h, MAPK inhibitors were diluted in 50 pl mediland added to the E-Plate wells. To test
the concentration dependency of the MAPK inhibiteancentrations from 2.5 uM to 15 uM

were used. The measurement was immediately comwtifoneé6 h.

4.5 Detection of Apoptosis

Sub-G1 staining (Nicoletti)

A typical characteristic of apoptosis is the degtamh of DNA by endonucleases leading to
DNA fragments with the size of ~180 bp. The sub+@dthod is based on the fact that the
small DNA fragments can be eluted following washingsodium-citrate buffer, but which

does not happen in vital cells. After staining DNA with propidium iodide (Pl), these
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apoptotic cells that have lost the DNA will take leps stain and will appear to the left of the
G1 peak as depicted in Figure 10 (Nicolettal, 1991).

For the analysis of the apoptotic cells, HepG2 kiegh3B cells were treated with MAPK
inhibitors as described in 4.1. After treatmeng supernatant was collected and transferred
into a 1.5 ml tube. The remaining adherent cellsewwashed with ice-cold PBS and
trypsinated. In the meantime, the 1.5 ml tube wagrduged at 3,000 rpm for 8 min at 4°C
and the supernatant was removed. The trypsinatésli were added to the microcentrifuge
tube and centrifuged again. The cell pellet washedswith PBS. After centrifugation, the
cell pellet was resuspended in 300 pl Nicolettugoh, which induced the elution of the
small DNA fragments, containing 20 ug/ml Pl andsatere measured within 30 min using
the FACS Calibur.

A normal cells B apoptotic cells

M apoptotic G; S G,/M
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Figure 10: Apoptosis measurement with sub-G1 peak method. Profile of the DNA content in

normal (A) and apoptotic cells (B), stained with PI. A prominent “sub-G1” peak appears in apoptotic
cells, but not in normal cells.

4.6 Multiplex Analysis of Cytokines and PhosphorylatedProteins

4.6.1 Principle of multiplex analysis
The Luminex system is a bead based immunoassaglknwes the simultaneous detection of
several proteins, like cytokines, chemokines orakes in cell culture supernatants or cell

lysates respectively. This method uses a panepaioul00 different fluorescence-labeled-
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beads, which can be differentiated from another tdutwo different dyes by the Luminex
machine (Figure 11). The bead sets are coloredfareht ratios of red dye and infrared dye.
10 different levels of fluorescence intensity fack dye create a panel of 100 beads; each is
specific for a different target molecule. Thussthead set allows the simultaneous detection
of different proteins within one sample. Each beadies thousands of capture antibodies for
one specific protein. Quantification of the protaifiinterest occurs by the addition of a
second biotinylated specific antibody, which birntds another epitope of the protein of
interest, and thus addition of streptavidin-PE (&ARnables quantification according to
fluorescence intensity. The Luminex reader is gogibwith two lasers, a classification laser
(635 nm) which excites the beads and allocates thamspecific regions, and a reporter laser
(532 nm), which excites the molecular tags, i.e. PBe amount of fluorescent intensity
(reporter laser) is proportional to the amounthef taptured molecule. For each analyte, 25 to
100 beads are measured, and the median fluoresice@nsity of these beads is reported.

4.6.2 Quantification of cytokines, chemokines and growth factors

The Luminex technique was used to create a cytoltime chemokine secretion profile for
hepatocellular carcinoma cell lines and human liigsue of healthy liver, resected liver
tissue of colorectal metastases, cirrhotic tissueHCC tissue, and to determine the effects of
MAPK inhibition on this profile. Bio-Plex assaysi(BRad) contain standard concentrations
of each analyte, and the calculation of respecitamdard curves allows the calculation of
protein concentrations.

The assay was performed according to the manutttuprotocol. In brief, lyophilized
cytokine standard was resuspended in 500 ul RPMIafd incubated on ice for 30 min.
Serial dilution series to generate standard cufgegach cytokine, chemokine and growth
factor of interest were performed. The bead mixtwmecific for the analyzed cytokines,
chemokines and growth factors, was incubated withI5supernatant in a 96-well filter plate
for 30 min at RT. All incubation steps have beerried out on a plate shaker in the dark, to
avoid bead aggregations, as well as bleaching efbidads and SAPE-labeled detection
antibodies. Medium or lysis buffer served as baolkgd controls. Several washing steps were
performed with 100 pl wash buffer/well, to remowvebaund proteins. We used a vacuum
pump (Millipore) for all washing steps to removee ttuid in the wells. Since the beads are

bigger than the filter pores, they remain in thdlsvé\fter addition of secondary biotinylated
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antibody mix for 3Cmin at RT, and three more washing steps SAPE was dddd® min at
RT (1:100 dilutions). After three final washing pseand addition of 1:pl assay buffel
standards and samples were analyzed for and SAPE fluorescent

Analysis of standard curves and sample

The Bio-Rad Manager 5.0 and 6.0 softwewas usedfor analysis. Standard curves .
automatically calculated by the software using pabBameter logistic plot formula, whi
allows the calculation of protein concentrationshie samples (pg/ml), according to the lin
relationship between fluorescentensity and concentration. Only values within tivear

regression range of the standard curves were tpthlis concentration
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Figure 11: Principle of multiplex analysis.  (A) The beads are based on a two-dye method with
different ratios of red dye and infrared dye each containing 10 different levels creating a panel of
100 beads. (B) Dyed beads are conjugated to monoclonal antibodies which are specific for a
target. (C) In the test samples, the antibodies bind to the proteins; reporter biotinylated secondary
antibodies bind to the bound sample molecules. (D) The classification laser excites the beads;
fluorescence of the beads identifies the region. (E) The reporter laser excites molecular tags, i.e.
SAPE. The amount of fluorescence intensity is proportional to the amount of the bound protein.
Figure was adapted from B. Simm.




4.6 Multiplex Analysis

4.6.3 Phosphorylation of kinases and transcription factors

With the multiplex technology, also phosphorylapgdteins were measured according to the
manufactures protocol. Bio-Rad does not providendsdeds with defined protein
concentrations, but positive control lysates to tessgeneral assay performance. The median
fluorescence intensity of at least 50 beads fohemmalyte is a measure for the total or
phosphorylated protein content in the samples.sltimportant to quantify changes in
phosphorylated kinase protein in comparison withiesponding total protein content.

4.7 Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA is a widely used quantitative immunoassay. Wged this method to detect human
MICA/B and TGH. These sandwich ELISAs were performed accordingeananufacturers
protocol (RnD Systems). In brief, first the 96-waticrotiter plates were coated with the
capture antibody diluted in PBS by incubating thetgs overnight. For the assay procedure,
the samples and standards were added to the wellsnaubated for 2 h at RT. For the
measurement of immuno-reactive TG Ehe supernatant has to be acidulated with 1 M HCL
prior the 2 h incubation. After washing, the datattantibody is added and incubated again
for 2 h. Afterwards the working dilution of strepidin- horseradish peroxidase (HRP) is
added for 20 min. Then the substrate solutionpefed to each well. After 20 min the stop
solution is added and the optical density is deit@ech using the TECAN sunrise microplate
reader at a wavelength of 46m.

4.8 Western Blot Analysis

SDS-Polyacrylamid gel-electrophoresis

The samples were denaturated in Laemmli bufferg@ridhem on ice after boiling them for
5 min at 95°C. Next, the samples were separatedudtage gels, running at 150V constant
for 50-90 min in 1x MOPS buffer.
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Western Blot

After SDS/PAGE proteins were transferred to a polyNdene difluoride (PVDF) membrane
for 90 min at 200 mA in Western Blot transfer bufferior to use, the PVDF membrane was
activated in methanol and washed in transfer buHéer blotting, the membrane was placed
in blocking buffer for 2 h at RT or over night étCGl Primary antibody was then added and
incubated over night at 4°C. After rinsing the mean in wash buffer, the blot membrane
was incubated with HRP-conjugated secondary anjifod 1 h at RT, and following a
washing step, the blot membrane was developed perSignal Substrate Working Solution
for approximately 5 min. Band intensities were gmad using the software Quantity One
(BioRad).

4.9 Signaling Pathway Drawing

The signaling pathway models were generated wighhblp of the pathway builder from

www.proteinlounge.com

4.10 Generation of Classification Trees

Generation of the classification tree was perforrhgdA. Skoeries (N. Halama, Bioquant

Heidelberg) using the programming language R.

4.11 Statistics

To determine the statistically significant diffecets between different treatments in HCC cell
lines or between the cytokine milieu of healthyehyresected liver of colorectal metastases,
cirrhotic liver tissue and HCC tissue, the softw@raphPad Prism 5 was used. Depending on
whether data was distributed normally or not, stiddests or Mann-Whitney U-tests were
used respectively.
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5 Results
5.1 Signaling Pathways in HCC and Small Molecule Inhiltiors

In hepatocellular carcinoma, the MAPK pathway itenfpermanently activated, suggesting a
pivotal role for this pathway in tumor developmertis activation is often due to a mutation
in one of the upstream molecules. It usually ocdwstwo main mechanisms, oncogenic
mutations within the Ras or B-Raf gene or constituiRaf activation due to either over-
expression of growth factors or their receptorg.(])EGFR, EGFR, IGFR or c-Met) (Gollob
et al, 2006; Lachenmayaest al, 2010).

Several strategies for blocking the RafMEK/ERKrsiling pathway are now being evaluated
as cancer therapies. A number of different smalemdes, which are currently under clinical
investigation, inhibit these pathways at differlaviels (Favatat al, 1998; Friday and Adjei,
2008; Gollobet al, 2006; Roberts and Der, 2007; Snretral, 2006).

To assess the effect of MAPK pathway inhibitionaall signaling, proliferation, apoptosis,
cell surface molecule expression and immune celbgeition, the three cell lines HepG2,
Hep3B and Huh-7 were used asiawitro model system for HCC. These cell lines have been
used for the analysis of functional features oéiicells. Since HCC in different patients
shows a substantial molecular diversity, a moreeql understanding requires studies on
pathway analyses as well as functional tests (Hasttial, 2010; Zucman-Rossi, 2010). The
three cell lines, which derived from patients witEC, have different mutations. HepG2 cells
have a mutation in NRas (Q61L) leading to a consativation of the MAPK pathway. The
Hep3B cells have a deletion of p53 and are oftexd ue analyze the effects of p53. Huh-7
cells have a gain of function mutation in p53 (Y220eading to a lack of p53 transcriptional
activity and more resistance to apoptosis (Muleal, 1998). Therefore, these three cell lines
represent different HCC tumors. In order to hawetiled analysis of the effects of the Raf
inhibitor sorafenib on HCC, the three cell linesravéreated with sorafenib and compared
with mutation-specific B-Rf°°F inhibitor PLX4720 and three MEK inhibitors U0126,
AZD6244 and PD0325901 (Figure 12).

In previous studies of MAPK inhibition in colorettmarcinoma and melanoma cell lines, we

have shown that MAPK signaling disruption can halert-term effects, like inhibition of

phosphorylation of downstream targets, but alsa{emm effects like alterations in HLA
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class | expression and DNA methyltransferase dgt{@erset al, 2009) (Dissertations Braun

2008; Massen submitted). In order to enable fattnent periods of up to 96 h for HCC cells,
the inhibitor concentrations had to be downscated toncentrations that could be used for
all cell lines. 5 uM was chosen for all three céfies for treatments up to 96 h with low toxic

effects. By using the same concentration for diibiors, these compounds can be directly
compared and the different sensitivities of the loges to these inhibitors can be determined.
For several experiments, different concentratiorsewused to analyze the concentration

dependent effects.
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Figure 12: MAPK family and Akt signaling pathway and inhibitors of the MAPK pathway. The
multi-kinase inhibitor sorafenib, the mutant-specific B-Raf'*°*® inhibitor PLX4720 and the MEK
inhibitors U0126, AZD6244 and PD0325901 were used. Several different kinases and transcription
factors like MEK1, ERK1/2, Akt, JNK, p38, c-Jun, ATF-2, and p53 were analyzed. Pathway was
generated with the pathway builder from www.proteinlounge.com.
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5.1.1 Comparison of MAPK inhibitors at the phosphorylation level

The efficiency of MAPK inhibitor is often measuredccording to the decreased
phosphorylation of downstream kinases, mostly ERK1at Thr202/Tyr204 and
Thr185/Tyr187. Due to the assumed linear signahitgin the MAPK pathway, blockage of
B-Raf or MEK should both lead to a reduction of ERKosphorylation.

It was tested whether the B-Raf inhibitors sordfemnd PLX4720 and the MEK inhibitors
U0126, AZD6244 and PD0325901 efficiently inhibit ME and ERK1/2 phosphorylation
(Figure 12). For this, HepG2, Hep3B and Huh-7 celeye treated up to 96 h with these
inhibitors or DMSO as a solvent control. Lysatesevanalyzed for phosphorylated and total
MEK1 and ERK1/2 (Figure 13A,B).

The analysis of phosphorylated MEK1 (p-MEK1) anBRK1/2 revealed several differences
between the inhibitors as well as the cell lineshilé/ sorafenib led to a decreased
phosphorylation of MEK1, the MEK inhibitors U01267ZD6244 and PD0325901 resulted in
an increase in phosphorylation (Figure 13A) (datagmown for PD0325901). The effect of
U0126 was weaker in comparison to AZD6244 and PB0OB2. Interestingly, in contrast to
sorafenib, the mutant-specific B-R¥PE inhibitor PLX4720 did not inhibit MEK1
phosphorylation, but rather led to a strong inageas phosphorylation in NRas-mutant
HepG2 cells and to a moderate increase in NRas-typle Hep3B cells (Huh-7 cells not
tested).

At the ERK1/2 level, which is just downstream of KiEdifferences in phosphorylation were
also detected between the MAPK inhibitors and betwée HCC lines (Figure 13A).
AZD6244 and PD0325901 decreased phosphorylaticzadyr after 30 min with continued
inhibition evident still at 96 h for all three cdihes. U0126 led to a continued decrease in
phosphorylation in HepG2 cells, while in Hep3B afdh-7 cells ERK1/2 phosphorylation
went back to the DMSO control level after 12 h. &enib showed differential effects
between the three cells lines. In HepG2 cells, fearh reduced ERK1/2 phosphorylation
within the first 12 h, but then in a “rebound” effs, it increased ERK1/2 phosphorylation,
although MEK1 phosphorylation was still inhibitdd. Hep3B and Huh-7 cells, ERK1/2 was
almost completely and constantly inhibited by sem#d§. Only after 72 h, ERK
phosphorylation was back to the DMSO level. In phawntrast to sorafenib and the MEK
inhibitors, PLX4720 elevated the ERK1/2 phosphdrgtain HepG2 and partly in Hep3B
cells (Huh-7 not tested).
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5.1 Signaling Pathways in HCC and Small Moleculabitors

Figure 13: Modulation of MEK1 and ERK1/2 after treatment with MAPK inhibitor. HepGZ2,
Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitor or DMSO as control for up to 96 h.
(A) Phosphorylation of MEK1 and ERK1/2. (B) Total protein concentration of MEK1 and ERK1/2.
Total MEK1 was not tested (n.t.) for treatment with PLX4720. Shown is one representative
experiment of up to three independent experiments. For each experiment, protein concentration
was adjusted to 500 pg/ml and a minimum of 50 beads was measured and MFI was calculated.
The readout of the phosphoplex is the MFI of > 50 beads detecting either phosphorylated or total
kinase protein.

This contradictory effect on a mutant-specific BfR#hibitor was so far only shown for
NRasmutant melanoma lines but not for other tumor dglisidornet al, 2010; Kaplaret al,
2011). This effect results from a drug-driven hetemerization of B- and C-Raf in which C-
Raf continues to signal and, thereby, phosphoryla&K1. This can only occur because
PLX4720 does not simultaneously inhibit C-Raf. Tlsisot seen in sorafenib treated cells,
since sorafenib is also a C-Raf inhibitor. In melaa, this perplexing Plexicon effect was
assigned to NRas-mutant melanoma cells, but | cehluv that even in NRas wild-type
Hep3B cells this phenomenon was observed.

These findings already demonstrate that inhibitdrhe same molecule can have differential

effects upstream as well as downstream of ther@igarget.

Besides the phosphorylated kinases, also the ttadunt of MEK1 and ERK1/2 was
measured (Figure 13B). All three cell lines hadighlconstitutive basal level of total MEK
and ERK as indicated with the DMSO control. UO1&&tment did not change substantially
total-MEK1 (t-MEK1) levels. Sorafenib only showedsight degradation of t-MEK after
72 h, but AZD6244 induced a strong decline in tMBK1 levels. Interestingly, this decrease
is in strong contrast with the high increase in B indicating that p-MEK1 may be
resistant to degradation. Although U0126 and AZDb24hibited both the MAPK at the
MEK level, they have different binding sites at tMEK protein and therefore showed
differences in the effect on phosphorylated andltvEK1. For technical reasons, t-MEK1
levels could not be tested for PD0325901 and PLR47@atment.

At the t-ERK1/2 levelFigure 13B), sorafenib led to a slight degradatiohlepG2 cells, to a
stronger degradation in Hep3B cells and equal ¢eireHuh-7 cells. In contrast, U0126 and
AZD6244 did not have any effects on t-ERK1/2, etleough AZD6244 mediated a strong
decline in the t-MEK1 content. Surprisingly, PLX472educed t-ERK1/2 in HepG2 cells
although a strong increase in p-MEK1 and p-ERK1&5wneasured again indicating that

phosphorylated kinases are not affected by degoadarhis total-kinase degradation is not
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mediated by cascases since treatment with pansaspaibitor had no effect (not shown). In

Hep3B cells phosphorylation of ERK1/2 was slighttduced.

In summary, sorafenib was the only inhibitor, whinhibited B- and C-Raf activity in the
tested cells. U0126, AZD6244 and PD0325901 inhibkmase activity of MEK, although
they bind at different sites. MEK inhibition is no¢cessarily associated with a decrease in
MEK phosphorylation itself. It seems that U0126DPA&Z44 and PD0325901 stabilized MEK
phosphorylation and therefore Raf was still able phosphorylate MEK1. Although
differences were seen at the p-MEK level, ERK gimsggation was effectively inhibited with
these inhibitors with some rebound effects seen satafenib. In sharp contrast, PLX4720
activated the MAPK pathway by phosphorylation ofdviihd ERK. These results raises the
question what effects these differences at the MBEKERK levels have on other signaling

cascades and on downstream molecules.

5.1.2 Effects of MAPK inhibitors on other signaling pathways

Other signaling pathways are closely linked to MW&PK cascade and regulated to some
extent through the same upstream molecules (Fijurehe JNK and the p38 kinases belong
also to the family of the MAP kinases and can bevaied by the Ras protein. JNK is
involved in a broad range of cellular processes Hpoptosis, negative regulation of cell
proliferation and cytokine production. The p38 pedly is also involved in cell differentiation
and apoptosis. Both, JNK and p38 pathways are gnactivated through stress stimuli, such
as UV radiation, cytokines, inflammatory signalgahshock and changes in the level of
reactive oxygen species. Another important pathwalyich is not directly linked to the
MAPK pathway, but in close connection, is the PBKY/ pathway (Figure 4). It regulates
many different cell functions like cellular surviyanhibition of apoptosis, angiogenesis and
tumor development. Therefore, | wanted to know Wwaethe inhibition of the MEK/ERK
pathway influences other signaling pathways (Figl2¢. In addition to MEK and ERK,
phosphorylated and total protein of JNK, p38 and v&re analyzed as shown in Figure 14
and in the appendix.
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5.1 Signaling Pathways in HCC and Small Moleculabitors

In HepG2 cells, phosphorylation of JINK was not eiféel by sorafenib, PD0325901 (data not
shown) or AZD6244. Only U0126 and PLX4720 treatnresulted in an increased p-JNK. In
Hep3B cells, a slight elevation of p-JNK was dedbl# after 6 h by sorafenib, U0126,
PD0325901 (data not shown) and AZD6244 and a dedira later time point was observed
by sorafenib. In Huh-7 cells only AZD6244 treatmslightly increased p-JNK.

In contrast, the p38 pathway was not generallyctgfik by the MAPK inhibitors, which nicely
shows that the observed effects were specific Her dther molecules. Sorafenib increased
phosphorylation in HepG2 and Hep3B cells transyebdtween 6 and 24 h, while PLX4720
induced an increase of p-p38 in HepG2 and a deereadep3B cells. The MEK inhibitors
showed generally no effect and p-p38 in Huh-7 aglls not affected.

Although the Akt pathway is not directly linked tile MAPK pathway, it was altered by the
MAPK inhibitors, but the effects differed betwedretcell lines. In HepG2 cells, the MEK
inhibitors U0126, PD0325901 (data not shown) andB8Z44 permanently increased p-Akt
at Ser 473 which is an important regulatory phosghation site of Akt, while sorafenib and
PLX4720 decreased p-Akt. In Hep3B cells, U0126 BhX4720 did not affect p-Akt, but
sorafenib, PD0325901 and AZD6244 led to late dedlinphosphorylation with the strongest
effects seen with sorafenib. In Huh-7 cells, sordiie AZD6244 and U0126 increased
phosphorylation of Akt within the first 24 h, but later time-points, p-Akt was below the

DMSO control in sorafenib treated cells.

With these experiments, it was observed that thePKANnhibitors sorafenib, U0126,
AZD6244, PD0325901 and PLX4720 could affect thegpihorylation status of MEK/ERK
and also of Akt, and only to a certain extent ofKJBnd p38 (Figure 14). Since these
pathways play a major role for the regulation ohgndifferent transcription factors, | looked
at the downstream effects, analyzing the transoripgfiactors CREB (data not shown), c-Jun
and ATF-2 after MAPK inhibition (Figure 15).
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5.1 Signaling Pathways in HCC and Small Moleculabitors

Figure 14: JNK, p38 and Akt phosphorylation after treatment wit h MAPK inhibitor. HepG2,
Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitor or DMSO as control for up to 96 h.
The phosphorylation of JNK, p38 and Akt was measured. Effect of PLX4720 was not tested for
Huh-7 cells. Shown is one representative experiment of up to three independent experiments. For
each experiment, protein concentration was adjusted to 500 pg/ml and a minimum of 50 beads was
measured and MFI was calculated. The readout of the phosphoplex is the MFI of > 50 beads
detecting phospho-kinases.

c-Jun, which is a component of the transcriptiartda activating protein 1 (AP-1) complex
together with c-fos, is mainly activated by JNKt loan also be phosphorylated by p38 and
ERK. Among many other activities, it is involved the negative regulation of cell
proliferation.

Sorafenib induced an increase in c-Jun phosphaglan all three cell lines. PD0325901
(data not shown) and AZD6244 slightly decreasedJpytin HepG2 cells for the first 48 h,
but in Hep3B and Huh-7 cells they increased p-c{Fugure 15). U0126 showed only slight
elevation of phosphorylation in all three cell knén HepG2 but not in Hep3B cells p-c-Jun
was also elevated by PLX4720. These observatiomgest that AP-1 transcriptional
regulation is influenced by MAPK inhibitors.

The transcription factor ATF-2, which is a membéthe leucine zipper family, is activated
primarily in response to signals that came on stessivated protein kinases p38 and JNK.
ATF-2 phosphorylation patterns were modulated ey MAPK inhibitors similarly to c-Jun
with upregulation by sorafenib in all three celids and by AZD6244 in Huh-7 cells (Figure
15). In HepG2 cells, U0126 and AZD6244 also resulte an increase of p-ATF-2.
Upregulation through PD0325901 was also detecteth®first 24 h (data not shown). This
modulation of ATF-2 suggests a link between ATFR«eh transcription and MAPK

inhibition.

In contrast to the phosphorylation levels, theltptatein levels of c-Jun and ATF-2 remained
constant after the treatment period (see appenddXly sorafenib induced substantial
degradation of ATF-2 in HepG2 cells, c-Jun and ATk Hep3B cells and c-Jun in Huh-7
cells. This finding supports the suggestion thargfrom MAPK inhibition the stability and
turnover of kinases and transcription factors fs@éd by sorafenib rather than by other small

molecules inhibitors.
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5.1 Signaling Pathways in HCC and Small Moleculabitors

Figure 15: c-Jun and ATF-2 phosphorylation after treatment with MA PK inhibitor. HepGZ2,
Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitor or DMSO as control for up to 96 h.
Phosphorylation of c-Jun and ATF-2 was measured. Shown is one representative experiment of up
to three independent experiments. For each experiment, protein concentration was adjusted to
500 pg/ml and a minimum of 50 beads was measured and MFI was calculated. The readout of the
phosphoplex is the MFI of > 50 beads detecting phospho-kinases.

In summary, it could be observed that besides natidal of the MEK/ERK pathway, Akt, p38
and slightly JNK were also affected by MAPK intulst Downstream transcription factors
were also altered during drug treatment. In contydetal protein levels of these signaling
and transcription factor components remained mastgble. These signaling pathways play
a major role for cell survival and proliferation h€reby, altering these signaling pathways by
MAPK inhibitors would expect to have large-scalesequences for the cell that will be
addressed with respect to surface expression ofuimenrecognition molecules as well as

secretion of chemokines and growth factors.

5.1.3 MAPK inhibition limits proliferation of HCC cells

In order to study the impact of the MAPK pathwayscell proliferation, HepG2, Hep3B and
Huh-7 cells were treated with sorafenib, PLX4720126, AZD6244 and PD0325901. Since
these inhibitors are in a straight line connectethe MAPK cascade, it was of great interest
to see whether differences in proliferation andesithn could be detected between inhibitors
and cell lines, respectively. Due to the differamitation status, it was also of interest to see
whether NRas mutations or mutations in the p53 geay have an effect on cell proliferation
during drug treatment.

Since significant reduction in the phosphorylatminthe “surrogate” marker ERK1/2 was
observed, it was expected to detect effects onferation during treatment with sorafenib,
U0126, AZD6244 and PD0325901. Among this line, @swnteresting to see whether the
slight increase of p-ERK1/2 in HepG2 cells by sendh after 24 h would be visible at the
level of cell proliferation. Because PLX4720 inddativation of the MEK/ERK pathway in
HepG2 cells and to a certain extent also in Hep8Bs,can increase in cell proliferation in

consequence would have been expected. Becausenhii®tars have different affinities
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towards their targets, the use of the same inhibftoncentrations should also show
differences in inhibition of cell proliferation.

To analyze the effects of the MAPK inhibitors orll geoliferation, different methods were
used. The easiest, though old fashioned, methtal ¢sunt the cells at different time points
(Figure 16). With a “real-time” measurement mettasdthe xCELLigence system, adhesion
and cell growth can be constantly monitored forsdatyintervals of min (Figure 17). Finally,
to analyze cell division, the CFSE method was usegereby serial dilutions for each
division are visualized (Figure 18).

For analyzing cell proliferation, cells were grovan about 24 h before treatment. Looking at
the effects of the five inhibitors on the cell nuenhit was observed that in all three cells lines
treatment with 5 uM sorafenib, AZD6244 and PD032588ad the strongest inhibitory effect
with no increase in the cell numbers over timejdating a block in cell divisions (Figure 16).
In Huh-7 cells, sorafenib and in Hep3B cells, sendf, AZD6244 and PD0325901
substantially decreased the cell number. U0O126ahaeaker effect on cell proliferation with
even slowly increasing cell numbers. The cell nunmtid not really change with PLX4720
treatment in Hep3B and Huh-7 cells. Surprisingtythe NRas-mutant cells, where PLX4720
induced hyperphosphorylation in MEK1 and ERKZ1/2|l geroliferation was blocked
nevertheless to some extent by PLX4720 suggeshaginhcrease in p-ERK alone is not

sufficient to accelerate the cell cycle in thedésce

HepG2 Hep3B Huh-7
2.0x106 1.0x106 - 2.0x106+

5
1.5x106+ 8.0x10 1.5x106 1

6.0x10°4
1.0x106+ 1.0x106 4

cell number

4.0x10°+
1 A7
S0” /4%/ 2.0x10° 4&% -
- PR =

0 0 0

0 24 48 72 96 0 24 48 72 9 0 24 48 72 96
time (h) time (h) time (h)
&~ untreated -~ DMSO ~® 5uM Sorafenib ~® 5uM U0126
5uMAZD6244 & 5uM PD0325901 5uM PLX4720

Figure 16: Cell count of MAPK inhibitor-treated HCC cells. Cell numbers of HepG2, Hep3B and
Huh-7 cells were counted after treatment of 5 uM MAPK inhibitors, DMSO and medium controls
every 24 h for up to 96 h. Sorafenib, AZD6244 and PD0325901 induced strong inhibition of cell
proliferation. U0126 has a slightly lesser effect in HepG2 and Hep3B, and barely inhibited cell
proliferation in Huh-7 cells. PLX4720 induced reduction of cell number in HepG2 and Hep3B cells.
n=2-3 = SD.
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Figure 17: xCELLigence profile of HCC cells treated with MAPK inhibitors. HepG2, Hep3B
and Huh-7 cells were grown for 24 or 48 h prior treatment with various concentrations of the MAPK
kinase inhibitors sorafenib, U0126, AZD6244, PD0325901 and PLX4720 compared to DMSO
controls for 96 h. Cell index was constantly measured and normalized to the start-point of
treatment. n=3 = SD.

To further evaluate the anti-proliferative effecfsthe MAPK inhibitors, the XxCELLigence
system was used to monitor the inhibition in realet in comparison to the cell counting
method where only certain time points were verifiedgure 17). Quantification of the cell
proliferation status is based on the measuredetetitrode impedance, a dimensionless
parameter termed cell index (Cl) is used. CI isivéer as a relative change in measured

electrical impedance to represent the status d$ oelthe wells. In order to visualize the
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relative changes of the different MAPK inhibitotise Cl was normalized to the time-point of
treatment and set to one (for more details see 4.4)

Figure 17 shows the effects of the MAPK inhibitdos HepG2, Hep3B and Huh-7 cells.
Sorafenib nicely decreased proliferation in a cotreion- and time-dependent manner in all
three cell lines as indicated with a lower CI congolato DMSO treated cells. However, the
effect of sorafenib differed between the cell lindhe strongest effect was observed in
Hep3B cells, in which 5 uM sorafenib already ledatstop in cell proliferation. This can be
seen in stable Cl values around CI=1, i.e. no changmpedance. Higher concentrations
reduced the CI values which indicate decreasedf@ration and detachment of the cells. In
HepG2 cells, 5 uM sorafenib reduced the proliferatio a lesser extent and only a slight
effect was seen in Huh-7 cells. 10 and 15 uM saibfedramatically inhibited cell
proliferation in all three cell lines. Although ieasing p-ERK, PLX4720 did not increase cell
proliferation, but rather inhibited proliferation & concentration dependent manner.
Interestingly, the MEK inhibitors U0126, AZD6244 cai?D0325901 behaved differently in
the XCELLigence system compared to sorafenib and4”?R0, and strong differences were
seen between the cell lines. In HepG2 and Hep3B tet MEK inhibitors decreased the CI
in a concentration dependent manner at late tinnetgpbeyond 48 h. In Huh-7 cells treated
with U0126, AZD6244 and PD0325901, the normalizédc@ves did constantly raise and
did not get below the DMSO control. This raise infCsome MEK inhibitor treated cells was
probably due to an enhanced cell adhesion whichatame discriminated from proliferation
by this method. Therefore, cell division was addiglly analyzed by dilution of CFSE in

flow cytometry in order to explain the effects imra detail.

Besides cell counting and using the XxCELLigencetesysfor cell adhesion and cell
proliferation, the capability of the cells to dieidvas analyzed under the influence of MAPK
inhibitors by using the CFSE method (Figure 18)lIQeere stained with CFSE and treated
with 5 uM inhibitor for 96 h (see 4.4). CFSE intépavas not so strongly decreased when
cells were treated with sorafenib indicating arsgranhibition of cell division. This effect was
slightly less pronounced with AZD6244 and PD032590@126 had only a weak effect on
cell division indicated by strong CFSE dilution qmamable to DMSO control. PLX4720

achieved almost no block of cell division with omslight reduction in HepG2 cells.
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Figure 18: MAPK inhibitor-mediated inhibition of cell division of H CC cells. CFSE-labeled
HepG2, Hep3B and Huh-7 cells were treated with 5 uM sorafenib, U0126, AZD6244, PD0325901
and PLX4720 and compared to DMSO and medium controls. Cells were analyzed using flow
cytometry. Sorafenib induced strong inhibition of cell division whereas AZD6244 and PD0325901
had a lesser effect. U0126 barely inhibited cell division and PLX4720 did not show any effects in
Hep3B and Huh-7 cells but slightly in HepG2 cells. (A) Histogram layout (B) Analysis of two to
three experiments. Shown are the median fluorescence intensities (MFI) of CFSE.
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In summary, the MAPK inhibitors except for PLX4T2€ely inhibited cell proliferation and
cell division with differences in the effectivenbsswveen the cell lines. Although sorafenib,
AZD6244 and PD0325901 inhibited similarly cell pfetation regarding cell number,
differences between sorafenib and the MEK inhibitwere observed for cell adhesion and
the inhibition of cell division. While sorafenibfexftively blocked cell division, the MEK
inhibitors reduced cell proliferation through othenechanisms. Therefore, it was next
analyzed whether MAPK inhibition induces apopt@sid modulates factors involved in the
regulation of apoptosis.

5.1.4 Some MAPK inhibitors induce apoptosis in HCC

Besides regulating cell proliferation, the MAPK fifyms also a very important regulator of
apoptosis. The MEK/ERK pathway is mainly involvedcdell proliferation and cell survival,
but it has also been shown to impinge on apoptébgh levels of p-ERK1/2 can reduce the
apoptosis rate by inhibiting cytosolic caspasevatitin and the pro-apoptotic molecule Bad
(Krishna and Narang, 2008). It has recently beehlighed that hyperactivation of the
MEK/ERK pathway induced by PLX4720 in NRas-mutamiamoma cells leads to resistance
against apoptosis (Kaplat al, 2011). On the basis of the phosphorylation datand drug
treatment induction of apoptosis was addressedtterthree cell lines during inhibitor
treatment. To assess the role of the MAPK pathwayhfe induction of apoptosis in HCC, all
five MAPK inhibitors were directly compared withcartain focus on sorafenib.

To measure the amount of apoptosis induced by MARKibitor treatment, DNA
fragmentation (sub-G1 peak) was analyzed in Heg@h3B and Huh-7 cells. To analyze
time- and dose-dependent effects, tumor cells weied for 48 and 96 h with 5 puM and
10 uM inhibitor, respectively (Figure 19). IndeddAPK inhibitors induced apoptosis to a
different extent and as expected from the p53 stahe three cell lines showed different
sensitivities towards inhibitor treatment. In gaemlpoptosis was induced in a time- and
dose-dependent manner. Interestingly, high rategoptotic cells were measured in Hep3B
cells, which lack p53, after treatment with soritfeZD6244, PD0325901 after 48 and 96 h
with 5 and 10 uM inhibitors. In these cells, UOlBBuced apoptosis substantial to a lesser
extent and PLX4720 did not induce apoptosis althoagendency towards more apoptosis

was observed with 10 puM.
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Figure 19: MAPK inhibitors induce apoptosis in HCC cell lines to a different extent. HepGZ2,
Hep3B and Huh-7 cells were treated with 5 uM (A) and 10 uM (B) of MAPK inhibitors or DMSO
control for 48 and 96 h. Apoptosis was determined by measuring the sub-G1 peak using PI.
n>3 + SD. *:p < 0.05; **: p < 0.01; ***: p < 0.0001.
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In p53-wild-type HepG2 cells, longer treatment dmgher concentrations were needed to
induce significant apoptosis with the MAPK inhibgoexcept for PLX4720 that did not
induce apoptosis at all (Figure 19). With a 5 puMilaitor concentration, primarily AZD6244
and PD0325901 but not sorafenib significantly iretli@poptosis. As expected for a dose-
dependent manner, 10 uM sorafenib increased apsptosa similar level as 10 pM
AZD6244 and 10 uM PD0325901. Thus, despite strartgbition of p-ERK1/2 by all
inhibitors, induction of apoptosis is regulated tlyarindependently from MEK/ERK
phosphorylation.

Remarkably, Huh-7 cells behaved differently comgaie HepG2 and Hep3B cells. Huh-7
cells have a gain of function mutation in p53 (YZ)0Owhich induces an increased half-life of
p53, whereby this mutation is associated with iaseel apoptosis resistance (Puisietial,
1995). Accordingly, Huh-7 cells seemed to be rat#paptosis resistant especially for the low
inhibitor concentrations (Figure 19). However, $enéb showed a strong induction of
apoptosis in a time- and dose-dependent mannen againgly indicating that apoptosis is

induced independently from the MEK/ERK phosphoiglaistatus.

The regulation of apoptosis is complex and manfedght factors can be involved in different
cell types. Apoptosis is regulated via several rmag@ms coming from either the extrinsic or
the intrinsic pathway. Therefore, it was analyzedwhat extend the molecules of these
pathways may be modulated during MAPK inhibition.d&tailed analysis of the factors
involved in apoptosis was mainly performed for $eméb and in HepG2 and Hep3B cells.
Some of the data were acquired in cooperation whith laboratory of Martina Miuller-
Schilling (University Hospital Heidelberg, Germany)

The tumor suppressor gene p53 has many importardtifuns as regulating cell cycle,
apoptosis, and gene stability which are all invdlireprevention of malignant transformation.
The tightly regulated p53 protein is induced byaaisty of stress signals, including DNA
damage, oxidative stress and activated oncogernysse@ulation of the p53 protein by MAPK
inhibition might have effects on cell survival. Ripborylated and total amounts of p53 were
analyzed in HepG2, Hep3B and Huh-7 cells after MAIRKibition by phosphoplex and
western blot analysis (Figure 20, Figure 21). FeagR® shows the kinetics of phophorylated
(Serl5) and total protein p53 levels in HepG2, HR2pBd Huh-7 cells after sorafenib, U0126
and AZD6244 treatment compared to DMSO controH&apG2 cells, p-p53 was upregulated
within the first 12 h by sorafenib and U0126 thesmnivback to DMSO level and were
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Figure 20: p53 phosphoplex and WB analysis in HCC cells after MA PK inhibition. HepGZ2,
Hep3B and Huh-7 cells were treated with 5 pM sorafenib, U0126, AZD6244 or DMSO as control for
up to 96 h. Western blot analysis confirmed the results obtained by phosphoplex analysis. B-actin
was used as a loading control. p: phosphorylated protein; t: total protein.
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increased again after 48 to 72 h, while during AZB&treatment, p-p53 was elevated within
the first 48 h. Total protein levels were also @ased by sorafenib during the first 12 h, but
then decreased and dropped below the DMSO corti@l26 and AZD6244 induced an
increase in t-p53 up to 48 h and then the cune@waent below the DMSO control.

Hep3B cells lack p53 and therefore no signal wdealed for p- and t-p53. In Huh-7 cells,
sorafenib induced an increase of p-p53 after 4&dia t-p53 after 24 h. U0126 slightly
increased t-p53 levels and AZD6244 induced lateagien of p-53 and slight upregulation of
t-p53.

Phosphoplex analysis is a rather recently estaddisind sensitive method to analyze cell
signaling. From the same lysates western blot aislwere performed to confirm our
phosphoplex findings in HepG2 cells (Figure 20)ceNcorrelations were observed between

phosphoplex and western blot analysis.

Additionally, p53 modulation was analyzed after BRB901 and PLX4720 treatment besides
sorafenib, U0126 and AZD6244 treatment in HepG2sc@tigure 21). Indeed, p53 was
increased in the first 12 to 24 h by PD0325901 ass seen for sorafenib and the other MEK
inhibitors. In contrast, PLX4720 did not change pl&8 levels compared to DMSO. Thus, p53
was regulated by MEK and B-Raf inhibitors but irdrug-specific manner. Therefore, this
p53 regulation is MEK/ERK independent.

DMSO Sorafenib PLX4720

Time(h) 0 05 6 12 24 48 72 96 05 6 12 24 48 72 96 05 6 12 24 48 72 96

p53

B-actin

u0126 AZD6244 PD0325901
Time (h) 05 6 12 24 48 72 96 05 6 12 24 487296 05 6 12 24 48 72 96

p53
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Figure 21: p53 expression is modulated by MAPK inhibitors in HepG 2 cells. HepG2 cells were
treated with 5 uM sorafenib or DMSO control for up to 96 h and p53 expression was analyzed by
western blot. 3-actin was used as a loading control.
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Besides p53, the proteins p63 and p73 also belontha p53 family and have partially
overlapping but also distinct functions. The pnateip63 and p73 are required for p53-
dependent apoptosis in response to DNA damageed&tral, 2002). Besides the normal
full-length protein, several isoforms of p63 an@éan exist. The N-terminally truncatad
isoforms ANp63 andANp73 have anti-apoptotic properties as intrinstubitors and it has
been recently published thaNp63 induces drug resistance in HCC (Muatlal, 2010) and
ANp73 confers resistance to chemotherapy (Mufieral, 2005). In order to get a more

comprehensive view on the regulation of the p53lfgm63 and p73 were analyzed from the
same samples used in phosphoplex.
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Figure 22: p53 family members p53, p63 and p73 are altered by sorafenib. HepG2 and Hep3B
cells were treated with 5 pM sorafenib or DMSO up to 72 h. As a positive control, lysates
expressing p63, p73 and their AN isoforms and as a loading control, 3-actin were used

Due to the limited amount of lysates, only sordieineated cells were analyzed in detail. For
analyzing p63 and p73 in HepG2 and Hep3B cellg afieafenib treatment, cells were treated
up to 72 h and western blot analyses were perfof(faiggire 22). In HepG2 cells, teNp63
isoform was induced after longer cultivation. Nofnp®3 was not detectable. Sorafenib
treatment reduced the levelsAlp63 after 24 h. Treatment with sorafenib strorigbreased
the levels of p73 after 48 and 72 h. A similar efffef sorafenib was detected in Hep3B cells,
which lack p53ANp63 was strongly decreased after sorafenib tregtnaéthough the slight
p63 expression, which was detectable for the DM8ftrol, seemed to be also reduced by
sorafenib. In contrast, p73 and also thW isoform were increased by sorafenib. These
experiments demonstrate that sorafenib, in padicmhediates a differential regulation of the
p53 family members, p63 and p73 as well as thbiisoforms. Therefore, it is likely that this
modulation also affects apoptosis induction.
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Figure 23: Death receptor expression on HCC cells. Cells were characterized for the expression
of the death receptors CD95, TRAIL receptor 2 (TRAIL-R2), and TNF receptor 1 (TNF-R1). Only
HepG2 cells express CD95, while Hep3B and Huh-7 cells are deficient in CD95, presuming as a
consequence of p53 deficiency. TRAIL-R2 is detected on all three cell lines and TNF-R1 is only
slightly expressed.

For the induction of apoptosis in tumor cells, vas death receptors play a pivotal role.
Therefore, we analyzed the expression of the cefase death receptors CD95 (Fas), tumor
necrosis factor receptor 1 (TNF-R1) and TNF relapdptosis inducing ligand receptor 2
(TRAIL-R2) (Figure 23). HepG2 cell expressed CD8%tlow to medium level and Hep3B

and Huh-7 cells were CD95-deficient. In contraRATL-R2 and TNF-R1 were expressed on
all three HCC lines.

MAPK pathway inhibition had an effect on surfacemssion of the death receptors CD95,
TNF-R1 and TRAIL-R2. An increase of CD95 expressmiter 48 h was induced by
sorafenib, AZD6244 and PD0325901, but not PLX472atment in HepG2 cells (Figure 24).
In Hep3B cells, which are deficient of CD95, no mladion was detected after treatment with
these inhibitors (data not shown). Expression oAMIRR2 and TNF-R1 was only tested in
HepG2 and Hep3B cells after 48 h sorafenib treatniE@RAIL-R2 was slightly increased in
HepG2 and Hep3B cells, but TNF-R1 was not signifisamodulated but showed a tendency
of downregulation in both cell lines (data not shpw

To show that upregulation of CD95 and TRAIL-R2 vedso modulated on the RNA level,
PCR analysis was performed by the laboratory of\iller-Schilling (University Hospital
Heidelberg). A significant increase of CD95 and TR&R2 mRNA was observed in HepG2
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cells, and an increase of TRAIL-R2 mRNA in Hep3Bisédata not shown). Moreover, we
could see that the combination of sorafenib treatrm@th activation or stimulation of the
death receptors increased the apoptotic rate inggcéhat sorafenib has sensitizes the death

receptor signaling pathway (data not shown, maiptsior preparation).
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Figure 24: MAPK inhibition increase CD95 expression in HepG2 c ells. HepG2 cells were
treated with 5 uM sorafenib, AZD6244, PD0325901, PLX4720 or DMSO for 48 h. Surface molecule
expression of CD95 was measured by flow cytometry analysis using the FACS Calibur. Shown is
one of three independent experiments.

To complete the picture of sorafenib-mediated apgipt the effects of sorafenib on the
intrinsic apoptosis signaling pathway were also hama. In HCC, the anti-apoptotic
molecules Mcl-1 and Bcl-xL are often overexpresaad play a pivotal role for resistance
against apoptosis (Fleischet al, 2006; Sieghartet al, 2006; Watanabest al, 2002,
Watanabeet al, 2004). Using western blot analysis, sorafenib whewn to effectively
reduce Mcl-1 levels in HepG2 and Hep3B cells antix&cin Hep3B cells (Figure 25A).
Western blot bands were also quantified by densigasurements which nicely visualize
Mcl-1 and Bcl-xL degradation (Figure 25B). Bcl-xlnch Mcl-1 expression was also tested
after U0126, AZD6244, PD0325901 and PLX4720 treatne Hep3B cells (Figure 26). In
contrast to sorafenib, U0126 and PLX4720 did naluce Bcl-xL expression. However,
treatment with AZD6244 reduced Bcl-xL after 24 hhwa slight recovery after 72 and 96 h
though still below the DMSO control. The MEK inhilxi PD0325901 decreased Bcl-xL
levels substantially beginning at 24 h and a stdldappearance until 72 h.
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Figure 25: Expression of Mcl-1 and Bcl-xL is reduced after sora fenib treatment. HepG2 and
Hep3B cells were treated with 5 uM sorafenib or DMSO control for 24, 48 and 72 h. (A) Western
blot analysis shows a decrease in Mcl-1 and Bcl-xL in HepG2 and Hep3B cells. B-actin was used
as a loading control. (B) Quantitative analysis of western blot analysis. Intensities were measured
with Quantitiy One (BioRad), normalized to B—actin and treatment was compared to the DMSO
control and depicted as fold change.

Compared to Bcl-xL, Mcl-1 regulation displayed diént kinetics under MAPK inhibition
with “waves” of enrichment and degradation (Fig@&. Mcl-1 levels in general increased
over time in the DMSO treated cells as well as WitIX4720 and AZD6244, and U0126 but
to a lesser extent. In contrast, weak Mcl-1 bandeevdetectable in PD0325901 treated cells
suggesting that this MEK inhibitor impaired Mcl-1akility more than the other MEK
inhibitors. Only sorafenib seemed to reduce Mckfiression in Hep3B cells, indicating that
different MEK/B-Raf inhibitors can mediate oppositiéects on Mcl-1. Thus these alterations
are obviously independent of the MEK/ERK pathwag #me small molecules exert different

“side effects”.
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Figure 26: Mcl-1 and Bcl-xL are partly modulated by MAPK inhibit ors in Hep3B cells. Hep3B
cells were treated with 5 pM sorafenib, PLX4720, U0126, AZD6244, PD0325901 or DMSO control
for up to 96 h analyzed by western blot. Mcl-1 was decreased by sorafenib, but not by PLX4720,
U0126 and AZD6244. Bcl-xL was mostly decreased by sorafenib, AZD6244 and PD0325901.
—actin was used as a loading control.

In summary, several MAPK inhibitors induced apogtas liver tumor cells in a time- and
dose dependent manner. However, remarkable difesswere observed between cell lines
as well as inhibitors. Therefore, it was of intdressaddress the nature of these differences in
more detail. Looking at signal molecules involvedhe regulation of apoptosis, it could be
demonstrated that p53 and its family member p73ewmrtially stabilized and the anti-
apoptotic isoformsINp63 and4dNp73 were decreased by the MAPK inhibitors, sorbafém
particular. The anti-apoptotic molecules Bcl-xL ahttl-1 were partially downregulated by
sorafenib and three MEK inhibitors, but not by tmeitation-specific B-R&1°°F inhibitor
PLX4720. Moreover, the three death receptors CDEBAIL-R2 and TNF-R1, which are
important for the induction of apoptosis, were mated by MAPK inhibition and, again,
sorafenib differed from the other inhibitors, partlelevating death receptor surface
expression which was in sharp contrast to PLX4 720 the MEK inhibitors.

These observations point towards an ERK-indepenci¢ effect of certain MAPK
inhibitors, sorafenib in particular, which may alsecount for the differences in clinical

outcome of these drugs.
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5.2 Immunological Side Effects of MAPK Inhibitors

Many surface molecules, also those which are inaporfor cell-cell interaction and
recognition by the immune cells, were shown to mituenced by the MAPK and closely
linked pathways. In terms of microenvironment, egon of cytokines, chemokines and
growth factors is also often regulated by theséways. Therefore, | wanted to assess the
effect of MAPK inhibition on cell surface expressiof immunologically relevant molecules,
immune cell recognition and cytokine/chemokine sgon. For this, the three cell lines
HepG2, Hep3B and Huh-7 were treated with the MARKibitors sorafenib, PLX4720,
U0126, AZD6244 and PD0325901 and several parametnes addressed.

5.2.1 Characterization of hepatocellular carcinoma cellihes

In a first set of experiments, the surface moleanpression especially those which are
important for recognition by T and NK cells wereachcterized in the three HCC cell lines.
The expression of HLA class | and 1, c-Met, ULBBR1IMICA/B and adhesion molecules are
shown in Figure 27 to Figure 29. All three celelinshowed strong expression of HLA class I.
HepG2 cells were HLA-A2 and HLA-A24 positive, whaseHep3B and Huh-7 are both
negative for those HLA class | alleles. HepG2 arep3B cells were negative for the HLA
class Il molecule HLA-DR, but low expression wasedéd on Huh-7 cells.

In HCC, the c-Met receptor, which is an importaateptor for the mitogen hepatocyte
growth factor (HGF), is upregulated compared to-nmalignant hepatocytes (Yaret al,
2007). Accordingly, high c-Met expression was deele in all three cell lines.
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Figure 27: HLA and c-Met surface molecule expression of HCC cel Is. Untreated cells were

characterized for the expression of HLA and c-Met using flow cytometry analysis. All three cell lines
express HLA class | molecules (W6/32), whereas HepG2 are positive for HLA-A2 (HB54) and -A24
(0497HA). HLA-DR (L243) is only weakly expressed on Huh-7 cells. c-Met (95106) is expressed on
all three cell lines. FI: fluorescence intensity measured in the PE and APC (c-Met) channel using
the FACS Calibur and LSR II, respectively.
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Figure 28: NKG2D ligand surface molecule expression of HCC cel Is. Cells were characterized

for the expression of ULBP1-4 and MICA/B using flow cytometry analysis. All three cell lines
express to a certain extent ULBP2 and ULBP4. HepG2 cells also express MICA and MICB
whereas in Hep3B and Huh-7 showed only minimal to no expression. Fl: fluorescence intensity
measured in the PE channel using the FACS Calibur.
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In addition to HLA, the expression of the ligandsBP1-4 and MICA/B for the activating
NK cell receptor NKG2D was analyzed (Figure 28).tAtee cell lines showed no expression
of ULBP1 and -3, but low levels of ULBP2, wherehe £xpression on Huh-7 cells was low
to medium. ULBP4 was expressed at low levels on-FAuaells and at intermediate levels on
HepG2 and Hep3B cells. Because ULBP4 expressiotivér carcinoma cell lines was
recently described for HepG2 cells (Cab al, 2008), ULBP4 mRNA expression was
confirmed in HepG2 cells with PCR (data not showr)CA and MICB are only weakly

expressed in HepG2 cells, while both moleculesabeent in Hep3B and Huh-7 cells.
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Figure 29: CD155 (PVR) and adhesion molecule expression of HCC cells. Cells were

characterized for the expression of the adhesion molecules CD155, CD166, ICAM-1 and LFA-3
using flow cytometry analysis. All three cell lines express intermediate to high levels of these
adhesion molecules. FI: fluorescence intensity measured in the PE channel using the FACS
Calibur.

CD155 (PVR) is another important ligand for theagution of many tumor cells by the
immune cells. It is unique among NK receptor ligarmbcause CD155 possesses its own
signaling capacity and feeds into the MAPK pathveand probably others (Casa@t al,
2009; Chanet al, 2010). CD155 binds to DNAM-1 (CD226) which is stitutively
expressed on a majority of T and NK cells and ntedidK cell activation primarily. As
shown in Figure 29, CD155 was strongly expressedlidhree cell lines.

In general, adhesion molecules play an importaet fiar the interaction between tumor cells
and immune cells. Therefore, the cell lines wes® @nalyzed for the expression of ICAM-1
(Inter-Cellular Adhesion Molecule 1), LFA-3 (Lymptyie Function-associated Antigen 3)
and CD166 (ALCAM). All three cell lines showed slari expression of these three adhesion
molecules with high levels of ICAM-1 and intermeadi¢evels of LFA-3 and CD166.
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5.2.2 Influence of MAPK inhibition on HLA, NK receptor li gands and

adhesion molecule expression

For the recognition of tumor cells by the most valg effector cells, i.e. T and NK cells,
surface molecule expression on the tumor cells playimportant role. Tumor cells often
change their surface molecules in order to esgapaine recognition. To see whether MAPK
modulation also influences cell surface moleculglevant for immune recognition, HLA
class I, c-Met, the NKG2D ligands MICA/B, ULBP2 andl BP4, the DNAM-1 ligand
CD155 and the adhesion molecules CD166, LFA-3 &WM-1 were analyzed. HepG2,
Hep3B and Huh-7 cells were treated for 48 h withu sorafenib, U0126, AZD6244,
PD0325901 and PLX4720 and surface molecules weasuned using FACS analysis.

HLA class | was differently modulated by the MAP#hibitors and between the cell lines
(Figure 30). No alteration in the expression waseobed with U0126 and PLX4720 for all
three cell lines, AZD6244 in HepG2 and sorafenibHep3B cells. While in HepG2 cells
HLA class | was weakly downregulated by sorafertiyas upregulated in sorafenib treated
Huh-7 cells. In contrast, HLA class | expressiorsviacreased by AZD6244 in Hep3B and

Huh-7 cells and strongly elevated by PD0325901litheee cell lines.
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Figure 30: HLA class | is altered by certain MAPK inhibitors in HCC cells. Tumor cells were

treated with 5 puM sorafenib, U0126, AZD6244, PD0325901 or PLX4720 for 48 h and HLA class |
expression (W6/32) was analyzed. Fl: fluorescence intensity measured in the PE channel using the
FACS Calibur.
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Figure 31: c-Met surface molecule expression is altered by MA PK inhibitors in HCC cells.
Tumor cells were treated with 5 pM sorafenib, U0126, AZD6244, PD0325901 or PLX4720 for 48 h
and c-Met expression was analyzed. Fluorescence intensity measured in the APC channel using
the LSR Il

The c-Met receptor is often overexpressed in HC@ eorrelates with a shorter 5-year
survival (Uekiet al, 1997). The high c-Met expression seen in HepG£h3B and Huh-7

cells (5.2.1) was decreased by sorafenib, AZD62dd BD0325901 (Figure 31) while
PLX4720 treatment upregulated c-Met receptor inG2put not in Hep3B cells (Huh-7 cells

not tested).

The NKG2D ligand ULBP2 was not substantially alteréth MAPK inhibitors (Figure 32).
A small upregulation was observed with sorafenidP&244 and PD0325901 in HepG2 and
with AZD6244 in Huh-7 cells. In contrast, in Hep2Bd Huh-7 cells sorafenib seemed to
downregulate ULBP2. Also ULBP4 expression was mathd by the MAPK inhibitors. It
was upregulated after sorafenib, AZD6244 and PD9B25reatment in HepG2 and Hep3B
cells, but not with PLX4720 (Huh-7 cells not tegteMICA and MICB were differently
modulated after MAPK inhibitor treatment in all éercells lines (data not shown).

In addition to the NKG2D ligands, CD155, which bénib the activating receptor DNAM-1
on NK and T cells, was elevated in HepG2 and Hulells by sorafenib, AZD6244 and
PD0325901, while in Huh-7, U0126 seemed to sligitiyrease CD155 expression (Figure
33).
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Figure 32: ULBP2 and ULBP4 expression is altered by MAPK inhibit ors in HCC cells. Tumor
cells were treated with 5 uM sorafenib, U0126, AZD6244, PD0325901, PLX4720 or DMSO for 48 h
and ULBP2 and ULBP4 expression was analyzed by flow cytometry. Fluorescence intensity
measured in the PE channel using the FACS Calibur. Shown is one representative experiment.

For the recognition of tumor cells by NK and T selidhesion molecules play an important
role. MAPK inhibition altered the expression of theéhesion molecules CD166, LFA-3 and
ICAM-1. CD166 (ALCAM), which is a ligand for the GDreceptor on NK and T cells, was
upregulated by sorafenib, U0126, AZD6244 and PDO825n HepG2 and Huh-7 cells while
no alteration was observed in Hep3B cells (Figutg BLX4720 did not influence CD166
expression indicating that CD166 is negatively tatpd via MEK/ERK signaling. LFA-3 is
differently regulated in the three cell lines (Figu34). While sorafenib and the MEK
inhibitors downregulated LFA-3 expression in Hep@&ad Hep3B cells, they induced an
upregulation of LFA-3 in Huh-7 cells. In NRas-mut&iepG2 cells, PLX4720 treatment led
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to an increase in LFA-3 expression, indicating thBA-3 is regulated via the MEK/ERK

pathway.

Regulation of the adhesion molecule ICAM-1 waseatdéht between sorafenib and the MEK
inhibitors (Figure 34). While the MEK inhibitors A¥%244 and PD0325901 induced a
downmodulation of ICAM-1 in all three cell linesprafenib treatment led to a slight
upregulation of ICAM-1. Again this demonstratesttiogpposite effects can occur during

treatment with sorafenib and the MEK inhibitors. ¥2[720 also induced an elevation of

ICAM-1 on HepG2, but not on Hep3B cells.
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treatment. Cells were characterized for the expression of CD155 after treatment with 5 pM
sorafenib, U0126, AZD6244, PD0325901 and DMSO for 48 h using flow cytometry analysis. All
three cell lines express CD155. Sorafenib, AZD6244 and PD0325901 partly increased CD155
expression on HepG2 and Huh-7 cells. FI: fluorescence intensity measured in the PE channel

using the FACS Calibur.
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Figure 34: Adhesion molecules are altered by MAPK inhibitors in H CC cells. Tumor cells were

treated with 5 uM sorafenib, U0126, AZD6244, PD0325901, PLX4720 or DMSO for 48 h and
CD166, LFA-3 and ICAM-1 expression was analyzed by flow cytometry. Fluorescence intensity
measured in the PE channel using the FACS Calibur.

In summary, expression of several surface moleaudss modulated in HCC cell lines after
MAPK inhibitor treatment. The repeated observatibat surface expression of NKG2D
ligands CD155 and HLA in particular, was not alwaysdulated by these MAPK inhibitors
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in the same direction strongly suggests that th@dutation occurs independently from
suppression of ERK phosphorylation shown in FiglBeln consequence of this observation,
one has to postulate side effects resulting frartanfet effects of these substances that either
are directly mediated at the protein expression atabilization (CD155 for example) or
indirectly via concerted expression machineries AHteptide /f2m complex, for instance).
Since most of these surface molecules are impoiwamecognition by immune cells, like NK
cells, it was of interest to know whether thesengea in surface molecule expression also

affect the recognition by NK cells.

5.2.3 Consequences of altered HLA class | and NK ligandxeression for

NK cell degranulation

As shown previously, MAPK inhibition modulated therface molecule expression on tumor
cell lines (5.2.2). Several of these surface mdéscare important for the recognition and
killing by NK cells. The crucial question is wheththese alterations have a measurable
impact on the recognition and lysis of the tumdiscey the immune effector cells. To try to
answer this question, NK cell recognition of theeth liver carcinoma cell lines with and
without MAPK inhibition was analyzed.

As a measurement for the cytotoxic activity of Néls, the CD107a degranulation assay was
used. Cytotoxic NK cells, which were activated tigb receptor engagement by ligands on
their target cells, release granula into the imnhagioal synapse. During this process, the NK
cell lysosomes, which contain perforin and granzyfaee with the plasma membrane and
LAMP-1, also called CD107a, becomes temporarilyosea at the surface of activated NK
cells. This molecule can be fixed and stained andsed as a marker for active, ongoing
degranulation.

IL-2 pre-activated PBMCs from healthy donors wersedi as effector cells. Since
degranulation assays are analyzed by flow cytométiyas not necessary to isolate the NK
cells, because NK cells can be defined as ‘GID@8 CD56 cells and the presence of CD107a
positive NK cells were quantified. As positive caht the HLA class | negative cell line
K562 was used as target cells and for spontaneegiadulation, PBMCs were also cultured

alone for 4 h.

80



5.2 Immunological Side Effects of MAPK Inhibitors

HepG2 Hep3B Huh7
50+

CD107a pos. NK cells (%)
e et e

- =
o o

i
o e
o o
e =
o e
o o
o e

i
o o
o e
furd o
o o
'y bl

Figure 35: Degranulation of NK cells against HCC cells treate d with MAPK inhibitors. HepGZ2,
Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitors for 48 h and then used as target
cells for NK cell degranulation. PBMCs were isolated from healthy donors, pretreated with IL-2 (500
U/ml) for 48 h and co-cultured with HepG2, Hep3B and Huh-7 cells for 4 h. The amount of CD107a
on NK cells was measured. The HLA class | negative cell line K562 was used as positive control.
Background degranulation was measured without the target cells. No significant modulation of NK
cell degranulation was observed with MAPK inhibitors in HepG2 and Hep3B cells. Shown is one
representative experiment.

Degranulation of NK cells by transient CD107a dtagnwas tested with PBMCs of healthy
donors against HepG2, Hep3B and Huh-7 cells treatk different MAPK inhibitors
(Figure 35). First of all, it could be observedttNK cells degranulated, as indicated with a
transient increased CD107a expression, when careditfor 4 h with the target cells.
Degranulation of NK cells against HepG2, Hep3B Huth-7 cells was similar indicating that
pre-activated NK cells are able to recognize thE€XC cells and become subsequently
activated. Degranulation against K562 cells wasavigher, because K562 cells are HLA
class I-negative but express ligands for activategeptors like NKG2D. Although some
modulation of HLA class | and NK ligand surface egsion was detectable, MAPK
inhibition of these tumor cells did not significhnialter degranulation of NK cells. In a
donor-dependent way, MEK inhibitors and also th&&%°°°F inhibitor PLX4720 slightly
elevated degranulation in HepG2 cells, but not ap8B and Huh-7 cells. This observation
that MAPK inhibitor treatment did not substantiadliter NK cell activity against HCC cells

nicely demonstrates the balance between activatidnnhibition in NK cells.
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Figure 36: Degranulating NK cells downregulate CD16 expressi on. PBL were isolated from
PBMCs of healthy donors, pretreated for 48h with IL-2 (500 U/ml) and co-cultured with HepG2,
Hep3B and Huh-7 cells for 4 h. The expression of CD16, CD56 and the amount of CD107a was
measured on gated NK cells. The HLA class | negative cell line K562 was used as positive control.
CD16" degranulating NK cells downregulate the expression of CD16.

In addition to CD107a, NK cells were also stained €D56 and CD16 in order to evaluate
the NK subsets defined by these markers. We caeldqusly show that CD38' CD16" NK
cells loose/downregulate CD16 expression in thecgs® of degranulation, e.g. when co-
cultured with K562 cells (Dissertation M. Braun 300To test whether this is also the case
during co-cultivation of NK cells with HCC cells,016 expression was analyzed in parallel
with the degranulation assays (Figure 36). As etgquedegranulating (CD107a positive) NK
cells at the same time decrease to some extentléiweis of CD16 following exposure to all
three cell lines HepG2, Hep3B and Huh-7, although tesser extend compared to co-culture
with K562 cells. This difference nicely shows tharelation between CD107a degranulation
and CD16 loss. Moreover, we could see that degatedlicells are members of the CEB6
NK cell population.

To analyze long-term effects of the co-culture, H@&jet cells and isolated IL-2 activated
NK cells were cultured together for 48 h (Figure.3lhis long-term co-culture of NK cells
alone alters already their phenotype regarding CBB6 CD16 expression. Although the
culture started with highly enriched NK cells (d@jter 2 days most of the NK cells became
CD56 and CD16 negative indicating that IL-2 cultwetivated NK cells and, thereby,
modulates CD16 and CD56 surface expression. Inrasinto-cultivation with HepG2 and
Hep3B cells led to an increase of the CBBBY™ CD16 population. A larger proportion of
CD56"™ CD16" NK cells remained in this setting. Co-culture withih-7 cells resulted in an

even higher representation of CD1BIK cells suggesting that the three HCC lines are
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recognized by different NK subsets. Co-culture VK862 cells also resulted in a mixture of
NK cells with a higher percentage of CDI6K cells. Thus, contact with HCC lines shifted
the NK cell repertoire towards CD1&s well as CD58%™ NK cells. This composition is
closely related to the intrahepatic NK populatiér2(4).
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Figure 37: CD16 and CD56 phenotype of NK cells is altered aft er long-term co-cultivation
with HCC cells. NK cells were isolated from PBMCs of healthy donors, co-cultured with HepG2,
Hep3B, Huh-7 and K562 cells for 48 h with 100U/ml IL-2. The expression of CD16, CD56 on NK
cells was measured. After day 2, NK cells lose CD16 and CD56 expression when cultivated alone.
In the presence of tumor cells the CD56dim CD16- population gets enriched with co-cultivation with
HepG2 and Hep3B cells. n=2

In summary, treatment of HCC cells with MAPK intoks resulted in modulation of HLA
and NK ligand surface expression. However, thisration did not significantly impinge on

NK cell degranulation. This minimal influence ongdenulation can be explained by the
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balance between activating and inhibitory receptors NK cells which results from slight
modulations of ligand expression due to the integna of the different signals.
Degranulation also altered the phenotype of NKs;éle. degranulating CD58' CD16" NK
cell and to some extend down-modulate CD16 suréxpeession following co-culture with
HCC cells. However, long-term culture of NK celiwHCC cells changed the CD56 CD16
phenotype towards the maintenance of CDI& cells and CD58" NK cells. It would be
interesting to see whether the NK cell phenotypals® altered in HCC tumor tissue.
Therefore, the hepatic NK cell compartment wasstigated in detail. The next question was
whether MAPK inhibitors induce the tumor cells taoge their chemokine secretion pattern,

which then in turn might influence the attractidnNK cell subsets towards the tumor tissue.

5.2.4 Lymphocytes in normal, cirrhotic and HCC liver

Infiltration of immune cells into the tumor is deykent on chemokine and cytokine milieu. In
chapter 5.3.1, it will be described in detail ttia@ chemokine milieu differs significantly in
healthy vs. cirrhotic and HCC tissue. The liver lsdso been described as a “lymphoid
organ”, having important functions in innate andati’e immunity (Crispe, 2009; Parker and
Picut, 2005). CD8T cells, NK cells and NKT cells are enriched ir tiver compared to
other organs (Morset al, 2005). Here, the composition of NK and T cellswavestigated
exemplarily in normal, cirrhotic and HCC tissue @omparison to peripheral blood
lymphocytes. As shown in 5.2.3, co-culture of peeial NK cells with HCC lines reserved

the composition significantly. As expected, thegamtion of NK and T cells are modulated in

liver tissue.
A B
PBL NK cells T cells PBL CDAT cells |[CD8T cells
Healthy 1061£7.0 | 639162 Healthy B06+£23 | 394123
HCC 177192 429+£119 HCC [ 7151165 | 2651165
Table 15: Proportion of peripheral blood NK and T cells in HCC. Lymphocytes were isolated

from blood of healthy donors and patients with HCC and analyzed by flow cytometry. (A)
Proportions of NK (CD3’, CD56") and T (CD3") cells were determined. (B) Gating on T cells,
the expression of CD4" T helper cells vs. CD8" cytotoxic T cells was calculated. n=3 + SD.
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In sharp contrast, the distribution of NK cells liwer tissue differed substantially to
peripheral blood. The healthy liver was enriched\NK cells and made up to about 30% of
hepatic lymphocytes (Table 16). As depicted in Feg38, NK cell phenotype regarding
CD56 and CD16 expression was significantly alterBae difference was due to a higher
proportion of CD58"™ CD16 NK cells and reduced CD%8 CD16 hepatic NK cells
compared to PBMC. The NK cell number and phenotyipgnged even more in cirrhotic
liver, non-malignant liver tissue of HCC patientsdaHCC tumor tissue (Figure 38). In
cirrhosis, CD58™" NK cells were drastically increased with even IE&16  NK cells, but
the total NK cell proportion was slightly reduc&emarkably, NK cells were virtually absent
in HCC tumor tissue. However, in adjacent non-nreigf tissue, the proportion of NK cell
was highly increased. The majority of these NK elisplayed a CD38/CD56”"" CD16
phenotype.

We have recently shown that the scavenger rec&pid is differentially expressed by a
subpopulation of peripheral CD%8 but not CD58"™ NK cells (Braunet al, 2010). In the
periphery most CD58" CD16" NK cells also express CD6. However, in liver tissu
regardless of a malignant, cirrhotic or healthyiorj the NK cell population expressing CD6
was strongly reduced compared with the blood copatés and the most prominent reduction

was observed in the cirrhotic tissue (Figure 38).

The proportion of T cells was also changed in therltissue compared to PBMC of healthy
individual and patients (Table 16). In the normeéd, T cells made up about 40% of liver
lymphocytes. In cirrhotic and tumor tissue, thisgmrtion was increased to about 50% and
80%, respectively. This shows that in the tumauis T cells are still present while NK cells

are absent although the mechanism for the disagpeaof NK cells still remains elusive.

A B
Tissue NK cells | T cells Tissue CDA4 T cells CD8 T cells CD4 - CD8- T cells | CD4* CD8* T cells
Normal Liver 31.5 38.5 Normal Liver 39.9 46.9 12.7 0.5
Cirrhosis 27.1 52.8 Cirrhosis 31.7 59.4 8.2 0.6
HCC Normal 55.9 25.6 HCC Normal 53.4 33.8 9.1 3.7
HCC Tumor 1.5 83.4 HCC Tumor 20.5 75.9 1.7 1.9
Table 16: Proportion of hepatic NK and T cells in healthy, cirrhotic and tumor tissue.

Lymphocytes were isolated from healthy liver, cirrhotic liver, healthy party of HCC liver, HCC tumor
liver tissue. Lymphocytes were analyzed by flow cytometry and gated on (A) NK cells (CD3,
CD56") and T cells (CD3"), and (B) T cells were further analyzed for the expression of CD4 and
CD8. n=1
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Figure 38: Hepatic NK cells differ to peripheral NK cells r

expression.

cirrhotic liver an increase in CD56

lost.

bright

egarding CD16 and CD6
Lymphocytes were isolated from healthy liver, cirrhotic liver, healthy party of HCC
liver, HCC tumor liver tissue and from peripheral blood of a healthy donor. Lymphocytes were
analyzed by flow cytometry: CD16 and CD6 expression were determined on gated NK cells (CD3,
CD56"). In the liver, more NK cells are CD16™ and CD6 compared to peripheral NK cells. In
NK cells was detected and in HCC tumor most NK cells are
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The 2:1 ratio of CD4 T helper cells to CD8cytotoxic T cells, which was observed in
peripheral blood, was nearly switched to a 1:2oratinormal liver tissue (Figure 39). Even
more CD8 T cells were found in cirrhosis and in HCC tumisstie. The adjacent healthy
HCC tissue contained more Chiéhan CD8 T cells.

This reversed distribution of CD4/s. CD8 T cells in healthy as well as in cirrhotic and
malignant liver tissue is rather unique and mayultesrom a special hepatic

microenvironment which is described in the secidhl.

peripheral
blood
CD8
liver
cirrhosis healthy HCC normal HCC tumor

A< 504 06| = 469 05| “=J 338 37

CD8

39.9

Figure 39: Hepatic T cells differ to peripheral T cells regardi ng the ratio between CD4 " and
CD8" T cells. Lymphocytes were isolated from healthy, cirrhotic, healthy party of HCC liver, HCC
tumor liver tissue and from peripheral blood. Lymphocytes were analyzed by flow cytometry.
Proportion of CD8 and CD4 expression on gated T cells (CD3") were determined. Compared to the
CD4 to CDS8 ratio of 2:1 in peripheral blood, CD8" T cells are increased in the liver.

In summary, the proportion and the phenotype ofatiepNK and T cells were changed
compared to the blood counterparts. Liver NK cetl®wed a reduced expression of CD16
and CD6. The ratio of CD4to CD8 T cells was almost switched from 2:1 in peripheral
blood to 1:2 in liver tissue. In cirrhotic liverssue, NK cells showed an increased activated
(CD56”™ phenotype and CD8T cells were enriched. In HCC tumor tissue, NKscelere
absent and mostly CDS8T cells were present. It would be of great intetessee whether
these compositions and phenotypes would changeCia phatients treated with sorafenib or
other MAPK inhibitors.
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5.2.5 MAPK inhibitors modulate chemokine and growth facta secretion in
HCC cells

In the tumor microenvironment many different cytwds, chemokines and growth factors are
secreted by a variety of immune and parenchymalpthelial cells. The release of the
chemokines by the tumor cells can lead to a “remogning” of the tumor surrounding often
favoring a pro-angiogenic and anti-immune situatiorfiltration of immune cells into a
tumor is dependent on the chemokine and cytokineumiTherefore, we hypothesized that
modulation of the tumor cells by small moleculegsslaot only change the tumor cell activity
itself, but also has an influence on the microemvinent. By using the three cell lines HepG2,
Hep3B and Huh-7, the different chemokines and gndiattors produced by these cells and
the impact of the different MAPK inhibitors were ayzed. For this analysis, cells were
cultured for 48 h with and without MAPK inhibitor§he multiplex method was used to
simultaneously quantify up to 50 different cytolshehemokines and growth factors. For the
detailed analysis of the secretion profile by tH@CGHcell lines, a selection of chemokines and

growth factors was addressed for the effects of MAhibition (Figure 40- Figure 42).
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Figure 40: Secretion of chemokines is modulated by MAPK inhibitors.

analyzed for chemokines.

HepG2, Hep3B and
Huh-7 cells were treated with 5 uM MAPK inhibitors or DMSO control for 48 h and supernatant was
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5.2 Immunological Side Effects of MAPK Inhibitors

The three cell lines secreted a variety of differehemokines and growth factors. High
amounts of the chemokines IL-8 (CXCL8), IP-10 (CXDl, the angiogenic factor VEGF,
the growth factor TGE and the soluble adhesion molecule ICAM-1 were etedr The
chemokine SDF-d (CXCL12), M-CSF, the growth factor SCGF and MIFreveeleased to a
medium level. The chemokine RANTES (CCL5) and tmewgh factor HGF, as well as
soluble IL-1 receptor antagonist (IL-1RA) and adbesmolecule VCAM-1 were only
secreted to a small amount. Substantial differemcabe amount of the factors were seen
between the cell lines. For example, the highesesen of CXCL10 was detected for Hep3B
cells, but 8-fold less CXCL10 was secreted in Hutells and another 20-fold less in HepG2
cells. In the supernatant of Huh-7 cells, no CQUSCSF and IL-1RA were detected.

The chemokines CXCL8, CCL5 and CXCL10 were difféiyermodulated by the MAPK
inhibitors and differences were also seen betwkeritree cells lines (Figure 40). Sorafenib
reduced the secretion of these three chemokined icell lines. In HepG2 cells, the MEK
inhibitors U0126, AZD6244 and PD0325901 inhibitextretion of CXCL8 and CCLS5, but
not CXCL10, where a substantial increase was dsdett Hep3B cells, PD0325901 reduced
CXCL8 secretion, all MEK inhibitors reduced CCLXxeation. Interestingly, U0126 reduced,
but AZD6244 and PD0325901 increased CXCL10 searesBaggesting that even different
MEK inhibitors can have opposite effects on CXClsHgretion. In Huh-7 cells, U0126 but
not AZD6244 treatment led to a higher amount of C8@vhile CXCL10 secretion was not
affected by AZD6244 but reduced by U0126.

Most remarkably, the increase in MEK and ERK phasplation by PLX4720 was reflected
by chemokine secretion of CXCL8 and CCL5 suggesthmt these two chemokines are
directly influenced by the NRas mutation. In costraa downregulation of CXCL10 was
observed in HepG2 cells, and PLX4720 generally ceduall three chemokines in Hep3B

cells.

The patterns for the growth factors VEGF and M-G$HepG2 cells after treatment were
similar to CXCL8 and CCL5 (Figure 41). Sorafenib0126, AZD6244 and PD0325901
reduced and PLX4720 increased secretion againatidgc a strong direct regulation by the
oncogene-driven MAPK pathway. Although sorafenill #.X4720 had opposite effects on
the phosphorylation of ERK, both inhibitors incredssecretion of the c-kit ligand SCGF
(Figure 41), indicating that this growth factomist directly regulated by the MAPK pathway.
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In Hep3B cells, only sorafenib could inhibit VEGIRdaM-CSF secretion, while the other
inhibitors had only minor effects. SCGF secretioaswonly weakly influenced by the
inhibitors. In Huh-7 cells, the growth factor VE@&reduced by sorafenib and AZD6244, but
not by U0126 treatment while sorafenib increasemtesimn of SCGF. In all three cell lines
TGH3 secretion is slightly reduced with sorafenib, Uelshd AZD6244 (PD0325901 and
PLX4720 not tested), indicating that T@Becretion is influenced but not dependent on the

MAPK pathway (Figure 41).
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Figure 41: Secretion of growth factors is modulated by MAPK inhibi
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tors. HepG2, Hep3B and

Huh-7 cells were treated with 5 uM MAPK inhibitors or DMSO control for 48 h and supernatant was

analyzed for growth factors.

The three cell lines also differed substantiallytiie secretion of IL-1RA with the highest
amount secreted by HepG2 and no detection in HobH8 (Figure 42). While sorafenib,
U0126, AZD6244 and PD0325901 reduced IL-1RA seanein HepG2 cells, PLX4720 led
to an increase. In Hep3B cells, the weak IL-1RAratan was slightly enhanced by U0126
and AZD6244 with the exception of PLX4720. SolubllAM-1 was strongly decreased by
MAPK inhibitors across the cells with the exceptaPLX4720 in HepG2 cells.

In strong contrast to chemokine and growth factars,increase in secretion by the four
inhibitors was only seen for MIF (Figure 42). In p&2 cells, U0126, AZD6244 and
PD0325901 induced MIF even stronger than soraféniblep3B cells, PD0325901 treatment
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5.2 Immunological Side Effects of MAPK Inhibitors

led to the highest raise in MIF. In contrast to B@pand Hep3B, sorafenib induced a strong
increase in the secretion of MIF in Huh-7 cells veaes U0126 and AZD6244 only raised
MIF concentration to a slight amount (PD0325901 wastested). Since MIF has a number

of tumor protective functions, this upregulationymae associated with an acquisition of
severe resistance mechanisms by the tumor cells.
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Figure 42: Secretion of soluble adhesion molecules is modulated by MAP K inhibitors.

HepG2, Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitors or DMSO control for 48 h

and supernatant was analyzed for soluble adhesion molecules and other factors such as soluble
receptors (IL-1RA).

In addition to NKG2D ligand surface expressionubte variants were also addressed. These
soluble MICA (sMICA) and MICB (sMICB) are formed bynetalloprotease-mediated
cleavage. Soluble MICB is increased in sera of eapatients and are postulated to impair
anti-tumor immune responses by downregulating esgiope of NKG2D on T and NK cells
(Tamakiet al, 2010). Soluble MICA was not detected for HepG2pBB and Huh-7 cells,
probably due to alleles that are not recognizedti®y used ELISA. Soluble MICB was
measured, with higher concentrations in HepG2 andetection in Huh-7 cells (Figure 43).
Treatment with 5uM MAPK inhibitors almost complsteinhibited sMICB secretion in
HepG2, but in Hep3B cells only sorafenib showedrgjr reduction of sMICB. This
differential effect of MAPK inhibitors between Hep@nd Hep3B cells may be linked to a
different dependency of metalloproteases (MMPsheyMEK/ERK pathway.
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Figure 43: Soluble MICB secretion is partially reduced by MAP K inhibitors. HepG2, Hep3B
and Huh-7 cells were treated with 5 pM MAPK inhibitors for 48 h. Supernatant was collected and
SMICB was measured by ELISA. In HepG2 cells, sMICB is reduced with all MAPK inhibitors
including PLX4720. In Hep3B cells, only sorafenib and only partly PD0325901 and PLX4720 show
an inhibition of sMICB. In Huh-7 cells, sMICB was not detected. Shown is one representative
experiment out of two independent experiments. n=2 + SD

In summary, it was detected that the three cekditHepG2, Hep3B and Huh-7 secrete
different chemokines and growth factors to an imllial degree. Treatment with the B-Raf
inhibitor sorafenib and the MEK inhibitors U01267B6244 and PD0325901 mostly reduced
the secretion of chemokines like CXCL8 for instaimyertheless, an increase in chemokine
secretion was also detected, but remarkably nadliircell lines and for all inhibitors. The
degree of inhibition varied between the cell lireesd inhibitors. However, the strongest
correlation between pathway inhibition and reduntio secretion was observed for CXCL8
and VEGF indicating that these strong tumor promgtfactors are tightly linked to the
oncogenic MAPK pathway. Remarkably, MIF was theg dattor, which was increased with
sorafenib and the MEK inhibitors, but effects wdependent on the cell line. The specific B-
Raf inhibitor PLX4720 behaved partially differefior several factors like CXCL8, CCL5,
VEGF and IL-1RA a strong increase in secretion watected. In the NRas-mutant HepG2
cell line, this effect was most pronounced.

Although all these inhibitors except PLX4720 wdneven to inhibit the MAPK pathway in
section 5.1.1, they show different effects in tinee different cell lines. Since hepatocellular
carcinoma varies substantially between patientss ibf great interest to see whether these
inhibitors have also different effects in the patseregarding the microenvironment in tumor
tissue. Therefore, | analyzed HCC tissue in coltabon with H. Bantel (Hannover Medical

School, Germany).
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5.3 Modulation of MAPK in Liver and HCC Tissue

5.3 Modulation of MAPK Pathway in Healthy and HCC Tissue

5.3.1 Hepatic microenvironment

Before analyzing the effect of MAPK pathway inhibit on the tumor microenvironment, the
cytokine, chemokine and growth factor milieu wadedmined in liver tissue samples of
healthy liver, healthy liver tissue derived durirggection of colorectal metastases, cirrhotic
liver tissue and HCC, respectively. The healtheditissue was derived from two donor liver
that finally were not transplanted and from a hegmama. Using the multiplex method, 50
cytokines, chemokines and growth factors were gamebusly measured in tissue lysates and
some results are depicted in Figure 44 and Figbire 4

Chemokines, which are separated into four families,C, CC, CXC and G chemokines,
play a pivotal role for the recruitment of circuef immune cells, but also a variety of them
have many other important functions involved iniaggnesis and carcinogenesis (Keet¢y
al., 2011; Simpsomet al, 2003).

For the CXC chemokines, it could be detected thatprotein expression of CXCL8 (IL-8),
CXCL9 (MIG) and CXCL10 (IP-10) was already incredismn resected liver tissue of
colorectal metastases, cirrhosis and HCC, althdlghncrease of CXCL10 in liver tissue of
patients with colorectal metastases and cirrhosés wot significant. The significant
differences between healthy liver tissue and litissue obtained in the course of colon
metastases resection demonstrate that the microenwent in the metastatic situation is
already influenced by the primary colon tumor. Téxels of CXCL1 (Groa) and CXCL12
(SDF-1n) did not significantly differ between the patigmbups.

The CC chemokines CCL2 (MCP-1) and CCL4 (MIB-3howed a tendency of increased
levels in resected liver tissue from colorectal astdses, liver tissue of cirrhosis and HCC
patients. The profile in cirrhosis and HCC seenwdbé separated in two populations, one
increased and one reduced for CCL3 (MB;1CCL7 (MCP-3) and CCL27 (CTACK). This
subgroup formation in a high vs. a low concentratgroup was also observed for other
proteins; however, the basis for this distributimmains elusive. For resected liver tissue
from colorectal metastases, the CCL3 and CCL27 okema levels were increased. The
chemokine CCL5 (RANTES) showed a tendency of hidaeels in resected liver tissue of
colorectal metastases and cirrhotic liver, butindiCC.
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Figure 44: Chemokine milieu in healthy liver, liver resecti on of colorectal metastases,
cirrhosis and HCC. Lysates were generated from frozen liver tissue and protein concentration was
set to 1500 pg/ml. CXC chemokine (A) and CC chemokine (B) concentrations were simultaneously
measured by multiplex analysis. N: Normal healthy tissue (n=3), CoCa: resected liver tissue of
colorectal metastases (n=4), Cirrh: cirrhotic tissue (h=13), HCC: HCC tissue (n=15).

94



5.3 Modulation of MAPK in Liver and HCC Tissue

>

IFNy IL-6 IL-9 IL-10
10007 10007 807 o 1001
—_—
. — —— .
= . L] *
]
s 1001 o O 1001 : . : * * * 104 ¢
g Se— a0 eee . . e e .
c . —e— . (1] .
8 . . . . 404 . . . . e
g . —— . ) o* . b - e b .
5 101 038 30 10{ * i . 1 . *
2 M H ':. .o o e
g . 204 H HE O
s . : R Rt
L] L]
11— . . , 11— . " , ol— , " 5 01— T T T
N CoCa Cirrh. HCC N CoCa Cirrh. HCC N CoCa Cirrh. HCC N CoCa Cirrh. HCC
IL-16 IL-17 IL-1RA
100007 F—— 251 1000007 N
: * .
oo — . . .
? . - =:° 201 —=— o
=) M . 100004 L O N
% ° . Ry 154 . ° . ®e
—— Y L L]
R . . o
= . 104 ° * . 0
5 hiJ 1000{ —*— 0 .
g . e . b
5] 51 _. . .
1004— T T T o— T e 3= 1004— T — r
N CoCa Cirrh. HCC N CoCa Cirrh. HCC N CoCa Cirrh. HCC
G-CSF VEGF SCGF-B
801 - 100001 . 1000007 F—————t——]
* N .
—_ | |
= M 1.
£ o] | 1000 : oo . ~s
1 L] L]
\EJ — . R : . .
2 401 ° o* 1001 . EUSER
= . . —Ph o — %® °
8 RS- R I Y X 1000 °* .
< 201 ‘e 104 M K .
<) —ee® . .
o e - .o o
.. *
ol— T ra + 1— T T , 1004— T T .
N CoCa Cirrh. HCC N CoCa Cirrh. HCC N CoCa Cirrh. HCC
HGF ICAM-1 VCAM-1
1000001 . 1000007 . 1000007 x
——— —_— P
5 N — *
= oo . . . N .
£ o TeN ., — ¢
2 100004 *  —see o ra . . 10000 . .
= —— e
% ®  eee 10000 . " o
= LTS . . °
g 10004 . e % 10004
§ —:-o— L4 °
1004— T — T 10004— T — , 1004— T — T
N CoCa Cirrh. HCC N CoCa Cirrh. HCC N CoCa Cirrh. HCC
Figure 45: Cytokine milieu and adhesion molecules in healthy live r, liver resection of

colorectal metastases, cirrhosis and HCC. Lysates were generated from frozen liver tissue and
protein concentration was set to 1500 pg/ml. IFNy and interleukin (A) and growth factor and
adhesion molecule (B) concentrations were simultaneously measured by multiplex analysis. N:
Normal healthy tissue (n=3), CoCa: resected liver tissue of colorectal metastases (n=4), Cirrh:
cirrhotic tissue (n=13), HCC: HCC tissue (n=15).
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Interferons and interleukins, which are cytokinesl act as mediators between cells, were
also differently accumulated in the different tissuFNy, the most important effector
interferon, was partly reduced in cirrhosis and H€@mpared to healthy and resected liver
tissue of colorectal metastases, suggesting thattef functions are reduced in these tissues.
Remarkably, IL-6 levels were increased in resetitet tissue of colorectal metastases and
HCC by not a significant extend as expected fromliterature where IL-6 is postulated to
drive the tumor microenvironment (Germagioal, 2008; Yanget al, 2011). In contrast, IL-9
and IL-10 surprisingly were reduced in cirrhosisl &CC, but not in resected liver tissue of
colorectal metastases, which is unexpected bedht@ is postulated to protect tumor tissue
by counteracting an IFNmediated effector milieu. An increased level oflRA and IL-16
was observed for liver tissue of colorectal metestaresection, cirrhosis and HCC. There
were also interleukins, which were not altered iwverl tissue of colorectal metastases
resection, cirrhosis and HCC. IL-2, IL-4, IL-5 ald13 secretion was at a very low level in
all four different liver tissues (data not show®}her interleukins like IL-12 and IL-18 were
secreted to a medium amount, but also no realrdiffees were observed in the different
tissues (data not shown) indicating that theseleukins do not seem to play a role in the

development of cirrhosis and HCC.

Stimulating factors and growth factors play an im@ot role in carcinogenesis since growth
factors are often overexpressed in tumor tissueeXjcted, the growth factors VEGF and
SCGF$ were both increased in HCC, and SCfas also increased in the cirrhotic tissue.
Since both growth factors were shown to be secrbtedHCC cells (5.2.5), these high
amounts could be indeed be produced by tumor cétiterestingly, HGF was only
significantly increased in cirrhotic tissue, but mo HCC, indicating that HGF is not needed
for the maintenance of HCC but maybe for the dgwekent into HCC. In contrast, G-CSF
was reduced in resected liver tissue, cirrhosisH@qa.

Soluble adhesion molecules like ICAM-1 and VCAM4E aften found to be increased in
patients with tumors. It could be detected thaesected liver tissue of colorectal metastases,
in cirrhotic and HCC tissue the concentrations GAM-1 and VCAM-1 was increased

compared to healthy liver tissue.
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Figure 46: Classification tree of analyzed cytokines, chemoki nes and growth factors.
Classification tree was generated by using the 50 different measured cytokines, chemokines and
growth factors. NL: Normal healthy tissue (n=3), nCM: resected liver tissue of colorectal
metastases (n=4), Zir: cirrhotic tissue (n=13), HCC: HCC tissue (n=15). Analysis was performed by
A. Skoeries (Hamamatsu TIGA Center, University of Heidelberg).

The multiplex analysis generated a huge amountatd, dbecause 50 different factors were
measured in four different types of liver tissue.dooperation with Anne Skoeries (Niels
Halama, Hamamatsu TIGA Center, University of Heieed)), a bioinformatic approach was
used to analyze differences and possible classdita of the healthy liver, resected liver
tissue of colorectal metastases, cirrhosis and HCC.

A classification tree of cytokines, chemokines movgth factors was generated to predict the
pathological state of the liver whether it is hiegltcirrhotic, HCC or comes from a colorectal
metastasis, on the basis of the cytokine and chemakilieu (Figure 46). The classification

tree showed that using around four different fagttre different liver tissues can be grouped
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and predicted. An important classification facterHGF, where high levels of HGF nicely
separate the majority of the cirrhotic tissue fribra rest. From the remaining samples, HCC
tissue can be classified by using high levels o65@. Normal healthy liver and histological
“healthy” liver tissue from patients with colorectaetastasis can be distinguished by using
IL-17, where IL-17 levels are lower in healthy liyeand IL-1RA can be further used to
clearly separate the healthy liver tissue. Thishoeétshows that the classification tree is a
very helpful tool to interpret large amount of datdhich were generated by the multiplex

analysis.

In summary, several CXC but not so much CC chereskirere increased in cirrhotic and
HCC liver tissue compared to healthy liver tissteme CC chemokines showed a tendency of
decreased levels in the tumor tissue. Interleuiwese differentially altered in cirrhotic and
HCC tissue. Tissue concentrations of growth factmd adhesion molecules were elevated in
cirrhotic and HCC tissue. With the help of a cléisstion tree, HGF, SCGIB, IL-17 and
IL-1RA can be used to predict the status of ther lissue.

These results raise the question whether treatmErCC tumor with small molecules like
sorafenib and the MEK inhibitors would normalizes tbytokine and chemokine milieu in
HCC tumor tissue. Moreover, it is interesting toabmze whether these alterations of the
microenvironment have an effect in the composiibimmune cells in cirrhotic and HCC

liver compared to healthy liver, as indicated ictsen 6.2.2.
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5.3.2 Modulation of cytokine and chemokine secretion by M\PK inhibitors
in ex vivo hepatic tissue

As described in 5.3.1, several different cytokinglsemokines and growth factors can be
detected in liver tissue and the composition se@msgary substantially according to the
condition, i.e. healthy, cirrhosis, HCC. The miareeonment in HCC tissue is associated
with an increase in several chemokines and growtiofs. In addition, the chemokine
secretion of tumor cells was modulated by MAPK nitars in vitro (5.2.5). Most of the
factors which were increased in the tumor were degulated with these inhibitors. In order
to analyze the effects of the MAPK inhibitors ex vivoliver tissue, which consist a variety
of different cells, fresh liver tissue samples frg@tients with HCC or normal liver were
treatedin vitro for 8 h with medium or 7.5 pg/ml sorafenib. Iniestf experiment also the
MEK inhibitors U0126, AZD6244 and PD0325901 and BuRat’*°°% inhibitor PLX4720
were used for tissue treatment (data not showrterAf h, tissue lysates of these HCC and
normal liver tissues were prepared and both supmnteaand tissue lysates were analyzed in
parallel for 50 cytokines, chemokines and growthtdes. Parts of these parameters are
depicted in Figure 47 to Figure 50. These experimerere performed in cooperation with
Kristin Wahl (Laboratory H. Bantel, Hannover Medi&zhool, Germany).

The chemokines CXCL8, CXCL9, CXCL10 and CCL4 weign#icantly upregulated and
CXCL1, CCL2 and CCL3 were partly increased in HO8sue as described in 5.3.1.
Treatment of HCC tissue for 8 h with sorafenib dieaeduced the secretion of the CXC
chemokines CXCL8, CXCL9, CXCL10 and CXCL1 in botkstie and supernatant (Figure
47). In contrast, for CXCL1 and CXCL9 one and twd of the six tissue samples showed a
significantly increase in concentration after serad treatment indicating that these
chemokines are independently regulated in tissues.

With respect to CC chemokines, CCL2 and CCL4 sexrevas inhibited by sorafenib in
tissues and supernatants with only one excepti@u€&47B). The content of CCL5, CCL7
and CCL27 was not significantly altered by sordfetmieatment. For CCL5, a tendency of
downregulation in four out of six samples was detigle, while in supernatants the high
CCLS5 levels were reduced and low levels were irsdaafter sorafenib treatment. The
difference between tissue and supernatants mayubetal different modes of chemokine
secretion into interstitial tissue which may beilgd'svashed out” into the supernatant. Other

chemokines, however, may be rather cell-bound atndeateased into the supernatant.
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Figure 47: Sorafenib alters the chemokine milieu in HCC tissue.
in vitro with medium or 7.5 pg/ml sorafenib for 8 h . Supernatant (SN) was collected, tissue
lysates were generated and protein concentration was set to 500 pg/ml. CXC chemokine (A) and
CC chemokine (B) concentrations of supernatants and tissue lysates were simultaneously
measured by multiplex analyses. M: medium; S: sorafenib; n=6.
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Figure 48: Sorafenib alters the chemokine milieu in healthy liv er. Fresh healthy liver tissue
was treated in vitro with medium or 7.5 pg/ml sorafenib for 8 h and supernatant (SN) was collected
& CXC chemokine (A) and CC chemokine (B) concentrations were simultaneously measured by
multiplex analyses. M: medium; S: sorafenib; n=8.

& Treatment was performed by Kristin Wahl (H. Bantel, Hannover Medical School).

Alterations of the chemokines after treatment wsibhafenib were also seen in the supernatant
of healthy liver tissue (Figure 48). Due to theited tissue material, only supernatants of
healthy liver tissue was available. Similar to HOCXCL8, CXCL10 and CXCL1 were
downregulated after sorafenib treatment with oneeption for CXCL8, were an increased
concentration was detected. In contrast to HCC tuissue, CXCL9 showed no substantial
alteration after treatment. Again similar to HCGstie, CXCL12 was mostly upregulated
following sorafenib exposure. Overall in healthyel, it seems that sorafenib has more
consistent effects on CC chemokines than in HCCreviiee etiology may have a more
dominant impact. The secretion of CCL2, CCL4, CGitel CCL7 was rather inhibited while
CCL27 could be modulated in both directions.
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5 Results
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Figure 49: Sorafenib alters the cytokine milieu and adhesion molec ules in HCC. Fresh HCC

tissue was treated in vitro with medium or 7.5 pg/ml sorafenib for 8 h . Supernatant (SN) was
collected, tissue lysates were generated and protein concentration was set to 500 pg/ml.
Interleukin (A), growth factor and adhesion molecule (B) concentrations were simultaneously
measured by multiplex analyses. M: medium; S: sorafenib; n=6. For ICAM-1 and VCAM-1 only the
supernatants were analyzed (n=3).

@ Treatment was performed by Kristin Wahl (H. Bantel, Hannover Medical School).

Besides the chemokines, also interleukins, groveitiors and adhesion molecules were
analyzed after sorafenib treatment (Figure 49 f@CHand Figure 5Gor healthy liver).
IL-1RA is an inhibitor of the pro-inflammatory cyime IL-1. In HCC tissue, high amounts of
IL-1IRA were detectable (5.3.1). Treatment with $eméb decreased IL-1RA in the
supernatant, while in tissue lysates, it could leelutated in both directions. IL-6, which acts
as a pro- and as an anti-inflammatory cytokinense® be highly soluble, because it is found

in HCC supernatant. Sorafenib treatment reduce@l ilLthe supernatants with one exception.

102



5.3 Modulation of MAPK in Liver and HCC Tissue

The Th2 response inducing cytokine IL-9 was foumdow concentrations and was reduced
in tissue lysates by sorafenib. Similarly, IL-16dai.-18 were both reduced in the tissue
lysates after treatment, while no tendency wasrobsglan supernatants.

Growth factors were not clearly modulated by soridifetreatment of HCC. The
concentrations of VEGF in tissue showed a broagedhat was influenced in both directions
which, again, may be influenced by the HCC etiolofjye two adhesion molecules ICAM-1
and VCAM-1 were highly concentrated in supernatant even elevated by sorafenib.

In healthy tissue, in general, alteration of irdakins, growth factors and adhesion molecules
were also observed, but appeared to be more hormogsnIL-1RA, IL-6 and IL-16 were
mainly decreased by sorafenib treatment, while sdmaé higher concentrations of IL-9 and
IL-18 were measured. VEGF concentrations were mitieénced by sorafenib treatment and
SCGF$ was elevated in some samples and decreased iis.othe

Interestingly, the effect of sorafenib on the adtesnolecules ICAM-1 and VCAM-1 was
different in healthy liver compared to HCC tumastie. While in HCC, sorafenib induced an
elevation of ICAM-1 and VCAM-1, they were rathercdeased in healthy liver.
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Figure 50: Sorafenib alters the cytokine milieu and adhesion molecul es in healthy liver.

Fresh healthy liver tissue was treated in vitro with medium or 7.5 pg/ml sorafenib for 8 h and
supernatant (SN) was collected & Interleukin (A), growth factor and adhesion molecule (B)
concentrations were simultaneously measured by multiplex analyses. M: medium; S: sorafenib;
n=8. ¥ Treatment was performed by Kristin Wahl (H. Bantel, Hannover Medical School).
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5 Results

In summary, in HCC tumor tissues, several chemskered cytokines were found to be
present of higher concentrations compared to nohigmnant liver tissue. This observation
supports the assumption that the hepatic microemwrent is comprised by tissue- and
etiology-specific mixture of soluble mediators ldygokines, chemokines and growth factors.
This dynamic composition can be influenced by esusirrhotic and, finally malignant
transformation and also by inhibition of signalipgthways.

Treatment with sorafenib mostly reduced the semmatf several CXC and CC chemokines in
the tumor tissue, which nicely resembles the obsiervwith HCC cell lines. In healthy tissue
these chemokines were also partly reduced in a gemepus fashion. Rather rarely,
chemokines were elevated after sorafenib treatnmatitating that the MAPK pathway is
involved in chemokine secretion at various posgiddorafenib also reduced interleukin and
growth factor secretion in tumor tissue, but inged the release of adhesion molecules into
supernatant. In healthy tissue, these effects wess pronounced suggesting that the
malignant transformation into HCC impinges on thenzenvironment, presumably driven by
mutations as well as the individual etiology.

Since the microenvironment is important for the position, recruitment and infiltration of
immune cells into the liver tissue, it would begodat interest to see whether treatment with
these MAPK inhibitors has an effect on the immuetikiriltration into the tumor site and the
adjacent tissue. To date, no such immune monitolsngerformed in the clinical trials,

unfortunately.
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6.1 Signaling Pathways

6 Discussion and Conclusions

Hepatocellular carcinoma is one of the most preitatemors worldwide. The MAPK
pathway plays a central role in carcinogenesissaains to be a good therapeutic target. So
far, sorafenib is the only treatment option withmgostabilization of the disease, but survival
benefits are not sustained with only three to fowonths longer compared to non-treated
patients. Although sorafenib treatment cannot ¢i@€, it is very important to gain detailed
insights in the action of sorafenib and other MARKibitors. With this knowledge, more
effective drugs could be developed or new comhbanatiof drugs might be administered to
achieve the desired effects, e.g. prolongatiorunfigal.

To comprehensively analyze the effects of the MARIKhway and the effects of its inhibition
in hepatocellular carcinoma, sorafenib was compaceadther MAPK inhibitors used in
clinical and pre-clinical evaluations for the tmeant of HCC. Therefore, the effects were
determined regarding the impact on (1) signalinthpays, (2) proliferation and apoptosis,
(3) surface molecule expression involved in NK cetiognition, (4) secretion of chemokines
and growth factors by tumor cells, (5) the hepaticroenvironment upon exposure to MAPK

inhibitors, sorafenib in particular.

6.1 Signaling Pathways

Cellular behavior and cell fate is regulated thtoutjverse signaling pathways rather than
regulated by just one pathway. Often, it is a coraton of different signaling pathways
which determines the cellular response. In tumarettgment, often one or more of these
pathways are constantly activated. In HCC, The MA&khway, in particular, is often over-
activated because it plays a pivotal role for pedliferation and survival. Constant activation
of the MAPK pathway is frequently due to mutatiamg€omponents upstream of the pathway.
Through these mutations, often other signalingwwaifs are also affected in compensatory or
feedback loops. Because different signaling patlswarg connected to some extend through
these cross-talk or feedback connections, it iy weportant to perform a broad analysis
when analyzing signaling pathways and effects griaing inhibitors like sorafenib. Because

of its contribution to tumorigenesis, tumor progies and disease metastasis formation,
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6 Discussion and Conclusions

intensive research has been performed on the MARKway as a therapeutic target (Friday
and Adjei, 2008; Leichét al, 2007). Still, the systemic effects of MAPK inttibn in tumor

and non-tumor cells are poorly understood.

6.1.1 MEK/ERK signaling in HCC cells

Increased MAPK expression and activity has beenrdes] in primary human hepatocellular
carcinoma, which is normally measured as phospaboyi of MEK1 at Ser217/Ser221 and
ERK1/2 at Thr202/Tyr204 and Thr185/Tyr187. Thi®ien due to a mutation in the receptor
tyrosine kinases or the Ras protein (Downward, 2@3lob et al, 2006). The HepG2 cell
line has an NRas (Q61L) mutation leading to anvatibin of the MAPK pathway. Although
Hep3B and Huh-7 cells do not have a mutation dientthe MAPK pathway, the phospho-
MEK/ERK levels were at the level of HepG2 cellsigading that Hep3B and Huh-7 cells can
constantly activate the MEK/ERK pathway througheotinechanisms. This activation can be
inhibited by the treatment with the Raf inhibit@rafenib and the MEK inhibitors U0126,
AZD6244 and PD0325901 and is depicted in a schend&gram in Figure 51. Inhibition is
demonstrated by an immediate and sustained decreagdosphorylation of ERK1/2.
Sorafenib binds and thereby inhibits Raf which jpstteam of MEK (Figure 12) and as a
consequence, MEK phosphorylation is blocked (Figl®. The MEK inhibitors U0126,
AZD6244 and PD0325901, in contrast, bind to andbibithe MEK kinase (Figure 13).
Although they inhibit MEK, they do not necessatilpck the phosphorylation site of MEK,
meaning that Raf can still phosphorylate MEK. Doi@tblock in the kinase activity of MEK,
the phosphate group is not transferred to downstieRK. Thus, p-MEK accumulates which
is in accordance with earlier reports (Heneigal, 2010; Huynhet al, 2007). Huyntet al.
also described that AZD6244 was even able to getiBaRaf which then led to an increase in
p-MEK.

Remarkably, ERK phosphorylation was not always tamtly inhibited by the concentrations
of 5 uM sorafenib and U0126. Although p-MEK1 wabkibited by sorafenib in HepG2 cells
and p-MEK1 was increased by U0126, p-ERK was eézlvatter 24 h in HepG2 cells. Maybe
MEK1 inhibition was not complete, so that some MEbtleven MEK2 can still transfer the
phosphate group to ERK1/2. When using higher canagons of sorafenib (10 uM), no
increase of p-ERK1/2 was detected in HepG2 celita(chot shown). It still has to be
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6.1 Signaling Pathways

determined whether this increase is just an efietihie concentration or whether resistance to
drug treatment has already occurred, because itessibed that Hep3B cells showed signs
of resistance during treatment with U0126 (Yip-Salderet al, 2009).

In contrast to sorafenib and the MEK inhibitorse tiutation-specific B-R&°°F inhibitor
PLX4720, which also inhibits to some extent thedwilpe B-Raf, induced a hyperactivation
of p-MEK1 and p-ERK1/2 in the tested NRas-mutanp@&2 and NRas-wild-type Hep3B
cells (Figure 13). PLX4720 is currently tested feelanoma treatment, where the B-Raf has
often a point mutation at position 600 leading &irang MAPK activation (Tsaat al, 2008).

In mutant B-Raf®°°F cells, the MAPK pathway is inhibited by PLX4720)tht has been
reported that PLX4720 induces hyperactivation & MMEK/ERK pathway in NRas-mutant
melanoma cells (Heidoret al, 2010; Kaplanet al, 2011). Because PLX4720 is only
inhibiting B-Raf and not C-Raf, it is speculatedttic-Raf dimerizes with B-Raf and is taking
over the part of the inhibited B-Raf, and, therehgtivates the MEK/ERK pathway (Figure
51). This could explain the results for the NRagantiHepG2 cells. Interestingly, in NRas-
wild-type Hep3B cells a slight increase of MEK aBRK was also detected indicating that
the described hyperactivation induced by PLX472foislimited to NRas-mutant cells.

Sorafenib PLX4720 MEK inhibitor
Ras/NRa Ras/NRa Ras/NRa:
iy iy
—] E B-Raf E C-Raf |— —] ; B-Raf ; C-Raf E B-Raf E C-Raf
én ""' @g / E /
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112 12 — 112
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Lz Az iz
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Figure 51: Effects of MAPK inhibitors on MEK/ERK signaling in HC C cells. Sorafenib inhibits
both B- and C-Raf leading to an inhibition of downstream MEK and ERK. PLX4720 inhibits B-Raf,
but not C-Raf leading to an activation of MEK and ERK via C-Raf in NRas-mutant and NRas-wild-
type HCC cells. U0126, AZD6244 and PD0325901 inhibit the MAPK pathway at the MEK level and
downstream ERK is inhibited. Pathway was generated with the help of the pathway builder from
www.proteinlounge.com.
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6 Discussion and Conclusions

Besides analyzing the phosphorylated kinasesaisis important to measure the total amount
of kinases to see whether degradation has takee.plaeatment with sorafenib, U0126 and
AZD6244 showed different effects on the total ME¢els which may be associated with
their different mechanisms of action. DegradatidnMEK1 was extreme with AZD6244
treatment and only low with sorafenib and U0126e Tifferences between the two MEK
inhibitors U0126 and AZD6244 might be explainedthgir different binding sites to MEK1.
This strong decrease of t-MEK is in contrast togtreng increase of p-MEK. In contrast, the
total amount of the downstream ERK levels was nbstantially changed indicating that the
modulation of total kinases was not due to diffegotein concentrations.

Our findings indicate that AZD6244 and PD032590%eha high efficacy for the inhibition of
the MEK/ERK pathway even better than sorafenib, cheently used treatment for HCC.
These findings are in accordance to other repatisre it was described that PD0325901 and
AZD6244 are specific MEK inhibitors leading to abtkage of the conversion of ERK to its
activated, phosphorylated form (Henmiggal, 2010; Huynket al, 2007).

6.1.2 Akt, JNK and p38 signaling pathways

Because different signaling pathways are oftenetyosonnected, possible side-effects of
MAPK inhibition on linked signaling pathways, i.8\K, p38 and Akt, were evaluated. The
JNK and the p38 pathways can mainly be activateduth stress stimuli, such as UV
radiation, cytokines, inflammatory signals, heabadhand changes in the level of reactive
oxygen species and also be activated by the Rasipi@rishna and Narang, 2008). JNK has
been reported to be a double-edged sword withgd-anti-apoptotic functions (Liu and Lin,

2005). In general, low levels of phosphorylated JWKre observed in all three cell lines
(Figure 14). Increase in phosphorylation was mos#ign in Hep3B and Huh-7 cells with the
MEK inhibitors, indicating that the MEK inhibitorsiduce a link to JNK phosphorylation,

which might be induced through stress signals.

For the p38 kinase it has been reported that neigatively regulated by the MEK/ERK

pathway (Cheret al, 2000). We could observe that in HCC cell lind& basal p38 levels

were in general low (Figure 14). Only sorafenib atment shortly induced p38

phosphorylation in HepG2 and Hep3B cells indicatingt in HCC cells p38 is not closely
linked to the constitutive MEK/ERK pathway.
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Both JNK and p38 regulate several transcriptiortofaclike c-Jun and ATF-2. Activated
c-Jun, in turn, can regulate gene expression tegetiith c-Fos by forming one of several
different AP-1 complexes at the DNA AP-1 bindinteswhich regulate several target genes
involved in differentiation, cell migration, cytak@ production, apoptosis and wound healing
(Shaulian, 2010). c-Jun is also a double-edged cwuith pro- and anti-apoptotic functions
(Bossy-Wetzelet al, 1997; Eferlet al, 2003; Shaulian, 2010). In HCC cell lines, c-Jun
activation does not correlate with INK and p38vatibn, indicating that c-Jun is regulated
by other mechanisms. Basal c-Jun levels were hgtihese cell lines showing an already
constitutive activation (Figure 15). While in Hep2®Bd Huh-7 cells, c-Jun gets even more
activated by sorafenib and the MEK inhibitors, ieg&2 cells only sorafenib induced a
strong phosphorylation of c-Jun suggesting differegulation mechanisms in the cell lines.
The transcription factor ATF-2, which is regulatadJNK and p38, can form homodimers or
heterodimers with c-Jun and the complex stimul&ieg&-dependent transcription (De Cesare
et al, 1995). The increase in p-ATF-2 cannot be expthibg JNK or p38 activation,
indicating that other molecules are also respoedinl ATF-2 phosphorylation. These results
suggest that there might be a negative feedbagk between the MEK/ERK pathway and
c-Jun and ATF-2, but both transcription factorsnsdée be regulated by some MEK/ERK-

independent mechanisms.

In several tumor cells, the PI3K/Akt pathway is weated to the MAPK pathway. Both
MEK/ERK and PI3K/Akt pathways can be regulated @sRnd interact with each other for
the regulation of cell growth, but also tumorigaag&igure 4) (McCubret al, 2007). In
addition, Akt is also activated independently osRlarough RTKs and PI3Ks. The PISK/Akt
pathway is stimulated through growth factors andvisal factors and regulates many
different cell functions like cellular survival, hibition of apoptosis, angiogenesis and tumor
development (Osaket al, 2004). In HCC cell lines, intermediate p-Akt walsserved in
HepG2 and Huh-7 cells, but high basal levels in 3Begells (Figure 14). During MAPK
inhibitor treatment, differences were especiallgrsén HepG2 cells where MEK inhibitors
induced long-term activation of Akt while sorafenibtially increased phosphorylation but
then inhibited p-Akt. These results show that swdf and the MEK inhibitors have partially
opposite effects on p-Akt. The Inhibition of RTKg &orafenib but not by the MEK inhibitors
might contribute to the different effects observied the regulation of Akt. Is has been
reported that constitutive activation of the Raf-RIA pathway causes negative feedback
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inhibition of PI3K/Akt (Menges and McCance). Thisaynexplain why Akt phosphorylation
was decreased by PLX4720 in HepG2 cells.

Akt phosphorylation has been implicated in earlyGi€currence and high p-ARi*"is
associated with poor prognosis (Whittakgral, 2010). For the treatment of HCC, the MEK
inhibitors AZD6244 and PD0325901 are currently unclaical and pre-clinical evaluation,
respectively. Both induced phosphorylation of Akt the NRas-mutant HepG2 cells
indicating that the combination of NRas mutatiod arhibition of ERK lead to increased Akt
phosphorylation. Moreover, it raises the questidrether this Akt phosphorylation has an
influence on the progression of tumor growth, pasis and tumor recurrence. There are
several studies indicating that an increase in p-llads to resistance towards MAPK
inhibition (Balmannoet al, 2009; Cheret al, 2011; McCubreyet al, 2006). Therefore, it
would be of great interest to see whether increadkd phosphorylation, early HCC
recurrence and NRas mutations can be correlate€@ patients.

In conclusion, our analyses showed that inhibidrRaf as well as of MEK affects other
signaling pathways (JNK, Akt, p38) and downstreeamgcription factors (c-Jun, ATF-2), but

the exact mechanisms are still unclear.

6.1.3 Proliferation

Since the MAPK pathway plays a prominent role felt proliferation and migration (Katet
al., 2007), it is not surprising that inhibition ofettMAPK pathway led to a decrease in cell
proliferation (Figure 16). The decrease in cell bem was comparable in sorafenib,
AZD6244 and PD0325901 treated cells, while U0126 Wwaaker effects. It has recently been
described that sorafenib, U0126, AZD6244 and PDOB25inhibit cell proliferation in
HepG2, Hep3B and primary HCC cells (Heneigal, 2010; Huynhet al, 2007; Liuet al,
2006). | could also detect that cell division wakibited mainly by sorafenib and to a lesser
extent by the MEK inhibitors (Figure 18), indicagithat regulation of cell division is only
partly dependent on the MEK/ERK pathway (Figure. 32has been reported by Lt al
that sorafenib treatment of HepG2 cells lead toowarategulation of cyclin D1 (Liwet al,
2006), which is regulated through MEK/ERK and PIBKY (Figure 52). They described the
downregulation of cyclin D1 as MEK/ERK dependeimgce U0126 also induced inhibition of
cyclin D1.
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In contrast to sorafenib and the MEK inhibitorse #B-Ral’®®°F inhibitor PLX4720 induced
hyperactivation of the MEK/ERK signaling pathwaytire NRas-mutant HepG2 cells and to
some extent also in the NRas-wild-type Hep3B déligure 52). Despite this hyperactivation,
no enhanced but rather decreased proliferation de#scted. This is in agreement with a
recent study where in NRas-mutant melanoma cell4PR0 induced hyperactivation of the
MEK/ERK pathway, but did not enhance cell cycle gedies (Kaplanet al, 2011). In
another study, Menges and McCance could show tmatcbnstitutive activation of the
MEK/ERK pathway causes cellular arrest throughepkbrin type-A2 receptor (Menges and
McCance, 2008).

In addition to the MEK/ERK pathway, the PI3K/Aktthaay plays also an important role for
cell cycle regulation. Akt can phosphorylate p2#8l @27 and inhibits their anti-proliferative
effects, the inhibition of the cyclin D1/Cdk4 corapl (Figure 52) (Osaket al, 2004). We
could detect that phosphorylation of A%f"3is decreased and Akt is degraded by sorafenib
after 24 h. This decrease in Akt would cause aresse in p21 and p27 and an inhibition of
the cyclin/Cdk complex leading to a cell cycle atrehich indeed was recently described by
Huynhet al. (Huynhet al, 2009).

The group of Erwin Wagner has published thatop88gatively regulates cell proliferation by
antagonizing the JNK—-c-Jun pathway in multiple ¢glles and in liver cancer development
(Hui et al, 2007). We could observe that phosphorylation38 was mainly upregulated by
sorafenib in the first 6 to 24 h in HepG2 and Hep3#ls which might contribute to the

inhibition of cell proliferation.
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Figure 52: Effects of MAPK inhibitors on cell cycle progression. Sorafenib probably induces
cell cycle stop via inhibition of the MEK/ERK and PI3K/Akt signaling pathway and activation of
¢c-Jun and ATF-2 in HCC cells. PLX4720 induces hyperactivation of the MEK/ERK pathway and in
NRas-mutant HepG2 cells, Akt signaling was reduced and c-Jun increased. MEK inhibitors
inhibited MEK/ERK signaling, but increased Akt and slightly ATF-2 leading to a partial inhibition of
the cell cycle. Red arrows indicate that the observed effects were in mutant N-Ras HepG2 cells
only. Pathway was generated with the help of the pathway builder from www.proteinlounge.com.
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While c-Jun has mostly been implicated as an erdrawicproliferation and tumor promoter,
several studies have also shown that c-Jun camipréwmorigenesis (Shaulian, 2010). It was
described that in HRas-mutant cells, c-Jun is &blgoregulate the transcription of the tumor
suppressor Dmp1, which in turn increases the esymesof the tumor suppressor pT9
(Figure 52) (Sreeramaneei al, 2005). This tumor suppressor can directly repegstin D1
transcription and can also increase p53 stabiinatin HCC cells, c-Jun was highly
expressed and phosphorylated and the phosphoryitat@dwas increased by treatment with
sorafenib and MEK inhibitors. PLX4720 also increhseJun in the NRas-mutant HepG2
cells, but not in Hep3B cells (Figure 52). Sincdl geoliferation and cell division was
decreased by MAPK inhibitors, c-Jun seems to bditaied as an inhibitor rather than an
activator of cell proliferation in HCC cells.

Besides c-Jun, an increase in p-ATF-2 induced byPKAnhibitors could be also observed.
For the regulation of proliferation, it has beepaged that high levels of p-ATF-2 inhibit the
G1/S phase transition of the cell cycle and, thgrebn decrease the proliferation rate (Crowe
and Shemirani, 2000). Moreover, it has been shdvat activated ATF-2 can inhibit the
transcription of CDK4 (Xiaoet al, 2010). CDK4 regulates together with cyclin D the
progression of the G1 phase into the S phase @&BRJy. In my system, sorafenib induced the
highest induction of p-ATF-2 which might explain yeorafenib induced the most prominent

cell cycle arrest.

6.1.4 Apoptosis

The goal of tumor treatment is besides inhibitiériumnor growth the induction of apoptosis
in tumor, but not in normal cells. Although sevestlidies have been published about the
effects of sorafenib, the molecular links towargsg@tosis remain not completely understood.
The problem we are facing in tumor therapy is tii@tor cells are often resistant towards
apoptosis induction. The Ras/Raf/MEK/ERK and PI3k/fathways are often enhanced in
many HCC cells, leading to resistance against apiopstimuli (Fabregat, 2009). HCC cell
lines with different mutations revealed to havdeat#nt apoptosis sensitivities upon MAPK
inhibition in a concentration and time-dependennnea (Figure 19). In cooperation with
Martina Muller-Schilling (University Hospital Heitleerg), we could show that sorafenib did
not induce apoptosis in isolated primary human tuepydes even by increasing the

concentration, indicating tumor selective effedtsarafenib (manuscript in preparation). The
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effects of the other MAPK inhibitors still havelbe tested on primary human hepatocytes. Of
the three analyzed HCC cell lines, the p53-deficldap3B cells were the most responsive
cells for inducing apoptosis with 5 uM sorafenib MEK inhibitor U0126, AZD6244 and
PD0325901. In contrast, the p53-mutant (Y220C) lvel Huh-7 was resistant to apoptosis
induction by MEK inhibitors, but not by sorafenibb & dose-dependent manner. These data
suggest that in Huh-7 cells, apoptosis is inducekkpendently of the MEK/ERK pathway,
since also AZD6244 and PD0325901 strongly decregseliferation. Because these two
inhibitors only inhibited cell cycle to a certairtent, the decrease in cell number seems to
have other reasons. By using the XCELLigence systédrich detects cell impedance, | could
observe that especially in Huh-7 cells, the MEKiltors induced an increase in cell
attachment and cell size. Therefore, MEK inhibitseem to induce rather necrotic than
apoptotic cell death in Huh-7 cells since necrasisharacterized by a gain in cell volume
(Kroemeret al, 2009).

In the p53 wild-type and NRas-mutant HepG2 celfmmosis was induced by the MAPK
inhibitors, but to a lesser extent compared to Hepdlls. At concentrations of 5 uM, mainly
the MEK inhibitors but not sorafenib significantlyduced apoptosis. 5 uM sorafenib did not
seem to be as effective for the inhibition of thERIERK pathway, which might explain the
differences in the induction of apoptosis. In casty 10 uM sorafenib constantly inhibited
ERK phosphorylation over 96 h (data not shown) sindlar apoptosis rates as by 10 uM of
the MEK inhibitors were also observed. Therefaregems that in NRas-mutant HepG2 cells
using 5 pM of the inhibitor sorafenib inhibits cedfoliferation and cell division more
effectively than the MEK inhibitors, but the MEKHhibitors induced more apoptosis. This
indicates that in HepG2 cells, regulation of pedition is less dependent on the MEK/ERK
pathway than the induction of apoptosis. This i€antrast to Huh-7 cells, where apoptosis
and cell proliferation regulation seems to be asig@artly MEK/ERK independent.

While sorafenib and the MEK inhibitors did not hastong effects on JNK and p38
phosphorylation, they induced differences for Aktdathe transcription factor ATF-2.
Sorafenib reduced the level of Akt phosphorylattomd induced phosphorylation of ATF-2.
Moreover in Hep3B and Huh-7 cells, only soraferbbt not the MEK inhibitors induced
degradation of total Akt. Our data suggest that pliatys an important role for the induction
of apoptosis in some but not all HCC cells. In adgtby Chenet al, it was shown that

downregulation of p-Akt leads to an overcome ofpsis resistance (Figure 53) (Chen
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al., 2008). This group recently demonstrated thatvatitn of Akt in Huh-7 cells leads to
resistance against sorafenib induced apoptosisn(€hal, 2011). This nicely fits with my
findings where sorafenib seems to induce apoptbsisigh inhibition of Akt. The role of Akt
for apoptosis resistance in Huh-7 cells againsMB&K inhibitors will be further analyzed in

our lab.

There are many regulators for apoptosis (Figure &3png them the tumor suppressor p53,
which is central player for the cell. The high ietlan of apoptosis in Hep3B cells was
surprising, because p53-deficient cancer cellsadien reported to be less responsive to
chemotherapy (Alsafadit al, 2009). In Hep3B cells, the other p53 family memsbg63 or
p73 might be able to take over the proapoptoticction of p53. We could observe that
Hep3B cells express p63 and p73 and during sotafgeiatment, p73 was upregulated
(Figure 22). In p53 wild-type HepG2 cells, p53 pintwas modulated, i.e. phosphorylated at
Serl5 by sorafenib and the MEK inhibitors, but byt PLX4720. An early induction in
phosphorylation and, thus, stabilization, was ole@iby sorafenib and the MEK inhibitors,
however, p53 was partially degraded after 24 td 4Bigure 20QFigure 21). It was published
that c-Jun can antagonize the activity and repp&ss (Eferl et al, 2003; Stepnialet al,
2006). This could explain the decrease of p53atdte time point, due to increased phospho-
c-Jun levels. In Huh-7 cells, sorafenib but notMteK inhibitors induced slight upregulation
of p53 indicating that p53 regulation in Huh-7 aslindependent of the MEK/ERK pathway.
In cooperation with Martina Muller-Schilling, we wldl detect that blocking p53, p63 and p73
reduced sorafenib-induced apoptosis in HepG2 amBBleells (data not shown). Our results

show that the p53 family plays an important roletfe induction of apoptosis in HCC cells.

Besides p53, many pro- and anti-apoptotic molecuales involved in the regulation of
apoptosis, such as the anti-apoptotic moleculesxBcand Mcl-1 (Figure 53). Both are
regulated via the PI3K/Akt and the MEK/ERK pathwAkt and also ERK can phosphorylate
and, thereby, block the pro-apoptotic molecule B&ashna and Narang, 2008; Whittaketr
al., 2010). Normally, Bad can bind to the anti-apaptatolecules Bcl-2, Bcl-xL and Mcl-1,
and inhibit their function by the induction of thelegradation. Moreover, Bad influences the
integrity of the mitochondrial membrane and, theref leads to a release of cytochrome C.
This release induces apoptosis by the activatiocaspase 9. In addition, Akt and ERK1/2

can phosphorylate Bim, which binds and inhibits d@iné-apoptotic molecules Bcl-xL, Mcl-1
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and Bcl-2 (Figure 53) (Balmanno and Cook, 2009; Mm@y et al, 2007). This
phosphorylation leads to the dissociation of Bimthwihe anti-apoptotic molecules, its
ubiquitination and degradation by proteasomes.

We detected that Bcl-xL and Mcl-1 were altered mthbsorafenib and MEK inhibitor
treatment. In HepG2 cells, Bcl-xL was slightly dedged by sorafenib treatment (Figure 25).
This may be explained by an early, though weak dgjphorylation of ERK and inhibition of
p-Akt after 24 h. In Hep3B cells, Bcl-xL was maintiecreased by sorafenib, along with
inhibition of ERK1/2 and strong dephosphorylatiodalegradation of Akt (Figure 14, Figure
26 and Appendix). Interestingly, the MEK inhibitodsd not show any effects on Akt
phosphorylation and Bcl-xL expression. In HepG2 kiegh3B cells, sorafenib induced partial
degradation of Mcl-1, which is consistent with @&\ous report showing that sorafenib, in
contrast to the MEK inhibitor U0126, downregulaMsl-1 in HepG2 and PLC/PRF/5 cells
(Liu et al, 2006).

Apoptosis

p53
Apopt05|s /
Bax Blm

Puma Noxa, Bax

Apopt05|s — &WWM

Figure 53: Schematic drawing of regulation of apoptosis by MAPK and death receptor
signaling pathways. Pathway was generated with the help of the pathway builder from
www.proteinlounge.com.
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The mutant-specific B-Raf inhibitor PLX4720, whicimnduced hyperactivation of the
MEK/ERK pathway, slightly enhanced the levels oé tpro-survival proteins Mcl-1 and
Bcl-xL. This indicates that PLX4720 could promatenor progression in NRas-mutant HCC
cells, which is in accordance with a recent pulilice where Mcl-1 was upregulated by
PLX4720 and conferred resistance to apoptosis @aet al, 2011). | could observe that
although PLX4720 did partly inhibit cell proliferah, it did not significantly induce
apoptosis. It has been reported that C-Raf is tbtérectly prolong cell survival and inhibit
apoptosis by Mcl-1 stabilization and inhibition iicl-1 degradation (Golloket al, 2006).
This could explain why in Hep3B cells, only sorabemnhibits Mcl-1, but not the MEK
inhibitors and PLX4720. In sorafenib-treated cdlis,and C-Raf are blocked and Mcl-1 can
be degraded, which is not the case for PLX4720 revloaly B-Raf is inhibited. Moreover,
Gollob et al. could show that C-Raf can inhibit the pro-apoptatiolecule Bad and activates
the anti-apoptotic molecule Bcl-2. Thus, C-Raf cbble a major regulator for apoptosis
independent of the MEK/ERK pathway.

Besides downregulation of the anti-apoptotic mdeswBcl-xL and Mcl-1 in HepG2 and
Hep3B cells, we could observe in cooperation witarfiha Muller-Schilling that sorafenib
induced elevation of the pro-apoptotic moleculemmBBax, Noxa and Puma (Figure)53
(manuscript in preparation). Sorafenib inducedeast partial phosphorylation of p38, JNK,
p73 and p53, and inhibited p-ERK and p-Akt, whicigim lead to the increase of Bim, Bax,

Noxa and Puma.

Treatment of HCC cells has not only an effect dracellular signaling, but it also modulates
death receptor expression, which play a role indkeinsic apoptosis pathway. We could
show CD95 expression was induced by sorafenib &ed MEK inhibitors, but not by
PLX4720, indicating that CD95 regulation is dependm the MEK/ERK signaling pathway.
It has been reported that increased c-Jun and AlEvels, which was induced by sorafenib
and the MEK inhibitors (Figure 15), can upregul@f®95 expression (Liu and Chang, 2010).
Moreover, we could see that TRAIL-R2 was increai@ldwing sorafenib treatment. This
could explain the results obtained by the EI-Dgrgup where sorafenib sensitizes the cell
towards TRAIL (Ricciet al, 2007). This is also in accordance to our resutisre sorafenib
revealed a sensitizing effect towards TRAIL-R2-, 35D and TNF-R1- mediated apoptosis
(manuscript in preparation). Because many HCCsresestance to apoptosis induced by
CD95L (FasL) or TRAIL, treatment with sorafenib migovercome this resistance.

116



6.1 Signaling Pathways

6.1.5 Conclusion

Taken together, our findings indicate that AZD624¥l PD0325901 have a high efficacy for
the inhibition of the MEK/ERK pathway even bettéamn sorafenib, the current treatment
regimen for HCC. One reason for the poor survivahddit of sorafenib in patients with
advanced HCC could be a suboptimal sorafenib cdratem, which is not high enough for a
sustained inhibition of the MEK/ERK pathway. Moreoyour analyses show that Raf as well
as MEK inhibition affects other pathways like JNKkt, p38 and the transcription factors c-
Jun and ATF-2, however the exact mechanisms habe swlved. The advantage of sorafenib
compared to the MEK inhibitors is that it also imks the Akt pathway, which is very
important for regulation of cell proliferation arapoptosis. Proliferation and apoptosis are
regulated via MEK/ERK and Akt signaling. In additjoproliferation is also regulated in a
MEK/ERK independent way in HCC cells. ATF-2 and uritJseem to be implicated as
inhibitors of cell proliferation in HCC cells.

Moreover, the data show that sorafenib engagemthesic as well as the extrinsic apoptotic
pathway. Inhibition of Akt seems to be very impaittéor the induction of apoptosis in HCC.
These results imply that for the treatment of HGICmay be necessary to target both
MEK/ERK and PI3K/Akt signaling pathways. The resultdicate that the mutational status
of the cancer cell is involved in the decision wviiestinhibition of the MEK/ERK pathway
leads to apoptosis or not. Therefore, screeningHermutational status of HCC should be
performed in future treatment strategies in ordelimprove the development of a more

effective therapeutic intervention.
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6.2 Immunological Side Effects

6.2.1 Modulation of immune cell recognition following MAPK inhibition

In addition to the inhibition of tumor growth anaduction of apoptosis, new potential cancer
therapeutics should also modulate the immune systesnch a way that immune cells can
recognize and kill the tumor. This is very diffitub achieve, because tumor cells have
several immune escape mechanisms. Besides beirgjantstowards apoptosis, they can
modulate their surface molecule expression at sélevels to be less efficiently recognized
by immune cells. For the recognition of tumor cdig T and NK cells, HLA class I,
MICA/B, ULBPs, CD155 and several adhesion molecalesimportant. While in HCC cells
HLA class | molecules were still expressed, sevlitaG2D ligands like MICA/B, ULBP1-3
were only weakly expressed or even absent (Figay&igure 28). This constellation of weak
NK cell ligands and normal HLA class | moleculesplies that HCC cells are poorly
recognized by NK cells. Thus, killing experimenting the CD107a degranulation assays
showed that indeed HCC cells can be weakly killgd\iX cells. Treatment of tumor cells
with MAPK inhibitors only partially influenced thelegranulation capacity of NK cells
(Figure 35). These observations demonstrate thadmahanges in surface expression do not
always lead to substantial changes in NK cell degedion.

Treatment of HCC cells with MAPK inhibitors modwddt the expression of surface
molecules, which are important for cell growth amdognition by NK cells (Figure 29,
Figure 32). The growth factor receptor c-Met iseafthighly expressed in HCC and
overexpression has been associated with increasear tgrade and poor prognosis (Ueki
al., 1997; Whittakeret al, 2010). | could detect that c-Met was highly exsex in HepG2,
Hep3B and Huh-7 cells. This is in accordance wigitevious publication showing that c-Met
is highly expressed in HepG2 and Hep3B cells andF H@&atment induced slight increase in
cell growth through c-Met (Leet al, 2008b). They also described that activation & th
HGF/c-Met signaling pathway via the MAPK pathwagds to an enhanced cell motility and
invasion through extracellular matrix substratesaiment of HCC cells with sorafenib and
the MEK inhibitor reduced the expression of c-Meftile activation of the MEK/ERK
pathway by PLX4720 led to enhanced expression bfet-indicating that c-Met can be
positively regulated via the MEK/ERK pathway (Figus4). Inhibition of the MEK/ERK
pathway by sorafenib and the MEK inhibitors sugge=ducing cell motility and cell
invasiveness and therefore, prevents formationetfgetasis.
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It was previously shown by Monika Braun that in #ie@as-mutant colorectal cancer cell line
HCT116, HLA class | and ULBP1-3 expression waseased by the inhibition of the MAPK
pathway (Serset al, 2009). In this system, increased HLA class | egpion was
accompanied by enhanced tumor killing by T cellstie HCC system, a decrease of HLA
class | was only seen by sorafenib in HepG2 cbls.an increase in HLA class | expression
was achieved by the MEK inhibitors in Huh-7 ceNéost importantly, modulation of HLA
class | did not correlate with degranulation of Kls. These results indicate that in contrast
to colon carcinoma, looking at the HLA class | nwolle expression after MAPK inhibitor
treatment does not directly correlate with NK a®ftotoxicity. Therefore, other factors or

activating molecules might have a stronger inflgeas NK cell cytotoxicity.

There are several ligands, which bind to the attigareceptors on NK cells. The NKG2D
receptor represents one of the most important &atiy receptors and it binds to a variety of
molecules, which include ULBP1-6 and MICA/B (Eagleal, 2009a; Eaglest al, 2009b;
Nausch and Cerwenka, 2008). HepG2, Hep3B and Hidilg express ULBP2 and 4, but not
ULBP1 and 3 (Figure 27). To my knowledge we are fin& to report that ULBP4 is
expressed in Hep3B and Huh-7 cells. While sorafemtl the MEK inhibitors induced an
increase in ULBP4 on HepG2, Hep3B and Huh-7 cBlls{4720 reduced ULBP4 expression
indicating a MEK/ERK dependent regulation of ULBRRBigure 54). The expression of
ULBP2 was not substantially modulated by MAPK intobs. The observation that NKG2D
ligands are modulated in both directions by differi@hibitors demonstrates the complexity

of their regulation which is not only influenced the MAPK pathway alone.

Also soluble forms of MICA and MICB, which can bbeslded from the cell surface by
metalloproteases like ADAM7 and ADAM9 (Kohget al, 2010; Salihet al, 2006),
contribute to the immune regulation. Soluble MICAdaB were described to be often
elevated in the sera of HCC cancer patients {Kol2§®8 #1940;Salih, 2006 #489}. In the
soluble form, they can impair the antitumor acyiuily downregulating the expression of the
activating receptor NKG2D on T and NK cells (Kohgaal, 2010; Tamakiet al, 2010).
HepG2 and Hep3B secrete soluble MICB and the senretas inhibited by the MAPK
inhibitors, thereby reducing the potency of tumeliscto inhibit the immune response. It has
to be further analyzed to what extend downregutatd soluble MICB helps the immune

system to fight against the tumor.
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Figure 54: Scheme of surface molecule expression regulated by MAP K pathway. Several
surface molecules like HLA class |, ULBPs. CD155, CD166 and Fas are negatively regulated by
the MAPK pathway in HCC cells. Some molecules like c-Met are positively regulated by the MAPK
pathway. Pathway was partly generated with the help of the pathway builder from
www.proteinlounge.com and some molecules were adapted and modified from C. Falk.
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Another important activating receptor on NK andellsis DNAM-1 (CD226) with its ligand
CD155. In HCC, the role of CD155 for the recogmitioy NK and T cells is still unclear.
Here, we show for the first time that the three HE lines express CD155. So far, it has
been described that TuAgl/TagE4, which is the riotog of the human poliovirus receptor
CD155, is expressed on a high percentage of raatbegllular carcinomas and is induced
during rat liver regeneration and acute liver igjEricksonet al, 2006). In my studies,
CD155 expression could be increased by sorafentb M&K inhibitors in HCC cells,
indicating that CD155 expression is regulated tie MEK/ERK signaling pathway (Figure
54). In a SFB project, we will further analyze wiat CD155 is an important ligand for the
activation of NK cells in the liver. Using melanontall lines, we could observe that
downregulation of CD155 reduced the levels of NK degranulation (Dissertation S. Mal3en
2010), indicating the importance of the interacttdrCD155 on the tumor cell with DNAM-1
on the NK cells. Moreover, it has been reported tHiK cells require DNAM-1 for the
elimination of tumor cells (Gilfillaret al, 2008). On the other hand it could be shown that
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primary ovarian carcinoma cells, which express CRId&n impair tumor targeting by the
downregulation of DNAM-1 on NK cells (Carlsteat al, 2009). In this setting, DNAM-1
contributes to the immune escape and plays a ¢nad&ain NK cell-mediated recognition of
several types of human tumors (Carlsétral, 2009). Moreover, CD155 has been implicated
in tumor cell invasion and migration suggesting tth@D155 itself contributes to
tumorigenesis via its own signaling capacity (Sleamal, 2004). This shows that CD155 can
has pro- and anti-tumorigenesis functions.

Overall, these data show that ligands for the imbil and activation receptor are mostly
upregulated by MAPK inhibitors (Figure 54). Deperglion the balance between activating

and inhibitory receptors, NK cell cytotoxicity isdareased or decreased.

Adhesion molecules are also important for the adgon between tumor and immune cells.
They play an important role for cancer progressiomor invasion and metastasis. Moreover,
they are important for signal transduction, ceblieration, morphogenesis and many other
functions.

The adhesion molecule CD166 (ALCAM), which binds@®6, was highly expressed on
HepG2, Hep3B and Huh-7 cells, which has not besordeed so far. In a study from Hoesdt

al. CD166 is defined as a surface marker associatédowmiorectal cancer stem cells (Hoest
al., 2009). Increased CD166 expression in colorecaaticoma has been correlated with
shortened patient survival (Weicheitt al, 2004). | could observe that treatment of HepG2,
Hep3B and Huh-7 cells with sorafenib and MEK intobs, but not PLX4720, resulted in an
upregulation of CD166 expression, indicating a tiggaregulation through the MEK/ERK
pathway (Figure 54). Whether increased CD166 l¢a@dsshortened patient survival in HCC
is still unclear.

The adhesion molecule ICAM-1 is also important fioee adhesion of tumor cells to and
recognition by NK and T cells via their LFA-1 coragl(Brycesoret al, 2006; Sirimet al,
2001). Interestingly, while sorafenib and PLX472@®reased, MEK inhibitors decreased
ICAM-1 expression on HCC cells. A decrease in tRiAM-1/LFA-1 interaction would lead
to presumably weaker immune cell recognition. Alijlo the MEK inhibitors mediated a
decrease of ICAM-1, a slight increase in NK cely@mulation against HepG2 cell was still
seen, indicating that the adhesion is still gooaugih for inducing NK cell cytotoxicity.

Taken together, my results show that inhibitiortref MAPK pathway modulates expression
of several surface molecules (Figure 54). Due &dbmplex interaction between HCC and
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NK cells, these changes of the surface moleculadtran rather slight alterations of NK cell

degranulation against HCC cells.

6.2.2 Hepatic NK and T cells

As described in the introduction, the liver has amant functions in innate and adaptive
immunity (Crispe, 2009; Parker and Picut, 2005)ef@stingly, in the liver, the proportion
and the phenotype of NK and T cells were differeompared to the blood counterparts
(Table15+16; Figure38+39). In healthy liver tissidk and CD8 T cells were enriched,
which is accordance to a previous report (Masgl, 2005; Norriset al, 1998).

Despite the enrichment, the NK cell phenotype widferént in the liver compared to
peripheral blood counterparts (Figure 38). Liver N&lls showed a reduced proportion of
CD56'™ NK cells expressing CD16 and CD6, which is soméwihaaccordance to a
previously study where it was shown that liver N&ll€ have a higher proportion of CD16
NK cells (Burt et al, 2009). Still, the mechanisms contributing to tlegulation of the
different NK cell composition is unclear. One pbdgy could be that at the endothelial cell
layer there is a stop signal for COB6CD16 NK cells (Figure 55) or there are factors in the
liver which contribute to a change of the NK celilepotype. For the constellation of the
immune cells in the liver, the microenvironmentraseto play an important role (Crispe,
2009; Parker and Picut, 2005).

It has been described that TEEan promote the conversion of CDJgeripheral blood NK
cells into CD16NK cells (Keskinet al, 2007). In the liver, LSECs, Tregs, MDSCs and HCC
cells can secrete T@Fwhich may induce this conversion. In co-cultufeperipheral NK
cells with HCC cell lines, | could observe that fireportion of CD16 NK cells was reduced.
It has to be further analyzed whether CD16 is degulated on CD58" NK cells or whether
HCC cells differentially stimulate the CD18IK fraction. Moreover, it has to determined
whether the reduced proportion of CD18K cells has an effect on the cytotoxicity. It has
been reported that hepatic NK cells with fewer CDN& cells have a reduced cytotoxicity
compared with their peripheral blood counterpaBisr{ et al, 2009). In contrast, it has been
described that hepatic NK cells can spontaneougse INK-sensitive K562 target cells
showing that hepatic NK cells are still cytotoxidboherty et al, 1999). Although it was
generally classified that CDBE™ CD16 NK cells are mainly cytokine and chemokine
producer and less cytotoxic (Di Santo, 2006), wadobserve that both peripheral CH%&"

122



6.2 Immunological Side Effects
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Figure 55: Schematic diagram of T and NK cell population in liver tissue and peripheral
blood. While peripheral blood consist of ~10% CD56""™ and CD16™ NK cells and ~90% CD56""
CD16" NK cells, the liver tissue has a higher proportion of CD56°"™ CD16 NK cells and reduced
proportion of CD56°™ CD16" NK cells. The 2:1 ratio of CD4" to CD8" T cells in the blood was
nearly switched to a 1:2 ratio in the liver tissue. The mechanisms, which lead to this altered NK and
T cell proportions, are still unknown. Blood vessel was adapted from pathway builder from
www.proteinlounge.com and cells were adapted from C. Falk.

CD16 and CD58™ CD16 NK cells can degranulate to the same extent whey tvere
stimulated with IL-2 and co-cultured with HLA claksiegative target cells (Dissertation M.
Braun 2008).

During cirrhosis and HCC, the composition of NK ahaells changed in the liver tissue. In
cirrhosis a strong increase of CO%8' CD16 NK cells was detected. While in HCC tumor
tissue NK cells were significantly reduced, highbercentages of NK cells were found in the
surrounded “healthy” HCC tissue, indicating thag tinvasion of NK cells into the tumor
tissue may be blocked. In a previous report it whserved that HCC patients displayed a
substantial reduction in peripheral CH86CD16" NK cells compared with healthy subjects
(Cai et al, 2008). In contrast, COST cell migration into the tumor tissue was notdied,
but rather enriched compared to CDHcells. These results are similar to the situmtGbNK
and T cells in colorectal carcinoma tumor tissuger€, we could show that migration of NK
cells into colorectal carcinoma tumor tissue is amgd during tumor development by

123



6 Discussion and Conclusions

mechanisms that do not affect T cell infiltratiomdadespite high levels of chemokines and
cytokines (Halamat al, 2011). In HCC tissue, CCL4 concentration was a&led, indicating
that CCL4 might be involved in increased CDBcell recruitment into the tumor tissue. In
cirrhotic and HCC tissue, high chemokine levelg IRXCLS8, 9 and 10 were also observed.
These chemokines are ligands for the chemokingptec€XCRS3, which is highly expressed
on CD58™" CD16 NK cells and only to a low level on CD%B CD16 NK cells, but
expression levels also depend on the activationussté§Robertson, 2002). This high
concentration can be an explanation for the stinngease of CD589™ CD16 NK cells in
cirrhotic tissue, but not for the absence in thedutissue. CCL5 is increased in cirrhotic
tissue, but not in HCC tumor tissue, which mighplein the increase in CD8E™ NK cell in
the cirrhotic liver tissue, because CCRS5, the ramefor CCL5, is higher expressed on
CD56™M" NK cells. Another possibility could be that thencentrations of some chemokines
like CXCL10 were too high in HCC tissue leadingato inhibition of NK cell migration. In a
recent publication it was shown that CXCL10 mighick the migration of NK cells to the
liver (Hintermannet al, 2010). This group could show that CXCL10 is irnpted in liver
fibrosis, where NK cells are also reduced. UsingGQCX0 deficient mice, they observed
reduced fibrosis with less B- and T cells infilicat, but increased NK cells in the liver
indicating that CXCL10 negatively regulates NK caligration in this model. Besides the
regulation by chemokines, it has been reportedNMi28Cs and Tregs are enriched in tumor
tissue (Cacet al, 2008). It was shown that addition of Tregs frol@E patients efficiently
inhibited the anti-tumor ability of autologous Ni€lks in vitro (Caiet al, 2008). MDSCs can
inhibit NK cells in patients with HCC via the NKp3&&ceptor (Hoechset al, 2009).
Interestingly, it has been reported that soraférgitment decrease MDSC and Treg numbers
in the liver (Cacet al, 2008). It has to be analyzed whether these atdts contribute to the
blockage of NK cell migration into the tumor andetier sorafenib treatment increases NK

cell numbers in the tumor tissue.

These results indicate that just the presenceserade of a chemokine is not enough to decide
whether NK cells are recruited to the liver or i®ecruitment of NK cells into the liver seem
to be differently regulated compared to the reaomaiit of T cells. The mechanisms of how
NK cells are impaired in HCC tumor tissue is atiiknown and has to be determined in the
future. Moreover, the role of chemokines for therugment of NK cells has to be further
analyzed. Due to the importance of NK cells fohfigg against the tumor and it was reported
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that higher NK cell numbers in HCC patients comelevith longer survival (Chevet al,
2010). Therefore, it can be a successful approachadulate the chemokine milieu towards
infiltration of NK cells into the tumor tissue. has to be shown, whether the reduced
chemokine levels induced by sorafenib has an impadhe recruitment of NK cell into the

tumor tissue.

6.2.3 Secretion of chemokines and growth factors by HCCatls

Features of tumorigenesis are uncontrolled grotk development of new blood vessels and
downregulation of the immune response. For thipgse, tumor cells secrete a variety of
chemokines and growth factors. It could be obsetliatt HCC cells secrete high amounts of
CXCL8, CXCL10, VEGF, TGB and ICAM-1 and to intermediate level CXT2, M-CSF,
SCGF$ and MIF (Figure 40 — Figure 42). Many of thesddeg are involved in angiogenesis

and tumor escape mechanisms.

Because several chemokines are regulated via théKMpathway (Liuet al, 2008;
Whittaker et al, 2010), | wanted to know how chemokine and gro¥ettior secretion is
affected by inhibition of MAPK pathway. Althoughete are several reports about the MAPK
inhibitors, only a few have analyzed their effeots some chemokine secretion. | could
observed that in HCC cells, CCL5, VEGF, M-CSF, PG&nd soluble ICAM-1 were
positively regulated via the MAPK pathway and, #fere, were significantly reduced by
MAPK inhibitors. In HepG2 cells, also CXCL8 and 1RA seemed to be positively
regulated by the MEK/ERK pathway. Curey al. could show that M-CSF induces secretion
of VEGF through the MEK/ERK signaling pathway (Guet al, 2008). In trophoblast cells,
CCL5 was inhibited by the MEK inhibitor U0126 busa by the JNK inhibitor SP600125
(Renaudet al, 2009). The p38 and ERK pathway inhibitors SB2@B&8d U0126 revealed
that MAPK signaling regulates CXCL10 and CXCLS8 la¢ imRNA level (Leeet al, 2008a;
Tibbles et al, 2002). CXCL8 was also inhibited by the MEK inhdsi PD98059, the p38
inhibitor SB203580 and the JNK inhibitor 1l (Liet al, 2008). These data show that
dependent on the cell type the secretion of chemeskand growth factors is not regulated by
the MEK/ERK pathway alone, but also by other sigrtppathways like JNK or p38 (Figure
56).
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Figure 56: Regulation of chemokines and growth factors by different signaling pathways.
Cytokines, chemokines and growth factors are often regulated by at least one of MEK/ERK,
PI3K/Akt, JNK or p38 signaling pathways. Pathway was partly generated with the help of the
pathway builder from www.proteinlounge.com.

Of the factors regulated by the MAPK pathway, CXCIXCL5, VEGF, M-CSF and TGF
have been shown to be involved in angiogenesisth&r regulation, the hypoxia-inducible
factor (HIF) seems to be a central regulator. HiEsgactivated in the nucleus by several
pathways like Ras/Raf/MEK/ERK, PI3K/Akt and by ST&ATWhittaker et al, 2010).
Downregulation of these molecules by the MAPK iitoiis suggests a reduction in the
potential for angiogenesis in HCC. In addition, was reported that sorafenib blocks
angiogenesis by inhibiting VEGFR and PFGFR, whiebuited in reduced microvessels in
the tumor (Liuet al, 2006). Besides inducing angiogenesis, CXCLS8 lss lseen shown to
act as a growth promoter in several tumor celleré&fore, inhibition of CXCL8 by sorafenib
and the MEK inhibitors represent an important stfect for the treatment of HCC.

Thus, sorafenib seems to have broader and straifgst on the inhibition of chemokines
and growth factors than the MEK inhibitors. Thiglizates that other signaling pathways
besides MEK/ERK play an important role for the dagjon of chemokine and growth factor
secretion (Figure 56). For some chemokines like CXI; their secretions seem to be
differently regulated by sorafenib and the MEK bitors. Importantly, other factors like
SCGF$ were not altered by MAPK inhibitors indicating thhe MAPK pathway specifically

regulates some but not all chemokines and grovadiofa.
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In contrast to the downregulation of many chemakibg MAPK inhibitors, the macrophage
migration inhibitory factor (MIF) showed a differemegulation, i.e. an upregulation by
sorafenib and MEK inhibitors. In several tumorsgtsas colon cancer, melanoma and HCC,
MIF is generally overexpressed (Han and Zhang, 2Da@rin et al, 2009; Reret al, 2003).
Among other effects, MIF is important for the demhent and progression of HCC and
plasma MIF levels decreased after HCC resectionsTMIF is currently investigated as a
prognostic marker for HCC (Han and Zhang, 2010;azbt al, 2011). MIF has several
different functions; it plays a pivotal role forlceroliferation, for inhibition of apoptosis,
tumorigenesis, angiogenesis and inflammation (Baebral, 2011; Lugrinet al, 2009).
Moreover, it regulates the secretion of other cyte& chemokines and growth factors. In
HCC, it could be shown that MIF induced increasedation of CXCL8 and VEGF (Rest
al., 2003).For its mechanism of action, MIF binds to the CO/a44 receptor complex,
which leads to activation of the MEK/ERK pathwag, &ctivation or inhibition of the JNK
pathway depending on the cell type, and to actwvatif p38 Figure 57 (Baronet al, 2011,
Chenget al, 2010; Lueet al, 2011). All these signals lead to an enhancedpeliferation
and cell survival (Lueet al, 2011).Furthermore, MIF can act in an autocrine loop indgc
the expression of angiogenic factors like CXCL8 &5 F, and the migration of tumor cells,
therefore, stimulating angiogenesis and metasitasi€CC (Renet al, 2003). Inhibition of the
MEK/ERK pathway in MIF-treated cells reduces the&rsgon of the angiogenic factors
CXCL8 and VEGF, which is in accordance with my tessuwhere CXCL8 and VEGF is
reduced in HCC cells after MAPK inhibitor treatmébte et al, 2011).

In tumor biology, MIF also contributes to tumorigsis by providing a tumor escape
mechanism by downregulating NKG2D on T and NK c¢Ksockenbergeret al, 2008).
Furthermore, MIF is a potent apoptosis inhibitod an modulator of pro-oxidative stress-
induced apoptosis, but the exact mechanisms dreirstiear. It has been reported that MIF
can suppress p53 activity (Fingerle-Rowsbml, 2003; Han and Zhang, 2010; Hudsairal,
1999), which could in part explain why p53 is desed in HCC cells after MAKP inhibitor
treatment.

Although all these aspects are known about thetiomof MIF, it is still unclear, how MIF
secretion is regulated. | could observe that inttaée HCC cell lines MIF secretion was
rather enhanced and the profile of MIF concentratiovith MAPK inhibitor treatment
correlated with the profile of apoptosis inductigngure 18 and Figure 36). The question is
whether MIF secretion is induced by apoptosis oetiwar MIF is directly regulated by
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signaling pathways like MEK/ERK and PI3K/Akt (Figub7). It is interesting to see that in
Huh-7 cells induction of apoptosis and secretiomMdfF are only induced by sorafenib and
not by the MEK inhibitors, indicating that the setoon of MIF and the induction of apoptosis
follow the same regulatory mechanisms. Because MIknplicated in cell proliferation,

angiogenesis and inhibition of apoptosis, the setreof MIF in apoptotic cells could be a
rescue mechanism for other cells to become resistagainst apoptosis or through the

inhibition of immune cells by downregulation of NRG.

It will be further analyzed in our lab whether ieased MIF lead to tumor escape through
inducing resistance or whether MIF is “just” a facin HCC cells correlating with apoptosis.
Because MIF has been associated with tumor aggeesess and metastasis (Lugdhal,
2009), increased MIF secretion might lead to tleeimence of the tumor in sorafenib-treated
HCC patients. Therefore, it would be of great ies¢rto see whether survival of sorafenib-
treated HCC patients correlates with the plasmaoantissue MIF levels and whether

blocking of MIF could improve HCC therapy.

Apoptosis
resig;g;nce? 3

Regulation (1

Figure 57: Possible regulation mechanisms of MIF in HCC cells. MIF might be regulated by
MEK/ERK signaling, Akt signaling or other signaling pathways. Moreover, apoptosis could
positively induce MIF secretion. Secreted MIF can stimulate the same cell in an autocrine loop or
other cells in a paracrine loop. There, MIF might induce resistance against apoptosis. Pathway was
partly generated with the help of the pathway builder from www.proteinlounge.com.
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6.2.4 Conclusion

Taken together, my findings show that HCC cell direghly express a variety of surface
molecules which are associated with tumorigenesd @oor survival. In contrast, several
ligands, which are important for NK cell cytotoxigi are only slightly expressed or absent.
Inhibition of the MAPK pathway modulates surfaceletnle expression with some ERK-
independent side effect of certain MAPK inhibitors, particular sorafenib. Due to the
complex interactions with the balance of activatamgl inhibitory receptor ligands, it cannot
be precisely defined which of these surface moescuifluences NK and T cell cytotoxicity
the most. Nevertheless, HCC cells induce NK cdlingj to a certain extent, however, MAPK
inhibition does not strongly improve the killingpzecity of NK cells.

HCC tumor cells altered the phenotype of NK callsitro and NK cells were absent in HCC
tumor tissue despite high chemokine levels indigathat NK cells might be a key effector
cell type for fighting against HCC. Therefore, aymal for HCC treatment besides inducing
apoptosis in tumor tissue and reducing angiogerssisild be to increase the number of
activated NK cells in the tumor tissue.

Moreover, a variety of chemokines and growth factare produced by HCC cells, which
favor tumorigenesis and can induce angiogenesis.chiemokines produced by these tumor
cells have been postulated as key factors in madglanmune response either against or in
favor of tumorigenesis in the microenvironment. MARibition led to a downregulation of
the cytokine, chemokine and growth factor secretidmmough this blockage, the potency of
HCC cells to induce angiogenesis and tumor progrness reduced. Furthermore, MIF might
be responsible for the resistance of the tumornatjdinerapy suggesting a general resistance
mechanism in cancer. Blocking of MIF might imprd¥€C treatment.
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6.3 HCC and MAPK Pathway in the Tissue

6.3.1 Hepatic microenvironment

The hepatic microenvironment is heterogeneous withny different cytokines and
chemokines, which are secreted by a variety oedhfit cells (Chevet al, 2010). During
tumor development and progresssion, microenviromnfnsenften changed in a pro-angiogenic
and anti-immune situation. There, the chemokingemnimay be altered in the direction that
immune cells cannot migrate into the tumor tisdile in cirrhotic and HCC liver tissue
some chemokines showed a tendency of decreasdd, letteer chemokines were increased,
indicating distinct roles of chemokines for the eélepment of cirrhosis and the progression
towards HCC (Figure 44). It has been described ¢hatmokines play an important role for
several pathological conditions, including cand®afanias, 2005). For example, it has been
shown that fibrosis can be induced by CXCL10 (Him@nnet al, 2010). The chemokine
CXCL8 is implicated in angiogenesis and was elavate both cirrhotic and HCC tumor
tissue. In a previous study, we could show thatctiracentration of several chemokines was
higher in colorectal cancer than in the surroundireglthy tissue indicating a general
mechanism for the progression of some tumors (Halkainal, 2011). In cirrhotic and HCC
tumor tissue, not all chemokines were elevated.seane chemokines like CCL3, CCL7 and
CCL27 the profile in cirrhosis and HCC seemed teséparated in two populations with one
increased and one decreased population showindibesity of cirrhosis and HCC patients.
Moreover, there are differences in the microenviment between cirrhosis and HCC. For
example, CCL5 seems to play a role for cirrhogis,not for HCC.

Besides the chemokines, other factors like VEGFRIDGF also induce angiogenesis and are
upregulated in HCC (Figure 45) showing that in H®@ angiogenic balance is disrupted.
HCC has been described as a highly vascular tunmbiaagiogenesis seems to play a pivotal
role for HCC development and progression (Whittadeal, 2010; Yanget al, 2011).

There is currently the debate whether the HCC tumaroenvironment is pro- or anti-
inflammatory (Schrader and Iredale, 2011). In gahehe liver is rather tolerogenic than
immunogenic, due to the immunosuppressive cytok{@spe, 2009). In HCC patients, it
has been described that in the tumor tissue thebeuwf Tregs and MDSCs are increased
(Cai et al, 2008; Hoechset al, 2009; Korangyet al, 2010b). This enhancement of Tregs in
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HCC has been associated with poor prognosis @a, 2007). In cirrhosis and HCC, the
pro-inflammatory molecules IFNand TNFx were partly reduced indicating that the tumor is
trying to evade immune recognition. This is prolgabchieved by recruited Tregs and
MDSCs (Kaoet al, 2011). Moreover, it has been described that Ha&@pts, which have a
predominant Thl signaling (e.g IFNIL-2 and TNK) in the tumor tissue, develop less
frequently metastases indicating that a certaianmfatory microenvironment is favorable in
controlling the tumor and enhancing survival of H@atients (Chewet al, 2010). In
addition, an increased level of IL-1RA, which is arhibitor of the pro-inflammatory
cytokine IL-1, was observed in liver tissue of gelttal carcinoma resections, cirrhosis and
HCC showing that anti-inflammatory factors are eaged in HCC tumor development.

Not only inflammatory cytokines are reduced inlasis and HCC, but also important anti-
inflammatory cytokines like IL-10, indicating that is not a clear shift towards anti-
inflammatory or tolerogenic conditions. Other cyitws like 1L-9 were also reduced in
cirrhosis and HCC, but not in liver tissue of celctial metastasis. IL-9 is mainly produced by
CD4" T cells and implicated in Th2 responses and huheraunity (Piletteet al, 2002). In
HCC and cirrhotic tissue, CDA cells are decreased and CO8cells increased compared to
healthy liver tissue. This might explain the desezhlevel of IL-9. Besides IL-9, it has been
described that CCL3 and CCL4 actively recruit CD&ells (Castellinet al, 2006).

In contrast, the inflammatory and growth-promotfagtor IL-6 was elevated in some HCC
tissue samples and has been reported as a mddial€C progression in liver inflammation
(Germancet al, 2008; Yanget al, 2011). On the other hand, it has been descritedilt-6
together with CCL2 correlate positively with patiesrvival (Chewet al, 2010). It has to be
determined whether IL-6 tissue concentration catesl with progression of HCC. Besides
IL-6, also the pro-inflammatory cytokine IL-16, vehi is mostly secreted by CDJ cells
was increased in resected liver tissue of colorenttastases, cirrhosis and HCC, showing
that not all pro-inflammatory cytokines are deceshm HCC.

Besides chemokines and cytokines, stimulating aodip factors play an important role in
carcinogenesis. Growth factors like VEGF and S@G&re often overexpressed in tumor
tissue. SCGH is a good marker for discriminating HCC tissuarirbealthy liver tissue and
resected liver tissue of colorectal metastasesi(€id6). Interestingly, HGF was increased in
cirrhotic tissue, but not in HCC tissue indicatihgt HGF plays a pivotal role in cirrhosis and
seems to be necessary HCC pathogenesis (¥aafy, 2011). HGF is mainly expressed by

hepatic stellate cells and myofibroblasts, whichaggivated during fibrosis and cirrhosis and
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then secrete HGF. With the help of a bioinformagiproach, we could detect that HGF is as
a good prediction marker for cirrhosis.

Soluble adhesion molecules like ICAM-1 and VCAM4E aften found to be increased in
patients with tumors like colorectal carcinoma @aaet al, 2011). We could detect that in
resected liver tissue of colorectal metastasedrrinotic and HCC tissue the concentrations of
ICAM-1 and VCAM-1 were increased compared to healther tissue. Increased levels of
ICAM-1 and VCAM-1 have been associated with incegassk of invasion and metastasis. It
shows that pathologic “healthy” liver tissue of ipats with colorectal carcinoma resection
has already a changed microenvironment favoringrtiggation of tumor cells into the liver,

which is a preferred organ for metastasis of cal@alecarcinoma.

6.3.2 Modulation of the microenvironment by MAPK inhibito rs

HCC tumor cells secrete a variety of chemokines gnoghvth factors and their secretion was
modulated by MAPK inhibition. In the tissue, theee several different cell types
contributing to the microenvironment and it is malifficult to evaluate the effects of the
MAPK inhibitors, since different cell types readfferently to these inhibitors. In HCC tissue,
several chemokines but also cytokines and growtttofa were elevated probably
contributing to the progression of HCEXx vivotissue treatment with sorafenib for only 8 h
already mediated a change in the microenvironmernthé HCC tissue showing that the
microenvironment can be rapidly modulated (Figuré, #igure 49). Moreover, the
microenvironment was also altered in the adjaceeglthy” tissue indicating that sorafenib
has effects beyond the tumor tissue (Figure 48)rei§0).

In the HCC tumor tissue, the increased angiogeastofs like CXCL8, VEGF and CXCL1
could be reduced with sorafenib treatment showivag sorafenib has angiostatic activity in
the tumor tissue and that this effect seems taabydVIAPK independent. This indicates that
for an effective inhibition of angiogenesis in HC&pecific MAPK inhibitors are not
sufficient for HCC treatment.

Sorafenib reduced not only the concentration ofoiacinvolved in angiogenesis, but also
some others. For example, IL-6, which has beenigadd in the progression of HCC, was
reduced after sorafenib treatment indicating tloafenib has a broad effect for the fight

against HCC. In HCC tumor tissue, CXC chemokinesevirecreased and could be decreased

132



6.3 HCC and MAPK Pathway in the Tissue

with sorafenib treatment. In the future, it has e analyzed what consequence this

modulation of chemokine has for the constellatibthe immune cells of the liver.

In a first experiment, we could observe that the KMiBhibitors U0126, AZD6244 and
PD0325901 had an effect on the microenvironmenwel (data not shown). Already, the
results clearly show that sorafenib and the otbstetl MAPK inhibitors have also an effect
on the healthy liver tissue. Interestingly, evea thutant-specific B-Raf inhibitor PLX4720
seems to have an effect on the HCC tumor tissuettandhealthy liver, indicating that the
inhibition of the wild-type B-Raf is strong enougio induce an alteration of the
microenvironment.

Our preliminary data show that sorafenib, the MBKibitors and the mutant-specific B-Raf
inhibitor PLX4720 have some opposing effects sutygggartly independent effects of the
MAPK pathway. Sorafenib seems to have broader “sftkrts” on other signaling pathways
and for the regulation of cytokine and chemokineretgon in the tissue, which is in
accordance to tha vitro studies. As other groups have shown, the JNK, 038 NKB
pathways are important for the secretion of sevgrtkines, chemokines and growth factors
(Kumaret al, 2009; Nagaet al, 2011; Venkateshet al, 2005; Wonget al, 2005).

In the future it has to be analyzed to what extéra microenvironment is altered by the
MAPK inhibitors and whether treatment of HCC noripalthe cytokine and chemokine
milieu in the tumor tissue. Moreover, it is inteieg to analyze how these alterations of the
microenvironment effect the composition of immuredlscin HCC tumor tissue and what

consequences this will have for the patient.
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6.3.3 Conclusions

The tumor microenvironment is a very complex nekwvand the progression towards
cirrhosis and HCC changes the microenvironmenhénliver. Several different cytokine and
chemokine modifications are involved in liver disea and the development into HCC, but
the exact mechanisms are still to be solved. Tha ohalicate that the cirrhotic and tumor
microenvironment are not clearly shifted to a prflammatory or an anti-inflammatory
direction, but rather both pro- and anti-inflamnrgitsides are altered. The decrease of pro-
inflammatory factors in HCC tumor tissue suggebkts & partial inflammatory condition is
essential to suppress tumor development in the. limghe future, it has to be analyzed which
cytokines and chemokines are the key players fgulaging the immune system in the tumor
tissue. Since HCC is different among patients, Wwidgprobably induced e.g. by etiology, it is
difficult to unravel these key players for tumorvdmpment and progression. Thus,
modulation of the tumor microenvironment might bee strategy for tumor treatment in the
future. Sorafenib or MEK inhibitor treatment seeim®e on the right way for the modulation
of the microenvironment, since factors important &mgiogenesis and tumor growth are
reduced. However, the consequences of the reductitiee cytokine and chemokine milieu
for the healthy and tumor liver tissue have to beealed. Due to the broader effects of
sorafenib on the modulation of the microenvironmaetttibition of only the MAPK pathway
seems not to be sufficient. A combinational thertgrgeting different pathways might be a
more effective strategy for HCC treatment.

Alterations of the tumor but also the healthy m&raronment will have an effect on the
migration and composition of intrahepatic lymphasytike NK cells. Hopefully, alterations
of the microenvironment (e.g. reduction of the cbkmes induced by sorafenib), will

reconstitute NK cell numbers in the tumor tissue.

In my opinion, it is an important approach to congsmall molecule treatment like sorafenib
with other drugs to trigger tumor cell death on dme hand and but also to alter the tumor
microenvironment in such a way that lymphocyte @iign into the tumor tissue is increased
and the immune system is stimulated to recognizekdhthe tumor cells. By this approach,
the tumor is attacked by different mechanisms amndlii be harder for the tumor to develop

evasion or resistance mechanisms.
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Appendix

Appendix 1: Total amount of JNK, p38 and Akt after MAPK inhibitor tr eatment. HepG2,
Hep3B and Huh-7 cells were treated with 5 uM MAPK inhibitor or DMSO as control for up to 96 h.
The total level of JNK, p38 and Akt was measured. Effect of PLX4720 was not tested for Huh-7
cells. Shown is one representative experiment of up to three independent experiments. For each
experiment, protein concentration was adjusted to 500 pg/ml and a minimum of 50 beads was
measured and MFI was calculated. The readout of the phosphoplex is the MFI of > 50 beads
detecting total-kinases.

Appendix 2: Total amount of c-Jun and ATF-2 after MAPK inhibitor t reatment. HepG2, Hep3B
and Huh-7 cells were treated with 5 uM MAPK inhibitor or DMSO as control for up to 96 h. The
total level of c-Jun and ATF-2 was measured. Effect of PLX4720 was not tested for Huh-7 cells.
Shown is one representative experiment of up to three independent experiments. For each
experiment, protein concentration was adjusted to 500 pg/ml and a minimum of 50 beads was
measured and MFI was calculated. The readout of the phosphoplex is the MFI of > 50 beads
detecting total-kinases.
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