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Kuusisto, Milla, Translational research on challenges in the treatment of diffuse
large B-cell lymphoma. 
University of Oulu Graduate School; University of Oulu, Faculty of Medicine; Medical
Research Center Oulu; Oulu University Hospital
Acta Univ. Oul. D 1337, 2015
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

In the present study, some of the difficulties in the treatment of the most common malignant
lymphoma, diffuse large B-cell lymphoma (DLBCL), were evaluated. Some patients develop
local or central nervous system (CNS) relapse after first-line treatment. The treatment of relapsed
disease is challenging and despite all efforts, some patients die of the disease. Chemoresistant
disease also remains challenging because some patients suffer from refractory disease of a
progressive nature.

The antioxidant enzymes peroxiredoxins (Prxs) and thioredoxin-1 (Trx) were evaluated as
prognostic and predictive markers of DLBCL. High cytoplasmic expression of Prx VI was found
to correlate with poor prognosis in patients with DLBCL. Trx knockdown in lymphoma cell
culture revealed a possible predictive role of Trx. Trx knockdown sensitized cells to doxorubicin,
a widely used chemotherapeutic agent in treatment schemas of DLBCL. Etoposide, another
widely used chemotherapeutic agent, on the other hand, killed more native DLBCL cells than did
doxorubicin. Patients with high Trx expression at the diagnostic stage of the disease benefitted
from etoposide-containing high-dose chemotherapy and autologous stem cell transplantation and
did not develop post-transplantation relapses which Trx-negative patients did.

Antithrombin III (AT III) in cerebrospinal fluid has been suggested to be a biomarker in
previous studies of CNS lymphoma. In the present study, AT III was evaluated in patients with
CNS lymphoma and with neurological diseases. High concentrations of AT III in cerebrospinal
fluid reflected the magnitude of blood-brain barrier leakage and because of this, AT III should not
be used as a biomarker in clinical practice.

Keywords: antithrombin III, diffuse large B-cell lymphoma, doxorubicin, etoposide,
lymphoma, peroxiredoxins, thioredoxin





Kuusisto, Milla, Translationaalinen tutkimus diffuusin suurisoluisen B-
solulymfooman hoidon ongelmakohdista. 
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Tiivistelmä

Tutkimuksessa arvioitiin osaa yleisimmän pahanlaatuisen imukudossyövän eli lymfooman, dif-
fuusin suurisoluisen B-solulymfooman, hoidon haasteista. Osa potilaista saa ensilinjan hoidon
jälkeen joko paikallisen tai aivoston alueen taudin uusiutuman. Uusiutuneen taudin hoito on
haasteellista, ja hoitoyrityksistä huolimatta osa potilaista kuolee tautiinsa. Solunsalpaajille resis-
tentti tauti on myös yksi haastavista hoitotilanteista, ja osa potilaista kärsiikin hoitojen läpi ete-
nevästä taudista.

Antioksidatiivisia entsyymejä, kuten peroksiredoksiineja ja tioredoksiinia, arvioitiin ennus-
teellisina ja ennakoivina merkkiaineina diffuusissa suurisoluisessa B-solulymfoomassa. Peroksi-
redoksiini VI:n korkea sytosolinen ilmaantuvuus korreloi tavallista huonompaan diffuusin suuri-
soluisen B-solulymfooman ennusteeseen. Tioredoksiinin hiljentäminen lymfoomasoluviljelyssä
paljasti sen mahdollisen ennakoivan merkityksen hoitoon liittyvässä päätöksenteossa. Solut her-
kistyivät tiodredoksiinin hiljentämisen vuoksi doksorubisiinille, jota käytetään laajalti diffuusin
suurisoluisen B-solulymfooman solunsalpaajahoidoissa. Etoposidi, joka on huomattavasti myr-
kyllisempi solunsalpaaja, päinvastoin tappoi enemmän tavallisia diffuusia suurisoluisia B-solu-
lymfoomaa edustavia soluja kuin doksorubisiini. Potilaat, joilla oli korkea tioredoksiinin määrä
taudin diagnostisessa vaiheessa, hyötyivät etoposidia sisältävästä korkea-annoshoidosta sekä
autologisesta kantasolusiirrosta. Näille potilaille ei kehittynyt kantasolusiirron jälkeisiä taudin
uusiutumia kuin taas niitä kehittyi potilaille, joilla oli tioredoksiini negatiivinen.

Antitrombiini III:a on ehdotettu soveltuvaksi aikaisempien tutkimusten perusteella aivoston
lymfooman merkkiaineeksi aivo-selkäydinnesteestä. Tässä tutkimuksessa antitrombiini III:n
määrää mitattiin potilailta, joilla oli aivoston lymfooma tai neurologinen sairaus. Korkeat kon-
sentraatiot antitrombiini III:a aivo-selkäydinnesteessä kuitenkin vain heijastivat veri-aivoesteen
vuotamisen määrää, ja näin ollen antitrombiini III:a ei tulisi käyttää kliinisessä käytössä.

Asiasanat: antitrombiini III, diffuusi suurisoluinen B-solulymfooma, doksorubisiini,
etoposidi, lymfooma, peroksiiredoksiinit, tioredoksiini
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ab antibody 

ABC activated B-cell 

AIDS acquired immunodeficiency syndrome 

ALCL anaplastic large cell lymphoma 

ASCT autologous stem cell transplantation 

AT III antithrombin III 

AUC area under the curve 

BCL-2 B-cell lymphoma-2 protein 

BCL-6 B-cell lymphoma-6 protein 

BEAC carmustine, etoposide, cytarabine and cyclophosphamide 

BEAM carmustine, etoposide, cytarabine and melphalan 

BL Burkitt’s lymphoma 
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CD cluster of differentiation 

CHOEP cyclophosphamide, doxorubicin, vincristine, etoposide and 

prednisolone 

CI confidence interval 

CLL chronic lymphocytic lymphoma 

c-myc cellular myc 

CNS central nervous system 

CR complete response 

CSF cerebrospinal fluid 

DA-EPOCH-R dose-adjusted etoposide, prednisolone, vincristine, 

cyclophosphamide, doxorubicin and rituximab 

DLBCL diffuse large B-cell lymphoma 

DM data missing 

DMSO dimethyl sulphoxide 

DNA deoxyribonucleic acid 

DSS disease-specific survival 

EBV Epstein-Barr virus 

e.g. exempli gratia 

ELISA enzyme-linked immunosorbent assay 

FACS fluorescence-activated cell sorting 

FBS fetal bovine serum 
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FL follicular lymphoma 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GC germinal centre 

H2O water 

H2O2 hydrogen peroxide 

HDT high-dose therapy 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid 

HHV8 human herpes virus 8 

HIV human immunodeficiency virus 

HL Hodgkin’s lymphoma 

HR hazard ratio 

HRP horseradish peroxidase 

IHC immunohistochemistry 

IPI International Prognostic Index 

i.t. intrathecal/ly 

i.v. intravenous/ly 

LD lactate dehydrogenase 

MCL mantle cell lymphoma 

MnSOD manganese superoxide dismutase 

MS multiple sclerosis 

Mtx methotrexate 

MUM-1 multiple myeloma oncogene-1 

NADPH nicotinamide adenine dinucleotide phosphate 

NHL non-Hodgkin’s lymphoma 

NK natural killer 

O2
-· superoxide 

o/n over-night 

OS overall survival 

PBS phosphate-buffered saline 

PCNSL primary central nervous system lymphoma 

PFS progression-free survival 

PMBL primary mediastinal (thymic) large B-cell lymphoma 

PMSF phenylmethylsulphonyl fluoride 

Prx peroxiredoxin 

PTCL peripheral T-cell lymphoma non specificata 

R-CHOP-21 rituximab, cyclophosphamide, doxorubicin, vincristine and 

prednisolone every 21 days 
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R-DHAP rituximab, dexamethasone, high-dose cytarabine, and cisplatin 

R-ICE rituximab, iphosphamide, carboplatin and etoposide 

ROC receiver operating characteristic 

ROS reactive oxygen species 

rpm revolutions per minute 

RT room temperature 

sCNSL secondary central nervous system lymphoma 

SDS sodium dodecyl sulphate 

siRNA small interfering ribonucleic acid 

SLL small lymphocytic lymphoma 

SODs superoxide dismutases 

Trx thioredoxin-1 

WHO World Health Organisation 
  



 

12 

 



 

13 

Original publications 

This thesis is based on the following publications, which are referred to 

throughout the text by their Roman numerals:   

I  Kuusisto MEL, Haapasaari KM, Turpeenniemi-Hujanen T, Jantunen E, Soini Y, 
Peroja P, Bloigu R, Karihtala P & Kuittinen O (2015) High intensity of cytoplasmic 
peroxiredoxin VI expression is associated with adverse outcome in diffuse large B-
cell lymphoma independently of International Prognostic Index. J Clin Pathol, 2015; 
68:552-556. Epub ahead of print May 2. 

II  Kuusisto MEL, Honkavaara P, Hakalahti A, Haapasaari KM, Bloigu R, Karihtala P, 
Turpeenniemi-Hujanen T & Kuittinen O (2015) Thioredoxin-1 may be a biological 
predictive marker for selecting diffuse large B-cell lymphoma patients to etoposide 
containing treatment. Manuscript.  

III  Kuusisto MEL, Haapasaari KM, Remes AM, Bloigu R, Karihtala P, Turpeenniemi-
Hujanen T & Kuittinen O (2015) Antithrombin III is probably not a suitable 
biomarker for diagnosis of primary central nervous system lymphoma. Ann Hematol. 
2015 Jul;94(7). Epub ahead of print Feb 21. 

 
  



 

14 

  



 

15 

Table of Contents 

Acknowledgements 7 
Abbreviations 9 
Original publications 13 
1 Introduction 17 
2 Review of the literature 19 

2.1 Lymphomas ............................................................................................. 19 
2.1.1 Classification of lymphomas ........................................................ 19 
2.1.2 Aetiology ...................................................................................... 21 
2.1.3 Epidemiology ............................................................................... 22 
2.1.4 Prognosis of lymphoma ................................................................ 22 

2.2 Diffuse large B-cell lymphoma ............................................................... 22 
2.2.1 Biology of DLBCL ....................................................................... 23 
2.2.2 Clinical features and diagnostics of DLBCL ................................ 27 
2.2.3 Treatment of DLBCL ................................................................... 27 
2.2.4 Challenges in the treatment of DLBCL ........................................ 29 

2.3 Central nervous system lymphoma ......................................................... 30 
2.3.1 Primary central nervous system lymphoma .................................. 30 
2.3.2 Secondary central nervous system lymphoma .............................. 31 

2.4 Oxidative stress and antioxidant enzymes .............................................. 32 
2.4.1 Oxidative stress and antioxidant enzymes in cancer .................... 34 
2.4.2 Oxidative stress and antioxidant enzymes in lymphomas ............ 35 

2.5 Antithrombin III ...................................................................................... 35 
2.5.1 Antithrombin III in lymphomas .................................................... 35 

3 Aims of the present study 37 
4 Material and methods 39 

4.1 Patient material ....................................................................................... 39 
4.1.1 Patient material for original publication number I ....................... 40 
4.1.2 Patient material for original publication number II ...................... 40 
4.1.3 Patient material for original publication number III ..................... 40 
4.1.4 Ethical aspects .............................................................................. 41 

4.2 Immunohistochemistry ............................................................................ 43 
4.3 Cell culture .............................................................................................. 44 

4.3.1 Transient transfection of cultured cells ......................................... 45 
4.3.2 SDS-Page and Western blotting .................................................... 46 



 

16 

4.3.3 Fluorescence‒activated cell sorting .............................................. 47 
4.3.4 Chemotherapeutic agent testing .................................................... 48 

4.4 Enzyme-linked immunosorbent assay ..................................................... 49 
4.5 Statistics .................................................................................................. 50 

5 Results 53 
5.1 Patient demographics .............................................................................. 53 
5.2 Prognosis of DLBCL ............................................................................... 55 

5.2.1 Clinical risk factors of DLBCL and patient demographics ........... 55 
5.3 Immunoreactive proteins; peroxiredoxins I‒IV, peroxiredoxin 

VI, thioredoxin-1 and antithrombin III.................................................... 57 
5.3.1 Peroxiredoxins I‒III and V ........................................................... 57 
5.3.2 Peroxiredoxin VI .......................................................................... 58 
5.3.3 Thioredoxin-1 ............................................................................... 59 
5.3.4 Antithrombin III ........................................................................... 59 

5.4 Immunoreactivity and survival ................................................................ 59 
5.5 In vitro study results ................................................................................ 60 

5.5.1 Chemotherapeutic agent testing .................................................... 60 
5.6 Antithrombin III and albumin in cerebrospinal fluid and serum in 

lymphoma patients .................................................................................. 61 
5.6.1 Antithrombin III and albumin in cerebrospinal fluid .................... 61 
5.6.2 Antithrombin III and albumin in serum ........................................ 64 
5.6.3 Antithrombin III comparison in cerebrospinal fluid, serum 

and biopsy samples ....................................................................... 65 
6 Discussion 67 

6.1 Oxidative stress markers as prognostic and predictive markers of 

DLBCL .................................................................................................... 67 
6.2 Cerebrospinal fluid antithrombin III as a biomarker of CNS 

lymphoma ................................................................................................ 69 
6.3 Future prospects ...................................................................................... 70 

7 Conclusions 73 
References 75 
The original publications 87 
 

 

 

 



 

17 

1 Introduction 

The treatment of malignant non-Hodgkin’s lymphomas (NHLs) has improved 

over the years. Nowadays the most common NHL, diffuse large B-cell lymphoma 

(DLBCL), is treatable, even curable in most patients suffering from the disease. 

However, challenges in the treatment of DLBCL still remain. One of the major 

challenges is relapsed disease with local or with more fatal central nervous system 

(CNS) relapse. Although prophylactic treatment of CNS relapse exists, no 

sufficiently good predictive tools are available as regards treatment decision–

making. Another treatment challenge is chemoresistant disease of a progressive 

nature. Treatment schemas have been improved and there are effective treatment 

modalities available, but not all patients can tolerate these more toxic treatment 

options. The question remains of what factors or biomarkers should be used in 

clinical practice to target suitable treatment to the right patients.  

During physiological oxidative metabolism, reactive oxygen species (ROS) 

are formed. These are toxic in high concentrations, leading eventually to DNA 

damage and apoptosis, and to a state called oxidative stress. Antioxidant enzymes 

such as peroxiredoxins (Prxs) and thioredoxin-1 (Trx) are needed to reduce these 

metabolites to more harmless end-products. Activation of antioxidant enzymes 

may lead to beneficial circumstances for malignant cells, and therefore 

antioxidant enzymes have been studied in connection with several cancers. In 

DLBCL, Prxs have been found to be over-expressed, but no further information is 

available as regards their function or meaning. Thioredoxin-1 has also been 

discovered to be highly expressed in some patients with DLBCL. It has been 

associated with worse prognosis in patients suffering from DLBCL and has also 

been associated with the chemotherapy-resistant type of DLBCL.  

Attempts have been made to discover biomarkers of CNS-relapsed DLBCL at 

the subclinical stage of the disease in order to target prophylactic therapies. Out of 

many different prognostic and predictive factors we chose to study antithrombin 

III (AT III) because of the results of recent studies concerning its possible role as 

a diagnostic biomarker in CNS lymphoma. AT III is a protein involved in blood 

coagulation. Its function in CNS lymphoma has been studied by measuring its 

concentrations in cerebrospinal fluid samples from patients suffering from CNS 

lymphoma. In previous studies AT III has been suggested to be a biomarker of 

CNS lymphoma. 
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2 Review of the literature 

2.1 Lymphomas 

Lymphomas are a heterogeneous group of malignant diseases arising from 

lymphatic tissue. Sir Thomas Hodgkin lived in the 19th century and being 

interested in research into “absorbent glands” he published a study called “On 

some morbid appearances of the absorbent glands and spleen”. The patients 

concerned suffered from severe infections and general symptoms such as fever, 

sweating and weight loss with growing lymph nodes and spleen. Sir Hodgkin 

studied post mortem material from seven patients and later a colleague, Dr. 

Samuel Wilks, named the condition Hodgkin’s disease in 1865 (Stone 2005). 

Later, after histological examination, four of these samples were found to 

represent Hodgkin’s disease and the three others represented diseases such as 

tuberculosis (Ellis 2011).  

As diagnostic techniques developed, it came evident that there were also 

types of lymphoma other than Hodgkin’s disease. They were named NHL, and 

lymphomas were thus historically divided into two classes: Hodgkin’s lymphoma 

(HL) and NHL. Nowadays the World Health Organisation (WHO) recognises 76 

different subtypes of lymphoma among which the only common feature is the fact 

that the malignant cells originate from lymphatic cell lines. The clinical features 

vary from indolent to aggressive types of lymphoma (Swerdlow et al. 2008).  

2.1.1 Classification of lymphomas 

When understanding of the biological processes behind diseases developed, it 

became evident that different subtypes of lymphoma were derived from different 

cell types. B-cell–derived lymphomas are the most common, but there are also 

subtypes of lymphoma that originate from T-cells or natural killer (NK) -cells 

(Swerdlow et al. 2008). The most common B-cell–derived lymphoma is DLBCL, 

representing about 30% of all lymphomas (Ghielmini et al. 2013), which in 

Finland means about 500 new diagnoses every year (Finnish Cancer Registry 

2015). DLBCL is further discussed in a later section below. The second most 

common B-cell lymphoma is follicular lymphoma (FL), which usually is not a 

curable disease. However, its nature is indolent and patients can remain 

symptomless for years or even decades in the best scenario (Swerdlow et al. 
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2008). In Finland, there are 200‒250 newly diagnosed patients with FL every 

year. As regards HL, there are approximately 150 new diagnoses every year 

(Finnish Cancer Registry 2015). Hodgkin’s lymphoma has been found to 

originate from B-cells as well, but the disease differs histopathologically from 

other B-cell lymphomas and it does not express the standard B-cell markers. HL 

is infiltrated by Reed‒Sternberg cells, which are malignant cells surrounded by a 

large amount of benign stromal cells, causing the abnormal mass specific for the 

disease (Swerdlow et al. 2008).  

Other relatively common lymphomas of B-cell origin are small lymphocytic 

lymphoma (SLL) and mantle cell lymphoma (MCL). The clinical features of SLL 

are the same as those in chronic lymphocytic leukaemia (CLL). SLL is commonly 

involved in bone marrow, lymph nodes and in peripheral blood. SLL represents 

6.7% of cases of NHL (Swerdlow et al. 2008). MCL, on the other hand, 

represents 3‒10% of cases of NHL. Patients suffering from MCL are usually 

relatively old, on average 60 years. MCL commonly presents as polyposis in the 

gastrointestinal tract usually seen in colonoscopy in 70% of patients with the 

disease. MCL patients more commonly have hepatosplenomegaly and peripheral 

blood involvement than patients with other subtypes of NHL (Swerdlow et al. 
2008). 

Rarer subtypes of lymphoma include, for example, B-cell-originating 

lymphomas such as primary mediastinal (thymic) large B-cell lymphoma (PMBL) 

and Burkitt’s lymphoma (BL). PMBL was first classified as a subtype of DLBCL 

but later placed in an independent group with distinct clinical and 

histopathological features. PMBL represents 1‒2% of cases of NHL and is 

thought to originate in the thymus. Clinical features include a relatively young 

age at occurrence and more frequently female gender (Swerdlow et al. 2008). 

Burkitt’s lymphoma also represents 1‒2% of cases of NHL, and it has the shortest 

doubling time of malignant cells of all lymphomas. The clinical features are 

similar to those of DLBCL, but BL commonly affects the maxillary area, 

abdomen and ovaries. Thirty per cent of patients with BL develop CNS relapse 

without prophylaxis. Histologically DLBCL and BL overlap and therefore there is 

a grey zone called atypical Burkitt’s lymphoma (Swerdlow et al. 2008).  

T-cell‒derived lymphomas are represented by a relatively smaller number of 

haematological malignancies such as anaplastic large cell lymphoma (ALCL), 

angioimmunoblast T-cell lymphoma and peripheral T-cell lymphoma non 

specificata (PTCL). ALCL accounts for 3% of cases of NHL and the patients are 

known to have poor survival rates. Common clinical features include 
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lymphadenopathy and B-symptoms such as high fever (Swerdlow et al. 2008). 

PTCL is also a disease with an adverse outcome. Clinical presentation of the 

disease varies from cutaneous involvement to lymphadenopathy. Another T-cell 

lymphoma affecting cutaneous areas is Mycoides fungoides (Swerdlow et al. 
2008).  

Primary CNS lymphomas (PCNSLs) account for 2% of all cases of NHL 

(Swerdlow et al. 2008). PCNSL is characterized more fully below. 

2.1.2 Aetiology 

Even with the accomplishments of modern science, the main aetiological 

mechanisms behind lymphomas are still at least partly unclear. Viral infections 

and autoimmune reactions have been suggested to play a part in 

lymphomagenesis but they do not explain the aetiology of all lymphomas. 

Human immunodeficiency virus (HIV) infection might explain some NHL 

aetiology, and it has been suggested that in patients with acquired 

immunodeficiency syndrome (AIDS) the risk of NHL is more than 100 times that 

for an average human being (Goedert 2000). Before modern chemotherapy, 

almost all patients with AIDS died of lymphoma (Levine 2008). Burkitt’s 

lymphoma is endemic in Africa and HIV might explain some of the occurrence of 

this type of NHL. Most cases of BL in Africa are seen in the same geographic 

areas in which malaria and Epstein-Barr virus (EBV) are both present. In 

addition, a subtype of DLBCL together with EBV infection in the elderly has 

been recognised (Swerdlow et al. 2008). Twenty to thirty per cent of patients with 

HL are EBV positive (Morales et al. 2014). Human herpes virus 8 (HHV8) has 

been associated with B-cell lymphomagenesis as well (Swerdlow et al. 2008). 

A positive correlation of incidence has been found as regards DLBCL and 

autoimmune diseases (Morton et al. 2014, Wang et al. 2015a). These include 

rheumatoid arthritis, Sjögren's syndrome (Boussios et al. 2014) and coeliac 

disease (Smedby et al. 2006). Patients with acquired immune deficiencies, for 

example after organ transplantation, are also at an increased risk of DLBCL 

(Gibson et al. 2014). 
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2.1.3 Epidemiology 

In Finland, the most recent statistics show that NHL represents 4.3% of all 

cancers and it is the 7th most common cancer among men and the 6th most 

common among women (Finnish Cancer Registry 2014). Some variation in the 

incidences of lymphomas is seen within geographic areas. For example, in South 

America the incidence of more aggressive subtypes of lymphoma such as DLBCL 

is significantly higher than in North America (Laurini et al. 2012).  

2.1.4 Prognosis of lymphoma 

Development of the anti-cluster of differentiation (CD) 20 antibody rituximab 

was a hallmark in lymphoma treatment (Coiffier et al. 1998, Coiffier et al. 2002). 

Treatment responses and survival rates of most patients with CD20-positive 

lymphomas have improved dramatically since the pre-rituximab era and 

nowadays rituximab is part of moste B-cell‒derived lymphoma treatment 

schemas (Griffin & Morley 2013). Lymphomas in general are usually highly 

sensitive to chemotherapeutics and therefore the prognosis is fairly good despite 

the malignant nature of the disease. The five-year disease-specific survival (DSS) 

rate of all patients with lymphoma is approximately 70%, indicating that they 

belong to the group with the best prognosis (DeSantis et al. 2014). A prognosis is 

a forecast of the course of a disease, whereas “predictive” refers to the future 

occurrence of a particular event. These terms are used later. 

2.2 Diffuse large B-cell lymphoma 

Diffuse large B-cell lymphoma is the most common subtype of NHL, with a 

potentially fatal outcome. The median age at the time of diagnosis is 

approximately 60 to 70 years. In cases of DLBCL it is common to develop a large 

diffuse mass of malignant cells in multiple lymph nodes or at extranodal sites 

such as bone, the gastrointestinal tract, and other intestinal organs. Extranodal 

effusions are detected in 40% of the patients (Swerdlow et al. 2008). 

Modern immunochemotherapy regimens including rituximab have changed 

the prognosis of this lymphoma subtype in recent decades (Coiffier et al. 1998, 

Coiffier et al. 2002), the median five-year overall survival (OS) -rate now being 

more than 75% for all DLBCL patients (DeSantis et al. 2014). Unfortunately, in 

some patients the disease becomes resistant and progresses despite therapy 
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(Bonavida 2014). The search for biomarkers to detect the disease in its early 

phase is ongoing. The main focus of this thesis is on antioxidant enzymes and the 

blood coagulation system. Additional biological data and new clinical trials are 

still needed to overcome the challenges regarding the treatment and prognosis of 

DLBCL. 

2.2.1 Biology of DLBCL 

B-cells originate from bone marrow pluripotent stem cells after lineage selection. 

After maturation in bone marrow to become immature B-cells, they enter the 

lymph node follicle germinal centre (GC) to go through B-cell receptor 

rearrangement and antigen selection (Fig. 1). When the maturation process is 

finished the B-cell is ready to leave the lymph node and enter the peripheral blood 

vessels (Shatz et al. 1989).  

The development of different genetic DLBCL subtypes is presented in Figure 

1. It has been suggested (after studies involving gene expression profiling) that 

there are actually three subtypes of DLBCL (Alizadeh et al. 2000, Rosenwald et 
al. 2002, Chan 2010). These are 1) GC B-cell-like lymphomas originating from 

cells undergoing the maturation process in a germinal centre, 2) activated B-cell 

(ABC) -like lymphomas originating from cells that are further in their maturation 

process towards becoming plasma cells, and 3) a third subtype of DLBCL 

representing a grey‒zone lymphoma that is characterized by similarities in both 

GC and ABC lymphomas (Alizadeh et al. 2000).  
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Figure 1. B-cells originate in bone marrow and then the maturation process starts with 

immature B-cells leaving the bone marrow. They become naïve B-cells that wait for 

antigen to complete the maturation process in lymph nodes. Developed B-cells leave 

lymph nodes as plasma cells or as memory B-cells and enter peripheral blood to meet 

their antigens (Swerdlow et al. 2008).  

Maturation of B-cells is regulated by B-cell lymphoma-6 protein (BCL-6) in 

germinal centres of lymph nodes (Klein & Dalla-Favera 2008). Alteration of 

BCL-6 can lead to development of large cell lymphomas and therefore its 

expression is often studied when a precise diagnosis of B-cell lymphoma is 

unavailable (Klein & Dalla-Favera 2008). B-cell lymphoma-2 protein (BCL-2) is 

also of interest because of its ability to prevent cells from undergoing apoptosis. 

In the maturation process of B-cells, including immunoglobulin gene 

rearrangement, there is a translocation at locus t14;18 (q32;q21) in approximately 

80% of patients suffering from FL. The clinical relevance of the phenomenon has 

been proposed to be over-expression of BCL-2, which silences apoptotic signals 

in the tumour cell (Horsman et al. 1995). The c-REL gene is important for B-cell 

survival and alteration of this gene may initiate the development of B-cell 

lymphoma (Gilmore 1992). In GC-type DLBCL there are more often BCL-2 
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translocations and c-REL amplifications than in the ABC type. These are both 

common oncogenic events seen in the development of DLBCL (Rosenwald et al. 
2002). 

Up-regulation of the NF-κB-pathway has been discovered in many 

lymphomas inclunding DLBCL. Alteration in the response of the NF-κB-pathway 

has been suggested to be caused by genetic mutations which lead to promotion of 

lymphomagenesis (Compagno et al. 2009). In ABC‒type DLBCL BCL-6 is more 

often expressed and the NF-κB-pathway more often activated than in the GC type 

(Staudt & Dave 2005, Iqbal et al. 2007, Compagno et al. 2009). 

       The different cell-of-origin subtypes of DLBCL may be differentiated by 

investigating CD10, multiple myeloma oncogene-1 (MUM-1) and BCL-6. In this 

Hans’ algorithm, differentiation between GC and non-GC genotypes is studied 

and the subtypes divided according to immunoreactivity results, as shown in 

Figure 2. The GC phenotype has been correlated with better outcome in this 

model (Hans et al. 2004), although after introducing rituximab to the therapy, the 

results have been conflicting (Culpin et al. 2013, Hwang et al. 2014, Read et al. 
2014). Regarding immunophenotyping, the non-GC phenotype has been 

considered to be the worse prognostic group when compared with the GC type 

(Rosenwald et al. 2002). The change from genotyping to reliable 

immunophenotyping is controversial. In different studies Hans’ algorithm has 

correlated with gene expression profiling data but not quite as well with prognosis 

(Meyer et al. 2011, Culpin et al. 2013, Read et al. 2014). A Finnish group 

published the results of a study in which they focused on activated B-cell markers 

in cases of DLBCL to see if there was a correlation with prognosis. They found a 

group in which there was correlation between activated B-cell markers and worse 

prognosis, but no correlation with Hans’ algorithm non-GC or GC -phenotypes 

(Nyman et al. 2009). 
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Figure 2. Immunoreactivity of CD10, MUM-1 and BCL-6 in assessing GC and non-GC 

phenotypes according to Hans et al. (2004). 

C-myc translocation 

The cellular myc gene (c-myc) is one that is involved in coding transcription 

factors. The incidence of c-myc translocation in cases of DLBCL has been 

estimated to be 10‒20% (Savage et al. 2003, Savage et al. 2009, Barrans et al. 
2010). The prognosis with rearranged c-myc in DLBCL patients has been 

suggested to be poorer, and median survival in two years is concidered to be only 

30% (Savage et al. 2009, Barrans et al. 2010). 

Double‒hit lymphomas 

The previously mentioned translocation at locus t14;18 with up-regulation of 

BCL-2 combined simultaneously with c-myc rearrangement is known as double-

hit lymphoma. Another kind of double-hit lymphoma has been proposed to 

involve c-myc and BCL-6 alteration (Cheah et al. 2015). Triple-hit lymphomas 

have also been detected, with all of the previous alterations appearing in the same 

patient. Triple‒hit and double-hit lymphomas both have a dismal prognosis 

(Wang et al. 2015b).  
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2.2.2 Clinical features and diagnostics of DLBCL 

Usually the patient notices a painless lump and therefore contacts a physician. 

The symptoms, for instance a mass in the CNS causing seizures, or in the 

abdomen causing swelling, might lead physicians to suggest the possibility of the 

occurrence of a malignant disease. Itching and B-symptoms such as prolonged 

fever, notable weight loss, and night sweating might be the first clinical features 

of DLBCL in some patients. Diagnosis is based on a surgical biopsy sample of the 

tumour and histological evaluation by an experienced haematopathologist. 

Immunohistochemical staining of lymphocyte surface antigens such as CD19, 

CD20, CD22 and CD79a is usually positive in samples from patients with 

DLBCL. For more specific diagnosis, other markers such as the proliferation 

marker Ki-67 are frequently examined to classify the disease (Swerdlow et al. 
2008).  

The International Prognostic Index (IPI) has been used as a clinical 

prognostic score since 1993 (Shipp et al. 1993). The index has a maximum of five 

points based on the following factors (one point for each): age ≥60 years, Ann 

Arbor stage III‒IV, elevated lactate dehydrogenase (LDH) activity, WHO 

performance status 3‒4, and extranodal involvement of lymphoma ≥2 (Shipp et 
al. 1993). IPI scoring has been used to evaluate prognosis as well as treatment 

(Shipp et al. 1993).  Several attempts have been made to make the IPI more 

accurate (Sehn et al. 2007, Advani et al. 2010, Salles et al. 2011). One of these 

involved a large multicentre study in which an attempt was made to improve the 

IPI by including immunohistochemical scores, but this has not been incorporated 

in clinical practice (Salles et al. 2011). The R-IPI was created to include 

immunotherapeutic data (Sehn et al. 2007) and the E-IPI has a separate 

prognostic score for elderly patients (Advani et al. 2010), but these IPI 

reassessments are not recommended in clinical practice as a result of 

unsatisfactory reproducibility (Ghielmini et al. 2013).  

2.2.3 Treatment of DLBCL 

The gold standard of DLBCL treatment is the R-CHOP-21 regimen (rituximab, 

cyclophosphamide, doxorubicin, vincristine and prednisolone every 21 days) 

(Pfreundschuh et al. 2006, Cunningham et al. 2013), with six cycles for young 

patients at low risk as defined by the IPI score and with no bulky disease 
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(Ghielmini et al. 2013). With bulky disease, radiotherapy is suggested in addition 

to the standard treatment (Ghielmini et al. 2013).  

An etoposide-containing regimen (CHOEP) has also been studied in the 

treatment of DLBCL (Trumper et al. 1996). The toxicity of etoposide makes 

treatment impossible for all patients with DLBCL. Before the rituximab era a 

large study was carried out to assess the population who could benefit from 

etoposide added to CHOP (Wunderlich et al. 2003). In this study it was suggested 

that young patients (aged under 60) and with IPI >1 could benefit from the 

addition of etoposide (Wunderlich et al. 2003), but this has not been repeated in 

the rituximab era in phase‒III studies. Different cell of origin phenotypes of 

DLBCL have been suggested to play a part in choosing the treatment (Chan 

2010). A recent study has been published concerning patients treated with R-

CHOP and R-CHOEP, divided into Hans’ algorithm subgroups. The finding in 

this study was that patients with GC phenotype had better prognoses with R-

CHOEP treatment (Gang et al. 2015). In addition, a study on DA-EPOCH-R 

(dose-adjusted etoposide, prednisone, vincristine, cyclophosphamide, doxorubicin 

and rituximab) was performed among patients with intermediate or high-risk 

DLBCL and the conclusion was that all patients benefitted from the treatment, but 

non-GC phenotype patients still had worse prognosis (Wilson et al. 2012). The 

consensus of opinion among international lymphoma clinicians is that there is no 

standard treatment for young patients with DLBCL and a high‒risk profile 

(Ghielmini et al. 2013). R-CHOP including etoposide (R-CHOEP-14) or high-

dose therapy (HDT) with autologous stem cell transplantation (ASCT) might be 

possible treatment regimens for these patients (Greb et al. 2008, Ghielmini et al. 
2013).  

Patients aged over 60 should be treated as a different patient group. Standard 

treatment for this patient group is R-CHOP-21 for eight cycles (Coiffier et al. 
2002). It has also been suggested that if a complete response (CR) after four 

cycles of R-CHOP is achieved, then six cycles of R-CHOP may be sufficient 

(Habermann et al. 2006). A study of R-CHOP-14 versus CHOP-21 was carried 

out to evaluate whether six or eight cycles would be sufficient in the rituximab -

era and it was found that six cycles of R-CHOP-14 is satisfactory (including the 

elderly population as well) (Pfreundschuh et al. 2008).  An R-miniCHOP regimen 

containing lowered doses of CHOP drugs but a standard dose of rituximab, in 

order to decrease toxicity, has been used among patients over 80 years of age with 

good cardiac function (Peyrade et al. 2011, Ghielmini et al. 2013). The cardiac 

toxicity of anthracyclines such as doxorubicin (used in R-CHOP) accumulates 
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after repeated doses. Therefore, some elderly patients with heart dysfunction are 

not able to tolerate doxorubicin (Ghielmini et al. 2013). No standard therapy 

exists for elderly and frail patients. 

Treatment of relapsed DLBCL 

The treatment of relapsed or primary refractory DLBCL is still difficult to 

manage. Refractory disease is characterized as less than 50% of the tumour size 

decreasing after induction therapy, or the appearance of new lesions during 

therapy (Friedberg 2011). The treatment for such a state of disease is to proceed 

to new induction therapy with either R-DHAP (rituximab, dexamethasone, high-

dose cytarabine, and cisplatin) or R-ICE (rituximab, iphosphamide, carboplatin 

and etoposide) (Thieblemont et al. 2011). BEAC (carmustine, etoposide, 

cytarabine and cyclophosphamide) or BEAM (carmustine, etoposide, cytarabine 

and melphalan) is used afterwards in HDT, followed by ASCT (Friedberg 2011, 

Pavlu et al. 2011). Rituximab has been suggested in the following maintenance 

therapy (Hagberg et al. 2006). In a large multicentre study including patients with 

relapsed DLBCL, a survival advantage was observed in GC‒like DLBCL patients 

treated with R-DHAP versus R-ICE used as induction therapy before ASCT 

(Thieblemont et al. 2011). The treatment of CNS‒relapsed DLBCL is discussed 

below. 

2.2.4 Challenges in the treatment of DLBCL 

The main challenge of DLBCL treatment is to identify the patients not benefitting 

from standard treatment options. Indentification of distinct molecular subtypes 

has been suggested to select patients who would benefit from different therapeutic 

modalities, such as GC-like DLBCL patients, who would be likely to benefit from 

R-DHAP (Thieblemont et al. 2011). The clinical behaviour of relapsed and 

refractory DLBCL follows certain patterns. Relapse usually occurs within two 

years following primary diagnosis and late relapses are uncommon. Refractory 

disease is mainly seen during induction therapy. Generally, patients with relapse 

have better prognosis than primary refractory patients (Friedberg 2011). Those 

primary DLBCL with c-myc translocation, and with double- and triple‒hit 

lymphomas are known to have poorer prognosis (Barrans et al. 2010), but the risk 

evaluation biomarkers are limited. CNS relapse is the most feared complication of 
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systemic DLBCL, occuring in approximately 2.8% of patients (Bernstein et al. 
2009). CNS prophylactic therapies exist but they cannot be given to all patients 

with DLBCL because of its toxicity. No biomarkers exist for the standardization 

of CNS prophylactic therapy.  

Chemoresistance 

Resistance to a given treatment occurs in some patients and no predictive risk 

markers of resistance are known. The inherent heterogeneity of lymphomas, 

continuously evolving malignant cells, as well as acquired resistance during 

treatment have been suggested to be the reason behind chemoresistance. Usually, 

acquired chemoresistance is most noticeable in primary refractory lymphomas 

where the first‒line treatment loses its ability to bring about malignant cell death 

in the first cycles of the treatment. After this, these types of disease are often 

cross-resistant to other treatments as well (Maxwell & Mousavi-Fard 2013). The 

mechanism behind this is as yet unknown, but it has been suggested that over-

expressed c-myc could lead to chemoresistance (Smith et al. 2010), and other 

enzymes such as 14-3-3 zeta (Maxwell et al. 2009) and annexin A5 (Wang et al. 
2014), and epigenetic dysregulation (Steinhardt & Gartenhaus 2013) may be 

involved. 

2.3 Central nervous system lymphoma 

In rare cases, lymphoma can affect CNS such as the brain, an intraocular site, the 

meninges or cerebrospinal fluid (CSF). Histologically, CNS lymphomas may 

represent different subtypes of lymphoma, but for treatment choices the 

classification has a secondary impact. However, the evolution of CNS disease has 

more significance in clinical decision‒making. Therefore, CNS lymphomas are 

divided into two classes: primary CNS lymphomas (PCNSLs) and secondary 

CNS lymphomas (sCNSLs). In PCNSL the first and only lesion of the disease is 

in the CNS, and in contrast, sCNSL originates from a primary systemic 

lymphoma which later develops and relapses in the CNS (Swerdlow et al. 2008). 

2.3.1 Primary central nervous system lymphoma 

PCNSL was first recognized in the 1970s (Henry et al. 1974) and it currently 

represents about 2‒3% of all lymphomas. In 90‒95% of the patients the histology 
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of the disease is DLBCL (Phillips et al. 2014). Clinical assessment of the disease 

always included brain imaging and slit‒lamp examination followed by lumbar 

puncture for CSF cytology, and flow cytometry is performed to analyse the 

occurrence of malignant cells in CSF (Phillips et al. 2014). CSF-associated 

cytology is not sensitive and the results can be false-negative in up to 60% of the 

patients (Hegde et al. 2005). Usually, the diagnosis of PCNSL is based on a 

histological sample taken by way of stereotactic biopsy. However, sometimes, in 

the early stage of the disease there is no radiologically apparent target tissue for 

biopsy, or the disease may mimic other neurological disorders (Phillips et al. 
2014). 

The disease is rapidly progressing, often with a fatal consequence without 

rapid initiation of therapy. For a long time, whole‒brain radiotherapy was the only 

choice of treatment, often with a short symptomless period and with severe 

cognitive symptoms (Korfel et al. 2015). The discovery of high-dose 

methotrexate (Mtx) therapy in the 1980s was the greatest development in the 

treatment of CNS lymphomas (Phillips et al. 2014). No standard treatment exists 

for PCNSL, but high concentrations of Mtx have been found to have the ability to 

cross the blood-brain barrier sufficiently to target the malignant lymphocytes, and 

Mtx-containing therapy is now part of every PCNSL treatment schema (Phillips et 
al. 2014). After the Nordic Lymphoma Group launched Bonn’s therapy protocol it 

has been used as the standard treatment option, with variable results (Holte et al. 
2013). In one study, CR was achieved in 76% of the patients, and two-year OS 

was 76%. However, only one patient achieved a follow-up time of 60 months in 

this study (Harjama et al. 2015). Another experimental treatment option is blood-

brain barrier disruption treatment, in which in one study the median OS rate was 

approximately 1.3 years, and in low-risk patients, 14 years (Angelov et al. 2009). 

2.3.2 Secondary central nervous system lymphoma 

The existing literature indicates that the incidence of CNS‒relapsed DLBCL 

varies from two to five per cent (Phillips et al. 2014).  It has been suggested that 

5% of the patients with DLBCL will develop CNS relapse if appropriate 

prophylactic therapy is not given (Hegde et al. 2005). Usually the relapses occur 

within two years of diagnosis, but earlier CNS relapses have also been detected. 

Early relapses may arise from subclinical CNS disease already present at the time 
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of the primary diagnosis. Late CNS relapses are very uncommon (Friedberg 

2011).  

The prognosis of CNS-relapsed DLBCL is poor (Patil et al. 2009). There are 

only a limited number of studies concerning the treatment options, but one is to 

proceed as with PCNSL. One treatment option is HDT and ASCT (Illerhaus et al. 
2006) and another is whole‒brain radiation, which is still widely used as salvation 

therapy (Korfel et al. 2015). 

2.4 Oxidative stress and antioxidant enzymes 

Oxidative phosphorylation is part of normal aerobic metabolism in the 

mitochondria and it produces reactive oxygen species (ROS) as by-products. 

During the normal processes in the cell, ROS are detoxified by antioxidant 

proteins. If the production of ROS exceeds their removal, a state called oxidative 

stress develops. An excessive amount of ROS might lead to sublethal damage in 

DNA and eventually result in apoptosis. ROS might play a crucial part in 

modulating the intracellular redox environment by acting in signalling cascades 

(Karihtala & Puistola 2011). 

There are several antioxidant systems to maintain the intracellular redox state 

(Fig. 3). One of these systems is the thioredoxin system, which involves 

thioredoxin-1 (Trx), thioredoxin reductase and NADPH (Berghella et al. 2011). 

These proteins are responsible for defence against oxidative stress and apoptosis, 

DNA synthesis and redox signalling (Holmgren & Lu 2010, Berghella et al. 
2011). Other subtypes of thioredoxin protein are thioredoxin-2, which is found in 

mitochondria, and thioredoxin-3, but their functions are largely unknown 

(Mukherjee & Martin 2008, Berghella et al. 2011). Thioredoxin has been 

suggested to be secreted by lymphocytes (Powis & Montfort 2001). It is the major 

disulphide reductase in cells, but there are other enzymes such as glutaredoxin 

which can also act as electron donors (Mukherjee & Martin 2008). Peroxiredoxins 

are a group of redox state-regulating enzymes whose major role is to detoxify 

peroxides, for example by reduction of hydrogen peroxide to water and oxygen. 

In the mammalian Prx family there are six members (I−VI). Prx isoenzymes are 

localized in the cytoplasm and multiple organelles in cells: nucleus, endoplasmic 

reticulum, mitochondria, lysosomes and peroxisomes (Karihtala & Soini 2007). 

Peroxiredoxins receive electrons from Trx or from glutaredoxin (Karihtala & 

Soini 2007, Kalinina et al. 2012).The function of Prx VI differs from that of other 

Prxs because of the different structure of its catalytic site (so called 1-Cys Prx). 
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Peroxiredoxins I−IV belong to 2-Cys subgroups and Prx V is classified as 

atypical 2-Cys Prx. Peroxiredoxin VI is the only 1-Cys Prx, with a single-cysteine 

catalytic site and a need for glutaredoxin as an electron donor (Kalinina et al. 
2012); for other Prxs Trx acts as an electron donor. In addition, compared with 2-

Cys Prxs, Prx VI seems only to regenerate via de novo protein synthesis after 

oxidative attack (Chevallet et al. 2003). Being in the electron chain allows Prxs to 

participate in cellular signalling cascades (Karihtala & Soini 2007). Expression of 

Prxs is induced under oxidative stress and knockout studies have underlined their 

importance in cell survival (Neumann et al. 2003, Wang et al. 2006, Karihtala & 

Soini 2007). In Prx I and VI knockdown mice a shortened lifespan has been 

observed, with multiple severe malignant tumours and lung injuries (Neumann et 
al. 2003, Wang et al. 2006). 

Figure 3. Superoxide (O2
-·) is produced in the mitochondria as a by-product of 

physiological oxygen metabolism. Superoxide dismutases (SODs) such as 

manganese SOD (MnSOD) neutralize superoxide to hydrogen peroxide (H2O2). H2O2 

reduction to oxygen and water (H2O) is the responsibility of thioredoxin-1, 

glutaredoxin and peroxiredoxins (Karihtala & Soini 2007). 
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Thioredoxin-1 also plays a part in antioxidant systems and it has been implicated 

in chemoresistance towards cisplatin, docetaxel and anthracyclines (Yokomizo et 
al. 1995, Mukherjee & Martin 2008). It has been studied in in vitro and in vivo 

studies (Baker et al. 1997) as well as in an immunohistochemical study (Kim et 
al. 2005). The mechanisms behind the phenomenon are unclear, but it has been 

suggested that other antioxidant enzymes might also be involved (Mukherjee & 

Martin 2008). Furthermore, knockdown of Trx might expose cells to excess ROS 

levels that cannot be compensated for by other antioxidant mechanisms, 

eventually leading to DNA damage and cell death (Zhang et al. 2012).  

2.4.1 Oxidative stress and antioxidant enzymes in cancer 

It has previously been reported that ROS play an important part in carcinogenesis 

(Tome et al. 2005, Karihtala & Soini 2007). In previous studies, Prx VI over-

expression has been associated with the development of radio- and chemotherapy 

resistance in leukaemia and in ovarian and breast carcinomas in vitro (Pak et al. 
2011, Kalinina et al. 2012) and in vivo (Jo et al. 2013, Rolfs et al. 2013, Zhang et 
al. 2014). Furthermore, Prx VI is also associated with the invasiveness and 

metastasis of breast, ovarian and lung carcinomas and squamous cell carcinoma 

of the tongue (Chang et al. 2007, Lee et al. 2009, Zhang et al. 2009b, Ho et al. 
2010, Huang et al. 2011, Pak et al. 2011, Jo et al. 2013, Rolfs et al. 2013). In a 

number of studies, however, the relationship between the amount of Prxs in tissue 

samples and the prognosis of several cancers has been explored, with 

contradictive results (Chang et al. 2007, Karihtala & Soini 2007, Lee et al. 2009, 

Zhang et al. 2009a, Zhang et al. 2009b Ho et al. 2010, Huang et al. 2011, Pak et 
al. 2011, Kalinina et al. 2012, Jo et al. 2013, Rolfs et al. 2013, Zhang et al. 2014). 

Thioredoxin-1 is active in a reduced form, which has been found to be often 

expressed at higher levels in cancer cells, but it is physiologically present in all 

cells (Mukherjee & Martin 2008). In cancer, Trx is assumed to protect cells from 

apoptosis, neutralizing the toxic effect of ROS (Berghella et al. 2011, Zhang et al. 
2012) and promoting cell growth (Holmgren & Lu 2010), and it might correlate 

with higher metastatic potential (Zhang et al. 2012). It has been suggested that 

ROS play an important part in cell proliferation, differentiation and angiogenesis, 

which might give a survival advantage in tumour cells (Karihtala & Puistola 

2011, Zhang et al. 2012). Moreover, increased expression of Trx has been 

reported in non-small-cell lung cancer, renal cell carcinoma, colorectal cancer 

(Mukherjee & Martin 2008), melanoma (Prickett et al. 2014), hepatocellular 
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cancer (Zhang et al. 2012), breast cancer (Karihtala & Puistola 2011, Karlenius et 
al. 2012), gastric carcinomas (Shi et al. 2013) and DLBCL (Tome et al. 2005, Li 
et al. 2012, Peroja et al. 2012). 

2.4.2 Oxidative stress and antioxidant enzymes in lymphomas 

The biology of Prxs is largely unstudied in lymphomas. A study with DLBCL 

patients showed that Prx levels were elevated in DLBCL samples but neither their 

function nor meaning was known at the time (Tome et al. 2005). A study by 

Pasanen et al. revealed that oxidative stress markers were over-expressed in 

patients with lymphoma (Pasanen et al. 2012). Previous work by Li et al. (2012) 

suggested that Trx plays a part in the development of chemoresistance against 

doxorubicin, which is widely used in the therapy of DLBCL. Later, a study with 

DLBCL patients was conducted to assess the prognostic relevance of Trx, and a 

correlation was found between over-expression of Trx and poor prognosis (Peroja 
et al. 2012). Work by Bur et al. was published later in which Prxs were evaluated 

with other antioxidative enzymes in HL. In this study a possible prognostic role of 

antioxidant enzymes was proposed (Bur et al. 2014).  

2.5 Antithrombin III 

Antithrombin III (AT III) can be detected in physiological conditions, being part 

of the normal anticoagulation system. It is produced by hepatocytes and its 

purpose is to form reversible complexes with thrombin (Hensen & Loeliger 1963, 

Pengo et al. 1982, Biron-Andreani et al. 2010). AT III –thrombin –complexes and 

AT III itself are present in blood, lymph and also in the CSF (Hensen & Loeliger 

1963, Roy et al. 2008, Rubenstein et al. 2009, Zetterberg et al. 2009).   

2.5.1 Antithrombin III in lymphomas 

There are a limited number of studies on AT III in lymphomas. The main studies 

including lymphoma patients have been conducted to understand better the 

occurrence of thromboembolic complications. Biological processes involving AT 

III and lymphomagenesis has been evaluated in three earlier studies. It was 

proposed in a paper by Roy et al. that AT III in CSF is a specific indicator of 

PCNSL, being more accurate in the diagnosis of CNS lymphoma than CSF 
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cytology (Roy et al. 2008, Rubenstein et al. 2009). The authors also suggested 

that the AT III level alone is sufficient for a diagnosis of PCNSL. However, other 

investigators have suggested that increased concentrations of AT III in CSF might 

reflect leakage of the blood-brain barrier (Zetterberg et al. 2009). AT III 

immunoreactivity has also been studied in PCNSL patient samples (Roy et al. 
2008). 
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3 Aims of the present study 

Most patients with DLBCL can be cured by means of modern 

immunochemotherapy, but patients with chemoresistant -tumours cannot be cured 

with standard treatment. For prevention of CNS relapses in DLBCL there is a 

prophylactic treatment option available for high‒risk patients, but the targeting of 

prophylaxis is undetermined. A great number of studies on DLBCL biology have 

been carried out, but still the question remains of how to identify the biological 

processes behind the phenomena of chemoresistance and CNS -relapse.  

There are some published studies in which at prognostic role of oxidative 

stress markers both in solid tumours and in lymphomas has been proposed. Most 

oxidative stress markers are poorly characterized in DLBCL and some of them 

have been suggested to play a part in the development of chemoresistance. 

Thioredoxin-1 is known to be a marker of poor prognosis when over-expressed, 

but its causality in the development of chemoresistance is uncertain. Diagnosis 

and prognostic evaluation of PCNSL is still challenging. CSF markers have been 

concidered to be diagnostic in PCNSL. 

Specific aims of the present study were: 

1. To evaluate the possible prognostic role of Prxs in DLBCL. 

2. To investigate if Trx causes the development of chemoresistance in a DLBCL 

cell culture model. 

3. To explore the functions of Trx as regards sensitivity to multiple 

chemotherapeutic agents used in lymphoma treatment. 

4. To assess the prognostic relevance of Trx in a patient cohort treated with 

high-dose etoposide-containing ASCT. 

5. To evaluate the potential of Trx as a predictive marker as regards etoposide-

containing treatment of DLBCL. 

6. To investigate the diagnostic value of AT III in CSF in primary and secondary 

CNS lymphoma.  
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4 Material and methods 

4.1 Patient material 

The material for this retrospective study included diagnostic biopsy, serum and 

CSF samples from patients with DLBCL. The samples were taken at Oulu 

University Hospital and Kuopio University Hospital in the course of normal 

lymphoma diagnostics in 1991−2012 (Table 1). The biopsy samples were 

collected from pathology archives and representative biopsy blocks were 

reselected by evaluating the patterns of diagnostic haematoxylin and eosin 

staining. The patients were treated frontline with routine chemotherapeutic 

regimens for DLBCL: CHOP, which has been the standard treatment from the 

1970s, R-CHOP-21 (Coiffier et al. 1998, Coiffier et al. 2002) or the latter 

combined with etoposide (R-CHOEP-21) (Pfreundschuh et al. 2004). Medical 

history and clinical status evaluation, collection of bone marrow aspirates and 

biopsy samples, blood chemistry analysis and whole body CT scans were carried 

out to stage the disease. The patient populations in the original articles were 

different from each other. 

Table 1. Patient samples, methods and proteins studied in the original publications.  

Original publication no. I II III 

Biopsy samples 1031 372 423 

Cerebrospinal fluid 

samples 

  844 

Serum samples   384 

1 Immunohistochemistry (IHC) of Prxs I‒III, V & -VI, 2IHC of Trx, 3 IHC of AT III, 4 ELISA of AT III 

Patients with PCNSL were evaluated only in the immunohistochemical study 

combined with CSF analysis (original publication no. III). In the other analyses 

they were excluded because of the unique clinical nature of PCNSL. In this study 

all of the patients suffered from lymphoma histologically confirmed by an 

experienced haematopathologist. The clinical data was carefully collected from 

hospital records by researcher.  



 

40 

4.1.1 Patient material for original publication number I 

The samples collected for this study were diagnostic biopsy samples from patients 

with de novo DLBCL. The patient selection criterion was the diagnosis code of 

DLBCL. The study involved 103 DLBCL patient samples. 

4.1.2 Patient material for original publication number II 

Clinical material for this study was collected from a group of DLBCL patients 

with the worst prognosis: patients with primary refractory disease, relapsed 

disease or primary high‒risk disease (IPI 4‒5). Diagnostic biopsy samples (n=37) 

were used for immunohistochemical analysis. 

The patients in this study were selected retrospectively for analysis because 

they had received induction therapy including a BEAC or BEAM regimen 

followed by ASCT. These patients proceeded to HDT and ASCT if they had had a 

very good partial or complete response to induction therapy. Differences between 

the multiple induction therapy regimens were ignored because the patients for the 

study were selected after a satisfactory response to induction therapy.  

4.1.3 Patient material for original publication number III 

In this study we included 42 patients with lymphoma (DLBCL, n=24, PCNSL, 

n=5, BL, n=9, FL, n 2, MCL, n=1, and SLL, n=1) and 62 controls. The lymphoma 

patients were recruited during their treatment at Oulu University Hospital. Written 

informed consent was collected from each recruited patient and all available 

patients were included in the study.  

Sample collection (CSF, serum) was carried out during the diagnostic and 

therapeutic procedures. These included diagnostic lumbar puncture and routine 

prophylactic i.t. therapy. CNS prophylactic and therapeutic therapy included i.v. 

high-dose Mtx together with Mtx administered i.t., or i.t. Mtx only. Prophylactic 

treatment was administered to patients with IPI scores of 3‒5 and to patients with 

lymphoma at testicular, paraspinal or breast locations. Therapeutic treatment 

included i.v. Mtx at 5g/m2 with three cycles of R-CHOP plus 12.5 mg of Mtx 

given i.t. on the same dates. Most samples were collected before introducing any 

therapy, excluding one patient with one treatment with i.t. Mtx and four patients 

with one treatment with both i.v. and i.t. Mtx before CSF samples were taken. 

These patients were included in the analysis. Only samples taken via lumbar 
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puncture were included in CSF analysis. Three cases were excluded because of 

use of the reservoir in CSF collection during i.t. therapy. The other exclusion 

criterion was a macroscopically bloody sample. Standardization of sample‒taking 

quality was confirmed by using only one physician for sample collection. A total 

of 42 CSF samples from lymphoma patients were available for enzyme-linked 

immunosorbent assay (ELISA) analysis. 

Serum and CSF samples were obtainable from 15 patients. Also, three serum 

samples from patients excluded from CSF analysis were included in the serum 

evaluation. A total of 17 serum samples from lymphoma patients were available 

for this study (DLBCL, n=8, PCNSL, n=4, atypical BL, n=3, FL, n=1, MCL, 

n=1). Immunohistochemical analysis was carried out using lymphoma tissue 

samples from the same patients (Table 1, original research III) and these results 

were then compared. Immunoreactivity was also studied in lymphoma tissues 

from patients whose serum samples were not obtainable.  

As controls, 42 CSF samples were received from patients with non-neoplastic 

neurological diseases diagnosed and treated at Kuopio University Hospital, 

Department of Neurology. All of these samples had been taken by lumbar 

puncture. There were 19 patients with Alzheimer’s disease that had been 

clinically, genetically or autopsy-confirmed. Six patients presented with multiple 

sclerosis (MS) with CSF findings typical of the condition and diagnosed 

according to McDonald’s 2005 criteria (Polman et al. 2005) and there were 17 

patients with no signs of progressive neurodegenerative disease or neurological 

condition within three years of follow-up, but who suffered from subjective 

memory problems together with depression. Written informed consent was signed 

in each case. Serum samples from these patients were not obtainable. Instead, 

twenty serum samples were collected from healthy volunteers such as students 

and hospital personnel from Oulu University and Oulu University Hospital in 

2012.  

4.1.4 Ethical aspects 

The study was approved by the regional Ethics Committee of Northern 

Ostrobothnia Hospital District (42/2010) and by the National Supervisory 

Authority for Welfare and Health (Valvira 6622/05.01.00.06/2010). During the 

period of data collection and management the principles of the Declaration of 

Helsinki were followed.  
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Figure 4. Origin of biopsy samples used for immunohistochemical analysis. 



 

43 

4.2 Immunohistochemistry 

Altogether, 182 lymphoma tissue samples were stained and evaluated in 

immunohistochemical analysis. Most of them were lymph node biopsy samples, 

but specimens from other locations were also present (Fig. 4). All of these tissue 

samples were surgically removed during normal diagnostic procedures and filed 

in pathology archives.  

Immunostaining was performed by an experienced laboratory technician. The 

samples were fixed in formalin and then embedded in paraffin. They were later 

cut in 4 µm slices onto SuperFrostPlus glass slides (Menzel-Gläser, 

Braunschweig, Germany), and incubated at +37 °C for 4 hours before 

deparaffinising with Histo-Clear (National Diagnostics, Atlanta, USA). 

Afterwards rehydration was performed with a descending series of ethanol 

solution. Microwave treatment was carried out in Tris-EDTA, pH 9 (Studies I and 

III) or citrate buffer, pH 6 (Study II) and the samples cooled for 20 minutes at 

room temperature (RT). The slides were then incubated for 5 min in 1.5% H2O2 

solution to block endogenous peroxidase activity. Between the immunostaining 

steps the slides were washed with Tris-buffered saline. They were then incubated 

with commercial primary antibody for 1 h at RT. 

Commercial antibodies were used according to the manufacturers’ 

instructions. The antibodies and their dilutions are listed in Table 2. Nuclear 

immunostaining was accomplished with Mayer´s haematoxylin (Reagena, 

Toivola, Finland). Prx IV immunostaining was excluded because of the 

unavailability of a suitable commercial antibody. 

Analysis of immunohistochemical staining results was carried out together 

with an experienced haematopathologist. Both were blinded to the clinical 

information. The staining results were analysed as in clinical diagnostic samples: 

staining positivity was evaluated independently in the nuclei, cell membranes, 

cytoplasm and adjacent T-lymphocytes. The fractions of stained tumour cells 

were measured. Staining positivity was recorded as percentage of immunoreactive 

malignant cells in the sample. The strength of cytoplasmic staining was divided 

into four categories: negative, low, moderate and strong. Intensity was categorised 

as strong if seen in a low-power field (×10 magnification), moderate in a 

medium-power field (×20) and low only in a high-power field (×40 

magnification). As control samples, reactive lymph nodes were stained to observe 

the expression of Prxs, Trx and AT III in normal tissue. Regarding Prxs, 
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macrophages partially expressed them and some benign B-lymphocytes very 

weakly expressed them. As for Trx staining, some (10‒20%) B-lymphocytes in 

germinal centre weakly expressed it. Regarding AT III staining, some T-

lymphocytes near blood vessels expressed it. 

4.3 Cell culture 

Cells were cultured in RPMI-1640 medium (HyClone Laboratories Inc., Utah, 

USA) together with 10% fetal bovine serum (FBS) (HyClone UK Ltd., 

Northumberland, UK), streptomycin at 0.1 mg/ml (HyClone Laboratories Inc., 

Utah, USA), penicillin at 100 units/ml (HyClone Laboratories Inc., Utah, USA), 1 

mM sodium pyruvate (HyClone Laboratories Inc., Utah, USA) and 10 mM 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid) (HyClone 

Laboratories Inc., Utah, USA) in a humid atmosphere of 5% CO2 at +37 °C. Two 

commercial human DLBCL cell lines (CRL-2630TM, CRL-2632TM; American 

Type Culture Collection, Manassas, USA) were used for cell culture. Before 

transfection the cells were cultured in 75 cm3 containers until they were confluent 

(1.5–2 ×106 cells/ml) (Kuittinen et al. 2001). Cell growth rate was examined by 

culturing the cells for four days and evaluating the growth rate 

spectrophometrically (Fig. 5). Cell growth was linear until confluence was 

reached. 

Cells were stored before use in liquid nitrogen at -200 °C.  Before freezing 

the cells were counted using a Bürker chamber (Marienfeld Superior, Lauda-

Königshofen, Germany) and then centrifuged with 165 × g for 4 min. Excess 

medium was removed and approximately 106 cells were resuspended in 1 ml of 

RPMI-1640 medium containing 5% dimethyl sulphate oxide (DMSO) (SERVA 

Electrophoresis GmbH, Heidelberg, Germany). Defrosting was carried out 

quickly in a water bath at +37 °C. Routine cell splitting was carried out twice a 

week; culture medium was added to a dilution of 1:0.5–2. 
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Figure 5. Cell culture growth rate evaluation via spectrophotometric analysis. 

4.3.1 Transient transfection of cultured cells 

Electroporation was selected as the transfection method. The method was 

optimized from previous studies (Boccellato et al. 2007, Taniguchi et al. 2009). 

Before transfection was carried out, 10 × 106 cells were counted using a Bürker 

chamber and then excess medium was removed after centrifuging at 165 × g for 4 

min. The cells were then washed three times with HyClone phosphate-buffered 

saline (PBS) (HyClone Laboratories Inc., Utah, USA), centrifuging as above 

between washes. After washing, 388 µl of Gene Pulser electroporation buffer 

(Bio-Rad Laboratories, Inc., USA) was added to the cells and the suspension was 

transferred to a 0.4 cm Gene Pulser® cuvette (Bio-Rad Laboratories, Inc., USA). 

0.6 µM Trx–specific Silencer® Select siRNA, Silencer® scrambled negative 

control siRNA or Silencer® CyTM3–labelled glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) siRNA (all from Ambion, Inc., Austin, USA) was 

added so that the total reaction volume was 400 µl. The cells were incubated for 

20 min at RT and then transfected using a Gene Pulser XcellTM Electroporation 

System (Bio-Rad Laboratories, Inc., USA). The square wave electroporation 
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protocol was used for transfection, with settings of 10 pulses at 250 V, duration of 

pulse 10 ms and pulse interval 1 s. After transfection the cells were incubated for 

20 min at RT and left to recover in 2–4 ml of RPMI-1640 including 20% FBS 

(RPMI-1640/20% FBS) with no antibiotics, for three hours at +37 °C before 

continuing to the next phase. 

4.3.2 SDS-Page and Western blotting 

Transfected cells were cultured in 6-well plates as described above. Cell lysis was 

carried out at three separate time points (24, 48 and 72 hours). The cells were 

washed once with PBS after harvesting and resuspended in 70 µl ice–cold cell 

lysis buffer (Cell Signaling Technology, Danvers, USA) including 1 mM 

phenylmethylsulphonyl fluoride (PMSF) (Sigma-Aldrich, St.Louis, USA) and 

then incubated for 5 min at +4 °C. The cells were vortexed for a short time and 

afterwards centrifuged at 16 000 × g ten minutes at +4 °C to harvest the whole 

cell lysates. The lysates were then stored at -70 °C for later analysis.  

Protein concentrations were assayed the same day when continuing to 

Western blotting. The lysates were defrosted on ice before assay (Bio-Rad DCTM 

Protein Assay, Bio-Rad Laboratories, Inc., USA), following the manufacturer’s 

instructions. Protein samples (10 µg) were suspended at 1:1 dilution in Laemmli 

Sample Buffer (Bio-Rad Laboratories, Inc., USA) with 2.5 µl of β-

mercaptoethanol (Sigma-Aldrich, St. Louis, USA). The suspension was subjected 

to electrophoresis on 15% SDS-gel using the Bio-Rad Mini-PROTEAN® Tetra 

Cell system (Bio-Rad Laboratories, Inc., USA) at 100 V for 1h 30 minutes in 

TGS buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). The gel was then placed 

on a PolyScreen® PVDF Transfer Membrane (Perkin Elmer, USA) using Bio-

Rad CriterionTM Blotter (Bio-Rad Laboratories, Inc., USA) at 100 V for 60 min at 

+4 °C in TG buffer (25 mM Tris, 192 mM glycine) containing 20% absolute 

ethanol. Blocking was carried out with 5% milk/‒TBS-T (25 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 0.1-% Tween-20) and the membrane was then quickly washed 

twice with TBS-T solution and then for longer ‒ once for 15 min and twice for 5 

minutes. The membrane was then incubated with Trx rabbit monoclonal antibody 

(C63C6; Cell Signaling Technology, Danvers, USA) at a dilution of 1:1000 in 5% 

bovine serum albumin (BSA)/‒TBS-T (TBS-T/5% BSA) overnight (o/n) at 

+4 °C. Membrane washing was then carried out as above. The membrane was 

then incubated for 60 min at RT with horseradish peroxidase (HRP)-linked anti-

rabbit IgG antibody (Cell Signaling Technology, Danvers, USA) diluted to 1:3000 
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in TBS-T/5% BSA. Afterwards the washes were performed again and then as a 

final step the proteins were detected with ImmobilonTM Western 

Chemiluminescent HRP Substrate (Millipore, Billerica, USA). 

ImageJ1 software (http://imagej.net/ImageJ) was used to assess semi-

quantitative measurements. To normalize loaded protein volumes, the same 

membranes were washed with TBS-T solution and re-blotted using re-blotting 

buffer (Merck Millipore, Darmstadt, Germany) for 15 min at RT. A new primary 

antibody analysis was performed with β-actin mouse monoclonal antibody (Cell 

Signaling Technology, Danvers, USA) at a dilution of 1:20 000 in TBS-T/5% 

BSA, incubated o/n at +4 °C. Washes were carried out as above. Secondary 

antibody incubation was done with a 1:3 000 dilution of HRP-linked anti-mouse 

IgG antibody (Cell Signaling Technology, Danvers, USA) in TBS-T/5% BSA for 

60 min at RT. 

4.3.3 Fluorescence‒activated cell sorting 

Before fluorescence‒activated cell sorting (FACS) the cells were transfected as 

described above by using fluorescing GAPDH siRNA. Control cells were 

transfected with water. Living cells were counted using Trypan Blue (Fluka AG, 

Switzerland) staining and 2 million cells were washed with PBS. The cells were 

suspended in 1% FBS in PBS and 7-AAD antibody (Becton Dickinson 

PharmingenTM, New Jersey, USA) was added to separate dead cells. The cells 

were incubated for 10 min at +4 °C before analysis. Both cell lines were subjected 

to FACS analysis (FACS CaliburTM, Becton Dickinson PharmingenTM, New 

Jersey, USA) ‒ three separate analyses in triplicate. 

Table 2. Antibodies (ab) and immunostaining method used. 

Primary ab Dilution Source of ab Immunostaining method 

anti-Peroxiredoxin I, 

rabbit polyclonal ab (LF-

PA0095) 

1:100 AbFrontier, Seoul, Korea Novolink Polymer 

Detection System, 

Novocastra, Leica 

Biosystems Newcastle 

Ltd., Newcastle upon 

Tyne, UK 
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Primary ab Dilution Source of ab Immunostaining method 

anti-Peroxiredoxin II 

(1E8), mouse monoclonal 

ab (LF-MA0144) 

1:8000 AbFrontier, Seoul, Korea Novolink Polymer 

Detection System, 

Novocastra, Leica 

Biosystems Newcastle 

Ltd., Newcastle upon 

Tyne, UK 

anti-Peroxiredoxin III 

(12B), mouse monoclonal 

ab (LF-MA0044) 

1:500 AbFrontier, Seoul, Korea Novolink Polymer 

Detection System, 

Novocastra, Leica 

Biosystems Newcastle 

Ltd., Newcastle upon 

Tyne, UK 

anti-Peroxiredoxin V, 

rabbit polyclonal ab (LF-

PA0210) 

1:200 AbFrontier, Seoul, Korea Novolink Polymer 

Detection System, 

Novocastra, Leica 

Biosystems Newcastle 

Ltd., Newcastle upon 

Tyne, UK 

anti-Peroxiredoxin VI 

(4A3), mouse monoclonal 

ab (LF-MA0018) 

1:3000 AbFrontier, Seoul, Korea Dako REALTM EnVisionTM 

Detection System 

Peroxidase/DAB+, 

rabbit/mouse, Dako 

Denmark A/S, Glostrup, 

Denmark 

Thioredoxin-1 (C63C6) 

rabbit monoclonal 

antibody (#2429) 

1:250 Cell Signaling 

Technology Inc., Danvers 

MA, USA 

Dako REALTM EnVisionTM 

Detection System 

Peroxidase/DAB+, 

rabbit/mouse, Dako 

Denmark A/S, Glostrup, 

Denmark 

Antithrombin III Antibody, 

polyclonal antibody 

(NBP1-90076) 

1:35 Novus Biologicals, 

Littleton, USA 

Novolink Polymer 

Detection System, 

Novocastra, Leica 

Biosystems Newcastle 

Ltd., Newcastle upon 

Tyne, UK 

4.3.4 Chemotherapeutic agent testing 

Cells were transfected and after a 3-h recovery period, 10 000 cells per well were 

plated in 96-well plates. The chemotherapeutic agent was added after 48 hours. 
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Control cells in RPMI-1640/10% FBS with no antibiotics were plated at the same 

time. The tested chemotherapeutic agents were doxorubicin (Pfizer, Kirkland, 

Quebec, Canada), etoposide (Bristol-Myers Squibb, Bromma, Sweden), 

vincristine (Cellpharm GmbH, Hannover, Germany), carboplatin (Teva Nordic, 

Helsingborg, Sweden) and prednisolone (ACE Pharmaceuticals BV, Zeewolde, 

the Netherlands). DMSO was used for primary dilution and the test solutions 

were diluted in RPMI-1640/10% FBS. The agents were tested at three different 

concentrations: etoposide 5 µM, 50 µM and 100 µM; vincristine 0.01 µM, 0.1 

µM and 1 µM; carboplatin 0.01 mM, 0.1 mM and 1 mM; and prednisolone 0.4 

nM, 4 nM and 14 nM. Only doxorubicin was tested at four concentrations (0.055 

µM, 0.55 µM, 5.5 µM and 55 µM) because of the specific interest. The three 

highest concentrations of doxorubicin were used in statistical analysis.  

Chemotherapeutic agent testing was performed at least three times using five 

parallel samples of each agent and both cell lines. The mean values of these five 

parallel samples were used in the analysis. Cell death analysis was carried out by 

comparing the values with those in cells not treated with the therapeutic agent. 

Cell death rate was evaluated by adding Cell Counting Kit-8 (Dojindo, 

Kumamoto, Japan) according to the manufacturer’s instructions. The incubation 

time was 12 h before calculating the living cell rate spectrophotometrically at 450 

nm. 

4.4 Enzyme-linked immunosorbent assay 

In the present study we assessed both AT III and albumin concentrations in CSF 

and serum. Albumin assays was performed by hospital laboratory personnel using 

the normal laboratory routine. AT III concentrations were detected by ELISA. 

Two commercial ELISA kits were used for evaluation, Human Antithrombin III 

ELISA kit (KSP-110) for CSF analysis and Human Antithrombin III ELISA kit 

(KSP-111) for serum analysis; both from Nordic BioSite, Täby, Sweden. The kits 

were used according to the manufacturer’s instructions.  

Before performing the assay, blood was collected in siliconized 3.5‒ml glass 

containers which included one part serum gel solution. Serum was prepared by 

centrifugation at 1800 × g for 10 min. Samples of CSF were collected in 5‒ml 

plastic containers during i.t. therapy. Both serum samples and CSF samples were 

stored at -80 ºC between collection and assay. 
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4.5 Statistics 

The statistical analyses were performed using suitable commercial software (IBM 

SPSS Statistics for Windows, version 20.0., Armonk, NY). With continuous 

variables first we first evaluated the distribution of each variable (Fig. 6). For 

continuous variables with normal distribution the independent samples t‒test was 

used and in case of skewed distributions the Mann‒Whitney U-test was used. To 

compare nominal variables Fisher’s exact 2-sided test was used. Values of p < 

0.05 were considered statistically significant. 

For assessing prognosis, DSS was calculated from the date of diagnosis to the 

date of lymphoma˗specific death or to the last follow˗up date available. Overall 

survival was calculated from the date of diagnosis to the date of death from any 

cause, or the last follow˗up date. Progression˗free survival (PFS) was calculated 

from the date of diagnosis to the date of lymphoma progression or to last follow-

up date, whichever came first. Kaplan−Meier analysis was used to analyze DSS, 

OS and PFS. Significance was calculated by way of log-rank comparison. In 

multivariate analysis, the Cox regression model was used. 
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Figure 6. As an example of a skewed distribution AT III concentrations in CSF are 

presented. A normal distribution line is also shown. 
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5 Results 

5.1 Patient demographics 

In the present study there were 182 lymphoma patients included in the original 

articles (I‒III) and 13 patients excluded from the original research. The 

lymphoma patients in this work represented a typical cohort of NHL patients 

(n=195). The median age of the patients was 63 years and there were 90 females 

(46.2%) and 105 men (53.8%). A list of categories of the different lymphoma 

subtypes is presented in Table 3.  

Table 3. Demographics of 195 NHL patients. Median age was 63 years, range 18−90. 

Lymphoma subtype n % 

Diffuse large B-cell lymphoma 138 70.8 

T-cell‒rich B-cell lymphoma 21 10.8 

Primary mediastinal B-cell 

lymphoma 

2 1.0 

Burkitt’s lymphoma 1 0.5 

Atypical Burkitt’s lymphoma 8 4.1 

Follicular lymphoma 5 2.6 

Anaplastic large cell lymphoma 1 0.5 

Mantle cell lymphoma 1 0.5 

Small lymphocytic lymphoma 1 0.5 

Peripheral T-cell lymphoma 1 0.5 

Primary central nervous system 

lymphoma 

16 8.2 

The median follow˗up time was 53 months (range 0−237). There were 82 relapses 

in this cohort, meaning that 42.1% of the patients relapsed. Fifty-eight were local 

relapses (29.7% of the whole patient cohort) and there were 24 CNS relapses 

(12.3% of the whole patient cohort), of which five were in patients with PCNSL 

in this patient cohort. There were 56 lymphoma˗specific deaths (28.7%) and 24 

deaths due to other causes (12.3%). The prognosis of lymphoma based on the 

present study results is presented in Figure 7. 
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Figure 7. Prognosis of NHL patients in the present study (n=195). The median follow-
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up time was 53.0 months. A. 5-year overall survival was 63.9% in patients with NHL. B. 

5-year disease-specific survival was 71.0% in patients with NHL. C. 5-year 

progression-free survival was 60.9% in patients with NHL. 

In the non-lymphoma control group, there were 32 males and 31 females. They 

were somewhat younger (median age 52) than the lymphoma group. Survival data 

was not collected in this group of patients. 

5.2 Prognosis of DLBCL 

When assessing only diagnoses of DLBCL (n=159) the median follow-up time 

was 55 months (range 0‒211). 43.4% of the patients suffered relapses (n= 69). 

There were 53 local relapses (33.3% of the DLBCL cohort) and 16 CNS-relapses 

(10.1%). There were 45 lymphoma-associated deaths (28.3%) and 24 deaths due 

to other causes (15.1%). In Figure 8, the prognosis of all patients with DLBCL in 

the present study is characterized. 

5.2.1 Clinical risk factors of DLBCL and patient demographics 

When assessing the prevalence of traditional risk factors of DLBCL in relation to 

patient gender, a statistically significant difference was seen as regards age and 

gender (p=0.001). Female patients were older in this cohort, their median age 

being 68.5 years (range 27‒90) versus that of men, 60 years (23‒90). No other 

significant differences were found in basic demographics. Table 4 shows relapses 

and lymphoma-specific deaths together with traditional risk factors of DLBCL. 

Cell of origin phenotyping was characterized according to Hans’ algorithm in 

Studies I and II. In Study I, 20 of the patients (19.4%) represented a GC 

immunophenotype and 30 (29.1%) a non-GC immunophenotype. 

Immunophenotyping was not carried out in 53 cases (51.5%). No difference was 

found between the GC and non-GC groups as regards prognosis (p=0.666). In 

Study II, 15 of the patients (40.5%) represented a GC immunophenotype and 22 

(59.5%) a non-GC type. No correlation was found in this patient population either 

as regards prognosis and immunophenotype (p=0.667). Numbers of patients in 

these cell-of-origin subgroups where small in both these studies and therefore 

statistical analysis was not meaningful. 
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Figure 8. Prognosis of DLBCL in the present study (n=159). The median follow-up time 
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was 55 months. A. 5-year overall survival was 62.7% in patients with DLBCL. B. 5-year 

disease-specific survival was 70.9% in patients with DLBCL. C. 5-year progression-

free survival was 58.5% in patients with DLBCL. 

5.3 Immunoreactive proteins; peroxiredoxins I‒IV, peroxiredoxin VI, 

thioredoxin-1 and antithrombin III 

A total of 182 samples were stained immunohistochemically. Altogether, 103 

samples were stained for peroxiredoxins I‒III, V and VI, 37 for thioredoxin-1 and 

42 for antithrombin III. 

5.3.1 Peroxiredoxins I‒III and V 

The immunoreactivity of Prxs I‒III and V was investigated in 103 DLBCL 

biopsy samples. All Prxs were expressed in cell cytoplasm. Detailed expression of 

Prxs is also available in Study I, Table 3. Prxs I and III were expressed in all of 

the samples. Prxs II and V showed positive immunoreactivity in 90‒95% of the 

cases. Cytoplasmic staining was mainly diffuse, except that granular expression 

of Prx I was seen in 5‒10% of the samples and all Prx III staining was granular. 

Nuclear immunoreactivity of all Prxs was seen in 1‒20% of malignant cells. Cell 

membrane staining was negative for Prxs I and III. Positive cell membrane 

immunostaining of Prxs II and V was seen in 10‒60% of malignant cells. In 

adjacent T-cells, nuclear positivity was seen in 10‒20% of samples as regards Prx 

II and V staining. Cytoplasmic immunoreactivity was seen as regards all Prxs, but 

only in 5‒20% of adjacent T-cells in total.  

The immunoreactivity of Prxs I‒III and V was compared with traditional risk 

factors such as IPI score and its components. No statistically significant 

correlation was found between any of these Prxs and IPI score or its 

subcomponents. A trend towards an association was seen as regards Prx V 

expression in adjacent T-cells and non‒GC phenotype, but the difference was not 

statistically significant (p=0.080). There were no other statistically significant 

associations between Prxs I‒III and GC/non‒GC immunophenotypes. 



 

58 

5.3.2 Peroxiredoxin VI 

Some degree of Prx VI immunoreactivity was seen in all malignant DLBCL cells. 

Nuclear positivity was discovered in 5‒10% of the malignant cells and cell 

membrane immunoreactivity in 50‒60% of the samples. All of the adjacent T-

cells stained positively in at least part of their cytoplasm. 

Table 4. Traditional risk factors of DLBCL in connection with local relapses, CNS 

relapses and lymphoma-specific deaths in a cohort of 159 DLBCL patients. 

Factor n % Local relapses CNS relapses Lymphoma-

specific deaths 

B-symptoms      

None 63 39.6 21 (33.3%) 8 (12.7%) 24 (38.1%) 

Yes 79 49.7 20 (25.3%) 8 (10.1%) 19 (24.1%) 

DM 17 10.7    

Age      

<60 years 62 39.0 22 (35.5%) 5 (8.1%) 13 (21.0%) 

>60 years 97 61.0 31 (32.0%) 11 (11.3%) 32 (33.0%) 

LD levels      

Normal 53 33.3 17 (32.1%) 2 (3.8%) 10 (18.9%) 

Elevated 87 54.7 25 (28.7%) 10 (11.5%) 28 (32.2%) 

DM 19 11.9    

Stage      

I‒II 56 35.2 18 (32.1%) 4 (7.1%) 14 (25.0%) 

III‒IV 102 64.2 34 (33.3%) 12 (11.8%) 31 (30.4%) 

DM 1 0.6    

WHO 

performance 

status 

     

0‒1 94 59.1 28 (29.8%) 5 (5.3%) 21 (22.3%) 

>1 46 28.9 11 (23.9%) 10 (21.7%) 17 (22.3%) 

DM 19 11.9    

Extranodal 

effusion 

     

0‒1 110 69.2 40 (36.4%) 7 (6.4%) 30 (27.3%) 

>1 48 30.2 12 (25.0%) 9 (18.8%) 15 (31.3%) 

DM 1 0.6    

IPI      

1‒2 66 41.5 21 (31.8%) 4 (6.1%) 14 (21.2%) 

3‒5 80 50.3 22 (27.5%) 11 (13.8%) 27 (33.8%) 

DM 13 8.2    

DM = Data missing 
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Strong cytoplasmic expression of Prx VI correlated with B‒symptoms (p=0.002). 

There were no other correlations between Prx VI and other traditional risk 

markers of DLBCL. Positive adjacent T-cell Prx VI immunoreactivity correlated 

with a non-GC immunophenotype (p=0.028).  

5.3.3 Thioredoxin-1 

All 37 samples of DLBCL expressed Trx, although there were nine samples 

(24.3%) in which some of the malignant cells were Trx‒negative. Nuclear 

positivity was found in 29 (78.4%) of the samples and cell membranes showed 

positive immunoreactivity in seven cases (18.9%). Adjacent T-cells were negative 

for immunoreactivity of Trx. 

No statistically significant correlations were found between localization or 

staining intensity of Trx and individual clinical risk markers of DLBCL or the IPI 

score. 

5.3.4 Antithrombin III 

In the AT III immunoreactivity study, 41 (97.6%) of 42 samples showed 

expression of AT III in malignant lymphoma cell cytoplasm. Nuclei and adjacent 

T-cells were discovered to be negative in all of the samples. Nuclear membrane 

positivity was seen in 14 (33.3%) samples. Tumour vasculature was also 

evaluated and endothelial cells were positive in 37 (88.1%) samples. No 

statistically significant correlation was found between AT III immunoreactivity 

and clinical risk factors of DLBCL. 

5.4 Immunoreactivity and survival 

No correlation between the immunoreactivity of Prxs I‒III & V and prognosis 

was found. Strong cytoplasmic intensity of Prx VI correlated with poorer 

prognosis. The 5-year DSS -rate was 68.6% in the patient group with strong 

intensity vs. 97.0% in the group showing low or moderate staining intensity 

(p<0.001). Five-year OS -rates were 58.0% vs. 91.6% (p=0.001) and the PFS 

rates 60.9% vs. 89.1% (p=0.001), correspondingly. There was a correlation 

between Prx VI expression in adjacent T-cells and better outcome, the 5-year DSS 

-rate being 75.0% in the negatively staining group vs. 92.4% in the group with 
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positively staining adjacent T-cells (p=0.045). Overall survival rates were 68.0% 

vs. 81.9% (p=0.068), and PFS rates were 64.2% vs. 79.8% (p=0.061) 

correspondingly, although these differences were not statistically significant. 

In multivariate Cox regression analysis cytoplasmic Prx VI expression was an 

independent prognostic factor as regards lymphoma-related death (hazard ratio 

(HR) 12.846, 95% confidence interval (CI) 1.722−95.807, p=0.013) when 

compared with IPI as a single factor in the model (0−2 vs. 3−5, HR 2.514, 95% 

CI 1.040−6.073, p=0.041).  

In Kaplan‒Meier analysis a trend towards correlation was found between low 

Trx cytoplasmic expression and adverse prognosis, 5-year DSS being 52.70% in a 

group with low expression and 83.70% in a group with high Trx cytoplasmic 

expression intensity (p=0.063). 

Survival data was not cross-compared with AT III immunoreactivity. 

5.5 In vitro study results 

In Western blotting, at 48 h post-transfection Trx knockdown was already 

detectable. After 72 h, Trx levels had decreased by 45% compared with 24-h 

samples. The result was verified by β-actin controls. Trx levels at 72 h were 22% 

those of negative controls, while at 24 h Trx levels were 98% those of negative 

controls.   

The transfection method was ratified by means of FACS analysis. The 

amount of cells alive after transfection was 21% in total (range 8.31‒47.60%). 

Approximately 43% of the cells were successfully transfected (range 20.40‒

78.50%). The amount of transfected cells among those living was 75% (range 

43.20‒92.68%). 

5.5.1 Chemotherapeutic agent testing 

Chemotherapeutic agent testing results were assessed by analysis variance 

(ANOVA) (n=900). Statistically significant results were found and the analysis 

was re-evaluated using Student’s t-test. 

The doxorubicin-induced cell-death rate increased from 10.5% to 14.7% 

(0.055 µM solution) when Trx knockdown was performed. Similar effects were 

also seen at higher concentrations: 11.0% to 16.6% in 0.55 µM solution, 9.8% to 

16.0% in 5.5 µM solution and 10.6% to 22.1% in 55 µM solution (p=0.000093).  
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Etoposide-induced cell death decreased after Trx knockdown: from 13.2% to 

10.1% in 5 µM solution, 31.0% to 10.3% in 50 µM solution and 46.6% to 22.3% 

in 100 µM solution (p=0.000004). 

There were no effects on vincristine-, carboplatin- or prednisolone- induced 

cell death after Trx knockdown. In vincristine experiments the cell-death rate was 

12.7% initially and 12.4% after Trx knockdown when using 0.01 µM vincristine 

solution. With higher concentrations of vincristine similar findings were seen: 

16.0% to 16.9% in 0.1 µM solution and 15.5% to 16.4% in 1.0 µM solution 

(p=0.441). In carboplatin experiments the cell-death rate was 13.6% initially and 

11.8% after Trx knockdown when using 0.01 mM carboplatin solution. There 

were similar findings at higher carboplatin concentrations: 17.7% to 17.7% in 0.1 

mM solution and 2.4% to 1.2% in 1 mM solution (p=0.398). In prednisolone 

experiments cell growth was induced by 6.5% (compared with 0.3%) in Trx 

knockdown cells in a 0.4 nM solution of prednisolone. Cell growth was further 

induced at higher prednisolone concentrations: 55.7% to 51.4% in 4 nM solution 

and 78.3% to 68.8% in 14 nM solution (p=0.355). 

5.6 Antithrombin III and albumin in cerebrospinal fluid and serum 

in lymphoma patients 

ELISAs were used to analyse AT III and albumin concentrations in cerebrospinal 

fluid and serum samples. Eighty-four CSF samples and 38 serum samples were 

used for the analysis. 

5.6.1 Antithrombin III and albumin in cerebrospinal fluid 

The median CSF AT III concentration was 1.22 µg/ml (range 0.49‒6.91) when 

studying the whole cohort including both the lymphoma patient group and the 

control group consisting of patients with non-neoplastic neurological disorders. 

The range did not follow a normal distribution and therefore median values were 

used for analysis. Median CSF AT III concentrations were 1.47 µg/ml (range 

0.49−6.91) in the group of lymphoma patients and 1.08 µg/ml (0.50−4.05) in the 

control‒group patients. The difference between these two groups was statistically 

highly significant (p=0.002) (Fig. 9).   
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Figure 9. CSF sample analysis in the lymphoma patient group vs. the control group. 

The concentrations of AT III and albumin are presented on a logarithmic scale. 

Comparison of the variables was performed using the Mann−Whitney U-test. 

The median CSF albumin concentration was 243 mg/l (52.5−9727) in the 

lymphoma patient group and 193 mg/l (105.5−1099) in the control group. The 

difference between these two groups was not statistically significant (p=0.219) 

(Fig. 8). 

The lymphoma patient group was divided into three subgroups: lymphoma 

patients with systemic lymphoma without CNS involvement, sCNSL patients and 

PCNSL patients. The control group was also divided into three subgroups: 

patients with MS, patients with Alzheimer’s disease and patients without 

neurological diseases. Concentrations of CSF AT III were compared in these 

different patient groups (Fig. 10, Table 5.). 
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Figure 10. AT III concentrations in CSF in different subgroups of the patients. 

A statistically significant difference was found between lymphoma patients (Table 

5, groups 1‒3) and control patients (groups 4‒6) when comparing CSF AT III 

concentrations (p=0.006). Concentrations of CSF AT III were also compared in 

patients with CNS lymphoma (groups 2 and 3) versus those with non-neoplastic 

neurological diseases (groups 4‒6) and the difference was statistically significant 

(p=0.009). However, no difference was found when CSF AT III concentrations 

were compared in patients with MS (group 4) versus lymphoma patients with 

CNS involvement (groups 2 & -3) (p=0.167). Neither were there any statistically 

significant differences in CSF AT III concentrations in lymphoma patients with 

CNS involvement (groups 2 & -3) versus lymphoma patients with systemic 

disease only (group 1) (p=0.126).  



 

64 

Table 5. Median AT III and albumin concentrations in the CSF in different patient 

groups. 

Patient group 

number 

Patient group Median AT III, 

µg/ml 

Range Median albumin, 

mg/l 

Range 

1 Systemic 

lymphoma 

without CNS 

involvement 

1.33 0.49-6.91 198.84 52.51-559.58 

2 Secondary CNS 

lymphoma 

1.84 0.91-5.36 493.93 185.27-1801.13 

3 Primary CNS 

lymphoma 

5.16 1.01-6.47 586.42 182.94-9727.70 

4 Multiple 

sclerosis 

1.20 0.89-2.41 178.11 108.23-363.79 

5 Alzheimer’s 

disease 

1.04 0.58-4.05 192.37 133.38-1099.02 

6 Control patients 1.01 0.50-2.18 212.10 105.52-446.58 

When comparing CSF albumin concentrations, a statistically significant 

difference was found between the CNS lymphoma groups (groups 2 & -3) and the 

non-neoplastic neurological patient groups (groups 4‒6) (p=0.006). No significant 

difference was found between the lymphoma groups (groups 1‒3) and control 

groups (groups 4‒6) (p=0.112) or between the MS group (group 4) and CNS 

lymphoma groups (groups 2 & -3) (p=0.089). Neither was there a difference 

between the CNS lymphoma group (groups 2 & -3) and group 1 (p=0.092). 

5.6.2 Antithrombin III and albumin in serum 

Concentrations of AT III and albumin were also assayed in serum (Table 6). They 

followed normal distributions and therefore mean values were used for 

comparison.   

The mean serum AT III concentration in patients with lymphoma (Table 6, 

groups 1‒3) was 0.021 mg/ml (range 0.01−0.03) and it was 0.03 mg/ml 

(0.02−0.04) in the control group (group 6). The difference between these two 

groups was statistically highly significant (p<0.001). The mean serum albumin 

level was 40.94 g/l (26−49) in patients with lymphoma (groups 1‒3) and 44.55 g/l 

(37−49) in the control group (group 6). This difference was also statistically 

significant (p=0.029). There were no statistically significant differences between 

the CNS lymphoma group (groups  & -3) and the systemic lymphoma patient 
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group (group 1) when testing AT III (p=0.182) and albumin concentrations 

(p=0.352). When comparing the systemic lymphoma patient group (group 1) and 

the control group (group 6) as regards serum AT III concentrations, a statistically 

highly significant difference was found (p<0.0001). However, a similar trend was 

not seen when testing albumin (p=0.067). 

Table 6. Mean AT III and albumin concentrations in the serum in different patient 

groups. 

Patient group 

number 

Patient group Mean AT III, 

mg/ml 

Range Mean albumin, 

g/l 

Range 

1 Systemic 

lymphoma 

without CNS 

involvement 

0.020 0.009-0.287 41.92 29-49 

2 Secondary CNS 

lymphoma 

0.023 0.020-0.026 44.50 44-45 

3 Primary CNS 

lymphoma 

0.024 0.017-0.033 36.25 26-45 

5.6.3 Antithrombin III comparison in cerebrospinal fluid, serum and 

biopsy samples 

Moderate and strong expression of cytoplasmic AT III in lymphoma cells 

correlated with high concentrations of AT III in the CSF (p=0.048). A similar 

trend was also seen as regards nuclear membrane expression of AT III (p=0.004). 

However, endothelial expression in tumour vasculature did not correlate with AT 

III concentrations in the CSF (p=0.261). Albumin concentrations in CSF did not 

correlate with expression of AT III in tumour cytoplasm (p=0.736), nuclear 

membrane (p=0.638) or tumour vasculature (p=0.983).  

Serum AT III levels were also compared with the immunohistochemical data. 

Lower AT III concentrations in serum correlated with moderate and strong 

expression of AT III both in tumour cytoplasm and on nuclear membranes 

(p=0.002 and p=0.016). There was no statistically significant correlation when 

comparing serum AT III levels with staining in tumour vasculature (p=0.662). 

Serum albumin levels did not correlate with the immunohistochemical staining 

results in either nuclear membranes (p=0.173) or tumour vasculature (p=0.701), 

but they did correlate with AT III expression in tumour cytoplasm (p=0.004). 
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AT III/albumin ratio 

The CSF AT III/albumin ratio was calculated by evaluating AT III (µg/ml) and 

albumin (mg/l) concentrations. The values in different patient groups are shown 

in Table 7. When comparing the CSF AT III/albumin ratio in the different groups 

of lymphoma patients (groups 1‒3) and non-lymphoma patients (groups 4‒6), 

those with systemic lymphoma without CNS lesions (group 1) had the highest 

ratio (p<0.001). Between the lymphoma patients (groups 1‒3) and controls 

(groups 4‒6) a statistically significant difference was found (p=0.007). 

Surprisingly, no statistically significant difference was found between MS 

patients (group 4) and CNS lymphoma patients (groups 2‒3) (p=0.141). 

Table 7. CSF AT III/albumin ratio in different patient groups.  

Patient group number Patient group CSF AT III/albumin ratio 

1 Systemic lymphoma without CNS 

involvement 

0.0093 

2 Secondary CNS lymphoma 0.0037 

3 Primary CNS lymphoma 0.0064 

4 Multiple sclerosis 0.0079 

5 Alzheimer’s disease 0.0052 

6 Control patients 0.0050 

Receiver operating characteristic curve analysis 

Receiver operating characteristic (ROC) curves concerning CNS lymphoma 

patients are shown in Study III, Fig. 3: groups 2‒3 versus patients with non-

neoplastic neurological disorders (groups 4‒6). The null hypothesis was an area 

under the curve (AUC) value of 0.500 and values close to 1 were considered to be 

possibly significant when evaluating the suitability of the variable as a biomarker. 

All parameters tested yielded similar results: CSF AT III/albumin ratio, 

AUC=0.250 (p=0.009), CSF AT III alone, AUC=0.791 (p=0.002) and CSF 

albumin, AUC=0.839 (p<0.001). 
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6 Discussion 

In the present work diagnostic biopsy samples representing diffuse large B-cell 

lymphoma were studied in order to find biological data that could be used to 

optimize therapy risk versus profit ratios  and select patients who would benefit 

from more aggressive therapy modalities, such as high-dose Mtx prophylaxis and 

R-CHOEP instead of standard R-CHOP. 

DLBCL represents a heterogeneous group of aggressive B-cell lymphomas, 

among which some cases can offer a diagnostic challenge. One of the worst 

prognostic groups of patients are those suffering from CNS relapse (Bernstein et 
al. 2009). High-dose Mtx therapy can eventually overcome the blood-brain 

barrier and decrease the risk of CNS relapse, but clinical selection criteria for 

evaluating patients at risk of CNS disease are still unclear (Holte et al. 2013). In 

the present study the patient material was selected on the basis of HDT combined 

with ASCT (Study II) or because of availability of their CSF (Study III) and 

prognosis among these patients appeared to be even worse than in a standard 

group of DLBCL patients. 

6.1 Oxidative stress markers as prognostic and predictive markers 

of DLBCL 

In previous studies an association between Trx and adverse prognosis in DLBCL 

has been found (Peroja et al. 2012). In contrast, Prx proteins have not previously 

been studied in DLBCL. In the present study the biological roles of antioxidant 

enzymes were explored further to assess their possible involvement in the 

development of chemoresistance. Thioredoxin-1 and several Prxs were evaluated 

as possible indicators of poor prognosis, aiming to discover their role during the 

pathogenesis of DLBCL. The prognostic relevance of Prxs was evaluated, and the 

possible role of Trx in the development of chemoresistance was assessed in order 

to find out whether it can bring about chemoresistance in DLBCL cell lines. In 

addition, evaluation of whether there is a connection between overall survival and 

oxidative stress was performed. 

In 2005, Tome et al. published a “redox signature score” after using gene 

expression profiling which included high-level thioredoxin family activity. In this 

study a prognostic assessment tool concerning adverse prognosis in DLBCL was 

introduced (Tome et al. 2005). Pasanen et al. (2012) presented work showing that 
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the levels of immunoreactive oxidative stress markers were increased in 

aggressive lymphoma samples (Pasanen et al. 2012). Later, in work by Peroja et 
al. Trx immunoexpression was associated with poor prognosis of DLBCL in a 

cohort of 106 patients (Peroja et al. 2012). Thioredoxin-1 was also suggested to 

play a part in the development of doxorubicin resistance in DLBCL in work by Li 
et al. (2012). Peroxiredoxins were already mentioned in the work by Tome et al., 

but neither their functions nor their roles were yet discovered and therefore Prxs 

were excluded from analysis (Tome et al. 2005). Later, Bur et al. (2014) 

published work in which Prxs were among other oxidative stress markers 

evaluated in HL samples, and a correlation between high levels of oxidative stress 

markers and poor prognosis was found. By now, a great amount of studies have 

been performed on Prxs in other cancers, but in DLBCL they are a very 

infrequently studied group of proteins. 

In the present study of immunoexpression of Prxs in DLBCL, an association 

between strong cytoplasmic expression of Prx VI in malignant DLBCL cells and 

poor prognosis was found. There were no correlations between other Prxs and 

prognosis in this study material. In the ROS-neutralizing process, Trx gives 

electrons to Prxs I‒V. However, Prx VI is Trx-independent and receives electrons 

from glutaredoxin (Karihtala & Puistola 2011). Therefore, a different mechanism 

of action might be a possible explanation for why only Prx VI could serve as an 

independent risk factor of poor prognosis in cases of DLBCL. The causality of 

this phenomenon needs to be further verified in other studies including a 

mechanistic in vitro study model. The possible role of Prx VI as a marker of 

adverse prognosis in DLBCL is, however, an intriguing new discovery. 

In previous work it has been shown that in R-CHOP‒treated DLBCL patients, 

strong cytoplasmic Trx expression in tissue samples is associated with worse 

prognosis (Peroja et al. 2012). However, this retrospective work did not prove 

causality, and therefore an additional study was conducted to evaluate the role of 

Trx in an in vitro knockdown model. Thioredoxin-1 knockdown was indeed found 

to be able to sensitize cells to doxorubicin, suggesting that Trx could induce 

chemoresistance in lymphoma cells against doxorubicin (one of the most effective 

drugs in modern DLBCL treatment), as also seen in the work by Li et al. Other 

chemotherapeutic agents commonly used in lymphoma therapy were also 

examined. Thioredoxin-1 knockdown did not interfere with sensitivity to 

vincristine, carboplatin or prednisolone. In fact, in the present study prednisolone 

induced cell growth, and a similar phenomenon has been observed in previous 

studies, where Trx-overexpression has been reported to protect cells against 
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glucocorticoid-induced apoptosis (Tome et al. 2005). It was interesting that in our 

Trx knockdown model control cells turned out to be more sensitive towards 

etoposide. This is a new and interesting finding and needs to be verified in 

clinical material as well. The most interesting clinical material would have been a 

cohort of patients treated with R-CHOEP, but unfortunately this kind of cohort 

was not available. Therefore, a patient group treated with etoposide-containing 

HDT without doxorubicin was selected. It was shown in this retrospective study 

that DLBCL patients with low Trx expression had a higher risk of relapse after 

ASCT. In contrast, patients with DLBCL showing high cytoplasmic intensity of 

Trx at the diagnostic stage of the disease were the group with the best prognosis 

after ASCT (n=13, non-GC phenotype, n=6, GC phenotype, n=7), confirming the 

findings in the cell culture model. As previously mentioned, a method of selection 

of patients to an R-CHOEP regimen is still undetermined. Recent publications 

suggest that patients with GC phenotype might benefit more from etoposide 

treatment than non-GC phenotype patients (Wilson et al. 2012, Gang et al. 2015). 

Furthermore, it seems that Trx should also be more studied to be verified as a 

potential marker to select patients for etoposide-containing frontline treatment. 

In connection with the above, it is not known if Trx and Prx VI might be 

additive or competitive in their influence. This also calls for studies in an in vitro 

model, possibly by using Trx and Prx VI double knockdown. 

6.2 Cerebrospinal fluid antithrombin III as a biomarker of CNS 

lymphoma 

Antithrombin III has been proposed to serve as a potential new biomarker for 

clinical purposes to separate CNS lymphoma patients from those with benign 

neurological conditions (Roy et al. 2008). The efficiency of AT III in selecting 

DLBCL patients with subclinical CNS disease was explored in order possibly to 

develop selection criteria for high-dose Mtx‒containing prophylactic therapy. 

In the study of AT III in CSF, a possible role of AT III as a biomarker in the 

diagnosis of both primary and secondary CNS lymphoma was also evaluated. 

However, AT III was also found in the CSF of patients with non-neoplastic 

diseases such as MS and Alzheimer’s disease. Unfortunately, it seems that AT III 

reflects only the magnitude of leakage of the blood-brain barrier, since the AT 

III/albumin ratio did not differ between patients with CNS lymphoma and those 

with non-neurological diseases. On the basis of the present results, AT III should 
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not be used as a biomarker for diagnosis of CNS lymphoma, because it did not 

show any lymphoma specificity. We found that albumin had the same specificity 

as AT III, and therefore when there is a need to measure blood-brain barrier 

leakage, albumin could be used instead of AT III.  

6.3 Future prospects 

In the present study, the prognostic relevance of Prx VI was investigated in 

DLBCL. In addition, in the cell‒culture model, an increase in doxorubicin-

induced cell death was found via Trx knockdown. The decrease in etoposide-

induced cell death after Trx knockdown on the contrary is a new discovery in 

DLBCL. Etoposide-induced cell death was found to be higher in the cells with 

intact Trx expression. This is in line with clinical findings showing that patients 

with high amounts of Trx in their lymphomas had the best prognosis after 

etoposide-containing ASCT treatment in the present study. There is still no 

international consensus of opinion among physicians treating lymphoma as 

regards the role of etoposide in the frontline treatment of DLBCL. Some patients 

indeed may benefit from treatment of DLBCL with an etoposide-containing first-

line regimen. However, etoposide increases treatment-related toxicity. No good 

biomarkers for the selection of patients for etoposide treatment exist for the time 

being in clinical practice.  

Cerebrospinal fluid AT III was considered to be a potential new biomarker for 

diagnosis of PCNSL in work by Roy et al. (2008). A group of Swedish 

neurologists published discussion concerning the role of AT III in the CSF. They 

suggested that AT III may merely reflect leakage of the blood-brain barrier and 

therefore would fail to be an innovative biomarker (Zetterberg et al. 2009). Our 

findings are mostly in line with observations confirming that AT III is not a 

suitable biomarker in the diagnosis of CNS lymphoma.  

In future studies the possible role of Prx VI in DLBCL should be assessed in 

an in vitro model to confirm our preliminary findings, and to investigate if Prx VI 

itself could play a part in the development of chemoresistance. In addition, the 

biological functions of both Prx VI and Trx should be investigated further to 

understand the basis of chemoresistance. Thioredoxin-1 is suggested here to be a 

prognostic marker in DLBCL, but to be used as a predictive marker as regards 

etoposide-containing treatment, it needs to be further studied in a large patient 

group treated with R-CHOEP in order to confirm our findings. If our observations 
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regarding Trx knockdown are similar with Prx VI, this should also be investigated 

in larger clinical patient cohort.  
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7 Conclusions 

In the present work, the oxidative stress markers peroxiredoxins and thioredoxin-

1 were evaluated in paraffin-embedded tissue samples from DLBCL patients and 

in an in vitro study. Their prognostic relevance and function in the development of 

chemoresistance were investigated. Cerebrospinal fluid biomarkers were explored 

in order to assess their significance in the diagnosis of PCNSL. Certain 

antioxidant enzymes were found to be interesting proteins that might be 

responsible for the development of chemoresistance in DLBCL. Their levels of 

expression might serve in future as predictive markers used to select the first-line 

treatment options. Cerebrospinal fluid AT III levels were unfortunately not 

lymphoma-specific, and therefore the search for CSF biomarkers for diagnostic 

purposes will continue. 

The most specific conclusions based on the present work are: 

1. High-level cytoplasmic Prx VI immunoreactivity is associated with adverse 

prognosis in DLBCL. 

2. Expression of Trx is associated with resistance to doxorubicin, which can be 

counteracted by Trx knockdown in cell culture. 

3. High-level Trx expression in DLBCL is associated with better sensitivity to 

etoposide-induced lymphoma cell death in cell culture. 

4. Expression of Trx is associated with favourable prognosis in patients treated 

with etoposide-containing ASCT. 

5. Thioredoxin-1 is a promising candidate in studies aimed at selecting DLBCL 

patients for etoposide-containing chemotherapy. 

6. The concentration of CSF AT III is not lymphoma-specific, but merely 

reflects blood-brain barrier leakage. Thus it is not a suitable biomarker for 

diagnosis of primary or secondary CNS lymphoma. 
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