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Abstract

Hodgkin lymphoma (HL) is among a heterogeneous group of lymphomas. Over 80% of all
patients can be cured with chemo- and radiotherapy. HL has become a model to study long-term
effects of radio- and chemotherapy, because of the excellent prognosis. There are a significant
number of patients who suffer or die because of the treatment-related long-term toxicity. The aim
of this work was to discover new possible biological factors to predict poor prognosis and offer
new aspects to individualize patient treatment in a convenient manner in HL.

The retrospective study involved HL patients uniformly treated in 1997-2015.
Immunohistochemistry was used to determine the expression of various biological markers,
including oxidative stress markers 8-hydroxydeoxyguanosine (8-OHdG) and nitrotyrosine and the
antioxidant enzymes manganese superoxide dismutase (MnSOD) as well as peroxiredoxins (Prx
1L, Prx III, Prx V, Prx VI) in HL patient samples. Using immunohistochemistry, we also evaluated
expression of hypoxia-inducible factors (HIF-1a, HIF-2a), prolyl hydroxylase domain enzymes
(PHD1, PHD2, PHD3), the epigenetic regulator lysine (K)-specific demethylase 4 (KDM4A,
KDM4B, KDM4D) as well as sirtuins (SIRT1, SIRT4, SIRT6), the DNA-repair proteins Human
Rapl interacting factor 1 (Rifl) and 06-alkylguanine DNA alkyltransferase (MGMT) from
representative classical Hodgkin lymphoma (cHL) patient samples.

Low-level expression of 8-OHdG was associated with poorer relapse-free survival (RFS) in
advanced-stage HL and a high extent of MnSOD predicted early relapse in the whole HL cohort.
Strong expression of PHD1, KDM4B and KDM4D predicted dismal RFS in radiotherapy-treated
cHL patients. The results also showed that strong expression of HIF-1a, SIRT6 and Rifl, and
SIRT6 together with Rifl, were associated with prolonged RFS, especially in advanced-stage
radiotherapy-treated cHL patients. In multivariate analysis, PHD1, MnSOD, 8-OHdG and Rifl
separately and together with SIRT6 were statistically significant predictors of RFS.

The results reflect the significance of the studied biomarkers in HL, especially in radiotherapy-
treated patients. This might be beneficial when individualizing treatment strategies, avoiding
overtreatment and controlling long-term treatment-related toxicity. Further research, however, is
needed to confirm these preliminary findings.

Keywords: antioxidants, DNA repair, epigenetic, Hodgkin lymphoma, hypoxia,
oxidative stress, radiotherapy
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Tiivistelma

Hodgkinin lymfooma (engl. HL) kuuluu heterogeeniseen imukudossydpien eli lymfoomen ryh-
médn. Yli 80 % lymfoomapotilaista voidaan parantaa solunsalpaaja- ja siédehoidon avulla.
Hyvién ennusteen takia HL- tutkimuksen tdrked painopiste on séde- ja solunsalpaajahoidon pit-
kén ajan haittavaikutukset. Huomattava méaéra potilaista kérsii tai jopa kuolee hoitoon liittyvistd
pitkdaikaishaitoista johtuen. Tdmén tutkimuksen tarkoituksena oli 16yt44 uusia mahdollisia bio-
logisia tekijoitd, jotka ennakoisivat taudin huonoa ennustetta ja samalla antaa uusia ndkokulmia
HL potilaiden hoidon yksil6llistdmiseen.

Tama retrospektiivinen tutkimus késitti vuosina 1997-2015 samanlaisesti hoidettuja Hodgki-
nin lymfooma -potilaita. Immunohistokemiallisilla vérjayksilld mééritettiin biologisten merkki-
aineiden, mukaan lukien oksidatiivisen stressin markkereiden 8- hydroksideoksiguanosiinin (8-
OHJQ) ja nitrotyrosiinin, seké antioksidanttientsyymien mangaanisuperoksidi-dismutaasin
(MnSOD) seké peroksiredoksiinien (Prx II, Prx III, Prx V, Prx VI) ilmentymistd HL -potilas-
néytteissd. Méadrittelimme my6s immunohistokemiallisilla vérjdyksilld epigeneettisten séddtelijoi-
den lysiinin spesifisen demetylaasientsyymin 4 (KDM4A, KDM4B, KDM4D) seké sirtuiinien
(SIRT1, SIRT4, SIRT6), hypoksiaa indusoivien tekijéiden (HIF-1a, HIF-2a), prolyylihydroksy-
laasientsyymien (PHD1, PHD2, PHD3) ja DNA:ta korjaavien proteiinien Rap1 vaikuttuvan teki-
ja 1 (Rifl) ja Oé-metyyliguaniini-DNA metyylitransferaasin (MGMT) ilmentymisti edustavissa
klassista Hodgkinin lymfoomaa sairastavien potilaiden (engl. cHL) niytteissa.

Heikko 8-OHdG virjaytyminen ennusti ennenaikaista taudin uusiutumaa levinneessda HL:ssa
ja korkea MnSOD ilmaantuvuus ennusti ennenaikaista taudin uusiutumaa koko HL -ryhmaéssa.
Sadehoidetuilla cHL potilailla voimakas PHD1, KDM4B ja KDM4D vérjdytyminen ennusti
ennenaikaista taudin uusiutumaa. Tulokset osoittivat myds, ettd erityisesti sédehoidetuilla levin-
neen taudin cHL potilailla voimakas HIF-1a, SIRT6, Rifl ja SIRT6 yhdesséd Rifl:n kanssa oli
yhteydesséd pidentyneeseen uusiutumavapaaseen aikaan. Monimuuttuja-analyysissd PHDI1,
MnSOD, 8-OHdG ja Rifl itsendisend ja yhdessd SIRT6 kanssa ennustivat tilastollisesti merkit-
sevisti taudin ennenaikaista uusiutumaa.

Tulokset osoittavat ndiden eri biomarkkereiden merkittdvyyden HL:ss4, erityisesti sidehoi-
toa saaneilla potilailla. Tuloksista voi olla hydtyd, kun hoitokdyténtdjd yksiloiddan, mikd voisi
helpottaa vilttdma&an liiallista hoitoa ja hallitsemaan pitkdaikaisiin hoitoihin liittyvid haittoja.
Naéiden alustavien havaintojen vahvistamiseksi tarvitaan kuitenkin lisdtutkimuksia.

Asiasanat: antioksidantit, DNA:n korjaus, epigenetiikka, Hodgkinin lymfooma,
hypoksia, oksidatiivinen stressi, sddehoito
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1 Introduction

Hodgkin lymphoma (HL) covers a group of lymphomas that is comparatively rare.
The incidence rate of HL has changed minimally in recent decades. In Finland, 150
new cases of HL were diagnosed in 2015. World Health Organization (WHO)
classification divides HL into two main types — classical Hodgkin lymphoma (cHL)
and nodular lymphocyte-predominant Hodgkin lymphoma (NLPHL). The former
is further divided into four subgroups. The cHL portion represents 95% and the
NLPHL type 5% of all cases of HL. The majority of patients are diagnosed between
the ages of 15 and 30 and a second peak is seen in adults aged 55 years or more
(Swerdlow ef al., 2016, Finnish Cancer Registry 2015).

The treatment of HL has improved as a result of multi-agent chemotherapy and
advances in modern radiotherapy. Current chemo- and radiotherapy cures over 80%
of all HL patients, both young and old (Stathis & Younes 2015). Although the
prognosis of HL is generally favourable, there are still challenges in its treatment.
Survival rates drop significantly if a complete response (CR) is not achieved with
first-line treatment. The second main challenge is long-term overall survival, which
is adversely affected because of the increased incidence of cardiovascular diseases
and secondary malignancies arising from treatment-related long-term toxicity (van
Nimwegen et al., 2015, Schaapveld et al., 2015).

Aerobic cells generate reactive oxygen species (ROS), which are highly
reactive molecules. They have an unpaired electron in their outermost orbital.
Immoderate production of ROS is able to cause damage to cellular macromolecules
and lead cells to a state called oxidative stress. Antioxidant enzymes are situated in
various locations in cells and their function is to reduce ROS to more harmless end-
products (Finkel 2003, Karihtala & Soini 2007, Sies, Berndt & Jones 2017).

Hypoxia reflects inadequate oxygen in cells. Cancer cells must adapt to a
hypoxic environment by initiating a specific DNA transcription programme to
survive. Hypoxia-inducible factors (HIFs) are the most important transcription
factors in hypoxia. Prolyl hydroxylase domain proteins (PHD1-3) can hydroxylate
HIFs under normoxic conditions. PHD proteins also have HIF-independent roles
(Semenza 2011).

DNA repair pathways are essential to defend against various forms of
endogenous and environmental DNA damage. However, cancer cells can use up-
regulated DNA repair pathways, leading to resistance to DNA-damaging
chemotherapy and radiotherapy. Inhibiting or at least being conscious of these

19



pathways may be important as regards sensitizing cells to cancer treatment (Curtin
2012).

To evaluate treatment strategies better, there is a need for better predictive and
prognostic biomarkers in cHL. Future biomarkers could open new aspects, focusing
on molecular abnormalities in Hodgkin and Reed—Sternberg (HRS) cells or the
microenvironment. These biomarkers could be used for individualizing treatment
strategies, helping to eliminate the malignancy and also controlling long-term
treatment-related toxicity. In the present study, the aim was to identify biological
markers that could offer a new perspective in individualizing patient treatment. In
further development of HL treatment it will be important to be conscious of
therapeutic selection, using predictive biological markers to select patients at risk
of refractory disease or relapse.
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2 Review of the literature

21 Lymphoma

Lymphoma was first noted in 1666 by Dr. Malpighi, who found prominent splenic
nodules in a young female at autopsy (Malpighi 1666). In 1832 Sir Thomas
Hodgkin published a paper entitled “On some morbid appearances of the absorbent
glands and spleen” (Hodgkin 1832) and later the disease was named after him. All
lymphomas were subsequently divided into two main subgroups: Hodgkin
lymphoma (HL) and non-Hodgkin lymphoma (NHL). Diagnostic technology
developed with great advances after 1832 and nowadays the World Health
Organisation (WHO) recognises almost one hundred various subtypes of
lymphoma (Swerdlow et al., 2016).

2.1.1 Epidemiology

In 2015, a total of 1311 lymphomas were diagnosed in Finland. Of these cases, 150
were HL, which means that HL represented 11% of all lymphomas and 0.05% of
all cancer cases in Finland in 2015. The incidence of HL worldwide shows a
bimodal age distribution, first in 15- to 30-year-olds, with a second peak after 60
years of age in men and women. Men are diagnosed more often with HL than
women in Western countries. The HL incidence rate was 2.7 per 100 000 in Finland
in 2015 (Finnish Cancer Registry 2015). Globally the incidence rate of HL varies
greatly; in developed countries it is much higher than in less developed regions. HL
incidence has not increased in Finland or in other Western countries during the last
decades. (Finnish Cancer Registry 2015, IARC, Globocan 2012).

2.1.2 Aetiology

In 1966 MacMahon suggested the hypothesis that an infectious aetiology may be
behind HL in young patients (MacMahon 1966). Infectious mononucleosis has
been known to be linked to HL since 1974 (Connelly & Christine 1974). The
Epstein-Barr virus (EBV) has been linked to an elevated risk of HL in young adults.
The prevalence of EBV in HRS cells varies greatly within cHL subtypes. In
Western countries approximately 40% of cHL cases are EBV-positive, but in
Central and South America the incidence is almost 90% (Shannon-Lowe,
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Rickinson & Bell 2017, Swerdlow et al., 2016). Although cHL patients may not be
EBV-positive, there is evidence suggesting that EBV has a role in the pathogenesis
of HRS cells (Vockerodt et al., 2015). There are also researchers who believe that
in EBV-negative cases another viral agent may be involved in the pathogenesis (zur
Hausen & de Villiers 2005).

Viral infections do not explain the whole aetiology of HL; there are several risk
factors which have been linked to HL, including genetic, selected lifestyle (e.g.
tobacco, alcohol), environmental risk factors (e.g. ultraviolet radiation exposure)
and moderate immunosuppression (e.g. Human immunodeficiency virus (HIV)
infection, organ transplant) (Besson et al., 2006, Ekstrom et al., 2005, Crump,
Sundquist, Sich, Winkleby & Sundquist 2012, Shiels et al., 2014, Clarke et al.,
2013).

2.1.3 Classification of lymphomas

Nowadays lymphomas can be classified according to the cell line from which they
have originated. Most non-Hodgkin lymphomas originate from B cells. In NHL
there are also subgroups originating from T cells and natural killer (NK) cells. HL
is subdivided to classical Hodgkin lymphoma (cHL) and nodular lymphocyte-
predominant Hodgkin lymphoma (NLPHL) (Swerdlow et al., 2016). Classical
Hodgkin lymphoma can be further sub-classified into nodular sclerosis cHL
(NSCHL), mixed cellularity cHL (MCCHL) lymphocyte-depleted cHL (LDCHL)
and lymphocyte-rich cHL (LRCHL). This classification is based on differences in
morphology, histological picture and the immunophenotype of the tumour cells.
Both cHL and NLPHL have neoplastic cell populations, which are mononucleated
or multinucleated. In cHL these neoplastic cells are called Hodgkin and Reed—
Sternberg (HRS) cells, and in NLPHL, lymphocyte-predominant (LP) cells.

Nodular Sclerosis Classical Hodgkin lymphoma

NSCHL is the most common subtype of cHL, representing approximately 70% of
all HL cases, and its incidence continues to rise (Clavel Steliarova-Foucher, Berger,
Danon & Valerianova 2006). NSCHL is found more often in patients of high
socioeconomic status, in young adults, and less often in the elderly (Engert et al.,
2005). NSCHL gene expression profiling differs from that in other forms of cHL,
and EBV infection is not as common in it as in other cHL subtypes. NSCHL is
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clinically the most favourable histological subtype of cHL (Devilard et al., 2002,
Swerdlow et al., 2016).

Histologically, NSCHL lymph nodes show thickened capsules and collagen
bands surround a single nodulus. The number of HRS cells differs notably between
NSCHL patient samples and also between lymph nodes (Swerdlow et al., 2016).

Mixed cellularity classical Hodgkin lymphoma

MCCHL represents 20-25% of all HL cases. It is more common in low-
socioeconomic-status patients. HI'V infection increases the risk of development of
MCCHL (Clarke Glaser, Keegan & Stroup 2005). EBV is linked to MCCHL HRS
cells in almost 75% of cases (Swerdlow et al., 2016). MCCHL is a more common
subtype in men than in women and it is found in both paediatric and elderly patients
(Eberle, Mani & Jaffe 2009). MCCHL occurs in the thymus gland or mediastinum.
Unlike NSCHL, MCCHL involves peripheral lymph nodes and bone marrow.
Usually MCCHL patients do not have B symptoms (Eberle, Mani & Jaffe 2009).
Together with LDCHL patients, MCCHL patients have the worst prognosis among
cHL subtypes (Allemani Sant, De Angelis, Marcos-Gragera & Coebergh 2006).

The microenvironment consists of small lymphocytes, neutrophils, eosinophils,
plasma cells and histiocytes. The type of infiltration can be nebulous, nodular or
diffuse. Characteristic features of other forms of cHL are absent (Swerdlow et al.,
2016).

Lymphocyte-depleted classical Hodgkin lymphoma

LDCHL is the most uncommon subtype of cHL — less than 1% of all HL cases.
LDCHL is found mostly in elderly patients (Neiman & Rosen 1973). Similarly to
MCCHL, HIV infection and low socioeconomic status are linked to LDCHL
(Clarke, Glaser, Keegan & Stroup 2005). Typically, LDCHL involves peripheral
lymph nodes and bone marrow, but not the thymus gland or mediastinum (Eberle,
Mani & Jaffe 2009). EBV is closely linked to LDCHL; over 80% of cases are EBV-
positive (Swerdlow et al., 2016).

Histologically, there are plenty of HRS cells and/or a few small lymphocytes
in the microenvironment of LDCHL. The histology varies greatly. In some cases
HRS cells are anaplastic and in some cases the microenvironment reminds one of
NSCHL, with extensive diffuse fibrosis (Swerdlow et al., 2016).
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Lymphocyte-rich classical Hodgkin lymphoma

LRCHL covers approximately 5% of HL cases. Most LRCHL patients are male.
EBV-positive HRS cells vary greatly in LRCHL; they are found in approximately
40-80% of cases (Swerdlow et al., 2016). At the time of diagnosis, LRCHL appears
as peripheral lymphadenopathy, with no mediastinal involvement. Stage varies
typically between stage I and II and B-symptoms are rare. The survival rate in cases
of LRCHL is similar to that in NSCHL (Eberle, Mani & Jaffe 2009).

The microenvironment is known as lymphocyte-rich, which can be nodular or
diffuse. Germinal centre (GC) shape is preserved with B cell follicles. HRS cells
are found in mantle and marginal zones. Eosinophils and neutrophils are not present
in LRCHL nodular infiltrates (Swerdlow et al., 2016).

Nodular lymphocyte-predominant Hodgkin lymphoma

NLPHL is a unique lymphoma group covering around 5% of all HL cases. Most of
the NLPHL patients are diagnosed with limited stage. Difference to cHL, NLPHL
tends to tends to transform into more aggressive NHL (Swerdlow e al., 2016).

LP cells iclude one large single folded or polylobated vesiculated nucleus
(Swerdlow et al., 2016). The microenvironment aroud LP cells are a nodular or
follicular background, where B lymphocytes are dominated. Discrimination of
NLPHL from cHL and other lymphomas can be challenging. For correct diagnosis,
immunophenotyping is key position (Swerdlow et al., 2016).

2.1.4 Biology of classical Hodgkin lymphoma

Malignant cells, HRS cells, originate from germinal-centre (GC) B cells (Kanzler,
Kiippers, Hansmann & Rajewsky 1996). HRS cells rearrange immunoglobulin-
chain genes in the GC (Kiippers et al., 1994). B cells gain favourable
transformations in the GC, and high-affinity B cell receptors (BCRs). HRS cells
have unfavourable mutations in the GC and have to escape apoptosis. There is not
completely clear scientific knowledge of the transformation of B cells to HRS cells.
At present the hypothesis is that it is a multistep process, where transforming events
occur before naive B cells enter the GC. The final transforming events take place
when HRS cells exit the GC (Kiippers, Engert & Hansmann 2012).
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Origin of HRS cells

HRS cells retain representative markers of different hematopoietic lineages: B cells
(paired box protein 5 (PAXS), CD20), T cells (CD3, notch homolog 1,
translocation-associated (NOTCH1), GATA-binding protein 3 (GATA3)), dendritic
cells (fascin, chemokine ligand 17 (CCL17)), NK cells (DNA-binding protein
inhibitor 2 (ID2)), and myeloid cells (colony-stimulating factor 1 receptor (CSFR1))
(Schmitz, Stanelle, Hansmann, Kiippers 2009). HRS cells express CD30 and CD40,
in 75-80% of them, CDI15, and in 30-40%, CD20 (Schwering et al., 2003,
Swerdlow et al., 2016). Interferon regulatory factor 4 (IRF4) is also strongly
expressed in HRS cells (Valsami et al., 2007). Compared with other lymphomas
HRS cells have a higher number of chromosome abnormalities (Weber-Matthiesen,
Deerberg, Poetsch, Grote & Schlegelberger 1995).

The role of EBV in cHL pathogenesis

EBV-positive HRS cells express three proteins: EBV nuclear antigen 1 (EBNATI)
and latent membrane proteins (LMPs) 1 and 2A. All EBV-infected cells express
EBNAI1 protein. EBNAI is necessary for replication of the episomal EBV genome.
EBNA1 down-regulates the tumour suppressor protein-tyrosine phosphatase.
There is also evidence that it modifies regulatory T cells (Treg cells) in the
microenvironment of cHL by upregulating CCL20 (chemokine ligand 20) (Flavell
et al., 2008, Baumforth et al., 2008). LMP1 sticks to the HRS cell membrane. It
imitates an active CD40 receptor, which causes activation of the NF-kB pathway
(Kilger, Kieser, Baumann & Hammerschmidt 1998). Furthermore, LMP1 brings
about activation of AP1 (activator protein 1), p38 (mitogen-activated protein
kinase), PI3K (phosphatidylinositol 3-kinase) and the JAK/STAT (Janus
kinase/signal transducers and activators of transcription) signalling pathway
(Young, Dawson & Eliopoulos 2000, Dawson, Tramountanis, Eliopoulos & Young
2003). LMP2A has an important role in HL lymphomagenesis. It mimics activated
BCRs, which contributes to HRS cell survival, including activation of the PI3K/
protein kinase B (AKT) pathway and anti-apoptotic functions (Portis &
Longnecker 2004, Chaganti et al., 2005, Shannon-Lowe, Rickinson & Bell 2017).
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The NF-kB pathway

In normal B cells nuclear factor kappa B (NF-kB) is momentarily active when
BCRs are positively chosen by interaction with T helper cells and signalling via the
BCR (Bargou et al., 1997). Activation of NF-kB causes various changes in cellular
processes, including cell survival, proliferation, cell adhesion and differentiation
(Vallabhapurapu & Karin 2009).

In HRS cells the NF-kB pathway is continuously active. There are two
pathways that lead to NF-kB pathway activation, the canonical and alternative
pathways (de Oliveira ef al., 2016, Jost & Ruland 2007). Continuous activation of
the NF-kB pathway in HRS cells is created through receptor stimulation, but there
are also mutations in the downstream pathway of NF-kB (Horie et al., 2002, Lake
etal., 2009, Liu et al., 2010).

The JAK/STAT pathway

The JAK/STAT pathway is also significant in HRS cell pathogenesis. There are
seven STAT and four JAK proteins in the human genome. This pathway is the most
important signalling pathway for cytokines. Cytokine stimulation activates JAKs,
which phosphorylate and further activate STAT transcription factors. These
phosphorylated STAT proteins translocate into the nucleus and bring about the
expression of target genes (Vainchenker & Constantinescu 2013). In HRS cells
STAT3, STATS and STATG6 proteins are active all the time (Kube et al., 2001,
Skinnider et al., 2002, Scheeren et al., 2008). Cells in the microenvironment
express interleukins, which activate STATs, but HRS cells can activate STAT6 by
autocrine stimulation of IL-13 (Skinnider et al., 2002). IL-21 and NF-kB activity
stimulate STAT3 and STATS5 (Lamprecht ef al., 2008, Hinz et al., 2002).

SOCSI1 (suppressor of cytokine signalling 1) is the most important inhibitor of
STAT activity and it is affected by inactivating mutations in approximately 40% of
cHL cases (Weniger et al., 2006). In addition, HRS cells show genomic gains (9p24)
of JAK2 in 20% of cases. JAK?2 is an activator of STAT signalling (Joos et al.,
2000). The same genomic gains also up-regulate PD-L1 (programmed death ligand
1), PD-L2 and also the epigenetic regulator KDM4C (Green et al., 2010, Rui et al.,
2010). Activation of the PD-1 pathway prevents T cell cytotoxic attack, and
KDMA4C participates in the epigenetic remodelling of HRS cells.
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Other pathways

The PI3K/AKT pathway is the most important promoter of cell survival in HRS
cells. This pathway is activated by signals transmitted through CD40, CD30,
RANK (receptor activator of NF-B) and receptor tyrosine kinases (RTKs). HRS
cells are driven to apoptosis if AKT is inhibited. Thus the PI3K/AKT pathway has
a necessary role in the survival and growth of HRS cells (Dutton, Reynolds,
Dawson, Young & Murray 2005, Georgakis et al., 2006).

The mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) pathway includes activation of ERK1, ERK2 and ERKS. In HRS
cells, this pathway regulates apoptosis, proliferation and differentiation (Zheng et
al., 2003). MAPK/ERK pathway activity is important for HRS cell survival and
proliferation, because inhibition of this pathway causes HRS cell apoptosis and
cell-cycle arrest (Zheng et al., 2003).

2.1.5 The microenvironment in classical Hodgkin lymphoma

The histology of cHL differs from that in other lymphomas, and it also differs
within the group of cHLs. The major component cells of cHL are called reactive
cellular infiltrate (RCI), or microenvironment. HRS cells comprise a minor portion
of the tumour, only 0.1%2% (Swerdlow et al., 2016). The microenvironment
differs within the subtypes of cHL (Table 1). EBV in HRS cells affects the structure
of the microenvironment. EBV expression varies greatly in cHL subtypes (Table 1).

T cells are found in the microenvironment of all subtypes of cHL (Poppema,
Bhan, Reinherz, Posner & Schlossman 1982). CD4+ T cells can be separated into
memory (CD45RO+) or naive (CD45RA+) cells. Most CD4+ T cells are helper T
(Th) cells, which have a significant role in starting the potent immune response. Th
cells can be subdivided into Treg, ThO (naive T cells), Thl (cellular response), Th2
(humoral response) and Th17 (interleukin 17 [IL-17] production) types. CD4+ T
cells are close to HRS cells, forming a tight rosette, especially Th cells and Treg
cells, but T cells can also be widely spread around the microenvironment (Ma et
al., 2008, Aldinucci, Gloghini, Pinto, Colombatti & Carbone 2012).

In addition to T cells there is remarkable variation in the composition of other
cell types in the microenvironment, including eosinophils, histiocytes, plasma cells,
fibroblasts, mast cells, B cells and neutrophils (Table 1). The structure of the lymph
node is different from normal (including changes in the microenvironment)
between the cHL subgroups (Table 1).
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Table 1. Consistency of the microenvironment in classical Hodgkin lymphoma (cHL)
subtypes. Table adapted from Visser et al., 2015.

Subypes Background T cells Other cells EBV (%)
Nodular sclerosis Nodular and fibrosis CD4 > CD8, Th2, Eosinophils, 1040
Treg > Th histiocytes, fibroblasts,

B cells, mast cells
(neutrophils)

Mixed cellularity Diffuse CD4 > CDS8, Th2, Eosinophils, 75
Treg > Th1 histiocytes, plasma
cells, B cells
Lymphocyte-rich Nodular or diffuse CD4 > CD8 Histiocytes 40-80
Lymphocyte-depleted Diffuse None Histiocytes 80-100

EBV=Epstein-Barr virus

Communication between the microenvironment and HRS cells

HRS cells remodel the composition of the microenvironment of cHL. The
microenvironment affects HRS cells in terms of survival, growth,
immunosuppression and proliferation (Wein & Kuppers 2016). The
microenvironment and HRS cells exhibit crosstalk, cytokines and chemokines
being expressed by both. A representation of the relationship between the
microenvironment and HRS cells is presented in Figure 1 and a histological picture
of cHL in Figure 2.

Tumour growth and support of survival

HRS cells express CD40 (TNFRSF5/tumour necrosis factor receptor superfamily
member 5) protein, which activates the NF-kB pathway and causes more effective
HRS cell formation (Gruss et al., 1994, Carbone, Gloghini, Gruss & Pinto 1995,
Annunziata, Safiran, Irving, Kasid & Cossman 2000). At least Th2 cells and Treg
cells in rosettes express CD40, which enables HRS to survive (Carbone, Gloghini,
Gruss & Pinto 1995).

Th2 cells, mast cells and eosinophils can produce IL-3 and most HRS cells
express IL-3 receptor (Aldinucci et al., 2005). IL-3 activation causes cells to avoid
apoptosis and also enhance proliferation (Aldinucci et al., 2005). HRS cells
produce IL-7, IL-9 and IL-13 and they also have receptors for the same interleukins.
IL-7 promotes an anti-apoptosis effect and also increases proliferation (Cattaruzza
et al., 2009). IL-9 promotes tumour growth and IL-13 contributes to the
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transformation of naive T cells towards to the Th2 and Treg phenotypes (Kapp et
al., 1999, Glimelius et al., 2006, Tanijiri et al., 2007).

In addition to CD40, HRS cells have another TNFR (tumour necrosis factor
receptor) on their membranes; CD30. Both mast cells and eosinophils have CD30
ligands, and they are found in the cHL microenvironment (Pinto et al., 1996, Molin
et al., 2002). Activation of CD30 induces secretion of TNFa (tumour necrosis
factor alpha) and IL6 and it may also participate in HRS cell NF-kB activity (Pinto
et al., 1996, Molin et al., 2002). Activation of CD30 also increases levels of
lymphotoxin-a, ICAM-1 (Intercellular Adhesion Molecule 1) and B7 family
proteins, such as CD80 and CD86. In cHL, activation of CD30 promotes tumour
cell growth and survival (Deutsch Tadmor, Podack & Rosenblatt 2011).

Compared with B cells, HRS cells show abnormal activity and expression of
multiple RTKs, which have a role in cell growth and survival. HRS cells can
express tyrosine kinase ligands themselves, but they are also produced in the
microenvironment. DDR1 (discoidin domain receptor tyrosine kinase 1) is
produced by EBV-positive HRS cells and DDR?2 is activated in a paracrine fashion
(Cader et al., 2013, Renné, Willenbrock, Kiippers, Hansmann & Brauninger 2005).
Both DDR1 and DDR2 protect HRS cells from apoptosis by binding to collagen
that is close to HRS cells (Renne, Willenbrock, Kiippers, Hansmann & Briuninger
2005, Cader et al., 2013). PDGF (platelet-derived growth factor) is particularly
involved in growth factor signalling pathways. PDGFRA (platelet-derived growth
factor receptor A) is expressed in HRS cells and its ligand PDGFA (platelet-derived
growth factor A) is produced by HRS cells. A therapeutic drug, Imatinib, is a
PDGFRA inhibitor which decreases HRS cell proliferation (Renné, Willenbrock,
Kiippers, Hansmann & Brauninger 2005).

HRS cells shape the microenvironment

Rosette formation between HRS cells and CD4+ T cells and Treg cells involves
adhesion molecules CD54-CD11a and CD58-CD2 (Sanders et al., 1988, Fromm,
Kussick & Wood 2006). HRS cells create important connections to T cells by way
of B7 family proteins (CD80, CD 86). These B7 family antigens bind to CD28 of
T cells. Connection presumably enhances reciprocal stimulation of both HRS cells
and T cells (Nozawa, Wakasa & Abe 1998).

Rosetting T cells support HRS cells by way of ligand-receptor interactions.
HRS cells produce many specific chemokine ligands, to shape the
microenvironment around the cells. They secrete CCL17 (chemokine ligand 17)
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and CCL22 to bind CCR4-positive Th2 cells, Treg cells, monocytes and basophils
in the microenvironment (van den Berg, Visser & Poppema 1999, Peh, Kim &
Poppema 2001). IL-5, CCL5 and CCL2 induce eosinophils to remain in the
microenvironment (Skinnider et al., 2002, Hanamoto et al., 2004), and IL-13,
tumour necrosis factor alpha (TNF-a) and fibroblast growth factor (FGF) act on
fibroblasts (Skinnider et al., 2002). Fibroblasts also secrete CCL11 and IL-7 to
infiltrate Th2 and proliferating Treg cells (Jundt et al., 1999, Cattaruzza et al.,
2009). HRS cells are adversely affected by nearby CD26-positive cells because
they inactivate HRS cell chemokines such as CCL5, CCL17 and CCL20 (Wolf,
Albrecht & Mirki 2008). As previously mentioned, HRS cells secrete interleukins
(IL-7, IL-13) that stimulate differentiation of T cells.

In addition to HRS cells, “ordinary” cells also participate in shaping the
microenvironment. Fibroblasts have an important function by producing eotaxin,
which activates Th2 cell and eosinophil infiltration to the microenvironment (Jundt
et al., 1999).

Immunosuppression in the microenvironment

Treg cell rosette formation around HRS cells might explain its immunosuppressive
role. Treg cells suppress CTLs (cytotoxic T lymphocytes) and NK cells. They
strongly secrete immunosuppressive cytokine IL-10 and express CTLA4 (cytotoxic
T-lymphocyte-associated protein 4) protein receptor (Marshall et al., 2004,
Chemnitz et al., 2007). Treg cell CTLA-4 binds CTL cell CD28 and suppresses the
cytotoxic effect. CTLA-4 also induces activated Th cells in the microenvironment,
which might cause cytotoxic cells to repress an anti-HRS cell attack (Marshall et
al., 2004). HRS cells also directly secrete immunosuppressive cytokines such as
TGF-B (transforming growth factor beta) and galectin-1 in addition to IL-10
(Skinnider et al., 2002, Gandhi et al., 2007).

Approximately 30—40% of cHL cases are infected by EBV and express viral
antigens (Kapatai & Murray 2007). EBV-positive cases present HLA-A (human
leukocyte antigen-A; included in HLA class I) and EBV-negative cHL cases present
HLA class II (Poppema 2005). To escape from an effective anti-tumour immune
response, HRS cells have to down-regulate HLA class II in EBV-negative cases
and demonstrate polymorphism of HLA class I in EBV-positive cases, which allows
HRS cells to escape from CDS8-mediated cytotoxicity (Poppema 2005). Down-
regulation of HLA class I usually activates NK cells. These cells contain HLA-G,
which allows HRS cells to escape from NK cells. Also, HLA-G may induce Treg
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cells and limit the cytotoxic T cell response (Diepstra et al., 2008). HRS cells try
to down-regulate MHC I and -II (major histocompatibility complex), in order not
to be revealed by CTL or Th cells, which support the cytotoxic cells (Wein &
Kiippers 2016).

HRS cells express FasL. (CD95L), and PD-L1 and -L2. HRS cells can bring
about T-cell exhaustion by constant stimulation of the PD-1 receptor expressed on
T cells by PD-L1 (Kim, Eow, Peh & Poppema 2003, Verbeke, Wenthe, Grobholz
& Zentgraf 2001). T cells express PD1 and can be activated by HRS cell PD-L.1/2,
which causes exhaustion of T cells. This is reversible inhibition of T-cell
proliferation and allows HRS cells to avoid an immune response (Keir, Butte,
Freeman & Sharpe 2008, Weber 2010).

EBNA2 | Immune escape 7/
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Fig. 1. Demostrates the relationship between HRS cell and mircoenviroinment. Arrows

demonstrate the stimulating actions, two lines point out inhibitory actions. Figure
published by permission of Visser et al., 2015
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Fig. 2. (A) Positive immunohistochemical staining of Rif1 in HRS cells (arrows). (B)
Positive immunohistochemical staining of SIRT6 in both HRS (arrows) cells and
microenvironment/RCI (arrowheads)

Prognostic and predictive significance of the microenvironment

There is evidence that certain types of microenvironment are associated with
prognosis. High amounts of mast cells or eosinophilia have been linked to a poor
rate of failure-free survival (Pinto ez al., 1996, Molin et al., 2002). The reason might
be that mast cells and eosinophils express CD30L. Large amounts of Th2 cells in
the microenvironment have been associated with prolonged disease-free survival
(Wolf M, Albrecht S & Mirki 2008). Similar results have been observed with Treg
cells in two studies (Alvaro et al., 2005, Schreck et al., 2009). Treg cells seems to
be in a significant role in immune evasion and most likely there will be tested Treg
immune checkpoint inhibitor in cHL (Wein ef al. 2017). High expression levels of
active CTL cells are linked to poor clinical outcome and the same result is seen
when low expression levels of Treg cell markers appear together with high-level
expression of CTL markers (Oudejans et al., 1997, Alvaro et al., 2005). There is
immune checkpoint inhibitor (ipilimumab), which activates the immune system by
targeting CTLA-4. There is a clinical trial, where ipilimumab is combined with
brentuximab vedotin (BV) has shown promising results (Diefenbach et al., 2015).
The pathogenetic nature of the microenvironment is important for cHL and it
has been a highlighted research topic for decades. Crosstalk significance is evident
when trying to grow HRS cells in culture or in immunodeficient mice (Kapp et al.,
1993, Vockerodt et al., 1998). There is more evidence of the crosstalk of HRS cells
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with non-malignant cells, which enables new therapeutic strategies for treatment.
Treatment does not need to involve targeting of HRS cells. For instance,
alemtuzumab targets CD52-positive T cells in the microenvironment, ignoring
CD52-negative HRS cells (Rodig ef al., 2006). Disturbing the PD1-PD-L1 system
between HRS cells and T cells has shown promising results in refractory HL
patients (Ansell et al., 2015). Recent study showed that PD-1 blockade treatment
predicts favourable outcome in those who have positive MHC class II on HRS.
These results prove that PD-1 blockade treatment affects despite CD8+ T cell—
mediated mechanisms also by CD4+ T cell-associated mechanism. (Roemer et al.,
2018) PD-1 inhibitors (nivolumab, pembrolizumab) have been approved by the US
Food and Drug Administration and the European Medicines Agency for patients
with refractory cHL.

The appearance of CD68+ or CD163+ tumour-associated macrophages (TAMs)
in the microenvironment is linked to poor prognosis in HL (Steidl ez al., 2010, Tan
et al., 2012). In a recent meta-analysis, high expression levels of CD68+ and
CD163+ TAMs in the microenvironment predicted poor overall survival (OS) and
progression-free survival (PFS) in adult cHL patients and were also associated with
EBV-positive HRS cells and certain clinical parameters (advanced stage, B-
symptoms and IPS) (Guo, Cen, Tan & Ke 2016).

2.1.6 Clinical features and diagnostics of classical Hodgkin
lymphoma

Patients with Hodgkin lymphoma can be diagnosed in different ways. Generally,
the most common finding is an enlarged lymph node that is not painful. Typical
enlarged lymph nodes can be found in supraclavicular, neck or mediastinal regions.
HL is usually present only in lymph nodes; extranodal effusions are rare. A minority
of HL patients also have B-symptoms, which are fever, notable weight loss, and
night sweating. HL diagnosis is based on an adequate biopsy specimen, which
should be evaluated by an experienced haematopathologist. For specific diagnosis
the haematopathologist evaluates the morphology of the sample and uses
immunohistochemical methods (Hoppe ef al., 2017).

After the haematopathologist has confirmed the diagnosis, the next step is to
determine the extent and distribution of the disease by whole body CT scan, bone
marrow biopsy and the assessment of risk factors of HL. Staging of HL is based on
the Workshop on the Staging of Hodgkin’s Disease at Ann Arbor in 1971 (Carbone,
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Kaplan, Musshoff, Smithers & Tubiana 1971, Cheson et al., 2014). The staging
system is outlined in Table 2.

Table 2. Staging of Hodgkin lymphoma. Table adapted from Cheson et al., 2014.

Stage Involvement
Limited

| One node or a group of adjacent nodes
1l Two or more nodal groups on the same side of the diaphragm

Advanced

1 Nodes on both sides of the diaphragm; nodes above the diaphragm
with spleen involvement

\Y Additional non-contiguous extra-lymphatic involvement

Clinical Prognostic factors

Clinical prognostic factors can be used to evaluate the outcome of the disease and
to choose the treatment strategy. These clinical prognostic factors are important for
dividing patients into different groups as regards treatment strategy and they also
aid in counselling (Gospodarowicz, O'Sullivan B & Koh 2006). Nevertheless, it is
important to understand that clinical prognostic factors are more accurate in
connection with patient groups than in individual patients. Clinical prognostic
factors can be divided into three groups: tumour-related factors, host-related factors
and environment-related factors (Gospodarowicz, O'Sullivan B & Koh 2006).

Limited-stage prognostic factors

In limited stage the most significant prognostic factor is still the combination of
tumour-involved regions and the abundance of disease in individual regions
(Specht 1988). There are so-called risk factors in limited stage, which are based on
the definition of unfavourable prognostic groups in clinical trials (Table 3) (Henry-
Amar et al, 1991, Tubiana et al, 1984). Functional imaging with
fluorodeoxyglucose positron emission tomography (FDG-PET) is useful for
assessing outcome and also the metabolic tumour volume during limited-stage
treatment (Filippi et al., 2013, Akhtari ef al., 2018). There are still false-positives
during treatment, but a negative result after the early phase of treatment seems to
have high predictive value and it also predicts good prognosis in limited-stage
disease.
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Table 3. Prognostic factors in limited-stage Hodgkin lymphoma.

Prognostic factors

Number of involved lymph node regions
Large tumour mass, particularly mediastinal
Tumour burden

B symptoms

Histological subtype

Age

Gender

ESR

Haemoglobin

Serum Albumin

(Early interim FDG-PET scan)

ESR= Erythrocyte sedimentation rate, FDG-PET = Fluorodeoxyglucose positron emission tomography

Advanced-stage prognostic factors

In advanced-stage HL the most important prognostic factor is still age (Peterson et
al., 1982). Co-morbidity increases with elderly patients, and with it the risk of
treatment-related toxicity, mortality, and treatment reduction (Engert et al., 2005,
van Spronsen, Janssen-Heijnen, Lemmens, Peters, Coebergh 2005). Histological
subtypes have a lesser role as prognostic factors. There are several studies where
lymphocyte depletion and mixed cellularity subtypes have been found to be adverse
prognostic factors (Allemani, Sant, De Angelis, Marcos-Gragera & Coebergh 2006,
Ranson et al., 1991). The most well-known variety of prognostic evaluation as
regards advanced-stage disease involves use of “The International Prognostic Score”
(IPS) (Table 4). The seven risk factors concerned are age = 45 years, male gender,
Ann Arbor Stage IV disease, haemoglobin < 10.5 g/dL, serum albumin < 40 g/L,
white cell count = 15 X 10%L and lymphocyte count < 0.6 X 10%L. (Hasenclever
& Diehl 1998).
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Table 4. The International Prognostic Score and its association with progression-free
survival. Table adapted from Hasenclever & Diehl 1998.

Risk factors (n) Freedom from disease progression in 5 years (%)
84
77
67
60
51
5 42

v » W N =~ O

2.1.7 Treatment

Thomas Hodgkin started HL treatment by using cascarilla soda and iodine
combination therapy in 1832 (Hodgkin 1832). In 1932 radiotherapy treatment was
first confirmed as an effective treatment for HL patients in the Ontario Cancer
Institute (Chevalier & Bernard 1932). Radiotherapy was the standard treatment for
limited-stage patients for many decades (Duhmke et al., 2001).

At present, standard chemotherapy in most cases consists of 4-drug
combination therapy: doxorubicin, bleomycin, vinblastine and dacarbazine (ABVD)
(Hoppe et al., 2017). Doxorubicin affects DNA repair by disruption of
topoisomerase-1I, and free radicals are formed, which damage the cell (Gewirtz
1999). Bleomycin has a DNA-binding and an iron-binding region. It forms free
radicals when binding with Fe2+ and these cause single- and double-strand DNA
breaks (Burger, Peisach & Horwitz 1981). Vinblastine inhibits cell proliferation by
disrupting microtubule function (Jordan, Thrower & Wilson 1991) and dacarbazine
methylates DNA guanine, which complicates cell division (Pourahmad,
Amirmostofian, Kobarfard & Shahraki 2009).

At the moment radiotherapy is part of the treatment programme for HL in some
patients. Radiotherapy is more toxic in rapidly proliferating cancer cells than in
normal cells (Bernier, Hall & Giaccia 2004). It produces free radicals, which appear
from the ionization or excitation of the water component of the cells. They cause
damage to cellular structures including DNA, ultimately leading to apoptosis
(Hutchinson 1961). Over the last few decades radiotherapy techniques have
improved greatly. Current radiotherapy treatments are carefully planned, taking
advantage of pre- and post-chemotherapy imaging and giving accurate amounts of
radiotherapy in precisely defined areas.
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Guidelines for HL treatment vary globally. At the moment the principal
treatment for limited-stage patients without risk factors is multidrug therapy,
consisting of two to four cycles of ABVD chemotherapy. After two to three cycles
of chemotherapy interim restaging should be carried out by positron emission
tomography (PET). Responses to chemotherapy can be estimated in PET scanning
by Deauville criteria (Table 5). After restaging, in patients with Deauville scores of
1 or 2, no further treatment is recommended. One additional ABVD cycle and
radiotherapy is generally given if the Deauville score is 3 or 4. If the Deauville
score is 5 a new biopsy is recommended (Hoppe ef al., 2017).

Limited-stage patients with risk factors are treated with ABVD given for four

cycles, followed by interim restaging by means of PET. Patients having Deauville
scores of 1 to 3 continue treatment with two additional cycles of ABVD plus
radiotherapy, or radiotherapy alone, and a Deauville score of 4 indicates that
treatment should be continued with two cycles of ABVD and followed by
radiotherapy. If the Deauville score is 5, a new biopsy is recommended. If the
biopsy sample is negative, then treatment continues with two cycles of ABVD with
radiotherapy, and if the sample is positive, treatment continues and the disease is
considered to be refractory (Hoppe et al., 2017).
For advanced-stage patients chemotherapy is the main treatment. ABVD is the
standard treatment for advanced-stage patients with an IPS of < 3 and escalated-
dose BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide,
vincristine, procarbazine, prednisolone) for advanced-stage patients who are under
60 years old and have an IPS of = 4. For advanced stage patients with an IPS 3 the
treatment strategy are decided case-by-case to either ABVD or escalated-dose
BEACOPP (Hoppe et al., 2017, Jyrkkid, Mokka & Vasala 2014). The first restaging
with PET is performed after the second cycle of ABVD chemotherapy, and with a
Deauville score of 1 to 3 ABVD treatment is continued for an extra four cycles. At
the moment, guidelines recommend that in cases with Deauville scores of 4 to 5,
the treatment should be changed to escalated-dose BEACOPP (four cycles) after
the first restaging (Hoppe et al., 2017). After six cycles of ABVD chemotherapy it
is recommended to carry out a second restaging. In the second restaging, a new
biopsy is recommended in cases where the Deauville score is 4 to 5. A negative
biopsy result leads to observation or radiotherapy if there was bulky tumour at the
diagnosis, and a positive biopsy result is considered to indicate refractory disease
(Hoppe et al., 2017).

At the moment, there are several guidelines for treatment of relapsed or
refractory HL. Treatment is chosen individually. It can be started with second-line
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systemic therapy followed possibly by radiotherapy (depending on whether or not
the patient has previously undergone irradiation). Another option is second-line
systemic therapy combined with HDT/ASCR (high-dose therapy and autologous
stem cell rescue) (Hoppe et al., 2017).

Table 5. Deauville criteria. Table adapted from Barrington et al., 2014

Deauville criteria scores ['®F] FDG Uptake

no uptake
uptake < mediastinum
uptake > mediastinum but < liver

moderately 1 uptake > liver

a b WON -

markedly 1 uptake > liver and/or new sites of disease

['8F] FDG = Fludeoxyglucose

Challenges in the treatment of cHL

Currently, Hodgkin lymphoma is a very curable disease. Almost 90% of limited-
stage- and 70% of advanced-stage patients can be cured with conventional
treatment. On the other hand, up to 10% of advanced-stage patients will not achieve
complete remission (CR) in first-line treatment. 10—-15% of limited-stage- and 20—
30% of advanced-stage HL patients will suffer from relapse after treatment. Only
half of them can be cured with current salvage therapies (Evens, Hutchings & Diehl
2008, Kuruvilla 2009, Engert et al., 2010).

As a result of good prognosis and also the young age of many patients,
researchers have focused on the late effects of radio- and chemotherapy in HL.
Survivors of HL are at an increased risk of cardiovascular diseases, pulmonary
disease, secondary malignancies and treatment-related adverse effects. In one large
cohort study it was found that 908 of 3905 HL patients were diagnosed with a
secondary cancer, when the median follow-up time was over 19 years (van
Nimwegen et al., 2015, Schaapveld et al., 2015). HL treatments are also associated
with physical and psychosocial factors including infertility, sexual dysfunction and
chronic fatigue (van der Kaaij, van Echten-Arends, Simons & Kluin-Nelemans
2010, Behringer et al. 2013, Daniéls, Oerlemans, Krol, Creutzberg & van de Poll-
Franse 2014).
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Limited-stage patients

In limited-stage HL one of most significant challenges is to recognize low-risk
patients better and remove useless therapies. This helps to minimize long-term
adverse consequences of the treatments (Schaapveld et al., 2015). Bleomycin in
older limited-stage HL patients (age over 60) has been shown to cause significantly
more lung toxicity (including dyspnoea, interstitial pneumonitis and lung fibrosis),
leucopenia and infection than in those patients who have been treated without it
(ABVD vs. AVD). In addition, there are no significance differences in remission,
progression rates or relapses, between treatments with and without bleomycin (B6ll
etal., 2016).

When limited-stage patients with risk factors were treated with ABVD or
ABVD plus radiotherapy, overall survival (OS) was better in the former group, but
progression-free survival (PFS) was better in the latter (Behringer et al., 2015).
There are also clear links between secondary cancer and radiotherapy dose level
and radiotherapy region. When patients were treated after chemotherapy with 20
Gy involved-field radiotherapy or extended-field radiotherapy of 35 Gy, secondary
lung cancer and breast cancer risks were reduced significantly (57% and 77%,
respectively) (Hodgson et al., 2007).

Advanced-stage patients

In advanced-stage HL the challenge is to find the patients whose primary therapy
would be unsuccessful (refractory disease) or who would suffer an early relapse.
Of the two main types of chemotherapy BEACOPP is more efficient, but on the
other hand it is more toxic than ABVD. BEACOPP is therefore used in high-risk
patients and in salvage treatment (Jiang, Chen, Huang & Chen 2016).

The International Prognostic Score is often used for evaluation of advanced-
stage treatment strategies. FDG-PET has been increasingly used to evaluate the
final treatment outcome. Interim PET after two cycles of chemotherapy is now
routine, since it has shown better prognostic value than the IPS (Hutchings et al.,
2006, Gallamini et al., 2007). In advanced-stage patients, after chemotherapy
treatment PET scanning is accurate in estimating disease progression and it can also
be used to estimate the need of further radiotherapy (Engert et al., 2012).

A new strategy in advanced-stage HL treatment is to add new drugs to the original
form of combination chemotherapy (ABVD/BEACOPP). The purpose is to cut
down the toxicity of BEACOPP and at the same time improve the efficacy of
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ABVD. A potential chemotherapy drug may be BV, which is an anti-CD30
antibody—drug conjugate. CD30 is highly expressed on the surface of HRS cells
and seldom expressed in normal cells (Katz, Janik & Younes 2011). Recent trial
proved that BV in combination with AVD is more effective front-line treatment for
advanced cHL than ABVD (Connors et al. 2018). Another trial, where the
advanced stage cHL front-line treatment was BV in combination with etoposide,
doxorubicin, cyclophosphamide, dacarbazine and dexamethasone (BrECADD), the
results showed favourable toxicity profile and the studied treatment also effective.
(Eichenauer et al. 2017) There is ongoing trial where BreECADD is compared
directly with escalated BEACOPP.

2.1.8 Future aspects in the treatment of cHL

Multi-agent chemotherapy has been a great success in Hodgkin lymphoma
treatment. Radiotherapy methods have also improved a lot. Nevertheless, there are
still challenges in the treatment of refractory/relapsed or elderly cHL patients
(Kuruvilla Keating & Crump 2011, Bjorkholm Svedmyr & Sjoberg 2011).

At the moment, both scientists and clinicians are interested in the pathogenesis
of cHL, which enables new targets in treatment. Histologically, cHL is unique; it
consists of only a small percentage of HRS tumour cells and is surrounded by non-
neoplastic immune cells. The crosstalk between HRS cells and non-neoplastic
immune cells is accurately regulated and it is a lifeline for tumour survival. This
may open opportunities to develop novel targeted therapies. In addition to BV, there
are encouraging new targeted therapy drugs for cHL (table 6), which utilize
different perspectives of cHL biology, including Janus kinase (JAK), inhibitors,
immune modulators, PI3K/Akt/mTOR inhibitors and also epigenetic histone
deacetylase (HDAC) inhibitors (Kotla ef al., 2009, Johnston et al., 2010, Younes et
al., 2012 Hao et al., 2014, Gopal et al., 2017). Use of PD1/PD-L1 is one of the
most strongly emerging treatments, because of the impressive results with
refractory/relapsed cHL patients (Ansell ef al., 2015). Also under development are
new ways to use CD30+ cells in cHL. A novel strategy is to use CD30-specific non-
neoplastic cytotoxic T cells in the treatment (Forero-Torres et al., 2009, Ansell et
al., 2007). Another novel immune modulator in cHL is chimeric antigen receptor-
modified T cells (CAR-T), which is has given encouraging results in other B cell
malignancies (Levine, Miskin, Wonnacott & Keir 2016, Ramos ef al. 2017).

Novel targeted therapies and immunotherapy are among new potential
alternative treatments for HL. For refractory or relapsed patients these new
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therapies can be combined with standard treatments or other novel therapies to
improve prognosis. For advanced-stage patients, these novel therapies in first-line
treatment with or without standard treatment enable more options in treatment
strategies. New treatments are expected to reduce treatment-related toxicity, which
could be especially useful for elderly and limited-stage patients (Mottok & Steidl
2018, Hoppe et al., 2017).

Table 6. Novel drug their targets in cHL. Table adapted from Carbone et al. 2015.

Drug Drug class Target Clinical use' Reference
Brentuximab ADC CD30 Yes Younes et al., 2012
Vedotin
Lenalidomide Immunomodulator T cells NK cells No Fehniger et al., 2011
Tregs
Nivolumab MoAb PD-1 receptor Yes Ansell et al., 2015
Bendamustine Chemotherapy - No Moskowitz et al., 2013
Rituximab MoAb CD20 No Younes et al., 2012
Galiximab MoAb CD80 No Smith et al., 2012
Panobinostat HDACI HDACs No Younes et al., 2012
Mocetinostat HDACI HDACs No Younes et al., 2011
Everolimus mTOR inhibitor mTORCA1 No Bennani et al., 2017
CD30.CAR-Ts Immunotherapy CD30 No Ramos et al., 2017
Perifosine/sorafenib AKT-MAPK inhibitor AKT-MAPK No Guidetti et al., 2014

ADC = antibody—drug conjugate, MoAb = monoclonal antibody, HDACi = histone deacetylase inhibitor,
HDAC = histone deacetylase, mTOR = mammalian target of rapamycin, nTORC1 = mammalian target of
rapamycin complex 1, PD-1 = programmed cell death protein 1; MAPK = mitogen-activated protein kinase,
NK = natural killer, Tregs = regulatory T cells, CD30.CAR-Ts = CD30-specific chimeric antigen receptor.
'European Medicines Agency has approved treatment for cHL

2.2 Oxidative stress and antioxidant enzymes

2.2.1 Oxidative stress

Reactive oxygen species (ROS) are produced in all aerobic organisms as a
phenomenon of aerobic respiration, mostly as by-products of mitochondrial
oxidative phosphorylation (Jabs 1999, Poyton, Ball & Castello 2009). Normal cells
generate ROS such as hydroxyl radicals (OH"), hydrogen peroxide (H,O) and
superoxide anions (O;"), and hydrogen and organic peroxides from molecular
oxygen in biological reduction (Fridovich 1978). Oxidative stress results from
imbalance of ROS and ROS-suppressing protective mechanisms, mainly
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antioxidant enzymes. Oxidative stress damages cells’ biomolecules, and continued
oxidative stress can promote carcinogenesis (Klaunig et al., 1998, Sies, Berndt &
Jones 2017).

There are several ways to evaluate oxidative stress in cells. Oxidative stress
damage to DNA can be assessed by assay of 8-hydroxy-2'-deoxyguanosine (8-
OHdG), which is the end product of hydroxyl radical attack on DNA, and is
considered to reflect oxidative stress-mediated damage with high precision (Kasai
1997, Evans, Dizdaroglu & Cooke 2004). Peroxynitrite (ONOOQO") is formed by the
reaction between nitric oxide and superoxide (NO + O, = ONOO’), and
nitrotyrosine is a stable end-product of peroxynitrite metabolism. It can be used for
the evaluation of nitrosative/oxidative damage in proteins (Radi, Rodriguez, Castro
& Telleri 1994).

2.2.2 Antioxidant enzymes

As a response to an increasing amount of ROS and oxidative stress, the cell has to
have effective antioxidant systems. One member of the antioxidant system is the
peroxiredoxin (Prx) group. Peroxiredoxins participate in cellular antioxidant
defence by reducing alkyl hydroperoxides and hydrogen peroxide to
(corresponding) alcohol and water (Rabilloud et al., 2002). In total there are six
different isoforms of Prx in mammals and they are found in the cytosol (Prxs I, 11,
III, V and VI), in peroxisomes (Prxs IV and V), in lysosomes (Prxs IV and VI), in
the endoplasmic reticulum and Golgi apparatus (Prx IV), and also in mitochondria
(Prxs III and V) (Kang, Baines & Rhee 1998, Okado-Matsumoto, Matsumoto &
Fujii 2000, Declercq, Evrard, Clippe, Stricht & Bernard 2001, Kinnula et al. 2002).

The first antioxidant enzyme found was superoxide dismutase (SOD). The
main function of SOD is catalyzing the dismutation of O, to H>O; (Valko, Rhodes,
Moncol, Izakovic & Mazur 2006). In mammals, there are three isoforms of SOD.
The differences in the isoforms are mostly in the active-site metal (Kohen & Nyska
2002). SOD2, known as manganese SOD (MnSOD) is found in the mitochondrial
matrix and it has been discovered to be one of the most important antioxidant
enzymes in mammalian tissues (VanRemmen et al., 2003).

Thioredoxins (Trxs) are a group of antioxidant enzymes whose role is to
regulate the redox state of the cell. Trx enzymes participate in many significant
physiological actions, including inhibiting apoptosis and activating transcription
factors such as NF-kB. Trx itself is also an efficient growth factor (Hirota et al.,
1999, Powis & Montfort 2001, Karihtala & Soini 2007). Glutathione (GSH) is
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another vital antioxidant enzyme. It is involved in DNA and protein synthesis and
also DNA repair and proliferation systems (Ballatori et al.,2009).

2.2.3 Oxidative stress and antioxidant enzymes in cancer

An imbalanced redox state damages cell structure and functions and may induce
somatic mutations and neoplastic transformation (Karihtala & Soini 2007, Fang,
Seki & Maeda 2009). Oxidative stress markers and redox state-regulating enzymes
have been shown to be of prognostic significance in many solid malignancies
(Reuter, Gupta, Chaturvedi & Aggarwal 2010). In oesophageal, ovarian and
colorectal carcinoma high 8-OHdG levels have been associated with poor
prognosis (Karihtala, Soini, Vaskivuo, Bloigu & Puistola 2009, Sheridan et al.,
2009, He, Zhao, Wang, Zhang & Wang 2014, Pylvis-Eerola, Karihtala & Puistola
2015), but then in breast and bladder cancers as well as in melanomas low levels
of 8-OHdG are associated with poor prognosis and aggressive disease (Sova,
Jukkola-Vuorinen, Puistola, Kauppinen, Karihtala 2010, Karihtala, Kauppila,
Puistola, Jukkola-Vuorinen 2011, Soini et al., 2011, Hintsala et al., 2016). In diffuse
large B-cell lymphoma (DLBCL), 8-OHdG has been involved with extranodal
involvement, a high International Prognostic Index and poorer progression-free
survival (Peroja et al., 2012, Pasanen et al., 2012). High expression levels of
nitrotyrosine have been connected with poor prognosis in urinary bladder cancer,
oesophageal carcinoma, DLBCL and melanoma (Soini et al., 2011, Kato et al.,
2011, Peroja et al., 2012, Hintsala et al., 2016).

In cancer, Prxs have been linked to carcinogenesis and also partly to the
development of drug resistance (Nicolussi, D'Inzeo, Capalbo, Giannini & Coppa
2017, Teppo, Soini & Karihtala 2017). The role of Prxs as prognostic markers in
cancers is still uncertain. Low expression levels of Prxs have been linked to poor
survival in pancreatic adenocarcinoma (Prx I, Prx VI), DLBCL (Prx VI), follicular
lymphoma (FL) (total Prx I-VI), breast cancer (Prx III, VI) and melanoma (PrxI,
IV) (Karihtala, Méntyniemi, Kang, Kinnula & Soini 2003, Kuusisto ez al., 2015,
Hintsala, Soini, Haapasaari & Karihtala 2015, Isohookana, Haapasaari, Soini &
Karihtala 2016, Peroja et al., 2016). On the other hand, strong Prx expression is
associated with poor prognosis in hepatocellular carcinoma (Prx I), melanoma (Prx
IIT) and breast and pancreatic cancer (Prx VI) (Karihtala, Méntyniemi, Kang,
Kinnula & Soini 2003, Sun et al. 2014, Hintsala, Soini, Haapasaari & Karihtala
2015, Cai, Zhai, Wu & Tang 2015). The role of Prxs in chemoresistance has been
studied, and in particular, Prx II has been linked to breast cancer chemoresistance
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(Wang, Diaz & Yen 2014). There is evidence that Prx II up-regulation is potentially
linked to gefitinib resistance (Kwon ef al., 2015, Teppo, Soini, Karihtala 2017).
Prxs are up-regulated in cancer cells, but the expression seems to vary widely in
different malignancies (Karihtala & Soini 2007).

Early reports on MnSOD indicated low expression in cancers, and a role as a
tumour suppressor (Zhong, Oberley, Oberley & St Clair 1997). At present, in
several different cancers, MnSOD levels are known to be increased, and MnSOD
expression has also been found to be increased at metastatic stage and during
tumour progression in head and neck, pancreatic and gastric cancers, for example
(Hempel, Carrico & Melendez 2011). Increased expression of MnSOD in several
cancers is thought to be due to increased oxidative stress, boosting the redox system
(Miriyala et al., 2012).

2.3 Hypoxia

Hypoxia is defined as a low level of oxygen (O,). It appears in both non-
pathological and pathological conditions and is caused by an imbalance between
availability and consumption of O,. Decreased oxygen availability causes
alterations to metabolism (to a less oxygen-consuming state) by increasing the rate
of glycolysis and decreasing oxidative phosphorylation. Cells within organisms
adapt to hypoxia by remodelling cellular signalling pathways (Semenza 2012).

2.3.1 Hypoxia-inducible factor (HIF)

The main response to hypoxia in cells involves hypoxia-inducible factor (HIF). HIF
consists of two main subunits, HIFa and HIFp (Wang & Semenza 1995). HIFp is
continuously expressed in cells, but HIFa is stabilized only in a hypoxic
environment. There are three HIFa isoforms altogether (HIF-1a, HIF-2a and HIF-
3a) (Ema et al., 1997, Gu, Moran, Hogenesch, Wartman & Bradfield 1998). A
hypoxic environment stabilizes HIF-la (and HIF-2a0) and brings about
heterodimerization with HIF-1p, which regulates the transcription of HIF-1a target
genes (Semenza 2012). The target genes include some of those involved in
metabolism (Gordan, Thompson CB & Simon 2007), angiogenesis (Rey &
Semenza 2010), apoptosis, proliferation (Khan et al., 2011), suppression of
immune reactivity (Yotnda, Wu & Swanson 2010), the DNA repair system (Bristow
& Hill 2008) and ROS homeostasis (Guzy et al., 2005).
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The high growth rate of tumours outstrips expansion of the vasculature, which
leads to deficient oxygen levels in the tumour area. To prevent lack of oxygen,
tumour cells need to secrete profuse amounts of proangiogenic factors in order to
promote revascularization (Casazza et al., 2014). The oxygen tension in human
tumours can reach extremely low levels compared with absolute oxygen tension
(Brown & Wilson 2004). Tumours adapt to hypoxia mainly via the HIF pathway
and its target genes play key roles in cancer biology, in tumour progression, cancer
metastasis, and resistance to radiation therapy and chemotherapy (Hanahan &
Weinberg 2011, Semenza 2012). HIF-1a and HIF-2a expression predict poor
survival in several types of cancer (Johnson & Simon 2011, Sormendi S, Wielockx
2018). Overexpression of HIF-la is also associated with failure to achieve
complete remission after radiation therapy in oropharyngeal cancer (Aebersold et
al., 2001). On the other hand, in renal cancer, DLBCL and head and neck cancers
HIF-1a is correlated to improved survival (Beasley et al., 2002, Evens et al., 2010,
Lidgren et al., 2005).

Hypoxia has been linked to the early-stage pathogenesis of cHL. Hypoxia
affects HRS cell phenotype. HIF-1a up-regulates ID2 and NOTCHI1, which are
hallmarks of HRS cells. HIFa stabilization also causes further epigenetic and/or
genetic modifications, which lead to the final form of HRS cells (Wein & Kuppers
2015).

2.3.2 Prolyl hydroxylase domain (PHD) proteins

In mammalian cells, there are three isoforms of prolyl hydroxylase domain proteins
(PHD1, PHD2 and PHD3). They control oxygen homeostasis by regulation of HIF
stability (Epstein et al., 2001). PHD protein is inhibited in hypoxic environments,
which allows stabilization of HIF and induces target gene transcription. Besides
regulation of HIF stability, PHD proteins control various cellular pathways
independently of HIF. PHD isoforms are expressed in all tissues, albeit at different
levels. PHD2 is considered to be the most important oxygen sensor as regards HIF
stabilization (Berra et al., 2003). PHD1 regulates HIF by suppressing HIF-1a,
especially in protracted hypoxia, and overexpression of PHDI inhibits tumour
growth via HIF-1a (Appelhoffl ez al., 2004, Eres et al., 2004). PHD1 and PHD3
inhibit NF-kB formation by inhibiting IxB kinase § (IKKf), which reduces NF-kB
signalling (Cummins et al., 2006). PHDI together with PHD3 represses
transcriptional activity of activating transcription factor 4 (ATF4), which is highly
expressed in hypoxic environments. ATF4 contributes to tumour growth by way of
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many different mechanisms including regulation of tumour survival, and
angiogenesis (Ameri & Harris 2008). PHD3 also suppresses cell growth by
repressing EGFR (epidermal growth factor receptor) signalling (Garvalov et al.
2014).

PHD proteins have been proposed to be tumour suppressors, but they are also
associated with chemoresistance and tumour growth (Klotzsche-von Ameln ef al.,
2011, Fox et al., 2011, Nguyen & Duran 2017). PHDI1 has been linked to poorer
survival in pancreatic endocrine tumours, prostate adenocarcinoma and non-small-
cell lung carcinoma (Boddy et al., 2005, Couvelard et al., 2008, Andersen et al.,
2011). On the other hand, overexpression of PHDI has also been linked to
inhibition of tumour growth. The role of PHD2 in cancer progression is
controversial. The expression of PHD2 has been shown to be inversely correlated
to tumour-forming potential, but then when PHD2 has been completely inhibited,
tumorigenesis is reduced (Lee et al., 2008). PHD3 overexpression has been seen in
several cancer types, including gastric, lung and breast cancer (Andersen ef al.,
2011, Su et al., 2012, Peurala, Koivunen, Bloigu, Haapasaari & Jukkola-Vuorinen
2012). In gastric, hepatocellular and breast cancers high PHD3 levels are linked
with favourable prognosis (Su et al., 2012, Peurala, Koivunen, Bloigu, Haapasaari
& Jukkola-Vuorinen 2012, Ma et al., 2017). In colorectal cancer PHD3 expression
levels are lower than in normal tissue (Xue ef al., 2010).

2.4 Epigenetics

The definition of epigenetics is contentious and ambiguous, but the main concept
is regulation of DNA-templated processes without remodelling the DNA sequence
(Berger, Kouzarides, Shiekhattar & Shilatifard 2009). For normal evolution and
maintenance of tissue-specific gene expression, epigenetic mechanisms are
essential for mammals (Sharma, Kelly & Jones 2010). When epigenetic
mechanisms are disrupted, this can lead to changed gene function and further to
malignant cellular transformation (Jones & Baylin 2002).

There are four main epigenetic mechanisms in cancer, these involving DNA
methylation, histone modifications, nucleosome positioning, and non-coding
RNAs. In DNA methylation the covalent cytosine residues in CpG dinucleotides
are methylated, which leads to silencing of gene expression. There are three active
DNA methyltransferases (DNMTs) in mammals and mutations in these DNMTs
have been linked to cancer formation (Li, Bestor & Jaenisch 1992, Wang & Leung
2004, Robertson 2005). In histone modifications, histone N-tails can be modified
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by methylation, acetylation, ubiquitylation, sumoylation and phosphorylation
(Kouzarides 2007). Nucleosome positioning plays a significant role in chromatin
structure and in gene regulation activity (Jiang & Pugh 2009). Non-coding RNAs
participate in transcriptional and post-transcriptional gene silencing by way of base
pairing in their targets (Wang & Chang 2011).

2.4.1 KDM4

Histone methylation is a reversible reaction. There are two main enzyme families
found in humans that can demethylate histones, i.e. lysine-specific demethylase
(LDS) 1 & 2 and Jumonji D2 proteins (JMJD2 proteins, known also as KDM4
proteins). KDM4 can demethylate histones through an oxidative reaction requiring
Fe(Il) and ketoglutarate (Tsukada et al., 2006). There are four KDM4 family
members in total (KDM4A-D). These demethylase enzymes can demethylate di-
and trimethylated histone H3 lysine 9 (H3K9) and histone H3 lysine 36 (H3K36)
and also trimethylated histone H1 isotype 4 lysine 26 (H1.4K26) (Figure 3) (Berry
2013). H3K9 and H1.4K26 trimethylation are linked to transcription repression and
also to heterochromatin formation, while H3K36 methylation activates gene
expression (Chi, Allis CD & Wang 2010, Dawson & Kouzarides 2012). Because of
the capability of remodelling the epigenetic landscape, KDM4 family members
have been linked to several tumour types (Berry & Janknecht 2013).

KDMA4A is a transcription regulator that can either repress or stimulate gene
transcription. It is involved in DNA damage response (DDR) by avoiding the
recruitment of p53-binding protein 1 (53BP1) (Mallette ef al., 2012). KDM4A
forms a complex with p53 and represses tumour suppressor p53 transcriptional
activity. KDM4A expression is increased in several cancer types, including breast,
lung and colorectal cancers (Shin & Janknecht 2007, Berry, Shin S, Lightfoot SA
& Janknecht 2012, Kim, Shin, Berry, Oh & Janknecht 2012, Kogure et al. 2013).

Similarly to KDM4A, KDM4B is also linked to DDR. p53 regulates KDM4B
gene expression by binding to it and inhibiting p53 transcriptional target genes:
cyclin-dependent kinase inhibitor 1 (p21), p53-upregulated modulator of apoptosis
(PUMA) and p53-inducible gene 3 (PIG3) (Li et al., 2016, Castellini et al., 2017).
Under hypoxic conditions, HIF-1a binds to KDM4B promoter, which up-regulates
hypoxia-inducible genes including those involved in cell proliferation, the cell
cycle, and invasion, and suppresses cell apoptosis genes (Tausendschon, Dehne &
Brune 2011, Fu et al., 2012). KDM4B is overexpressed in several cancers,
including colorectal, breast, gastric, prostate, lung and bladder malignancies (Shi
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et al., 2011, Toyokawa et al., 2011, Fu et al., 2012, Bjorkmann et al., 2012, Zhao
etal.,2013).

The oncogenic role of KDM4D is still unclear and structurally it differs from
the other KDM4 members (Berry & Janknecht 2013). KDM4D stimulates p53 gene
expression, especially gene p21 (Kim, Oh, Shin & Janknecht 2012). On the other
hand, in cell lines there is evidence that KDM4D is a pro-proliferative and pro-
survival demethylating enzyme (Kim, Oh, Shin & Janknecht 2012). KDM4D
demethylase activity promotes the repair of double-strand breaks (DSBs). KDM4D
is regulated by poly (ADP-ribose) polymerase 1 (PARP1) -mediated poly-ADP
ribosylation (PARylation). Deficiency of KDM4D attenuate a cell’s DSB repair
system and has been shown to sensitize cells to ionizing radiation (Khoury-Haddad
et al., 2014). TNF-a has been shown to induce KDM4D expression in cells of the
microenvironment, including macrophages and dendritic cells. Also, KDM4D
demethylates H3K9, which is involved in the TNFa response. KDM4D can
influence tumorigenesis in both cancer cells and the microenvironment by way of
TNF-a production (Zhu, Essen & Saccani 2012, Berry & Janknecht 2013).

Fig. 3. Demonstrates the structure of nucleosome. Core histones (H2A, H2B, H4 and H3)
form octamer and H1 is linker histone. DNA is packed around histones (black line).
KDM4 modificate histone tails by demethylating H3K9, H3K36 and H1.4K26
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2.4.2 Sirtuins

Sirtuins make up the class III protein deacetylase family, which require
nicotinamide adenine dinucleotide (NAD") as a co - substrate in lysine deacetylase
and mono(ADP-ribosyl)transferase activity (Imai 2000) There is a total of seven
sirtuin proteins (SIRT1-7) in mammals, which all have their own unique
subcellular localization and divergent functions (Finkel, Deng & Mostoslavsky
2009). Sirtuins have important biological roles, influencing genome stability,
cellular metabolism and lifespan regulation in human biology and disease (Haigis
& Sinclair 2010, Sebastian, Satterstrom, Haigis & Mostoslavsky 2012). The
enzymatic activities of sirtuins and their effects on cancer have been widely studied.
They can either suppress or promote cancer progression, depending on cellular and
molecular contexts (Chalkiadaki & Guarente 2015).

SIRT1 is chiefly a nuclear deacetylase (Michishita, Park, Burneskis, Barrett &
Horikawa 2005). It deacetylases the acetyl group from histones and non-histone
proteins and further regulates target gene expression and protein activities. SIRT1
influences various essential cellular processes such as cell proliferation,
differentiation, apoptosis, metabolism, and DNA damage and stress responses
(Yeung et al., 2004, Brunet et al., 2004 Firestein et al., 2005, Hallows, Lee S &
Denu 2006, Li et al., 2008, Kim et al., 2009). Studies have shown that SIRT1 has
both oncogenic and tumour-suppressive roles (Chalkiadaki & Guarente 2015).
When DNA damage or oxidative stress occurs in the cell, SIRT1 overexpression
suppresses pS3 - mediated apoptosis (Cheng et al., 2003). SIRT1 can also attenuate
the action of transcription factor E2F1, which can result in apoptosis under DNA
damage or oncogenic signalling (Wang et al., 2006). It is considered that SIRT1
favours DNA repair and genomic stability, and it protects against initiation of
cancers (Chalkiadaki & Guarente 2015). SIRT1 has been observed to be a disease-
promoting factor in several cancers including breast, prostate, lung, colon and liver
cancer (Huffman ez al., 2007, Jang et al., 2008, Lee et al., 2011, Chen et al., 2012,
Noh et al., 2013). On the other hand, a tumour-suppressive role of SIRT1 has been
detected in human head and neck squamous cell carcinoma (Noguchi et al., 2013).
SIRT1 deacetylates HIF-la and inhibits its transcription, thereby possibly
protecting against vascular formation and tumour growth (Lim ef al., 2010).

SIRT4 is localized in the mitochondria and it is a NAD*- dependent protein
adenosine diphosphate (ADP)-ribosyl transferase (Michishita et al., 2005, Haigis
et al., 20006). It is closely linked to cellular metabolic functions such as insulin
secretion and fatty acid oxidation (Ahuja et al., 2007, Nasrin et al., 2010). SIRT4
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has been considered to be a tumour suppressor (Jeong et al., 2013). SIRT4
expression in normal tissues has been found to be notably lower than in human
cancers, including bladder, breast and lung cancer as well as leukaemia (Garber et
al., 2001, Blaveri et al., 2005, Choi et al., 2007, Jeong et al., 2013). In a murine
model, overexpression of SIRT4 has been shown to reduce cell proliferation and
transformation, and also delay tumour progression (Csibi ef al., 2013). Another
study on mice revealed that the loss of SIRT4 results in a tumorigenic phenotype,
including increased glutamine-dependent cell proliferation and stress-induced
genomic instability (Jeong et al., 2013).

SIRT6 is primarily known as a nuclear protein, but in several studies
cytoplasmic locations have also been noticed. SIRT6 has deacetylase and ADP-
ribosyltransferase activity (Liszt Ford, Kurtev & Guarente 2005, Azuma et al.,
2015). It influences in transcription regulation, genome stability, metabolism and
also lifespan (Kawahara et al., 2009, McCord ef al., 2009, Kim et al., 2010, Zhong
et al., 2010, Mao et al., 2012). Like SIRT1, SIRT6 attenuates HIF 1 a target genes
and it also decreases transcriptional activity of the MYC gene (Zhong et al., 2010).
SIRT6 has an important role in regulating metabolism by controlling glucose
homoeostasis. It inhibits aerobic glycolysis, also known as the Warburg effect
(Sebastian, Satterstrom, Haigis & Mostoslavsky 2012). SIRT6 is needed in the DSB
repair system. It is involved in the non-homologous DNA end-joining (NHEJ)
repair pathway, stabilizing DNA-dependent protein kinase (DNA-PK), which
promotes DSBs to the pathway (McCord et al., 2009). Under oxidative stress,
SIRT6 activates PARP-1 by stimulating its mono- and poly-ADP-ribosylase
activity, which results in enhanced NHEJ and homologous recombination (HR)
repair pathways (Mao et al., 2012).

The multifaceted role of SIRT6 in the cell is chiefly associated with tumour
suppression (Chalkiadaki & Guarente 2015). Nevertheless, in specific cancer types,
high expression levels of SIRT6 have been linked to poorer outcomes. (Desantis,
Lamanuzzi & Vacca 2018) In breast cancer SIRT6 has been associated with
resistance to chemotherapy and in pancreatic cancer cells SIRT6 contributes to
cytokine production and migration, which causes inflammation, angiogenesis and
metastasis (Khongkow et al. 2013, Bauer ef al., 2012).

2.5 DNA repair

To respond to DNA damage, cells have acquired effective repair mechanisms to
defend against various forms of endogenous and environmental DNA damage. In
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mammalian cells, there are at least five major DNA repair mechanisms: mismatch
repair (MMR), nucleotide excision repair (NER), repair of single-strand breaks
(SSBs), which includes base excision repair (BER), and repair of DSBs, which
includes HR and NHEJ (Altieri, Grillo, Maceroni & Chichiarelli 2008).

The HR pathway, a form of DSB repair, is effective during synthesis (S) and
gap 2 (G2) phases of the cell cycle. In HR, there are numerous proteins involved in
the complex repair process (Shrivastav, De Haro & Nickoloff 2008). HR is
important for preservation of genomic stability; if mutations occur they can
compromise the integrity of genes (Evers, Helleday & Jonkers 2010). The Mrell-
Rad50-NBS1 (MRN) complex binds to DNA ends and recruits
nucleodepolymerases to remove damaged bases, and it initiates the HR process
(Zhong et al., 1999).

The NHEJ pathway is another DSB-repairing pathway. It is the most difficult
way to repair DNA and is also cytotoxic. While HR repair occurs effectively in the
S and G2 phases, NHEJ repairs DNA in all cell-cycle stages (Beucher et al., 2009).
NHEJ also competes efficiently for DSBs, although HR is also available (phases S
and G2). The NHEJ process starts when two polypeptides, KU70 (XRCC6) and
KU80 (XRCCS5) recognize breaks and form heterodimers at the DNA ends.
Heterodimer formation induces other NHEJ proteins, including DNA - PK
catalytic subunits (DNA-PKcs) which form an active DNA - dependent protein
kinase (DNA-PK). DNA-PK activation helps the recruitment of multiple proteins
involved in limited DNA end-processing (Yoo & Dynan 1999).

DNA repair in cancer treatment

DNA continuously faces damage from agents within the cell, but also from external
chemicals and radiation (Lindahl 1993). The main function of the DNA damage
response (DDR) is to protect against genomic instability by recognizing DNA
damage and mediating DNA repair. Dysregulation of the DDR is characteristic of
cancer development (Hanahan & Weinberg 2011). However, the DDR also
contributes to resistance to DNA-damaging chemotherapy and radiotherapy (Curtin
2012, Gavande et al., 2016).

Reactive oxygen species create various oxidative DNA adducts, and bring
about base modification, deoxyribose oxidation, single- and/or double-strand
breakage and DNA-protein cross-links (Cadet, Berger, Douki & Ravanat 1997). In
the case of ionizing radiation (IR) DNA is the main target. Direct action occurs
when charged particles (ions or electrons) ionize DNA directly. Alternatively, in
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indirect action, ionizing radiation causes water radiolysis, generating reactive OHe
radicals, which react with DNA (Ward 1988). IR brings about DNA damage events
that include changes in the DNA bases and sugars, which leads to the DDR (repair
of single- and double-strand breaks) (Duncan Lyngdoh & Schaefer 2009).

There is evidence that malfunction of NHEJ may be linked to radioresistance,
especially with an increase of DNA-PK function (Burma & Chen 2004). Of the
DSB repair mechanisms, HR has been shown to have a crucial role in the
development of radioresistance (Somaiah et al., 2012, Somaiah, Yarnold,
Lagerqvist, Rothkamm & Helleday 2013). Breast cancer 1 (BRCA1) deficiency
blocks the HR pathway and it has also been shown to be linked to increased
radiosensitivity in vivo and in vitro (Speit & Trenz 2004, Drost et al., 2011). Cells
have been shown to be most resistant to IR during the S phase, when HR is active
(Hufnagl et al., 2015). There are many tumour suppressors involved in the HR
pathway, including BRCA1, BRCA2 and the ataxia-telangiectasia mutated (ATM)
gene. At the same time, HR-defective proteins sensitize cancer to treatments,
including radiotherapy, topoisomerase I poisons and cross-linking agents (cisplatin,
carboplatin and nitrosoureas) (Evers, Helleday T & Jonkers 2010).

2.5.1 Rif1

Human Rap1 interacting factor 1 (Rifl) has an important role in DNA replication,
DNA repair and the maintenance of genomic integrity (Xu et al., 2010, Yamazaki,
Hayano & Masai 2014, Escribano-Diaz et al., 2013). In mammals, Rifl protein
binds aberrant telomeres at DNA damage sites (Silverman, Takai, Buonomo,
Eisenhaber & de Lange 2004). When DSBs are detected, tumour suppressor 53BP1
accumulates by the chromatin at the break sites (Anderson, Henderson C, Adachi
2001). 53BP1 is a major promoter in the NHEJ pathway and Rifl binds to 53BP1
in a DNA-damage-dependent manner (Silverman, Takai, Buonomo, Eisenhaber &
de Lange 2004). Rifl operates like an effector molecule of 53BP1, leading the
DSBs into the NHEJ pathway and at the same time it suppresses BRCA1/CtIP,
which facilitates the HR pathway.

2.5.2 MGMT

Of-alkylguanine DNA alkyltransferase (MGMT) is a DNA-repair protein. It
removes the methyl or alkyl group at the O6 position of guanine and then returns
the guanine to its normal shape without inducing DSBs (Liu & Gerson 2006). Lack
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of MGMT can cause mutations that can lead to carcinogenesis (Soejima, Zhao &
Mukai 2005). MGMT has been found to be epigenetically silenced in several
human tumours, predicting a response to alkylating chemotherapeutics in tumours
such as glioblastoma, low-grade glioma, and DLBCL (Hegi et al., 2005, Everhard
et al., 2006, Uccella et al., 2009). In an HL culture model, methylated MGMT
promoter has been shown to predict more sensitivity to dacarbazine treatment
(Kewitz, Stiefel, Kramm & Staege 2014).
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3 Aims of the present study

The aim of this study was to investigate the prognostic role of biomarkers related
to both oxidative stress and factors connected to cellular stress responses in HL by
using immunohistochemical methods. The biomarkers were evaluated in HRS cells
and in the cHL microenvironment to explore their roles in HL. We hypothesized
that it may be possible to offer new approaches to individualize patient treatment
in a convenient way. It is important to design new strategies to avoid overtreatment-
related toxicity among patients who could do well with less, and to aid therapeutic
selection for those HL patients who are at risk of refractory disease or relapse.
More specifically, the aims of the present work were as follows:

- To evaluate the possible prognostic roles of several antioxidant enzymes and
oxidative stress markers in HL.

- To investigate whether hypoxia-inducible factors and prolyl hydroxylase
domains have a role in resistance to first-line treatment, or if they have a
prognostic role in cHL.

- To characterize the expression of epigenetic regulators in cHL and to evaluate
their predictive and prognostic significance.

-~ To find out if proteins involved in the DNA damage response are associated
with treatment response or relapses.

55



56



4 Material and methods

4.1 Patient material

The material for this retrospective study included diagnostic biopsy samples from
patients with HL, treated at Oulu University Hospital, Kuopio University Hospital
and the Central Hospitals of Kainuu, Lansi-Pohja and Lapland. Diagnoses were
carried out by a specialist haematopathologist (KMH), with histopathological
examination and immunohistochemical studies of the tissue samples, which were
taken from lymph nodes. All lymphomas were diagnosed and treated in 1997-2015
(Studies I and III: 1999-2012; study II: 1997-2015; study IV: 1997-2012). All
patients were treated with ABVD chemotherapy in the first-line setting. Clinical
and histological data concerning the four studies are presented in Table 7. In study
I, there were six NLPHL patients, which were excluded from studies II-IV. In study
I11, the biopsy samples of two patients were missing and in study IV totally eight
biopsy samples were missing (compared to study I). To the study II (the latest
study), we collected the missing samples and also added twelve new cHL patients.

Table 7. Demographics of clinical and histological data.

Parameter Study | Study Il Study Il Study IV
n % n % n % n %
Number of patients 99 115 91 85
Histology (ICD-10 code)
Nodular sclerosis (C81.1) 68 68.7 88 76.5 68 74.7 63 741
Mixed cellularity (C81.2) 14 1441 18 15.7 14 15.4 14 16.5
Other (C81.7) 9 9.1 6 5.2 7 7.7 6 71
Unspecified (C81.9) 2 2.0 3 2.6 2 22 2 2.4
Nodular lymphocyte 6 6.1 0
predominant (C81.0)
Median age at diagnosis, years 37 (16- 28 (11- 26 (16-85) 32 (16-
(range) 85) 85) 85)
Male 47 475 54 47.0 45 49.5 42 49.4
Female 52 525 61 53.0 46 50.5 43 50.6
B-symptoms
Absent 66 66.7 76 66.1 59 64.8 53 62.4
Present 33 333 39 33.9 32 35.2 32 37.6
Stage
Limited 47 475 56 48.7 45 49.5 44 51.8
Advanced 52 525 59 51.3 46 50.5 41 48.2
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Parameter Study | Study I Study Il Study IV

n % n % n % n %
Limited stage risk factors
None 21 447 24 42.9 19 42.2 18 409
21 26 553 32 57.1 26 57.8 26 59.1
Limited stage risk factors
None 21 447 24 42.9 19 42.2 18 409
21 26 553 32 57.1 26 57.8 26 59.1
International Prognostic Score
0-2 40 784 50 84.7 35 76.1 31 75.6
3-7 11 216 9 15.3 11 23.9 10 244
WHO performance status =1 31 31.3 28 24.3 29 31.9 28 32.9
Number of ABVD cycles
received
2-3 10 10.1 6 5.2 6 6.6 6 71
4-5 29 293 36 31.3 28 30.8 26 30.6
6-7 42 424 48 41.7 39 429 37 435
8 18 18.2 25 17.6 18 19.8 16 18.8
Complete response with first-
line ABVD
No 31 313 34 29.6 30 33.0 29 31.9
Yes 68  68.7 81 70.4 61 67.0 61 67.8
Radiotherapy
No 34 343 43 37.4 29 31.9 26 30.6
Yes 65 65.7 72 62.6 62 68.1 59 69.4
Complete response after
radiotherapy
No 7 10.8 6 8.3 7 11.3 6 10.2
Yes 58 89.2 66 91.6 55 88.7 53 89.8
Relapse
No 81 81.8 96 83.5 75 82.4 76 89.4
Yes 18 18.2 19 16.5 16 17.6 15 17.6
Deths
Lymphoma-specific deaths 6 6.1 7 6.1 7 7.7 7 8.2
Deaths due to other causes 4 4.0 4 3.5 4 4.4 4 4.7

4.2 Immunohistochemistry

Lymphoma tissue samples were collected from patients at the time of diagnosis.
Samples were all from lymph node biopsies and they were fixed in formalin and
embedded in paraffin. Representative tumour areas from the paraffin blocks were
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cut in approximately 3-um sections and placed on SuperFrostPlus glass slides
(Menzel-Gléaser, Braunschweig, Germany). The slides were incubated at 37 °C for
4 hours, deparaffinized in Histo-Clear (National Diagnostics, Atlanta, GA, USA)
or xylene (Study IV), rehydrated in a descending ethanol series and rinsed in
distilled water. Antigen retrieval was carried out in a microwave oven using Tris
EDTA, pH 9 (Study III, and PHD1, PHD2, PHD3 and HIF-1a in Study II), and
sodium citrate buffer, pH 6 (Studies I and IV, and Hif-2a in Study II) to retrieve the
epitopes. Endogenous peroxide activity was blocked by incubation in a 3% H202
solution (Studies I-III) or in a peroxidase blocking solution (S2023, Dako, Glostrup,
Denmark) (Study IV). Immunostaining continued according to the manufacturers’
instructions, using the primary antibodies and staining methods presented in Table
7. Incubation with primary antibodies was carried out in a humidity chamber at
room temperature for 1 hour (KDM4A, PHDI1, PHD2), overnight at room
temperature (HIF-1a) or overnight at 4 °C (Studies I and IV, KDM4B, KDM4D,
PHD3, HIF-2a). Diaminobenzidine was used to detect the immunoreaction.
Between all stages of the immunostaining procedure, slides were washed with
phosphate-buffered saline (PBS). They were then counterstained with Mayer’s
haematoxylin (Reagena, Toivola, Finland), dehydrated and mounted.

Table 8. Antibodies and immunohistochemical staining methods.

Study Primary antibody Dilution Source of primary Immunostaining method
antibody
| Nitrotyrosine (06- 1:200 Millipore, New York, Histostain-Plus kit, HRP, broad
284) NY, USA spectrum (Camarillo, CA, USA)
| 8-OHdG (MOG- 1:50 JaiCa, Fukuroi, Envision+ System-HRP (DAB),
100P) Shizuoka, Japan mouse (Dako)
| Prx Il (LF- 1:8000 AbFrontier, Seoul, Novolink Polymer Detection System
MA0144) South Korea (Novocastra, Newcastle upon Tyne,
UK)
| Prx I (LF- 1:500 AbFrontier, Seoul, Novolink Polymer Detection System
MA0044) South Korea (Novocastra, Newcastle upon Tyne,
UK)
| Prx V (LF- 1:200 AbFrontier, Seoul, Novolink Polymer Detection System
PA0210) South Korea (Novocastra, Newcastle upon Tyne,
UK)
| Prx VI (LF- 1:3000 AbFrontier, Seoul, Envision+ System-HRP (DAB),
MAO0018) South Korea mouse (Dako North America,

Carpinteria, CA, USA)
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Study

Primary antibody

Dilution

Source of primary
antibody

Immunostaining method

MnSOD (S5069)

HIF-1a (610958)

HIF-2a (ab8365)

PHD1 (NB100-

310)

PHD2 (NB100-
138)

PHD3 (NBP1-
30440)

KDMA4A
(ab104831)

KDM4B
(ab103129)

KDMA4D
(ab93694)

SIRT 1
(ab166821)
SIRT4 (ab10140)

SIRT6 (PA5-
13225)

Rif1 (ab134812)

MGMT
(ab108630)

1:1000

1:40

1:100

1:300

1:300

1:500

1:2000

1:225

1:1500

1:200

1:250

1:100

1:200

1:750

Sigma-Aldrich, St
Louis, MO, USA

BD Trunsduction

Laboratories, Franklin

Lakes, USA
Abcam, Cambridge,
UK

Novus Biologicals,
Oxford, UK

Novus Biologicals,
Oxford, UK

Novus Biologicals,
Oxford, UK

Abcam, Cambridge,
UK

Abcam, Cambridge,
UK

Abcam, Cambridge,
UK

Abcam, Cambridge,
UK

Abcam, Cambridge,
UK

Thermo Fisher
Scientific, Rockford,
IL

Abcam, Cambridge,
UK

Abcam, Cambridge,
UK

Novolink Polymer Detection System
(Novocastra, Newcastle upon Tyne,
UK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Dako REAL™ EnVision™ Detection
System (Dako Denmark A/S,
Glostrup, DK)

Vectastain ABC kit PK6100, Vector
Laboratories Inc., CA

Vectastain ABC kit PK6100, Vector
Laboratories Inc., CA

Vectastain ABC kit PK6100, Vector
Laboratories Inc., CA

Vectastain ABC kit PK6100, Vector
Laboratories Inc., CA
Vectastain ABC kit PK6100, Vector
Laboratories Inc., CA
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4.3 Immunoelectron microscopy

For immunoelectronmicroscopy (IEM) in Study I, the lymph node specimens were
fixed in 4% paraformaldehyde with 2.5% sucrose in 0.1 M phosphate buffer for 2
h, immersed in 2.3 M sucrose in PBS at 4 °C, and frozen in liquid nitrogen. Thin
cryosections were cut with a Leica EM FC7 ultramicrotome. The sections were first
incubated in a blocking solution of 0.2% gelatin/PBS, and then in 0.1%
glycine/PBS. Antibodies and gold conjugates were diluted in 1% BSA/PBS. All
washing was performed in 1% BSA/ PBS. For single immunolabelling, the sections
were exposed to the primary 8-OHdG antibody for 60 min, and then to rabbit anti-
mouse IgG (Zymed, San Fran- cisco, CA, USA) as a bridging antibody for 30 min.
After washing, incubation with protein A—gold complex (size 10 nm) was
performed. Controls were prepared by carrying out the labelling procedure without
the primary antibody. All sections were embedded in methylcellulose, and
examined with a Tecnai Spirit transmission electron microscope (FEI Company,
Eindhoven, the Netherlands). Images were captured using a Quemesa CCD camera
(Olympus Soft Imaging Solutions, Munster, Germany).

4.4 Sample evaluation

Evaluation of immunostaining was performed by two independent observers; an
experienced haematopathologist (KMH) together with another investigator (HB)
blinded to the clinical data. In Study I, immunostaining was graded: (i) separately
in HRS cells or lymphocyte predominance cells (in NLPHL cases) and in the
surrounding RCI; (ii) separately in nuclei and cytoplasm; and (iii) separately
according to intensity (0, no immunostaining; 1, weak immunostaining intensity; 2,
moderate immunostaining intensity; 3, strong immunostaining intensity; 4, very
strong immunostaining intensity) and extent (0—100%) of immunostaining. For
statistical analyses, immunostaining was divided into two classed variables: for
intensity, classification as either 0—1 or 2—4 (8-OHdG, MnSOD, Prx II and Prx III)
or 0-2 and 3—4 (nitrotyrosine, Prx V and Prx VI), based on the distribution of
immunostaining. Staining extent was divided into 0—-19% and 20—100% groups.
In studies II-1V, immunostaining was graded (i) separately in HRS cells and in
the surrounding RCI; (ii) separately in nuclei and cytoplasm; and (iii) separately
according to the extent (0—100%) and intensity of immunostaining (1, weak
intensity; 2, moderate intensity; 3, strong intensity; 4, very strong immunostaining
intensity). For statistical analyses, the immunostaining results were divided into
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two classed variables: intensity was multiplied by the degree of extent of
immunostaining (0—-100%), resulting in a continuous variable of 0—400, which was
further divided into two classes (low expression and high expression), based on the
median expression of each variable.

4.5 Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 21.0.—24.0.
software (SPSS, Chicago, IL, USA). In Studies I and II, correlations between the
expression levels of the different protein markers and -clinicopathological
parameters were determined using two-sided Fisher’s exact test or the chi-square
test. In Studies III and IV, associations between clinicopathological parameters and
protein expression were determined by using continuous variable testing (Mann—
Whitney test). Associations between levels of protein markers and patient survival
were analysed by using the Kaplan—Meier method, and the statistical significance
of differences was evaluated by using the log-rank test. Relapse-free survival (RFS)
was calculated from the date of diagnosis to the date of confirmed relapse. Disease-
specific survival (DSS) was calculated from the date of diagnosis to the date of
lymphoma-specific death or to the last follow-up date. The cases dropped from
follow-up free from disease were censored at the last date of follow-up. A complete
response (CR) was defined as no detectable tumour after the first-line ABVD
treatment. P-values of less than 0.05 were considered significant.

4.6 Ethical aspects

The studies were carried out with good ethical aspects in mind. They were approved
by the regional Ethics Committee of Northern Ostrobothnia Hospital District
(42/2010). Encoded markings without personal identification numbers were used
in the patient samples and the personal identification numbers were stored in our
locked laboratory in a sealed locker, with respect to patients’ privacy. All data
analyses were carried out without patients’ personal identification numbers. Our
studies have not influenced patient care or follow-up. Our study lymph node
samples were collected for diagnostic purposes; hence patients were not
compromised by an additional physical risk. Permission to use paraffin-embedded
tissue samples for research was obtained from the National Supervisory Authority
for Welfare and Health (Valvira 6622/05.01.00.06/2010). During the period of data
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collection and management the principles of the Declaration of Helsinki were
followed.
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5 Results

5.1 Immunohistochemical staining patterns in HL

The expression levels of all studied markers are presented in Table 9 and
immunohistochemistry figures of studied markers are presented in the original
publications.

Table 9. Percentages of cases showing expression of the studied markers

Antibody (study) Reed-Sternberg cells Reactive cellular infiltrate
Nuclei Cytoplasm Nuclei Cytoplasm

Nitrotyrosine (1) 93.9 * 97.0 *
8-OHdG (I) 76.8 76.8 84.8 0
Prx 11 (1) 0 51.5 0 97.0
Prx 111 (1) 0 99.0 0 99.0
Prx V (I) 0 100 0 100
Prx VI (1) 70.0 97.0 98.0 0
MnSOD (1) 0 94.0 0 33.3
HIF-1a (II) 73.9 0 66.6 0
HIF-2a (II) 0% 85.8 0 0
PHD1 (II) 0 9.6 0 100
PHD2 (II) 97.6 0 0 99.1
PHD3 (II) 86.5 0 0 86.5
KDM4A (IlI) 1.1 92.2 83.3 96.7
KDM4B (Il1) 3.3 93.4 20.9 93.4
KDMA4D (l11) 25.3 68.1 26.4 93.4
SIRT 1 (V) 0 100 35.0 89.0
SIRT4 (V) 0 95.6 13.0 95.6
SIRT6 (V) 0 100 56.0 96.7
Rif1 (1V) 96.5 82.1 81.7 74.4
MGMT (IV) 74.7 13.2 98.9 0

*=Did not evaluate

Oxidative stress markers and antioxidant enzymes (l)

Nitrotyrosine immunostaining was found in the cytoplasm of both HRS cells and
cells in the RCI, its intensity varying from weak to very strong. Expression of 8-
OHAdG was found in the cytoplasm and nuclei in HRS cells and nuclei in RCI. Its
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intensity varied from weak to strong in nuclei and cytoplasm of HRS cells. In nuclei
of the RCI, 8-OHdG intensity also varied from weak to strong.

Expression of MnSOD was found in the cytoplasm of HRS cells and RCI. Its
intensity varied from moderate to very strong in both. Prx II expression was also
found in the cytoplasm of HRS cells and RCI. Its intensity varied from weak to
strong in both. Similarly to Prx II, Prx III was found in the cytoplasm of HRS cells
and RCI. Prx III intensity varied from weak to very strong in both RS cells and RCI.
Prx V appeared only in the cytoplasm of HRS cells and RCI. Its intensity varied
from weak to very strong. Prx VI immunostaining was found in the cytoplasm and
nuclei of HRS cells and in the cytoplasm of RCI. Prx VI intensity varied from
moderate to strong in nuclei and from weak to strong in the cytoplasm of HRS cells.
In RCI, cytoplasmic intensity varied from weak to strong.

Electron-microscopic expression patterns of 8-OHdAG ()

IEM analysis was performed on cHL samples with 8-OHdG staining. Electron
microscopy showed the localization of 8-OHdG expression in lymphocytes, mainly
in the chromatin, but also to some extent in the cytosol and in mitochondria.

Hypoxia regulators and prolyl hydroxylase domains (1)

HIF-1a expression was found in nuclei of HRS and RCI cells. The intensity varied
from moderate to strong in both. Cytoplasm was negative in HRS and RCI cells.
HIF-20 expression was seen only in cytoplasm of HRS cells; its intensity varied
from moderate to very strong.

PHDI1 expression was detected in the cytoplasm of HRS cells and also in RCI.
Its intensity varied from weak to moderate in HRS cells and weak to very strong in
the RCI. Expression of both PHD2 and PHD3 was found in nuclei of HRS cells
and cytoplasm of the cells in the RCI. PHD?2 intensity varied from weak to very
strong in both nuclei of HRS cells and cytoplasm of the RCI. PHD3 intensity varied
from weak to very strong in nuclei of HRS cells and weak to strong in cytoplasm
of the RCI.

Histone demethylating ezymes (KDM4) (11])

HRS cells and RCI showed cytoplasmic KDM4A positivity; the intensity varied in
both from weak to moderate. Nuclear KDM4A expression was detected in RCI; its
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intensity varied from weak to moderate. KDM4B expression was found in nuclei
and cytoplasm in HRS cells and in cells of the RCI. Its intensity in HRS cells varied
from weak to moderate in nuclei and weak to very strong in cytoplasm. In reactive
cellular infiltrate KDM4B intensity was weak or moderate in nuclei and weak to
very strong in cytoplasm. KDM4D expression was seen in the cytoplasm and nuclei
of HRS cells; its intensity varied from weak to strong in both. In cells of the RCI,
KDMA4D expression was also found in nuclei and cytoplasm. Its intensity varied
from weak to very strong in the cytoplasm of HRS cells and in RCI.

Sirtuins (1V)

SIRT1 expression was found only in the cytoplasm of HRS cells, in all cHL samples.
In RCI SIRT1 expression was found in both nuclei and cytoplasm. Its intensity
varied from moderate to very strong in the cytoplasm of RS cells. In RCI, SIRT1
intensity varied in nuclei and cytoplasm from weak to strong. SIRT4 expression
was found only in the cytoplasm of HRS cells. In cells of the RCI SIRT4 expression
was seen mostly in cytoplasm, but also in a few samples in nuclei. Its intensity
varied from weak to very strong in the cytoplasm of HRS cells and in RCI SIRT4
intensity varied in nuclei from moderate to strong and in cytoplasm from weak to
strong. SIRT6 expression was found only in the cytoplasm of HRS cells, in all cHL
samples. In RCI, it was seen in both nuclei and cytoplasm. Similarly to SIRT4,
SIRT6 intensity varied from weak to very strong in the cytoplasm of HRS cells,
and in RCI SIRT®6 intensity varied in nuclei and cytoplasm from weak to strong.

MGMT and Rif1 (IV)

MGMT expression was found in nuclei and cytoplasm of HRS cells and in nuclei
of the cells in RCI. Its intensity varied from weak to strong in the nuclei of HRS
cells and from weak to moderate in cytoplasm of RS cells. MGMT intensity was
moderate or strong in nuclei of RCI.

Rifl expression was detected in both nuclei and cytoplasm of HRS cells and
RCI. Rifl intensity was moderate to very strong in nuclei and weak to strong in
cytoplasm of the HRS cells. In RCI, intensity varied from weak to strong in both
nuclei and cytoplasm of the cells.
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5.2 Associations between clinical parameters and biomarkers

Associations between biomarkers and clinicopathological parameters are shown in

Table 10.

Table 10. Associations between biomarkers and clinicopathological parameters.

Antibody Immunostaining location B-symptoms Advanced IPS>2 Limited- No CR NoCR
(Study) (nuclear/cytoplasmic) stage stage risk after after
factor ABVD IFRT
Nitrotyrosine RCI (nuclear) 0.046 1
U]
8-OHdG (I) HRS (nuclear) 0.006
HRS (cytoplasmic) 0.004 1
Prx 11 (1) RCI (cytoplasmic) 0.00061 0.0021
Prx V () HRS (cytoplasmic) 0.041
MnSOD (1) HRS (cytoplasmic) 0.031
RCI (cytoplasmic) 0.0021
HIF-1a (1) RCI (nuclear) 0.021
(LSP)
HIF-2a (11) HRS (cytoplasmic) 0.011
PHD1 (Il) HRS (cytoplasmic) 0.04|
RCI (cytoplasmic) 0.002]
(ASP)
PHD3 (Il) HRS (nuclear) 0.002]
(ASP)
RCI (cytoplasmic) 0.03]
(ASP)
KDM4A (lll)  HRS (nuclear) 0.0006]
KDM4B (lll)  HRS (cytoplasmic) 0.0071 0.021 0.0011
KDM4D (Ill)  HRS (cytoplasmic) 0.041
RCI (nuclear) 0.0021 0.0071
SIRT 1 (IV)  RCI (nuclear) 0.011 0.011
SIRT6 (IV)  HRS (cytoplasmic) 0.001]
RCI (nuclear) 0.031 0.041
RCI (cytoplasmic) 0.007]
Rif1 (V) HRS (cytoplasmic) 0.041
MGMT (IV)  HRS (cytoplasmic) 0.03| 0.02|

HRS = Hodgkin and Reed—Sternberg (cell), RCI = Reactive cellular infiltrate, |= Negative correlation, 1=

positive correlation, ASP = advanced stage patients, LSP = limited stage patients
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Oxidative stress markers and antioxidant enzymes (I)

In Study I, strong expression of 8-OHdG and expression of mitochondrial
antioxidant enzymes (MnSOD, Prx IIT) were related to B-symptoms and advanced
stage in HL. Strong 8-OHdG expression was associated with lower IPSs (0-2) in
advanced disease. Strong Prx V expression was related to a low rate of CR after
first-line ABVD-treatment. Expression levels of Prx II and Prx VI did not show any
association with clinical parameters.

Hypoxia regulators and prolyl hydroxylase domains (ll)

In Study II, strong HIF-2a expression was associated with fewer CRs after
radiotherapy. In limited-stage patients, low nuclear HIF-lo expression was
correlated with a low level of CR after first-line ABVD treatment. Expression
levels of HIF-1a and HIF-2a did not show any association with other clinical
parameters.

A low rate of cytoplasmic PHDI1 staining in HRS cells was associated with
limited-stage disease. Low levels of PHD1 and PHD3 were found to be associated
with a low rate of CR to chemotherapy in advanced-stage patients. Low expression
levels of PHD3 staining correlated with a reduced amount of CR after radiotherapy
in advanced-stage patients. Expression levels of PHD1, PHD2 or PHD3 did not
show any associations with the clinical parameters examined.

Histone demethylating ezymes (KDM4) (I11)

In the KDM4 study (III) strong KDM4B and KDM4D expression levels were
related to B-symptoms and an advanced stage of cHL. Strong KDM4B expression
was also associated with higher IPSs (3—7). Low nuclear KDM4A expression was
associated with the presence of B-symptoms. KDM4 enzymes were not associated
with first-line treatment responses.

Sirtuins, MGMT and Rif1 (1V)

Study IV showed that strong SIRT1 and SIRT6 expression levels were associated
with advanced stage and B-symptoms of cHL. Strong SIRT6 staining was also
associated with low (0-2) IPSs. Strong SIRT6 expression was also associated with
fewer CRs after ABVD chemotherapy. SIRT4 expression did not show any
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association with clinical parameters. Low-level MGMT expression was related to
B-symptoms and advanced stage and strong Rifl expression was associated with a
high rate of CR after first-line ABVD treatment.

5.3 Survival analysis

Table 11 summarizes all biomarkers associated with patient survival.

Oxidative stress markers and antioxidant enzymes (I)

Low 8-OHdG immunostaining intensity in the nuclei of HRS cells was a predictor
of poorer RFS, but only in the patients with advanced disease (p=0.038). Cox
regression analysis demonstrated this to be the most significant prognostic factor
when the IPS score (0-2 or 3—7) and achievement of complete remission were taken
into account.

An elevated extent of MnSOD expression was associated with poorer RFS
(p=0.022). In Cox regression analysis, the MnSOD level was an independent
prognostic factor when stage (limited or advanced) and achievement of complete
remission were taken into account.

Hypoxia regulators and prolyl hydroxylase domains ()

In Study II, strong nuclear HIF-la expression in RCI was associated with
prolonged RFS in the advanced-stage patients who had received IFRT (p=0.026).
When combined with the IPS in multivariate analysis, HIF-1a expression in this
subgroup appeared to have more prognostic power, although neither variable
remained significant in this model (for HIF-la: risk ratio [RR] 0.223; 95%
confidence interval [CI] 0.043—1.157; p=0.074, and for IPS: RR 1.301; 95% CI
0.251-6.730; p=0.754). Strong nuclear HIF-1a expression in HRS cells was not,
however, associated statistically significantly with prolonged RFS in advanced-
stage patients who had received IFRT (p=0.11).

Strong cytoplasmic PHD1 expression in HRS cells was found to be associated
with poor RFS among all patients treated with IFRT and among the advanced-stage
patients who had received IFRT (p=0.0028, p=0.0058 respectively). In Cox
regression analysis, the statistical significance of the predictive power exceeded
that of the IPS in the patients treated with IFRT (for PHD1: RR 10.073; 95% CI
1.549-65.520; p=0.016, and for IPS: RR 0.340; 95% CI 0.387-1.388; p=0.34) and

70



also in the patients with both advanced-stage disease and IFRT (for PHD1: RR
18.383; 95% CI 1.521-222.246; p=0.022, and for IPS: RR 0.263; 95% CI 0.021—
3.229; p=0.297).

Histone demethylating ezymes (KDM4) (I1l)

Strong cytoplasmic expression of KDM4B in HRS cells predicted poorer RFS in
patients with limited-stage disease (p=0.022). Similarly, strong cytoplasmic
KDM4B expression in the RCI predicted worse RFS in this patient group (p=0.020).
Similarly to KDM4B, strong KDM4D expression in the cytoplasm of HRS cells
was associated with dismal RFS among the limited-stage patients (p=0.046). Strong
cytoplasmic KDM4D expression in HRS cells also predicted worse RFS in limited-
stage patients who had received involved-field radiotherapy (p=0.007). As a result
of the excellent prognosis and a limited number of relapses in this material, reliable
multivariate analysis could not be performed. Strong cytoplasmic KDM4A
expression in the RCI was associated nearly significantly with poorer RFS in the
whole cohort (p=0.054)

Sirtuins and Rif1 (1V)

Strong cytoplasmic SIRT6 expression in the RCI was associated with prolonged
RFS in the whole patient population (p=0.040). When the patients were divided
according to stage (limited or advanced) and the administration of radiotherapy,
SIRT6 was a prognostic factor only in those with advanced-stage disease who had
received radiotherapy (p=0.031). However, these associations were not confirmed
in multivariate analysis. In the subgroup of advanced-stage patients who had
received radiotherapy, none of the seven patients with high-level SIRT6 expression
experienced a relapse, compared with 7/14 (50%) patients with low-level
expression. In other words, SIRT6 had a positive prognostic value of 50% and a
negative prognostic value of 100% (p=0.047).

High-level nuclear Rifl expression in HRS cells was found to be associated
with prolonged RFS, but only in cases with advanced-stage disease (univariate
analysis, p=0.032). In multivariate analysis, high-level nuclear Rifl expression in
cases with advanced-stage disease was a more significant predictor of favourable
RFS (hazard ratio [HR] 8.596; 95% CI 1.604—46.073; p=0.012) than a high IPS
(scores 0-2 versus scores 3—7, HR 5.207; 95% CI 1.108-19.351; p=0.036). When
the patients were further divided according to therapy, nuclear Rifl expression in
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HRS cells had a prognostic value only among the advanced-stage-disease patients
who had received radiotherapy (p=0.0043). Associations could not be confirmed
by multivariate analysis, because the subgroup was too small. In this subgroup,
7/11 (63.6%) of the patients with low-level Rifl expression suffered from relapse,
compared with 0/9 (0%) patients with high-level Rifl expression. Thus, Rifl had a
positive prognostic value of 63.6% and a negative prognostic value of 100% as
regards developing a relapse in this subgroup (p=0.0047).

Sirtuin 6 together with Rif1 (1V)

Low-level expression of both Rifl and SIRT6 predicted worse RFS according to
the results of univariate analysis (p=0.021). However, in subgroups the significance
remained only among those patients who had received radiotherapy (p=0.0073).
Also, low-level expression of both Rif1 and SIRT6 predicted poor outcome in those
with advanced-stage disease (p=0.002). Among the patients with both advanced-
stage disease and radiotherapy received, the significance was even more
pronounced (p=0.000038). In multivariate analysis this combined variable was still
significant as regards the radiotherapy-treated patients (HR 8.521; 95% CI 1.714—
42.358; p=0.0088) and when the stage was included in the analysis (HR 9.395; 95%
CI 9.395-46.935). In line with the above, low-level Rifl/SIRT6 expression was
associated with worse DSS in univariate analysis, but only in the patients treated
with radiotherapy and with advanced-stage disease (p=0.034 for the whole
population; p=0.024 for those with advanced-stage HL; p=0.011 for the patients
treated with radiotherapy; p=0.015 for the patients with advanced-stage HL and
radiotherapy). This observation could not be confirmed in multivariate analysis as
a result of the low number of HL-related deaths.
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Table 11. Biomarkers and patient survival.

Antibody Immunostaining location Subgroup Endpoint  P-value 5-year 5-year
(Study) (nuclear/cytoplasmic) (log-rank)  survival in survival in
low high
expression  expression
group (%) group (%)
MnSOD (I) HRS (cytoplasmic) Whole RFS 0.022 97 77
cohort
8-OHdG (I) HRS (nuclear) ASP RFS 0.038 67 85
HIF-1a (Il)  RCI (nuclear) ASP, IRFT- RFS 0.026 36 85
treated
PHD1 (Il) HRS (cytoplasmic) IFRT- RFS 0.0028 88 50
treated
HRS (cytoplasmic) ASP, IRFT- RFS 0.0058 73 25
treated
KDM4B (lll) HRS (cytoplasmic) LSP RFS 0.022 100 79
RCI (cytoplasmic) LSP RFS 0.020 97 75
KDM4D (lll) HRS (cytoplasmic) LSP RFS 0.046 94 71
HRS (cytoplasmic) LSP, IRFT- RFS 0.0071 97 60
treated
SIRT6 (IV)  RCI (cytoplasmic) Whole RFS 0.040 78 96
cohort
Rif1 (1V) RCI (cytoplasmic) ASP, IRFT- RFS 0.031 50 100
treated
HRS (nuclear) ASP RFS 0.032 67 89
SIRT6/Rif1  HRS (nuclear) ASP, IRFT- RFS 0.0043 36 100
(V) treated
RCI (cytoplasmic)/HRS  Whole RFS 0.021 74 91
(nuclear) cohort
RCI (cytoplasmic)/HRS  ASP, IRFT- RFS 0.000038 13 100
(nuclear) treated
RCI (cytoplasmic)/HRS  Whole DSS 0.034 83 100
(nuclear) cohort
RCI (cytoplasmic)/HRS  ASP DSS 0.024 67 100
(nuclear)
RCI (cytoplasmic)/HRS  IFRT- DSS 0.011 81 100
(nuclear) treated
RCI (cytoplasmic)/HRS  ASP, IRFT- DSS 0.015 50 100
(nuclear) treated

ASP = advanced stage patients, LSP = limited stage patients, IFRT = Involved-field radiation therapy
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6 Discussion

In these studies, the potential predictive and prognostic roles of various proteins
related to cellular stress-regulating mechanisms in HL were examined. These
proteins were analysed immunohistochemically in both HRS cells and RCI. The
RCI has an important impact on HRS cells and tumour behaviour, and the results
presented in this study emphasize their significance in cHL.

6.1 Oxidative stress markers and antioxidant enzymes in HL

The roles of oxidative stress and antioxidant enzymes have not been studied in HL
previously. In other (solid) cancers and lymphomas oxidative stress markers have
shown predictive and prognostic roles (Karihtala & Soini 2007, Pasanen et al., 2012,
Peroja et al., 2012, Kuusisto et al., 2015). Encouraged by previous studies on
cancer and especially lymphoma, the biological importance of oxidative stress and
antioxidant enzymes were here studied in HL. Their roles were explored in HRS
cells and tumour cellular infiltrate and their possible involvement in the
development of chemoresistance and connection to survival was investigated.

ROS-mediated initiation of carcinogenesis may occur directly (including
oxidation, nitration, halogenation of nuclear DNA, RNA, and lipids) or via the
signalling pathways activated by ROS. For example, during aerobic respiration
there is non-stop electron leakage to O2 in adenosine triphosphate (ATP) synthesis
in mitochondria. One example of ROS is O,, which is formed during aerobic
metabolism. MnSOD is the main antioxidant enzyme to protect against this
mitochondrial free radical (Karihtala & Soini 2007).

First-line treatment of cHL usually consists of ABVD chemotherapy. Most
mechanisms of the drugs involved are based on ROS formation, especially as
regards bleomycin (Burger, Peisach & Horwitz 1981). High levels of MnSOD in
solid cancers reflect the aggressiveness of cancer and its metastatic potential and
they have also been linked to poor prognosis (Malafa, Margenthaler, Webb, Neitzel
& Christophersen 2000, Janssen et al., 2000). In lymphoma, there is some evidence
that eclevated levels of antioxidant enzyme expression might be linked to
chemoresistance (Kuusisto et al., 2015, Tome et al., 2012). In the present study,
strong MnSOD expression was linked to advanced stage and B-symptoms and was
associated with worse prognosis in multivariate analysis when stage (limited or
advanced) and achievement of complete remission were taken into account. High-
level MnSOD expression seemed to be particularly associated with relapses during
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the first years of treatment. Furthermore, MnSOD mRNA levels have been recently
studied in cHL and the researchers found that high levels of MnSOD mRNA in
advanced-stage patients were linked to poor DSS (Karihtala, Porvari, Soini,
Haapasaari 2017). These results, together with those presented here, indicate that
MnSOD could be a significant biomarker as regards prediction of prognosis.

In our study we found no significant connection between MnSOD and
chemoresistance. However, Prx V, which is primarily in cytosol and mitochondria,
was associated with a reduced level of CR after ABVD treatment. Prx III is also
found in the mitochondria and in the present study it was related to higher IPSs,
advanced stage and B-symptoms. In follicular lymphomas high levels of total Prxs
have been linked to favourable DSS and OS but not with progression-free survival
(PFS), but on the other hand, in DLBCL, strong Prx VI expression has been
associated with adverse DSS, OS and PFS (Peroja et al., 2016, Kuusisto et al.,
2015). In our study Prx levels were not statistically significant in survival analysis.

In mammalian cells, the most injurious effects of ROS are brought about by
OH, which causes DNA damage including the formation 8-OHdG (Valko, Izakovic,
Mazur, Rhodes & Telser 2004, Marnett 2000). In the present study strong 8-OHdG
expression was related to advanced stage and B-symptoms, but on the other hand,
to low IPSs and prolonged RFS in advanced-stage patients. Even though high levels
of ROS have been linked to carcinogenesis, they can also cause detrimental
oxidative stress that can lead to cell death.

6.2 HIF and PHD enzymes in cHL

To our knowledge, the associations between HIF and PHD proteins and clinical
outcome have not previously been studied in cHL. Levels of HIFs are significantly
increased in many human cancers and their association with metastasis formation
has been confirmed (Semenza 2011). In the majority of cancers, HIF-1a and HIF-
20 are linked to a poor outcome and other prognostic aspects (Semenza 2011). PHD
proteins have been shown to act mainly as tumour suppressors (Klotzsche-von
Ameln et al., 2011).

In the present study, HIF-1a and HIF-20 were associated with a low rate of CR
to first-line ABVD treatment, especially among limited-stage patients. In an HL
cell line, hypoxic conditions cause resistance to cisplatin chemotherapy and in non-
Hodgkin lymphomas HIF-la overexpression leads to chemoresistant disease
(Hernandez-Luna, Rocha-Zavaleta, Vega & Huerta-Yepez 2013, Kewitz, Kurch,
Volkmer & Staege 2016). Hif-1a causes chemoresistance by inhibiting apoptosis
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and attenuating the rate of intracellular drug accumulation (Liu et al., 2008). A
hypoxic environment causes radioresistance by re-oxygenation and ROS formation,
which enables stabilization of the DNA damage response. Stabilization of HIF also
brings about target gene expression and epigenetic post-translational histone
modifications, which further cause radioresistance (Beyer, Kristensen, Jensen,
Johansen & Staller 2008).

In our material, increased HIF-1a expression was associated with prolonged
RFS in advanced-stage patients treated with IFRT. At first sight, our results seem
to be inconsistent, because HIF-1o has been linked to inferior survival in most
cancers (Semenza 2012). Results consistent with ours have been observed in renal
cell carcinoma, DLBCL and head and neck squamocellular carcinoma (Beasley et
al., 2002, Evens et al., 2010, Lidgren et al., 2005). One possible reason why HIF-
la in RCI was correlated with prolonged RFS may be that HIF-1a contributes to
Treg cell differentiation. High numbers or proportions of Treg cells have been
associated with a favourable prognosis (Alvaro et al., 2005, Schreck et al., 2009).
On the other hand, a recent study showed that Treg cells in RCI were associated
with poorer prognosis (Hollander et al., 2018).

Our study showed that in advanced-stage patients, low levels of PHD1 and
PHD3 immunostaining in RCI (PHD3 also in HRS cells) were associated with a
low rate of CR. On the other hand, strong PHD1 expression in HRS cells was
associated with poor RFS in advanced-stage patients, especially in the
radiotherapy-treated patient population. It seems paradoxical that PHD1 expression
has diverse roles in RCI and in HRS cells. PHD1 and PHD3 inhibit NF-xB
signalling, which has an important role in HRS cell survival (Bargou et al.,1997,
Cummins et al., 2006). PHD3 also promotes growth inhibition through epidermal
growth factor receptor and mediates alpha-ketoglutarate-induced apoptosis and
tumour suppression (Tennant & Gottlieb 2010, Garvalov et al., 2014). In patients
with pancreatic endocrine tumours, prostate adenocarcinoma and non-small-cell
lung carcinoma, PHD1 has also been linked to poorer survival (Couvelard et al.,
2008, Boddy et al., 2005, Andersen et al., 2011).

6.3 Epigenetic regulators in cHL

Epigenetic changes occur during the pathogenesis of cHL (Seitz ez al., 2011). There
is also evidence that epigenetic changes in non-coding RNA are associated with
clinical outcome in cHL (Cordeiro, Monz6 & Navarro 2017). There is no previous
research on KDM4 protein in relation to the clinical outcome of cHL.
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Here, strong expression of KDM4B and KDM4D was associated with poor
RFS in limited-stage patients. High KDM4D expression predicted dismal RFS
most significantly in the patients who had received involved-field radiotherapy.
This may be due to the participation of KDM4D in the repair of double-strand
breaks, thereby maintaining genome integrity (Khoury-Haddad et al., 2014).
KDM4D also promotes DNA repair by way of enhanced expression of PARPI1,
which is known to be associated with radioresistance (Chen et al., 2017). Similarly,
in nasopharyngeal carcinoma, inhibition of PARP1 enhances radiotherapy
responses (Chow et al., 2013). Also in a recent study, strong KDM4D expression
was associated with poor disease-free survival in pancreatic adenocarcinoma
(Isohookana J, Haapasaari KM, Soini Y & Karihtala 2018). KDM4A, KDM4B and
KDM4D did not show any association with treatment response in our material.

Our results showed that strong expression of KDM4B is linked to the
traditional prognostic factors of HL. The effect is probably due to the fact that
KDM4B participates in the DNA damage response and DSBs. Here, HIF-1a was
found to be expressed in cHL samples, and it promoted KDM4B protein expression.
As earlier mentioned, strong expression of HIF-1a was linked inversely to the
achievement of CR after first-line ABVD chemotherapy. KDM4B might help HRS
cells and RCI to survive and thrive in a hypoxic environment. For this reason,
KDM4B may have an impact on resistance to chemotherapeutic agents, especially
in short chemotherapy cycles (in limited-stage disease).

6.4 Sirtuins and DNA repair in cHL

Sirtuins have been studied widely in connection with several types of cancer. DNA
repair proteins have been giving a new perspective in cancer research, especially in
treatment response. There is no previous study in which sirtuins or the DNA-repair
proteins Rifl and MGMT have been investigated in cHL.

Sirtuins are involved in diverse biological functions, including cell division,
differentiation, metabolism and survival. Our results showed that strong expression
of SIRT1 and SIRT6 was associated with both B-symptoms and advanced stage.
SIRT6 also predicted a poor benefit from first-line ABVD chemotherapy. SIRT1 is
the most studied sirtuin in cancers. It has been linked to various cancer types. In
DLBCL, SIRT1 is associated with shorter OS (Jang et al., 2008). SIRTG is a
primary tumour suppressor protein, but its overexpression has been shown to lead
to increased resistance to chemotherapy (paclitaxel and epirubicin) in breast cancer
(Khongkow et al., 2013). One explanation for this might be that SIRT6 is connected
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to the DNA repair mechanism. Anthracyclines (including paclitaxel and epirubicin)
cause DNA damage and create ROS (Chien & Moasser 2008, Jacobson 1996).

Low-level expression of nuclear Rifl in HRS cells predicted early relapses in
advanced-stage patients, especially in those who had received radiotherapy.
Expression of Rifl was statistically more significant in multivariate analysis than
the IPS. One explanation for why high-level expression of Rif1 is a good prognosis
marker is that it facilitates NHEJ and suppresses homologous recombination in
BCRA1-mediated manner (Kumar & Cheok 2014). Of the two main DSB repair
choices, NHE]J is thought to be more radiosensitive (Somaiah ef al., 2012, Somaiah,
Yarnold, Lagerqvist, Rothkamm & Helleday 2013). On the other hand, a recent
study showed that in cervical cancer cells Rifl depletion sensitizes cells to cisplatin
treatment (Mei et al. 2017).

In survival analysis, high-level expression of SIRT6 and Rifl (new variant)
was found to be linked to prolonged survival, particularly in advanced-stage
patients who had received radiotherapy. There are no previous studies in which
both biomarkers have been assessed in humans. SIRT6 and Rifl have at least one
common factor — they significantly stimulate the DSB repair mechanism, and there
is evidence that inhibition of the HR repair mechanism could be a potential
radiosensitizer (Mladeno, Magin, Soni & Iliakis 2013).

6.5 Limitations of this study

There are some weaknesses in this study design, which are important to note.
In study I, patient material was heterogeneous, including six NLPHL patients. In
the same study, the subgroup analysis was not done. There were a rather limited
number of patients in this study, especially in the subgroup analysis there could be
larger patient group. The protocol to estimate the treatment response assessment
has been modified during the study (in years 1997-2015). Another weakness of this
study is the study method, which was mainly based on immunohistochemistry
assessing only protein levels. Immunoelectronmicroscopy was used only in study
L.

The strengths of this study are strict documentation, uniformly treated patients
from geographically small area, long follow-up time and representative HL samples
with careful protein expression assessment in different compartments.
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6.6 Prospects for future research

At the moment, the therapeutic decision making in HL is based on disease stage,
risk factors (such as IPS, limited stage risk factors, patient age) and B-symptoms
which have been used almost two decades. FDG-PET have given excellent results
for interim treatment response assessment and adaptation of patient management.
Nevertheless, these tools provide only very limited information about HL biology
in individual patients. In this study, our aim was to identify new biomarkes for those
patients who are at risk of poor treatment response or disease relapse. Secondly to
find suitable biomarkers to those patients who could do well with less treatment
and futher reduce treatment-related toxicity and long-term morbidity.

The role of radiotherapy is under debate as regards HL as a result of its
treatment-related side effects and excellent outcome of the patients. Epigenetic
reulator KDM4D predicted worse outcome especially in limited stage patient, who
had received radiotherapy. As well PHD1 and SIRT6 together with Rifl predicted
worse outcome especially in advanced stage patient, who had received radiotherapy.
To confirm our findings these biomarkers should be further studied in a large cHL
patient group.

Futher studies have already done in redox regulating enzymes in cHL
(Karihtala, Porvari, Soini, Haapasaari 2017), but there are no studies where these
markers evaluate the response to radiotherapy treatment. For future reseach is
recommend to study redox status and oxidative stress, separately in cHL and
NLPHL subgroups. Also the role of redox status and oxidative stress in
radioresistance would be recommend to study in future.

In this study, hypoxia related factors (HIF-1a, PHD1 and PHD3), antioxidant
enzyme Prx V and DNA reparing related factors SIRT6 and Rifl predicted
chemoresistance. It is important to find those patients, who might get poor response
to the first-line treatment, because survival rates drop significantly if CR is not
achieved with first-line treatment. SIRT6 together with Rifl have not been
previously assessed in the same study in humans. To confirm our findings, these
biomarkers should be confirmed in larger studies.

We hope to find biomarkers, which would help therapeutic decision making;
to predict potential chemo- and radioresistance diseases and also reduce
overtreatment.
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7 Conclusions

The present work concerns the expression of various biological factors in uniformly
treated HL patient samples. These biomarkers were evaluated in both HRS cells
and RCI. The study methods included IHC. Our aim was to discover new biological
factors possibly useful in the prediction of prognosis and to offer new aspects in
individualizing patient treatment in a convenient manner in cases of HL.

The results indicate the significance of certain biomarkers in HL. We found
that in both limited- and advanced-stage patient groups that several of the studied
biomarkers predicted prognosis, especially in radiotherapy-treated patients.

The following conclusions were made based on the results of the present work:

- Low-level expression of 8-OHdG (in advanced stage patients) and a high
extent of expression of MnSOD are linked to poor RFS, and they also have
significant prognostic value independently of traditional prognostic factors of
HL.

-~ Strong expression of HIF-1a and low-level expression of PHD1 and PHD3 are
linked to treatment resistance in cHL. Also strong expression of PHDI is
associated with adverse RFS in radiotherapy-treated cHL patients, especially
in advanced-stage patients, and it also has significant prognostic value
independently of traditional prognostic factors.

- Strong expression levels of KDM4D are linked to poor RFS, especially in
radiotherapy-treated limited-stage patients. KDM4A, KDM4B or KDM4D do
not have predictive significance in cHL.

- Low-level expression SIRT6 and Rifl are associated with poorer RFS, and
together, SIRT6 and Rifl have prognostic significance in patients with
advanced disease who have received radiotherapy. SIRT6 and Rifl have also
predictive significance in cHL.
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