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ABSTRACT 
 
Annika Ålgars 
 
Factors affecting cancer behavior with special reference to lymphatic vessels, ma-
crophages, EGFR, and Pim-1 in colorectal cancer 
 
From the Department of Oncology and Radiotherapy, Turku University Hospital;  
the MediCity Research Laboratory and the Department of Medical Microbiology and 
Immunology, University of Turku;  
the National Graduate School of Clinical Investigation;  
Turku Doctoral programme of Clinical Sciences.  
Annales Universitatis Turkuensis. 
Turku, Finland 2012. 
 
The behavior and prognosis of cancer is affected by several factors, including altera-
tions in the cancer cells and changes in the tumor microenvironment.  
 
The aim of the present study was to investigate new predictive and prognostic factors 
located in the cancer cells (EGFR gene copy number, EGFR, oncogene pim-1) or tu-
mor  microenvironment, including lymphatic vessels (CLEVER-1, podoplanin), ma-
crophages (CD68, CLEVER-1), and T-lymphocytes (CD3) in colorectal cancer. Fur-
thermore, the molecular characteristics of lymphatic vessels (CD73, LYVE-1, podop-
lanin) as well as the lymphocyte and dendritic cell trafficking in lymphatics were stu-
died. 
 
The results indicate that high Pim-1 expression, a high number of CD68+ macrophages 
peritumorally, and in early stage disease, a high number of CLEVER-1+ macrophages 
and vessels peritumorally are factors associated with a favorable disease outcome in 
colorectal cancer. In contrast, in stage IV disease, a high number of CLEVER-1+ ma-
crophages both intra- and peritumorally are associated with poor survival. EGFR gene 
copy number measured by silver in situ hybridization predicts anti-EGFR treatment 
response in metastatic colorectal cancer more accurately than the routinely used KRAS 
analysis.  In addition, lymphatic vessels exhibit marked phenotypic heterogeneity in 
healthy and cancer tissues and the function of CD73 in lymphatics differs from blood 
vessels as demonstrated in this study. 
 
In summary, colorectal cancer prognosis is affected distinctly at different stages of 
disease and varies depending on the location of lymphatic vessels and macrophages, 
whereas a high Pim-1 expression is associated with a favorable survival. Moreover, 
EGFR gene copy number is a promising new predictive marker in metastatic colorectal 
cancer patients with wild type KRAS.  
 
Keywords: Lymphatic vessels, macrophages, colorectal cancer, prognostic markers, 
EGFR gene copy number 
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TIIVISTELMÄ 
 
Annika Ålgars 
 
Syövän käyttäytymiseen vaikuttavat tekijät, joista erityishuomion kohteena imu-
tiet, makrofagit, EGFR ja Pim-1 kolorektaalisyövässä 
 
Syöpätautien klinikka, Turun yliopistollinen keskussairaala; MediCity tutkimuslabora-
torio ja Lääketieteellinen mikrobiologia ja immunologia, Turun Yliopisto; Valtakun-
nallinen kliininen tutkijakoulu; Turun kliininen tutkijakoulu. 
Annales Universitatis Turkuensis. 
Turku, Suomi 2012. 
 
Syövän käyttäytymiseen ja ennusteeseen vaikuttavat monet tekijät, muun muassa muu-
tokset syöpäsoluissa sekä kasvainta ympäröivässä mikroympäristössä.  
 
Tutkimuksen tavoitteena oli tutkia uusia prediktiivisiä ja prognostisia ennustetekijöitä 
syöpäsoluissa (EGFR geenikopiomäärä, EGFR, onkogeeni pim-1) sekä syöpäkasvai-
men mikroympäristöön kuuluvissa imuteissä (CLEVER-1, podoplaniini), makrofageis-
sa (CD68, CLEVER-1) ja T lymfosyyteissä (CD3) kolorektaalisyövässä. Lisäksi tutkit-
tiin imuteiden molekulaarisia ominaisuuksia tarkemmin (CD73, LYVE-1, podoplanii-
ni) kuten myös lymfosyyttien ja dendriittisolujen liikennöintiä imuteissä. 
 
Tutkimustulokset osoittavat että korkea Pim-1 ekspressiotaso, suuri peritumoraalinen 
CD68+ makrofagimäärä sekä varhaisen vaiheen taudissa suuri CLEVER-1+ peritumo-
raalinen makrofagimäärä ovat hyvän ennusteen tekijöitä kolorektaalisyövässä. Meta-
staattisessa taudissa sen sijaan suuri määrä CLEVER-1+ makrofageja, sekä intra- että 
peritumoraalisesti, liittyy huonoon tautiennusteeseen. EGFR geenikopiomäärä, EGFR 
proteiinipitoisuuden ohjaaman hopea in situ hybridisaatiomenetelmän avulla määritet-
tynä, ennusti vastetta anti-EGFR hoidolle metastaattisessa kolorektaalisyövässä tar-
kemmin kuin nykyisin rutiinisti käytössä oleva KRAS määritys. Lisäksi havaittiin että 
imutiet ovat monimuotoisia imutiemarkkeri ekspressionsa suhteen sekä normaali- että 
syöpäkudoksissa. CD73 molekyylin funktio imuteissä poikkesi selvästi molekyylin 
funktiosta verisuonissa.  
 
Yhteenvetona voidaan todeta että kolorektaalisyövän ennusteeseen vaikuttavien teki-
jöiden merkitys vaihtelee taudin levinneisyysasteen sekä imuteiden että makrofagien 
sijainnin perusteella. Korkea Pim-1 ilmentyminen on yhteydessä hyvään kolorektaa-
lisyöpäennusteeseen. Lisäksi EGFR geenikopiomäärä osoittautui lupaavaksi uudeksi 
prediktiiviseksi ennustetekijäksi KRAS villintyypin metastaattista kolorektaalisyöpää 
sairastavilla potilailla.  
 
Avainsanat: Imusuonet, makrofagit, prognostiset tekijät, EGFR geenikopiomäärä, 
kolorektaalisyöpä 
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1 INTRODUCTION 

The development of cancer is a complex process requiring several molecular altera-
tions. However, cancer behavior and prognosis does not merely depend on changes in 
the precancerous and cancer cells themselves, but include the interaction of the sur-
rounding host microenvironment, as well.  

The knowledge regarding the risk factors and molecular changes involved in the 
development of colorectal cancer (CRC) has evolved over the years. In addition, new 
treatment strategies and use of prognostic and predictive markers have improved the 
outcome of the disease. We are gradually stepping into an era of personalized medicine 
in the field of CRC, Kirsten ras (KRAS) testing being a proof of that. KRAS gene muta-
tion analysis is today used as a marker in routine clinical practice to predict responsi-
venss to anti-epidermal growth factor receptor (EGFR) therapy. Other promising pre-
dictive markers are waiting for robust validation prior to establishment in this field. 

CRC and inflammation are clearly interrelated. Inflammatory cells are present in 
practically all malignant tumors and they may either work in a harmful protumoral or 
protective antitumoral fashion. Inflammation has been shown to increase the risk for 
CRC, whereas the densities of inflammatory cells, including macrophages, in the mi-
croenvironment of established CRC tumors seem to influence CRC prognosis. Howev-
er, the role of macrophage subpopulations in CRC is still largely unknown. CRC, simi-
lar to other solid tumors, induces lymphangiogenesis, at least in part due to growth 
factors excreted by tumor associated macrophages (TAM). CRC cells may disseminate 
through the lymphatic vessels to the local lymph nodes, which has a strong negative 
prognostic impact. No treatment option available today has the ability to prevent this 
event. There is less knowledge available in the field of cancer-related lymphangiogene-
sis than in the field of tumor-associated angiogenesis due to the fact that lymphatic 
endothelial cell specific markers have not been previously available. The influence of 
lymphatic vessel density on CRC prognosis has been investigated, but the results have 
been inconsistent and no firm conclusion on the prognostic value of the lymphatic ves-
sel density can as yet be drawn. Molecules involved in leukocyte or cancer cell traf-
ficking in the lymphatics are sparsely known, which is in striking contrast to the blood 
vessels. In blood vessels, for instance CD73 is involved in lymphocyte trafficking and 
has anti-inflammatory effects. In addition, CD73 seems to promote tumor growth. The 
function of CD73 in the lymphatics is not known.  

The behavior and prognosis of cancer is affected by a very complex signaling net-
work including various molecules with often interrelated, sometimes dual functions. 
Oncogenes play an important role in carcinogenesis and tumor progression. Interes-
tingly they may have tissue specific effects, which might be completely opposite be-
tween different malignancies. More knowledge is needed in the field of factors affect-
ing the course of malignant diseases or responsiveness to specific therapies. 
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2 REVIEW OF THE LITERATURE 

2.1  Characteristics of cancer development and behavior 

The development of cancer is a complex process requiring the involvement and altera-
tion of numerous molecules within cancer cells as well as in the tumor microenviron-
ment. Prognosis of cancer is likewise affected by molecular features of the tumor and 
its surrounding. This review of the literature will discuss different aspects of tumori-
genesis and factors affecting cancer behavior with emphasis on lymphangiogensis and 
inflammation in colorectal cancer. Prognostic and predictive markers in CRC are also 
addressed. 

2.1.1 General aspects of cancer biology 

Malignant transformation occurs frequently in a portion of the cells in the human body. 
Fortunately these very seldom give rise to the development of cancer. Certain capabili-
ties are required for a cancer cell to survive in the body as well as to acquire character-
istics enabling tumor formation and metastatic spread of the malignant cells. Notably, 
not only the characteristics of the cancer cells are important but also the surrounding 
non-malignant cells interacting with the cancer cells play a crucial role in the develop-
ment and behavior of malignant tumors.  

To improve our understanding of the complex biology of cancer Hanahan and 
Weinberg have proposed six hallmarks of cancer (Hanahan & Weinberg, 2000), which 
have been broadened by two enabling characteristics and two emerging hallmarks in 
year 2011 due to increased knowledge in this field.  The hallmark capabilities include: 
sustaining proliferative signaling, evading growth suppressors, activating invasion and 
metastasis, enabling replicative immortality, inducing angiogenesis, and resisting cell 
death. The enabling characteristics are: tumor-promoting inflammation, genomic insta-
bility, and gene mutations. Deregulating cellular energetics and avoiding immune de-
struction are referred to as emerging hallmarks (Hanahan & Weinberg, 2011). 

2.1.2 Maintenance of proliferative signaling and reprogramming of energy meta-
bolism 

Opposite to normal cells, cancer cells are capable of sustaining proliferative signaling 
in various ways, e.g. by producing growth factors, becoming hyper-responsive by in-
creasing the number of growth factor receptors at their cell surface, or by constitutive 
activation of downstream pathways of growth factor receptors (Hanahan & Weinberg, 
2011; Lemmon & Schlessinger, 2010).  

Cancer cells alter their energy production and seem to favor aerobic glycolysis also 
in the presence of oxygene instead of mitochondrial oxidative phosphorylation (meta-
bolic switch, Warburg effect). The aerobic glycolysis generates adenosine 5´-
triphospate (ATP) inefficiently, but provides glycolytic intermediates (e.g. acetyl-
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coenzyme A and nicotinamide adenine dinucleotide phosphate-oxidase) needed for 
macromolecule production to meet the demand of active cell proliferation. Activated 
oncogenes and inactivated tumor suppressor genes are linked with the metabolic switch 
occuring in cancer. The increased uptake and usage of glucose in many human malig-
nant tumors can be visualized by 18F-fluorodeoxyglucose positron emission tomogra-
phy scanning (Hanahan & Weinberg, 2011; Jones & Thompson, 2009; Vander Heiden 
et al. 2009). 

2.1.2.1 EGFR pathway 

EGFR [also known as human epidermal growth factor receptor (HER) 1] is a cell 
membrane receptor consisting of an extracellular ligand-binding domain, a transmem-
brane domain, and a cytoplasmic domain. The cytoplasmic part contains a tyrosine 
kinase domain and a carboxy terminal region with tyrosine autophosphorylation sites. 
EGFR belongs to the erythroblastic leukemia viral oncogene homolog (ErbB) family 
consisting of four members: HER1 (EGFR, ErbB1), HER2/neu (ErbB2), HER3 
(ErbB3), and HER4 (ErbB4). Ligands binding to EGFR include epidermal growth 
factor (EGF), transforming growth factor (TGF) α, amphiregulin, epiregulin, betacellu-
lin, heparin-binding EGF, and epigen (Saif, 2010). The binding of ligands to the ex-
tracellular part of the receptor activates the intracellular kinase domain. The activated 
kinase phosporylates intracellular proteins, thereby activating signaling pathways 
downstream from the receptor (Bass, 2011).  Amplifications and mutations of genes 
within a pathway may cause abnormal signaling and thus by disrupting the normal 
regulated cell division, cellular proliferation, differentiation, and migration contribute 
to the development of cancer. As an example, an activating v-raf murine sarcoma viral 
oncogene homolog B1 (BRAF) gene mutation (V600E), which is found in less than 
10% of the colorectal tumors (Price et al. 2011; Van Cutsem et al. 2011), leads to a 
constitutive activation of the downstream pathway of EGFR (Michaloglou et al. 2008). 
KRAS gene mutations representing the same pathway are found more frequently (in 
about 40% of the cases) in CRC (Amado et al. 2008; Douillard et al. 2010; Karapetis et 
al. 2008; Peeters et al. 2010; Qiu et al. 2010; Van Cutsem et al. 2011). These muta-
tions disable guanosine triphosphatase (GTPase) activity and cause KRAS to accumu-
late in the active GTP-bound conformation. A simplified EGFR signaling pathway is 
presented in Figure 1. 

2.1.3 Loss of suppressive capacity 

As a response to atypical harmful events in a cell, suppressor genes normally react by 
inhibiting cell proliferation. Defects in these tumor suppressor genes contribute to can-
cer progression by allowing uncontrolled tumor growth.  The loss of cell-to-cell con-
tact inhibition further increases tumor growth. One factor attributing to the prevention 
of cancer development is programmed cell death (apoptosis), which is induced by cell 
stress. 
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Figure 1  EGFR signaling pathway. Upon ligand binding EGF receptors form dimers and get 
activated with subsequent intracellular kinase domain activation. This leads to au-
tophosphorylation and activation of downstream signaling pathways like 
RAS/RAF/MEK/MAPK and the PI3K pathway.                                                                              
Abbreviations: AKT, v-akt murine thymoma viral oncogene homolog; BAD, BCL2 
antagonist of cell death; GRB-2, growth factor receptor bound protein 2; MAPK, 
mitogen activated protein kinase; MEK, mitogen activated kinase kinase; mTOR, 
mammalian target of rapamycin; PI3K, phosphoinositide kinase 3; PTEN, phospha-
tase and tensin homolog; SOS, son of sevenless.  

Tumor cells are, however capable of evading apoptosis in several ways, for example by 
losing the tumor protein 53 suppressor function, by downregulating proapoptotic fac-
tors, and by increasing the expression of survival signals or antiapoptotic regulatory 
proteins (Hanahan & Weinberg, 2011). Furthermore autophagy, a lysosomal degrada-
tion pathway, works as a survival pathway for cancer cells by helping them to tolerate 
various types of stress. Autophagy may also work in an opposite fashion by eliminat-
ing damaged cells and thus prevent tumorigenesis (White & DiPaola, 2009). Necrotic 
cell death, in contrast to apoptosis and autophagy, releases proinflammatory signals 
into the tissue microenvironment, thereby recruiting protumoral inflammatory cells 
favoring tumor growth (Hanahan & Weinberg, 2011; Vakkila & Lotze, 2004).  The 
loss of caretaker gene function (genes that encode genome stabilizing products) attrib-
utes to the development of genomic instability especially in inherited cancers. Our 
knowledge regarding the development of genomic instability in sporadic cancer is still 
limited (Negrini et al. 2010). 
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2.1.4 Unlimited replicative potential of cancer cells 

In contrast to normal cells, cancer cells owe an unlimited replicative potential. Most 
cancer cells express telomerase, which elongates and thereby maintains the protective 
telomeric deoxyribonucleic acid (DNA) at the ends of chromosomes and causes senes-
cence (nonproliferative but viable state of the cell) and provides resistance to apop-
tosis. In premalignant lesions telomere deficiency, on the other hand, seems to work in 
a protumoral fashion by increasing genomic alterations of the cells (Chin et al. 2004; 
Hanahan & Weinberg, 2011; Raynaud et al. 2010). 

2.1.5 Angiogenesis 

Angiogenesis occurs during fetal development, in adults during the female reproduc-
tive cycle, and wound healing. In addition, angiogenesis is induced during cancer pro-
gression to meet the increasing need for oxygen and nutrients of the growing tumor. 
Neovasculature is also needed for waste and carbon dioxide removal from the tumor. 
An important angiogenesis inducer is vascular endothelial growth factor (VEGF) A, 
which can be upregulated by e.g. hypoxia or various oncogenes. In addition, bone-
marrow derived cells like macrophages, mast cells, neutrophils, and myeloid progeni-
tors support angiogenesis by secreting proangiogenic growth factors or alternatively 
the bone marrow derived progenitor cells may get integrated as pericytes or endothelial 
cells into neovasculature. The blood vessels formed through pathological tumor-
associated neoangiogenesis are leaky, enlarged, irregular, and characterized by abnor-
mal blood flow, arterio-venous shunting, and microhemorrhages. The loosely joined 
endothelial cells facilitate the spread of malignant cells. Endogenous inhibitors of an-
giogenesis are also present in the body, for instance endostatin, angiostatin, and throm-
bospondin-1 (Hanahan & Weinberg, 2011; Potente et al. 2011). 

2.1.6 Properties enabling invasion and metastatic dissemination of cancer cells 

In order to invade and metastasize cancer cells undergo a multi-step procedure involv-
ing local invasion, intravasation into blood and lymphatic vessels, survival in the circu-
lation, extravasation, formation of micrometastasis, and finally growth into a macro-
scopic tumor. Cancer cells need to weaken their cell-to-cell adhesion properties by e.g. 
E-cadherin down-regulation and undergo epithelial-mesenchymal transition (EMT). 
During EMT cancer cells become spindly shaped, have increased motility, are apop-
tosis resistant, and express matrix-degrading enzymes. Stromal cells, like macrophages 
in the tumor microenvironment contribute to the invasion and metastasis events, as 
well. Cancer cells may also invade through so called collective or amoeboid invasion 
mechanisms. The growth of a macroscopic metastasis in a new site requires adaptation 
of the cancer cells to the new environment. The growth into a clinically detectable 
metastasis can happen promptly (e.g. CRC, lung cancer, pancreatic cancer) or be pro-
ceeded by a long latency period (e.g. breast cancer, prostate cancer) (Hanahan & 
Weinberg, 2011; Nguyen et al. 2009). 
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2.1.6.1 Lymphangiogenesis 

Lymphatic vasculature 
Lymphatic vessels are important regulators of tissue fluid homeostasis. They transport 
extravasated protein rich fluid and macromolecules from the tissues back to the blood 
stream. Lymphatics are found in all vascularized tissues with some exceptions, like the 
brain and bone marrow. The lymphatic system includes lymphatic capillaries, precollec-
tors, collecting lymphatic vessels, lymph nodes, efferent lymphatic vessels exiting the 
lymph nodes, as well as the thoracic duct and right lymphatic duct connecting with the 
venous system. Lymphatic capillaries are blind-ended small vessels with only one layer 
of lymphatic endothelial cells. They lack smooth muscle cells and pericytes, are con-
nected to the surrounding extracellular matrix by anchoring filaments, and have button-
like discontinuous junctions making them highly permeable.  Lymphatic capillaries ab-
sorb approximately one tenth of the interstitial fluid extravasated from the arterial capil-
laries and transport it via precollector vessels and collecting lymphatic vessels back to 
the venous circulation (right and left subclavian veins). The collecting lymphatic vessels 
differ from the lymphatic capillaries in several ways: they are surrounded by a basement 
membrane, pericytes, and smooth muscle cells, have continuous inter-endothelial junc-
tions and luminal valves that prevent the backflow of the lymph fluid, and are not in-
volved in fluid adsorption from the surrounding tissues. The lymphatic vessels that trans-
port lymph to and the ones leaving the lymph nodes are referred to as afferent and effer-
ent lymphatic vessels, respectively. The molecular phenotype of lymphatic capillaries 
and collecting lymphatic vessels differ from each other also. Lymphatic vessel hyalu-
ronan receptor (LYVE) 1, podoplanin, prospero-related homeodomain transcription fac-
tor 1 (Prox-1), and VEGF receptor (VEGFR) 3 are expressed by mature lymphatic capil-
laries, whereas collecting lymphatic vessel valves express Prox-1, forkhead transcription 
factor C2 (Foxc2) protein, and VEGFR-3 in adulthood (Achen et al. 2005; Norrmén et 
al. 2011; Tammela & Alitalo, 2010).  

In addition to the functions mentioned above lymphatic vessels absorb dietary fats 
and fat-soluble vitamins in the small intestine. Disorders involving lymphatic insuffi-
ciency are characterized by accumulation of subcutaneous fat. Mice lacking Prox-1 on 
their endothelium or prox-1 heterozygotic mice, that survive until adulthood, become 
obese and develop chylous ascites implicating that lymphatics are important in the 
peripheral tissues also for lipid trafficking and metabolism (Norrmén et al. 2011; 
Tammela & Alitalo, 2010). The lymphatics are also involved in immune cell traffick-
ing. Antigens, antigen presenting cells, and leukocytes are transported via afferent 
lymphatic vessels to the lymph nodes, where the antigens are trapped and trigger an 
adaptive immune response 

Lymphangiogenesis under normal conditions 
Lymphangiogenesis occurs during embryonic development and is orchestrated by sev-
eral molecules, including Prox-1, VEGFR-3, VEGF-C, neuropilin (NP) 2, as well as 
molecules responsible for blood-lymphatic vessel separation e.g. podoplanin, C-type 
lectin-like receptor (CLEC) 2, spleen tyrosine kinase, lymphocyte cytosolic protein 2 
(Slp-76), T-synthase, angiopoietin-like protein 4, homeobox protein Meis1 and sprou-
ty-related EVH1 domain-containing proteins 1 and 2 (Tammela & Alitalo, 2010). 
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The initial budding and differentiation of lymphatic endothelial cells (LEC) require 
Prox-1 induction in the cardinal vein by the homeobox transcription factor SOX18 
(Breiteneder-Geleff et al. 1997; Petrova et al. 2002; Tammela & Alitalo, 2010). Prox-
1, in turn upregulates VEGFR-3 (Petrova et al. 2002). Mutations in the SOX18 gene 
cause hypotrichosis-lymphedema-telangiectasia characterized by lymphedema of the 
legs, telangiectasia, and hairloss (Irrthum et al. 2000).  

After the budding and differentiation phases endothelial cells start to migrate in a 
direction of a VEGF-C gradient. The VEGF-C receptor VEGFR-3 is required for the 
development of the cardiovascular system and is present on both vascular and lym-
phatic endothelia during early embryonic development. Later on VEGFR-3 is down-
regulated in blood vessels and is mainly expressed on lymphatic endothelial cells with 
the exception of fenestrated blood vessels in e.g. the thyroid gland and pancreas. Of the 
VEGFR-3 ligands, VEGF-C is similarly to VEGFR-3 required for proper lymphangio-
genesis, in contrast to the other ligand VEGF-D (Tammela & Alitalo, 2010). However, 
the inhibition of VEGF-C/VEGFR-3 signaling does not seem to affect the stable lym-
phatic vasculature in adults (Karpanen et al. 2006). VEGF-C and VEGF-D signaling 
through VEGFR-3 and to a lesser extent via VEGFR-2 are the most important lym-
phangiogenic growth factors. VEGFR-2 and VEGFR-2/VEGFR-3 heterodimers, which 
bind fully processed VEGF-C and –D play a role in lymphatic maturation. Mice with 
homozygous deletion of VEGF-C lack lymphatic vasculature, whereas VEGF-C het-
erozygous mice have severe lymphatic hypoplasia (Karkkainen et al. 2004). An inacti-
vating point mutation of the VEGFR-3 gene causes Milroy disease, characterized by 
lymphatic vessel hypoplasia of the skin (Irrthum et al. 2000). 

NP-2 is a VEGF-C and VEGF-D co-receptor expressed in lymphatic vessels and 
veins. NP-2 may collaborate with VEGFR-3 and thereby enhance the sensing of 
VEGF-C and VEGF-D growth factor gradients involved in the initial lymphatic sprout 
elongation (Tammela & Alitalo, 2010). 

Essential for the blood-lymphatic vessel separation to occur is podoplanin, which is dur-
ing early development expressed in the cardinal vein and later on lymphatic endothelial cells. 
Podoplanin activates the CLEC-2 receptor on platelets which in turn activates spleen tyrosine 
kinase and adaptor protein Slp-76, resulting in platelet aggregation at the sites of lymphatic-
venous connections (Norrmén et al. 2011; Tammela & Alitalo, 2010). 

The remodeling and maturation of the lymphatic vessel network involve several 
molecules e.g. angiopoietins, ephrins, FoxC2, adrenomedullin, and apoptosis stimulat-
ing protein p53. The angiopoietin growth factors and their receptors tyrosine kinase 
with immunoglobulin-like and EGF-like domains (Tie) 1 and 2 are important for lym-
phatic vessel maturation, whereas FoxC2 seems to control the differentiation of lym-
phatic capillary versus collecting lymphatic vessel phenotype (Norrmén et al. 2011). 
Loss of function mutations of FoxC2 causes a syndrome called lymphoedema-
distichiasis characterized by a double row of eyelashes, varicose veins, and late onset 
lymphoedema. These patients have abnormal lymphatic capillaries covered by ectopic 
smooth muscle cells and basement membrane as well as lymphatic collecting vessels 
with valve defects leading to lymph backflow (Mellor et al. 2007). 
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Lymphangiogenesis occurs in addition to embryonic development in adults during 
wound healing and corpus luteum development. In adulthood lymphangiogenesis oc-
curs mainly by sprouting from pre-existing vessels (Norrmén et al. 2011; Tammela & 
Alitalo, 2010). 

Lymphatic endothelial markers 
In adulthood, lymphangiogenesis is also induced during pathological conditions like 
inflammation, cancer, and transplant rejection. The discovery of specific lymphatic endo-
thelial markers has made it possible to study the role of lymphatics more precisely, re-
sulting in evolving knowledge in these fields. The most widely used markers are LYVE-
1, podoplanin, Prox-1, and VEGFR-3. Additional lymphatic markers include common 
lymphatic endothelial and vascular endothelial receptor 1 (CLEVER-1, also called Stabi-
lin-1, FEEL-1, MS-1) and macrophage mannose receptor (MR).  

LYVE-1 functions as a receptor for the extracellular matrix glycosaminoglycan 
hyaluronan, which is involved in cell migration and differentiation (Banerji et al. 
1999). In adults LYVE-1 is highly expressed on endothelial cells of lymphatic capillar-
ies in contrast to the collecting lymphatic vessels and thoracic duct (Norrmén et al. 
2011). LYVE-1 is, however, not an exclusive lymphatic marker since it is also ex-
pressed in the sinusoids of the normal liver (Mouta Carreira et al. 2001) and spleen. 
Furthermore, subpopulations of macrophages have been found to express LYVE-1, like 
human placental macrophages (Böckle et al. 2008) and CD68+ macrophages of the 
normal human choroid (Schroedl et al. 2008) as well as CD11b+ macrophages in the 
inflamed cornea (Maruyama et al. 2005) and trachea (Baluk & McDonald, 2008) in 
mice. LYVE-1 can be downregulated in inflammatory conditions and in some tumor-
associated lymphatic vessels (Van der Auwera et al. 2006). Moreover, hylauronan on 
tumor cells appears to bind to LYVE-1 on lymphatics and thereby potentially mediate 
lymphatic spread of cancer cells (Du et al. 2011). 

Podoplanin is a transmembrane glycoprotein, originally found in the kidneys 
(Breiteneder-Geleff et al. 1997), where it controls the shape of visceral glomerular 
epithelial cells (podocytes) (Matsui et al. 1999). Podoplanin expression is seen on lym-
phatic capillaries, not blood vessels, making it a specific and valid lymphatic marker 
(Breiteneder-Geleff et al. 1997; Breiteneder-Geleff et al. 1999). Besides lymphatic ves-
sels podoplanin is expressed in the heart, lung, skeletal muscle, placenta, myofibroblasts 
of the breast and salivary glands, mesothelial cells, osteoblasts, keratinocytes of the skin, 
esophagus and cervix, follicular dendritic cells and stromal reticular cells of lymphoid 
organs, as well as alveolar type I cells (Schacht et al. Am J Pathol 2005). Podoplanin 
induces platelet aggregation and is capable of promoting tumor cell migration and inva-
sion in an EMT independent manner (Wicki & Christofori, 2007). 

The homeo-domain protein Prox-1, which controls lymphatic endothelial cell identity, 
is localized in the nuclei of lymphatic endothelial cells, thereby somewhat complicating the 
use of this marker, especially the analysis of lymphatic vessel density by light micropsopy. 
Prox-1 expression is not found in blood vessels, but is expressed by non-endothelial cells in 
e.g. the heart, liver, pancreas, brain, and the eye lens (Van der Auwera et al. 2006). 
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VEGFR-3 (FLT4, fms-like tyrosine kinase 4) is a cell surface receptor tyrosine 
kinase activated by the ligands VEGF-C and VEGF-D. Besides lymphatic vessels and 
fenestrated blood vessels in some organs, VEGFR-3 is expressed on blood vessel endo-
thelium in chronic wounds (Paavonen et al. 2000) as well as tumor-associated blood 
vessels in e.g. angiosarcomas (Partanen et al. 1999), breast cancer (Valtola et al. 1999), 
and other malignancies. 

CLEVER-1 is a transmembrane protein expressed under normal conditions by sinu-
soidal non-continuous endothelium in the liver, spleen, adrenal cortex, bone marrow, and 
lymph nodes, as well as high endothelial venules (HEVs) in secondary lymphatic tissues. 
CLEVER-1 is present both on afferent and efferent lymphatic vessel endothelium (Irjala 
et al. 2003b) and is also found on vascular endothelia of continuous origin during patho-
logical angiogenic conditions, like wound healing, chronic inflammation, and malignant 
diseases. CLEVER-1 is in addition expressed by a subset of type 2 macrophages, where 
it is induced by interleukin (IL) 4 and dexametason (Goerdt et al. 1993; Politz et al. 
2002). CLEVER-1 positive macrophages are found in the placenta and the lungs under 
normal conditions as well as at sites of inflammation, wound healing, and cancer (Goerdt 
& Orfanos, 1999). CLEVER-1 on macrophages mediates the uptake and clearance of the 
ligands acetylated low density lipoprotein and secreted protein acidic and rich in cysteine 
(SPARC). SPARC is a component of the extracellular matrix functioning as a regulator 
of tissue remodeling, developmental processes, angiogenesis, obesity, diabetes, wound 
healing, and cancer progression (Kzhyshkowska, 2010; Kzhyshkowska et al. 2006). Re-
cent data show that practically all human placental macrophages express CLEVER-1 and 
they are present throughout the body in a very early phase of the fetal development 
(week 11 onward). Placental CLEVER-1 is also capable of scavenging acetylated low 
density lipoprotein (Palani et al. 2011). 

MR is a heavily glycosylated scavenger molecule clearing endogenous glycoproteins. 
MR is expressed both on afferent and efferent lymphatic vessels and is absent from blood 
vessels, including HEVs. In addition to lymphatics, MR is expressed by type 2 macro-
phages (Irjala et al. 2001). The use of MR in marker studies is complicated by the lack of 
anti-MR antibodies functioning in paraffin-embedded tissue samples. 

Lymphangiogenesis during inflammation 
Lymphangiogenesis that takes place at the sites of inflammation is needed for removal of 
excess interstitial fluid resulting from increased plasma leakage by inflamed blood ves-
sels. The inflammatory cytokine tumor necrosis factor (TNF) α seems to be important for 
lymphangiogenesis induction during inflammation. The blocking of TNF-α signaling has 
been shown to reduce lymphangiogenesis during mycoplasma pulmonis infection in mice 
even though the lymphatic endothelial cells lacked TNF type 1 receptors, indicating the 
involvement of other mediators induced by TNF- α, like the prolymphangiogenic growth 
factor VEGF-C (Baluk et al. 2009). Indeed, in a similar chronic infection caused by my-
coplasma pulmonis VEGF-C and –D expressed by airway epithelial cells, macrophages, 
neutrophils, and dendritic cells promoted lymphangiogenesis via VEGFR-3 signaling. 
The blocking of VEGFR-3 signaling prevented lymphangiogenesis resulting in lymphe-
dema and airway obstruction (Baluk et al. 2005). 
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Cancer associated lymphangiogenesis  
Neovascularization is required for tumor growth beyond the size of a few cubic millime-
ters (Folkman, 1995). Lymphangiogenesis on the other hand is not needed for tumor 
growth but is thought to be essential for tumor spread and for regulating tumor behavior. 
Lymphatic vessels provide a convenient route for cancer cell dissemination to the senti-
nel lymph node, which often represents the initial step of cancer metastasis. The spread 
of cancer to the regional lymph nodes impairs the survival of the patients and usually 
acquires a more aggressive treatment approach. The metastatic seeding of the malignant 
cells can occur either through pre-existing lymphatic vessels or via newly formed lym-
phangiogenic vessels. Tumor-associated lymphangiogenesis is triggered by promoting 
factors excreted by the tumor cells themselves or alternatively factors derived from the 
surrounding tumor microenvironment. In a study by Skobe et al. the expression of the 
key lymphangiogenic growth factor VEGF-C by the tumor cells increased tumor-
associated lymphangiogenesis, the incidence of lymph node metastasis, and distant me-
tastasis. VEGF-C expression did not increase angiogenesis in the breast cancer tumors 
studied, indicating that the increased distant metastasis observed occurred via the lym-
phatic system (Skobe et al. 2001b). The findings are in line with one study analyzing a 
squamous cell carcinoma (SCC) mouse model, where a high VEGF-C expression was 
found to associate with an increased risk for sentinel lymph node metastasis, which in 
turn elevated the risk for further metastasis to the distant lymph nodes as well as other 
distant sites. Interestingly, VEGF-C induced lymphangiogenesis both in the tumor area 
and within the sentinel lymph node even prior to lymph node metastasis formation 
(Hirakawa et al. 2007). In addition, VEGF-D has been shown to induce lymphatic vessel 
formation and increase lymph node metastasis (Stacker et al. 2001).  

In some studies merely an increase in VEGF-C or VEGF-D expression, not the 
number of lymphatic vessels, has been found to correlate with increased metastasis, 
suggesting that not only enhanced lymphangiogenesis, but also the modulation of lym-
phatics (e.g. enlargement of collecting vessels, formation of intercellular gaps), as a 
response to VEGF-C and VEGF-D stimulation, facilitates tumor metastasis (Tammela 
& Alitalo, 2010). Endothelial specific adhesion molecule (ESAM) and endoglin were 
both found to be up-regulated in CRC related lymphatic vessels in a gene expression 
profile study comparing normal and tumor associated LECs, underlining the impor-
tance of qualitative changes in the lymphatics in addition to changes in their distribu-
tion and density during tumorigenesis (Clasper et al. 2008).  

Macrophages may also promote pathological lymphangiogenesis, either by secret-
ing VEGF-C and VEGF-D (Ji, 2011) or alternatively macrophages have the ability to 
differentiate into lymphatic endothelial cells (Kerjaschki et al. 2006; Maruyama et al. 
2005). Macrophages are recruited to the tumor microenvironment by tumor derived 
chemoattractants like macrophage colony-stimulating factor (M-CSF) 1 and VEGF (Ji, 
2011; Skobe et al. 2001a). The inhibition of M-CSF, which under normal conditions is 
required for differentiation of monocyte lineage cells, has been demonstrated to reduce 
lymphangiogenesis, tumor growth, and metastasis in e.g. a mouse sarcoma model 
(Kubota et al. 2009). 
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A positive association between a high lymphatic vessel density (LVD) and lym-
phovascular invasion (LVI) as well as an association between a high LVD and/or the 
presence of LVI with an elevated risk for lymph node metastasis and worse survival 
has been demonstrated for instance in breast cancer (Nakamura et al. 2005; 
Schoppmann et al. 2004). But since some studies fail to show a similar connection the 
subject is still somewhat unclear (Royston & Jackson, 2009). 

Tumor associated lymphatics can be found either intra- or peritumorally. The 
amount of intratumoral lymphatic vessels reported in different studies show consider-
able variation. In some studies very few intratumoral lymphatics were observed e.g. in 
breast cancer (Schoppmann et al. 2004), whereas in several other studies lymphatics 
were present also intratumorally, for instance in breast cancer (Irjala et al. 2003a; 
Nakamura et al. 2005), head and neck SCC (Irjala et al. 2003a; Maula et al. 2003), 
papillary thyroid carcinoma (Hall et al. 2003), clear renal cell carcinoma (Horiguchi et 
al. 2008), and melanoma (Dadras et al. 2003; Straume et al. 2003). 

Some studies indicate that the intratumoral lymphatics are dysfunctional and therefore 
the preferable route for cancer cell metastasis would be the functional peritumoral lym-
phatics (Padera et al. 2002). In contrast, other studies point out that in particular the intra-
tumoral lymphatics seem to be important for the metastatic spread of cancer cells to the 
regional lymph nodes (Hall et al. 2003; Irjala et al. 2003a) and consequently be associ-
ated with poor survival (Horiguchi et al. 2008; Maula et al. 2003). Ki-67 positive intra-
tumoral lymphatics have been found in melanoma studies demonstrating that active lym-
phangiogenesis does indeed occur also within the tumors (Dadras et al. 2003; Straume et 
al. 2003). Contradictory results regarding the prognostic significance of intratumoral 
lymphatics have been reported for instance in melanoma. Straume et al. observed an 
improved survival for melanoma patients with either high LVD intra- or peritumorally 
(Straume et al. 2003), whereas the presence of intratumoral lymphatics associated with a 
worse survival in another study (Dadras et al. 2003). 

An association between a high number of peritumoral lymphatic vessels and a favor-
able disease outcome has been reported in head and neck carcinoma (Maula et al. 2003), 
whereas in contrast a high LVD both peri- and intratumorally was associated with lymph 
node metastasis in a papillary thyroid carcinoma study (Yasuoka et al. 2005). 

The prognostic impact of CLEVER-1 positive lymphatic vessels in breast cancer 
and SCC of the head and neck has been studied by Irjala et al. who observed 
CLEVER-1 positive vessels intratumorally in all head and neck SCC patients that de-
veloped regional lymph node metastasis (finding statistically non-significant). In breast 
cancer, however, CLEVER-1 positive vessel density did not associate with lymph node 
involvement (Irjala et al. 2003a). In contrast, a recent study that examined the relation-
ship between CLEVER-1 positive vessels and various clinicopathological variables in 
breast cancer patients reported the following: the density of CLEVER-1 positive blood 
vessels correlated positively with inflammatory cell and CLEVER-1 positive macro-
phage numbers, whereas the density of CLEVER-1 positive lymphatic vessels corre-
lated positively with lymph node status, density of inflammatory cells, and hormone 
receptor status of the tumor (Ammar et al. 2011). In summary, the issue regarding the 
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localization of the lymphatic vessels and its importance for tumor cell spread is still 
controversial and unsolved (Ji, 2006). 

Lymphangiogenesis in colorectal cancer 
Early regional lymph node metastasis occurs frequently in CRC. In fact, almost 40% 

of the newly diagnosed CRC patients have regional lymph node involvement and thus 
belong to the Stage III disease group (Howlader et al. 2011). Lymph node metastasis 
affects survival negatively and therefore stage III patients are treated with postoperative 
adjuvant therapy to reduce the recurrence risk of the disease and to improve survival. For 
instance an advanced T category of the primary tumor, the presence of LVI (Günther et 
al. 2005), and a poor tumor differentiation grade are factors that have been shown to be 
associated with an increased risk for lymph node metastasis.  

The number of lymphatic vessels has been demonstrated to be elevated in CRC as 
compared to normal gut tissue, both in early and advanced CRC (Gao et al. 2006; Li et 
al. 2011b; Liang et al. 2006; Lu et al. 2007a; Omachi et al. 2007; Parr & Jiang, 2003; 
Sundlisaeter et al. 2009). Debate regarding the existence as well as functionality of intra-
tumoral vs peritumoral lymphatic vessels has been on-going in the field of CRC just like 
in other malignancies. The relationship between the number of lymphatic vessels and 
risk for lymph node metastasis has also been a subject of controversy.  As an example, 
podoplanin expression measured with quantitative real-time PCR has been found higher 
in tumors of patients with lymph node metastasis than those with node negative disease. 
However, in the same study LYVE-1 expression did not differ between the two stage 
groups (Lu et al. 2007b). In contrast, Sundlisaeter et al. found no difference in number of 
podoplanin positive lymphatic vessels between stage II and III CRC (Sundlisaeter et al. 
2009). The impact of LVD on lymph node involvement and to a lesser extent on disease 
outcome in CRC has been investigated in several studies, as well. The results reported 
show conflicting results and therefore the role of lymphatic vessels in CRC is not clear. 
The association of LVD and LVI with lymph node metastasis and survival in CRC ac-
cording to previously published results are shown in Table 1. 

Several studies have attempted to clarify the association between the vascular endo-
thelial growth factors (VEGF-A, VEGF-C, and VEGF-D) and their receptors with 
CRC-associated lymphangiogenesis. The VEGF-C level has been shown to be higher 
in CRC tissue than in corresponding normal tissue (Akagi et al. 2000; George et al. 
2001; Li et al. 2011b) and a higher expression has been found in the peritumoral region 
than intratumorally (Lin et al.; Lin et al. 2011). VEGF-C associates with presence of 
LVI (Akagi et al. 2000; Lin et al. 2011), lymph node involvement (Akagi et al. 2000; 
Li et al. 2011b; Lin et al. 2011; Zhong et al. 2009), and LVD (Li et al. 2011b; Zhong 
et al. 2009) according to some reports. On the other hand, some studies have not found 
an association between VEGF-C expression level and lymphatic spread (George et al. 
2001). The results regarding the effect of VEGF-C expression on CRC survival are 
likewise conflicting, since for instance in a study by Li et al. patients with VEGF-C 
positive tumors had shorter disease-free survival (DFS) and overall survival (OS) than 
patients with VEGF-C negative tumors (Li et al. 2011b), whereas others have failed to 
confirm such an association (Akagi et al. 2000; Lin et al. 2011). 
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Table 1. Association of LVD and LVI with colorectal cancer prognosis. 
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Elevated VEGF-A protein levels are in a similar fashion to VEGF-C seen in CRC tis-
sue as compared to normal intestinal tissue (George et al. 2001), with the highest ex-
pression present in the peritumoral region as well (Lin et al. 2011). Patients with high 
VEGF-A expressing tumors seem to have more commonly lymph node involvement 
(George et al. 2001) and a worse 5-year survival (Lin et al. 2011) than patients with 
low VEGF-A expressing tumors. 

The results regarding VEGF-D expression in CRC tissue and the association of it 
with lymphatic spread have been conflicting. Elevated VEGF-D levels were observed 
in CRC tissue and high VEGF-D expression correlated with increased lymph node 
metastasis, elevated risk for tumor recurrence as well as decreased DFS and OS in one 
study (White et al. 2002). In contrast, another study observed the highest VEGF-D 
levels in normal gut tissue and found no association between VEGF-D expression and 
lymphatic spread of CRC (George et al. 2001).  

The role of chemokine receptors in lymphatic spread of CRC has in addition been 
investigated. A high chemokine receptor (CCR) 7 expression measured by immunohis-
tochemistry (IHC) at the invasive front of CRC primary tumors associated positively in 
multivariate analysis with lymph node metastasis, distant metastasis, and poor survival 
in a study by Günther et al. (Günther et al. 2005). 

2.1.6.2 Leukocyte and cancer cell trafficking 

Lymphocytes recirculate continuously from the blood to the tissues and back to the 
blood circulation via the lymphatic vessels and lymph nodes. This trafficking of leuko-
cytes is essential for the immune system in order to function properly and is regulated 
by homing associated adhesion molecules, chemokines, and enzymes. Cancer cells 
utilize the same routes and in part the same molecules as trafficking leukocytes for 
metastatic spread. During the last twenty years several molecules have been implicated 
in leukocyte trafficking. However, only some selected ones are discussed below. 

Trafficking in blood vessels 
The multistep process by which leukocytes migrate mainly through postcapillary 
venules into peripheral tissues and through the high endothelial venules to the lymph 
nodes is referred to as the extravasation cascade. The trafficking of leukocytes is regu-
lated by sequential interactions of molecules expressed on endothelial cells and leuko-
cytes. During normal conditions lymphocytes extravasate to secondary lymphoid tis-
sues like peripheral lymph nodes, whereas during inflammation the leukocytes are 
capable of migrating to the sites of inflammation in the peripheral tissues. The 
multistep extravasation cascade starts with the tethering (secondary leukocyte capture) 
and rolling of the leukocytes on the blood vessel endothelium. Molecules involved in 
these steps are the E- (expressed by inflamed endothelial cells), P- (expressed by in-
flamed endothelial cells and platelets), and L-selectins (expressed by leukocytes), 
which interact with P-selectin glycoprotein ligand 1 as well as other ligands. Thereafter 
chemokines and their receptors on the leukocytes activate integrins resulting in arrest 
and firm adhesion of the leukocytes to the vascular endothelium. The firm adhesion is 
mediated by integrins binding to adhesion molecules belonging to the immunoglobulin 
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superfamily. Transmigration through the blood vessel wall (endothelial cell barrier, 
basement membrane, pericyte sheaths) is the final step in the leukocyte extravasation 
cascade. Prior to transmigration, which can occur either through a paracellular or tran-
scellular route leukocytes crawl (lateral migration) on the vascular endothelium, which 
involves the integrin MAC1 on leukocytes and its ligand ICAM (intercellular adhesion 
molecule) 1 on the endothelium. Several molecules are involved in the leukocyte 
transmigration process, e.g. the integrins lymphocyte function associated antigen 
(LFA) 1, MAC1, very late antigen (VLA) 4, the immunoglobulin superfamily member 
PECAM1, and CD99 on leukocytes as well as the immunoglobulin superfamily mem-
bers ESAM, JAM-A, JAM-B, JAM-C, PECAM-1, and ICAM-2 on endothelial cells 
(Jalkanen & Salmi, 2008; Ley et al. 2007; Salmi & Jalkanen, 2005).  

CLEVER-1 on vascular endothelium has also been shown to participate in the leu-
kocyte extravasation cascade by being involved in the rolling and transmigration of 
peripheral blood mononuclear cells (Salmi et al. 2004). The blocking of CLEVER-1 by 
antibodies in vivo was demonstrated to inhibit lymphocyte, monocyte, and granulocyte 
trafficking through the blood vessels to the sites of inflammation in a study by Kari-
koski et al. The normal immune responses of the host were not notably affected by the 
antibody therapy (Karikoski et al. 2009). In addition, CLEVER-1 on placental macro-
phages mediates their adhesion to the vascular endothelium and transmigration through 
the vessel wall (Palani et al. 2011). Besides the molecules mentioned above ectoen-
zymes like vascular adhesion protein-1 (VAP-1) and CD73 are involved in the leuko-
cyte extravasation cascade. VAP-1 is a semicarbazide-sensitive amine oxidase ex-
pressed on endothelial cells, adipocytes, and smooth muscle cells. VAP-1 is also pre-
sent in a soluble form in the plasma. The VAP-1 enzyme deaminates amines in a two-
step catalytic reaction generating an aldehyde, ammonium, and hydrogen peroxidase 
end-products. VAP-1 plays a role in leukocyte rolling, firm adhesion, and transmigra-
tion. In VAP-1 deficient mice leukocyte rolling is faster and the adhesion and transmi-
gration of leukocytes are impaired. VAP-1 is involved in the leukocyte adhesion cas-
cade and leukocyte migration both as an adhesion molecule and via its catalytic activ-
ity (Jalkanen & Salmi, 2008; Salmi & Jalkanen, 2005; Salmi & Jalkanen, 2011). An-
other ectoenzyme, named CD73 is also involved in leukocyte adhesion and transmigra-
tion, which is discussed in detail in chapter 2.3.2.  

Trafficking in lymphatic vessels 
Naïve T cells recirculate mostly between the blood and secondary lymphoid organs, 
e.g. lymph nodes, which they enter via HEVs. In contrast, effector T cells and memory 
T cells migrate into non-lymphoid tissues and into sites of inflammation and infection 
returning thereafter back to the lymph nodes via the afferent lymphatic vessels. The 
same route is used by dendritic cells, granulocytes, macrophages, and antigens, whe-
reas the majority of the lymphocytes utilize the HEVs for this purpose. The only leu-
kocyte subpopulation capable of leaving the lymph nodes via the efferent lymphatic 
system, comprising the lymphatic sinusoids and efferent lymphatic vessels, are the 
lymphocytes. The trafficking of leukocytes in the lymphatics has been less studied than 
in the blood vessels but nevertheless some molecules participating in this event have 
been discovered, for instance MR, CLEVER-1, sphingosine 1 receptor, and CCR7-
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CCL21. MR mediates lymphocyte binding to sinusoidal endothelial cells at the site of 
lymphocyte exit from the lymph nodes in vitro. L-selectin on lymphocytes is involved 
in this event (Irjala et al. 2001). A study using MR-/- mice revealed that MR on afferent 
lymphatics is involved in the trafficking of B and T cells to the draining lymph nodes 
and demonstrated further proof for the role of MR in lymphocyte binding to the endo-
thelium of lymphatic sinuses (Marttila-Ichihara et al. 2008). CLEVER-1 is another 
molecule mediating the binding of lymphocytes to lymphatic endothelium in the lymph 
node sinusoids and participating in the trafficking of lymphocytes in the lymphatic 
vessels (Irjala et al. Eur J Immunol 2003). In addition, in vitro work show that endo-
thelial CLEVER-1 is involved in leukocyte transmigration in the lymphatics (Salmi et 
al. Blood 2004). The blocking of CLEVER-1 by antibodies in vivo was demonstrated 
to prevent lymphocyte trafficking to the lymph nodes via the afferent lymphatic vessels 
(Karikoski et al. 2009). C-C chemokine receptor 7 (CCR7) expressed by activated 
dendritic cells and T lymphocytes is important for proper trafficking of these immune 
cells via afferent lymphatic vessels to the draining lymph nodes. The binding partner of 
CCR7 is chemokine C-C motif ligand (CCL) 21 on the lymphatics (Britschgi et al. 
2010; Debes et al. 2005). The exit of lymphocytes from lymph nodes is regulated by 
the lysophospholipid sphingosine 1-phosphate receptor (Mandala et al. 2002; Rosen et 
al. 2003). 

Tumors are capable of utilizing the same trafficking mechanism as leukocytes for 
malignant cell invasion to the lymphatics and migration via afferent lymphatics to the 
lymph nodes. VEGF-C secreted by tumor cells increase CCL21 secretion by the affe-
rent lymphatic endothelial cells and lymph nodes, which in turn enhances the chemo-
taxis of CCR7 expressing tumor cells toward the lymphatics (Issa et al. 2009). In addi-
tion, the adhesion molecules MR and CLEVER-1 on lymphatic endothelial cells me-
diate malignant cell adhesion to the lymphatics and thereby control their trafficking 
(Irjala et al. 2003a). Cancer cell migration to draining lymph nodes is impaired in MR-/- 
mice (Marttila-Ichihara et al. 2008). 

2.1.7 Cancer and inflammation  

Chronic inflammatory conditions, triggered by microbes, autoimmune, or inflamma-
tory diseases increase cancer risk at the sites of inflammation. Tobacco smoking, as-
bestosis, or obesity may also cause chronic inflammation and thereby increase cancer 
risk (Grivennikov et al. 2010). By contrast, an initial genetic alteration can give rise to 
an inflammatory microenvironment that promotes tumor growth. These two opposite 
pathways are referred to as the extrinsic (the former) and intrinsic (the latter) pathways 
linking cancer and inflammation to each other (Mantovani et al. 2008). 

Most malignant tumors are infiltrated by immune cells and cancer related inflam-
mation has been shown to affect all parts of tumorigenesis. The immune cells in the 
tumor microenvironment comprise cells representing the innate (macrophages, neutro-
phils, mast cells, myeloid-derived suppressor cells, natural killer (NK) cells, dendritic 
cells) and adaptive immune system (B and T lymphocytes), the most abundant cell 
types being the T-cells and TAMs. The immune cells may function, either anti- or pro-
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tumorally and interestingly only the NK cells, which act in an antitumoral fashion, lack 
this dual role (Grivennikov et al. 2010). The phases of tumor-host immune system 
interaction (immunoediting) in cancer include: the elimination phase, which aims at 
tumor eradication, the latent equilibrium phase, and finally the escape phase, when 
tumor cells evade the immune responses (Dunn et al. 2004). 

2.1.7.1 Tumor initiation 

During tumor initiation reactive oxygen species and reactive nitrogen intermediates 
produced by inflammatory cells induce DNA damage, genomic instability, and muta-
tions in cells nearby. Mutagenesis may inactivate mismatch repair enzymes thereby 
further increasing mutagenesis and eventually lead to inactivation of tumor suppressor 
genes.  Inflammation induced epigenetic mechanisms may also contribute to tumor 
initiation (Grivennikov et al. 2010). 

2.1.7.2 Transcription factors 

Genetic alterations in cancer cells activate transcription factors like nuclear factor-κB 
(NF-κB), signal transducer and activator of transcription (STAT) 3, and activated pro-
tein (AP) 1 in the tumor cells. Transcription factors are proteins that control the tran-
scription of genetic information from DNA to messenger ribonucleic acid (mRNA) by 
binding to specific DNA sequences. The transcription factors regulate the production 
of inflammatory mediators (e.g. chemokines and cytokines) and cyclooxygenase 
(COX) 2 of the tumor cells. Prostaglandins produced by COX-2, chemokines, and cy-
tokines recruit inflammatory cells to the tumor microenvironment and activate their 
transcription factors. As a consequence, the inflammatory cells start to produce in-
flammatory mediators too (Mantovani et al. 2008). Cancer related chronic inflamma-
tion is sustained through this positive feedback loop. 

NF-κB and STAT-3, which are activated in most cancers, including CRC, activate 
genes involved in cell proliferation, growth, angiogenesis, survival, invasiveness, mo-
tility and, as already mentioned, the production of chemokines and cytokines. NF-κB, 
the key regulator of genes involved in cancer-related inflammation, has an important 
role both in controling the innate and adaptive immune responses as well as the in-
flammation linked carcinogenesis. Bacteria, viruses, necrotic cell products, and in-
flammatory cytokines activate NF-κB on inflammatory cells, which once activated 
produce growth and survival signals, inflammatory cytokines, and angiogenic factors. 
The activation of NF-κB on cancer cells, on the other hand, leads to increased expres-
sion of proteases [e.g. matrix metalloproteinase (MMP) 9], apoptosis inhibitors, and 
cell cycle genes (e.g. cyclin-D1) thereby promoting tumor formation and progression. 
Interestingly, NF-κB in epithelial cells, not inflammatory cells, has been shown to op-
pose tumor formation in certain circumstances, like chemically induced skin and liver 
cancers. NF-κB has been reported to be associated with therapy induced senescence 
and according to two recent lymphoma studies, mutations in the NF-κB pathway leads 
to upregulation of the BCL2 oncogene and thus increased tumor cell survival. In con-
trast, in those tumors, where the prosurvival signal originates from e.g. BCL2 overex-
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pression independent of NF-κB, NF-κB enhances tumor sensitivity to cytotoxic chemo-
therapy and works in an opposite antitumoral fashion (Chien et al. 2011; Jing et al. 
2011; Klein & Ghosh, 2011). 

2.1.7.3 Cytokines 

Cytokines are small cell-signaling proteins involved in intercellular communication. 
They are produced by many cell types including tumor cells and inflammatory cells 
and can exhibit either protumoral, antitumoral, or dualistic effects.  

TNF-α, a key regulator of inflammation and host defence has the ability to act in an 
antitumoral fashion. It can be used in the treatment of melanoma and soft tissue sarco-
mas by using an isolated limb perfusion technique. In contrast, by activating the tran-
scription factor NF-κB, TNF-α generates tumor promoting effects via NF-κB mediated 
upregulation of genes involved in tumor cell proliferation, invasion, survival, angio-
genesis, and metastasis. The other members of the TNF superfamily mediate mainly 
antitumoral effects (Aggarwal et al. 2012). IL 6 has a complex role in cancer. It medi-
ates tumor cell proliferation by activating the RAS/RAF/MEK/MAPK pathway and 
activates STAT3 thereby promoting cell cycle progression. Furthermore IL-6 increases 
angiogenesis, mediates anti-apoptotic effects, and promotes immune escape of tumor 
cells (Ara & Declerck, 2010). IL-17 produced by Th17 cells can work both in an anti- 
or protumoral manner. By recruiting neutrophils to the tumor microenvironment, by 
promoting the cytolytic effects of NK cells and cytotoxic T lymphocytes, and matura-
tion of dendritic cells IL-17 generates antitumoral effects. The promotion of angio-
genesis and the creation of a chronic inflammatory state in the tumor microenviron-
ment are factors linking IL-17 on the other hand to tumor promotion (Murugaiyan & 
Saha, 2009). IL-12 and IL-23, members of the IL-12 family of proinflammatory het-
erodimeric cytokines, are mainly produced by dendritic cells, phagocytes, and acti-
vated antigen presenting cells. IL-12 activates cytotoxic T cells and NK cells, promotes 
Th1 adaptive immunity, and induces interferon (IFN) γ production thus generating 
antitumoral effects. IL-23 exerts dual roles in the tumor microenvironment by increas-
ing the production of IFN-γ and IL-12 by activated T cells and by activating Th17 
cells. TNF-related apoptosis-inducing ligand (TRAIL), mainly produced by NK cells 
and activated T cells, is a member of the TNF superfamily. TRAIL binds to death re-
ceptors 4 or 5 and induces apoptosis thereby generating antitumoral effects. IL-10 is an 
activator of STAT3 and inhibitor of NF-κB with opposing roles on tumor development. 
It acts mainly in an antitumoral manner by inhibiting tumor development and progres-
sion. It modulates apoptosis, exerts anti-angiogenic effects, and is furthermore capable 
of mediating antitumor activity of regulatory T cells (Tregs). The tumor promoting 
effects are mainly mediated via STAT3. Transforming growth factor (TGF) β functions 
in contrast, as a mediator of the immunosuppressive activity of Tregs. TGF-β may act 
in an antitumoral fashion, as well (Lin & Karin, 2007). 

The involvement of cytokines in various malignancies has been investigated. For 
instance IL-6, IL-11, IL-23, TNF-α, and IL-1β seem to be involved in colon cancer 
progression, IL-11 in gastric cancer, TNF-α and IL-6 in hepatocellular carcinoma 
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(Grivennikov et al. 2010), IL-6 in multiple myeloma, Hodgkin`s lymphoma, breast 
cancer and Kaposi sarcoma, IL-17 in cervical cancer, non-small cell lung carcinoma, 
and fibrosarcoma (Lin & Karin, 2007). 

2.1.7.4 Chemokines 

Chemokines are soluble heparin binding proteins which are important regulators of 
cancer related inflammation and cell migration. They are divided into four subgroups: 
chemokine (C-X-C motif) ligand (CXCL), CC chemokine ligand (CCL), CX3CL and 
CL, and bind to chemokine receptors on epithelial and endothelial cells, cancer associ-
ated fibroblasts, and cancer cells. The most abundant chemokine receptor expressed by 
cancer cells is CXCR4 enabling the migration of the malignant cells towards the ligand 
CXCL12. Chemokines may be induced by e.g. NF-κB, hypoxia inducible factor (HIF) 
1α as well as other transcription factors. Chemokines are involved in EMT, cell prolif-
eration, cell motility, and apoptosis inhibition, thereby promoting tumor growth, inva-
sion, and metastasis. Chemokines recruit TAMs, myeloid-derived suppressor cells 
(MDSCs), and Tregs thus creating an immunosuppressive tumor microenvironment. 
On the contrary, chemokines are able to inhibit tumorigenesis in the early phases of 
cancer through senescence induction. Recruitment of tumor infiltrating lymphocytes 
and dendritic cells to the tumor microenvironment by chemokines functions also in an 
antitumoral manner. CCL-2 can activate NK cells, which oppose tumor growth. In 
addition, chemokines can either promote or inhibit angiogenesis by affecting endothe-
lial cells directly or alternatively in an indirect fashion by recruiting angiogenic growth 
factor secreting inflammatory cells. The inflammatory cells may also acquire endothe-
lial cell phenotypes and get incorporated into the neovasculature (Mukaida & Baba, 
2012). Especially CCL-2 seems to play an important role in CRC (Erreni et al. 2011). 

2.1.7.5 Antitumoral immune response 

The immune system (both the innate and adaptive) and in particular the CD8+ cytotoxic 
T  lymphocytes, CD4+ Th1 helper T cells, and NK cells are important for preventing 
tumor development and progression. Evidence for this has emerged from e.g. murine 
models and the observation that in some human cancers a high density of inflammatory 
cells is associated with a good prognosis (Hanahan & Weinberg, 2011). The increased 
risk of malignancies observed in immunosuppressive patients further supports this 
(Roithmaier et al. 2007). The immune system can function in an antitumoral fashion by 
opposing viral infections, by performing timely pathogen elimination and resolution of 
inflammation, or by eliminating tumor cells.  

The immune system reacts against tumor specific or tumor-associated antigens, 
which are presented as peptides to cytotoxic CD8+ T cells by antigen presenting cells 
e.g. dendritic cells. Factors contributing to the development of a proinflammatory tu-
mor microenvironment include granulocyte macrophage colony stimulating factor 
(GM-CSF), tumor antigens, products of dying cells, macrophages and dendritic cells 
which present antigens and respond to danger and stress signals, as well as various 
immunoregulatory or cytotoxic cytokines (IFN-α, IFN-β, IFN-γ, Fas ligand, TRAIL, 
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IL-12) (Finn, 2008; Grivennikov et al. 2010). IFN-γ, an important antitumor effector, 
upregulates tumor immunogenicity, promotes the production of CD4+ Th1 T cells and 
cytolytic T cells, and activates cytotoxic characteristics of macrophages. Perforin and 
TRAIL are important cytolytic molecules involved in immunosurveillance (Dunn et al. 
2004). NK cells and cytotoxic T lymphocytes acquire their cytotoxic effects via 
TRAIL, perforin, granzyme B, or death-inducing Fas ligand, Th1 cells via IFN-γ pro-
duction, and Th17 cells via IL-17A production (Grivennikov et al. 2010). 

2.1.7.6 Tumor escape phase 

Failure of the immune system to control tumor growth is referred to as the tumor es-
cape phase. Several factors contribute to this phase, e.g. cancer cells themselves by 
expressing immunosuppressive factors like TGF-β, Fas ligand, and indolamine-2,3-
dioxygenase. Reduced immunogenicity of the tumor or major histocompability com-
plex (MHC) downregulation, FAS gene and TRAIL receptor death receptor 5 gene 
mutations, over-expression of anti-apoptotic BCL-XL and FLICE like inhibitory pro-
tein, as well as the recruitment of immunosuppressive leukocytes by VEGF, IL-1β, and 
GM-CSF are additional protumorigenic factors of note. The different leukocyte sub-
populations are important components of the immunosuppressive machinery for in-
stance type 2 TAMs, which acquire immunosuppressive abilities by expressing e.g. 
TGF-β, arginase, and IL-10 (Mukaida & Baba, 2012). Tregs, on the other hand, sup-
press antitumoral effector T-cells by producing TGF-β and IL-10 (Finn, 2008). 

2.1.7.7 Metastatic phase 

Cancer related inflammation plays a role also in the metastatic phase of cancer. For me-
tastatic spread, tumor cells utilize adhesion molecules (e.g. selectins), chemokines and 
their corresponding receptors, which are normally involved in leukocyte trafficking. In 
addition, myeloid cells, T lymphocytes, and cancer cells produce TGF-β, a cytokine 
regulating EMT and metastasis. The cytokine TNF-α stabilizes Snail, a repressor of E-
cadherin transcription during EMT. Proteases, like MMP2 and MMP9 produced by in-
flammatory cells enable cancer invasion through the extracellular matrix. Prostaglandins, 
cytokines, and MMPs control the intravasation step, which is directed via specific 
chemokine receptors towards a chemokine gradient. Once within the circulation metas-
tatic cancer cells are assisted to survive by cytokines, including TNF-α, epiregulin, and 
IL-6. Interestingly, cancer cells may escape immunosurveillance in the circulation by 
traveling together as clusters with macrophages or platelets. The circulating cancer cells 
finally attach to the endothelium in an integrin-dependent manner, which is followed by 
extravasation (Grivennikov et al. 2010).  

The immunologic responses in cancer are complex and seem to be affected by the 
tumor location, tumor type, cytokine profile, and inherent immunity (Dunn et al. 
2004). Open questions still remain in the interactions between the tumor and the im-
mune system of the host and, therefore immunoevasion has only been proposed to rep-
resent an emerging hallmark of cancer at this point (Hanahan & Weinberg, 2011). 
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2.1.7.8 Colorectal cancer and inflammation 

A link between CRC and inflammation is evident. For instance, more than 20% of 
patients with chronic inflammatory bowel diseases will eventually develop CRC 
(Terzić et al. 2010). Furthermore, the long-term use of either aspirin or non-steroidal 
anti-inflammatory drugs (NSAIDs) has been shown to reduce CRC risk in the general 
population (Chan et al. 2005) and among Lynch syndrome patients (Burn et al. 2011). 
Furthermore, prediagnostic NSAID use (Coghill et al. 2011) and the use of aspirin in 
Stage I - III CRC after the diagnosis and primary tumor removal is associated with 
improved survival in patients with COX-2 overexpressing tumors (Chan et al. 2009). 
The protective role of aspirin and NSAIDs in CRC results from their inhibition of 
COX-1 and -2 thereby preventing the production of prostaglandins from arachidonic 
acid. The protumorigenic COX-2 pathway is involved in e.g. cell proliferation, angi-
ogenesis, inhibition of apoptosis, invasion, and immunosuppression. Elevated COX-2 
expression is often present in CRC and a high expression is more commonly observed 
in metastases than primary tumors. A high COX-2 expression associates with poor 
survival in CRC (Soumaoro et al. 2004) like in other malignancies e.g. gastric cancer 
(Thiel et al. 2011). COX-2 has been shown to correlate with VEGF-C expression in 
CRC (Soumaoro et al. 2004) similar to e.g. papillary thyroid cancer (Siironen et al. 
2006). 

Further proof for the connection between CRC and inflammation is provided by 
numerous studies addressing the relationship between inflammatory cell infiltrates and 
CRC prognosis. In general, a high number of inflammatory cells both intra- and peri-
tumorally seems to be associated with a favorable CRC outcome. The immune cell 
subtypes have been studied more in detail in several studies. CD3 is used as a pan-T-
lymphocyte marker and a majority of the studies reported today link a high number of 
CD3+ T cells to improved CRC survival (Roxburgh & McMillan, 2011). For instance, 
Galon et al. investigated CD3, CD8, and CD45RO positive T cells as well as the cyto-
toxic molecule granzyme B in CRC and showed in three independent patient cohorts 
that the combination of high peritumoral and high intratumoral CD3+ T cell counts was 
an independent positive predictor of DFS and OS, even superior to the Tumor (T) 
Node (N) Metastasis (M) classification of malignant tumors (TNM) (Galon et al. 
2006). However, in a study by Nosho et al. intratumoral CD3+ cell density did not as-
sociate with survival in stage I-IV CRC (Nosho et al. 2010). Laghi et al. found no as-
sociation between a high peritumoral CD3+ T cell density and survival in stage III CRC 
either, in contrast to stage II disease, where a high CD3+ T lymphocyte number pre-
dicted improved disease-specific survival (DSS) and DFS (Laghi et al. 2009). Addi-
tional studies investigating the prognostic role of inflammatory cell subtypes in CRC 
showed an association between a high cell number and good prognosis in 5 out of 6 
CD4+ helper T-lymphocyte studies, in 9 out of 9 CD45RO+ memory T-lymphocyte 
studies, 20 out of 25 CD8+ cytotoxic lymphocyte studies, 4 out of 4 NK cell studies, 4 
out of 6 dendritic cell studies, 5 out of 6 eosinophil studies and 4 out of 4 neutrophil 
studies. Studies elucidating forkhead box P3 (FOXP3)+ Tregs in CRC have been more 
conflicting  (Roxburgh & McMillan, 2011). 
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Zlobec et al. investigated the prognostic impact of CD8+ cytotoxic T cells, CD68+ 
macrophages and FOXP3+ Tregs in the microenvironment of tumor budding in both 
mismatch repair deficient and proficient CRC. A high number of all cell types ex-
amined, also FOXP3+cells, affected the survival positively. The authors proposed the 
use of a prognostic score combining the good prognosis markers CD8, CD68, and 
FOXP3 with the poor prognosis feature tumor budding (Zlobec et al. 2011). Another 
recent study evaluated a combined score, including CD3+, CD8+, and granzyme B+ cell 
densities at the invasive margin of CRC liver metastases. The impact of the score on 
chemotherapy response, progression-free survival (PFS), and OS were analyzed. A 
high density of inflammatory cells associated with improved treatment responses as 
well as longer PFS and OS. FOXP3+ T cells cells were also analyzed, but they were 
very rare and did not associate with treatment responses (Halama et al. 2011).  

Interestingly, colorectal tumors with a high level of microsatellite instability (MSI-
H) and thereby a high mutation frequency are often infiltrated by an excessive number 
of lymphocytes, which has been shown to be associated with a favorable disease out-
come (Swann & Smyth, 2007). One explanation for the detrimental effects observed as 
a response to adjuvant chemotherapy in patients with MSI-H CRC tumors could be the 
weakened host immune response caused by the cytotoxic treatment (Nosho et al. 
2010). 

2.1.7.9 Tumor associated macrophages in cancer 

Macrophages are important players both in the innate and adaptive immune system. 
Macrophages phagocytize pathogens, apoptotic, and malignant cells and thus provide 
prompt protection as a response against foreign intruders. In addition, macrophages 
regulate the adaptive immune responses (Sica et al. 2008). TAMs, that constitute the 
key component of cancer related inflammation, are recruited from the vasculature as 
monocytes to the tumor microenvironment by e.g. VEGF, angiopoietin-2, and 
chemokines (Mukaida & Baba, 2012). TAMs are plastic cells with dual influence on 
cancer behavior, functioning either anti- or protumorally.  Factors in the tumor micro-
environment strongly influence the phenotype of TAMs. The so called type 1 (M1) and 
type 2 (M2) macrophages represent the two extremes of the macrophage polarization 
gradient. The classification of macrophages into three main categories; classically acti-
vated macrophages, regulatory macrophages, and wound-healing macrophages, has 
also been suggested (Mosser & Edwards, 2008).  

Classically activated antitumoral type 1 macrophages have cytotoxic effects on tumor 
cells. They are induced by IFN-γ and bacterial lipopolysaccharides (LPS) and have a 
high antigen presenting capacity. Type 1 macrophages produce high amounts of e.g. IL-
12 and IL-23, thereby activating T-cell responses and by secreting cytotoxic factors like 
nitric oxide, reactive oxygen intermediates, and TRAIL they promote the killing of tumor 
cells (Allavena et al. 2008; Mantovani & Sica, 2010; Mosser & Edwards, 2008).  

Type 2 macrophages occur naturally in the placenta and in the lungs and are in-
creased in chronic inflammatory diseases like rheumatoid arthritis. Two distinct stimuli 
are required for the induction of an anti-inflammatory type 2 macrophage phenotype 
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(Mosser & Edwards, 2008). Type 2 macrophages represent the majority of TAMs in 
most malignant tumors. TAMs accumulate in the hypoxic regions of tumors and they, 
in contrast to the type 1 macrophages, promote tumor growth, angiogenesis, and sup-
press adaptive immunity. The protumoral, immunosuppressive type 2 macrophages are 
induced by e.g. adenosine, IL-4, IL-10, IL-14, glucocorticoids, TGF-β and they express 
IL-10, TGF-β, MR, CLEVER-1, CD163, arginase, scavenger receptor A, and down-
regulate MHC class II and IL-12 expression. The expression of IL-10, TGF-β, and 
indeoleamine dioxigenase as well as defective activation of NF-κB, are examples of 
factors contributing to the immunosuppressive effects of type 2 macrophages (Csóka et 
al. 2012; Mantovani & Sica, 2010; Sica et al. 2008). Type 2 macrophages induce Tregs 
(Savage et al. 2008) and are not capable of triggering Th1 immune responses, which 
further increase their immunosuppressive traits. 

Transcription factors (NF-κB, AP-1, STAT3) on TAMs regulate proangiogenic 
genes like HIF-1α and VEGF. During hypoxia HIF-1α stimulates the expression of 
CXCL12, an angiogenesis trigger. CXCL12 activates and recruits CXCR4 positive 
endothelial cells to the tumor microenvironment thus promoting angiogenesis. Fur-
thermore TAMs express the prolymphangiogenic factors VEGF-C, VEGF-D, and 
VEGFR-3. Macrophages may also secrete enzymes capable of modifying the extracel-
lular matrix (e.g. MMPs, cathepsins) thereby facilitating invasion and metastasis of 
cancer cells and activation of EMT (Hanahan & Weinberg, 2011).  

Factors contributing to macrophage recruitment to the tumor microenvironment, 
factors affecting the polarization of the macrophages as well as selected type 1 and 2 
macrophage characteristics are shown in Figure 2.  

The impact of TAMs on cancer prognosis has been elucidated in several studies. 
Most studies have used the pan-macrophage marker CD68 but some studies have in-
vestigated the subpopulation of type 2 macrophages, as well. A high number of CD68+ 
macrophages associated with poor prognosis in a study including classical Hodgkin´s 
lymphoma patients (Steidl et al. 2010), whereas only a borderline association was 
found in a study by Zaki et al. When they examined the subgroup of patients with 
mixed cellularity Hodgkin`s disease the opposite was found, a high type 1 macrophage 
number (HLA-DR+CD68+) associated with a favorable prognosis (Zaki et al. 2011). In 
follicular lymphoma a high CD68+ macrophage density is associated with poor disease 
outcome, which interestingly can be circumvented by anti-CD20 rituximab treatment 
(Canioni et al. 2008; Taskinen et al. 2010). A high CD68+ macrophage number associ-
ated with poor prognosis in intrahepatic cholangiocarcinoma (Hasita et al.), lung ade-
nocarcinoma (Zhang et al. 2011), uveal melanoma (Bronkhorst et al. 2011), and Ewing 
sarcoma (Fujiwara et al. 2011). CD68+ macrophage density does not seem to associate 
with clinical outcome in breast cancer (Mahmoud et al. 2011; Murri et al. 2008).
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Figure 2 Factors affecting the 
recruitment, polarization, and 
characteristics of macrophag-
es. (A) Factors contributing to 
macrophage recruitment to the 
tumor microenvironment. (B) 
Factors affecting macrophage 
polarization. (C) Characteris-
tics of the type 1 (M1) and 
type 2 (M2) subtypes of ma-
crophages. Abbreviations: 
MHC II, major histocompati-
bility complex II; NO, nitric 
oxide; PDGF, platelet derived 
growth factor;  PGE2, prostag-
landin E2; ROI, reactive oxy-
gen intermediate; TLR, toll-
like receptor. 
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The prognostic role of type 2 macrophages has also been investigated even though 
to a lesser extent. Markers used for detection of protumoral type 2 macrophages com-
prise CLEVER-1/Stabilin-1, CD163 (macrophage scavenger receptor), CD204 
(macrophage scavenger receptor 1), CD206 (macrophage mannose receptor, MR). In 
addition neuropilin 1 is considered a type 2 macrophage marker (Erreni et al. 2011). In 
classical Hodgkin´s lymphoma, a high density of CD163+ type 2 macrophages associ-
ated with a shorter OS (Zaki et al. 2011). A high CD163+ macrophage count was in a 
similar fashion associated with a decreased DFS in intrahepatic cholangiocarcinoma 
(Hasita et al. 2010) and uveal melanoma (Bronkhorst et al. 2011). In gliomas M-CSF 
was shown to shift the macrophage balance towards the type 2 macrophage phenotype, 
which positively associated with tumor growth (Komohara et al. 2008). In pancreatic 
cancer a high number of CD163+ or CD204+ type 2 macrophages was associated with 
increased LVD and poor prognosis in a study by Kurahara et al. whereas CD68+ 
macrophage number was not (Kurahara et al. 2011). Recently one study reported an 
association between a high CLEVER-1+ macrophage number and poor OS in breast 
cancer (Ammar et al. 2011). To my knowledge no other predictive or prognostic stud-
ies have been conducted with CLEVER-1 as a macrophage marker. 

2.1.7.10 Tumor associated macrophages in colorectal cancer 

A dense inflammatory cell infiltration along the invasive front or within the tumor 
appears to be a sign of good prognosis in CRC (Klintrup et al. 2005; Roxburgh & 
McMillan, 2011). A high CD68+ macrophage number associates with an improved 
CRC survival as well, opposite to several other malignancies. Especially the CD68+ 
macrophages located peritumorally seem to be related to an improved survival 
(Forssell et al. 2007; Lackner et al. 2004; Zhou et al. 2010) or other favorable disease 
characteristics  (Funada et al. 2003; Nakayama et al. 2002). The prognostic role of 
intratumoral CD68+ macrophages resemble the peritumoral ones, with most studies 
showing a positive impact of a high CD68+ intratumoral count on CRC outcome 
(Khorana et al. 2003; Nagorsen et al. 2007; Nagtegaal et al. 2001; Tan et al. 2005).  

Kang and colleagues however, reported opposite to the studies mentioned above an asso-
ciation between a high intratumoral CD68+ macrophage number and tumor characteristics 
related to poor prognosis (Kang et al. 2010). A high number of CD68+ macrophages in the 
metastatic regional lymph nodes appear to associate with an improved survival in stage III 
CRC (Oberg et al. 2002). By contrast, some studies report a lack of association between 
CRC outcome and number of CD68+ macrophages (Baeten et al. 2006). 

The role of CD68+ macrophage density in distant metastatic spread has also been 
studied. Nagtegaal et al. reported that a high number of CD68+ macrophages either intra- 
or peritumorally was associated with a reduced distant metastasis risk (Nagtegaal et al. 
2001), whereas Zhou et al. observed a reduction in liver metastasis and a longer time 
interval to the appearance of liver metastasis in patients with a high number of CD68+ 
TAMs at the invasive tumor front (Zhou et al. 2010). To my knowledge only one study 
has investigated the prognostic impact of type 2 macrophages in CRC before. They used 
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CD163 as a type 2 macrophage marker and reported a positive prognostic impact of a 
high CD163+ macrophage number in terms of improved survival (Nagorsen et al. 2007). 

Interestingly, in vitro studies have suggested that direct cell-to-cell contact between 
macrophages and colon cancer cells inhibit cancer cell growth, whereas when the direct 
contact between the cancer cells and macrophages is lacking, like in cases with only a few 
macrophages present, cancer cells become more migratory, loose E-cadherin expression, 
and translocate β-catenin to the nucleus as a response to mediators secreted by the macro-
phages (Forssell et al. 2007). Recently, a study was conducted to find an explanation for 
the correlation between a high macrophage number and good prognosis observed in CRC. 
Both in vitro and in vivo models showed that CD68+ TAMs in CRC exert antitumoral re-
sponses, like increased production of pro-inflammatory cytokines, increased recruitment of 
type 1 T cells, and enhanced antigen presenting capacities (Ong et al. 2012). 

2.1.7.11 Immunotherapeutic treatment options 

 During recent years immunotherapeutic agents have become available for clinical use in 
the field of cancer treatment. Antibodies against tumor antigens are used in the treatment of 
e.g. breast and gastric cancer (anti-HER2 antibody, trastuzumab), colorectal cancer (anti-
EGFR antibodies, cetuximab and panitumumab; anti-VEGF antibody, bevacizumab), and 
non-Hodgkin´s B-cell lymphoma (anti-CD20 antibody, rituximab; anti-CD20 radiolabaled 
antibody, ibritumomab tiuxetan) (Finn, 2008). Sipuleucel-T, a cancer vaccine used in the 
treatment of castration-resistant prostate cancer is the first autologous cellular immunother-
apy approved by the United States Food and Drug Administration. Sipuleucel-T consists of 
autologous peripheral blood mononuclear cells, including antigen presenting cells, that 
have been activated ex vivo with a recombinant fusion protein comprising a tumor-
associated antigen (prostatic acid phosphatase) and granulocyte colony-macrophage stimu-
lating factor. Sipuleucel-T prolongs OS in castrate resistant prostate cancer with about 4 
months (Kantoff et al. 2010). In melanoma treatment, the monoclonal antibody ipilimumab 
which blocks the negative T cell regulator cytotoxic T-lymphocyte-associated antigen 4 
thereby enhancing T cell activation and proliferation has shown efficacy both as single 
agent therapy (Hodi et al. 2010) and in combination with dacarbazine (Robert et al. 2011) 
in phase III trials. Lenalidomide, a structural analogue of thalidomide used for the treat-
ment of multiple myeloma, exerts one of its actions through the inhibition of inflammatory 
cytokine production of e.g. monocytes (Dimopoulos et al. 2007). Drugs under investigation 
targeting cancer associated inflammation include COX inhibitors, TNF-α antagonists, anti-
cytokine (drug target examples IL-6, IL-1) and anti-chemokine drugs (drug target examples 
CCL-2, CCR-4, CXCR4), and transcription factor inhibitors among others (Balkwill & 
Mantovani, 2010). 

2.2 Oncogene Pim-1 

2.2.1 Pim-1 expression, function, and regulation 

Proviral integration site MuLV (pim-1) is a proto-oncogene, localized on chromosome 
6p21 (Nagarajan et al. 1986) and originally identified as a proviral insertion site of the 
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Moloney Murine Leukemia Virus in murine T cell lymphomas (Cuypers et al. 1984). 
pim-1 encodes a highly conserved, constitutively active serine/threonine kinase with a 
short half-life (Saris et al. 1991), which phosphorylates substrates involved in e.g. cell 
cycle progression, apoptosis, proliferation, and mitosis. Proteins phosphorylated by 
the Pim-1 kinase include transcription factor NFATc, which gets activated by Pim-1 
(Rainio et al. 2002), transcriptional co-factor protein p100, which in turn interacts 
with the myeloblastosis oncogene (c-Myb) transcription factor (Leverson et al. 1998), 
phosphatase cell division cycle 25 homolog (Cdc25A), which might link pim-1 and 
(v-myc myelocystomatosis viral oncogene homolog (c-myc) to each other (Mochizuki 
et al. 1999), nuclear mitosis apparatus (NuMA) protein linking Pim-1 to mitosis 
(Bhattacharya et al. 2002), pro-apoptotic protein Bad, which is inhibited by Pim-1 
(Aho et al. 2004), retinitis pigmentosa 9 (PAP-1) (Maita et al. 2000), Cdc25C associ-
ated kinase (C-TAK1) leading to cell cycle progression (Bachmann et al. 2004; 
Bachmann & Moroy, 2005), as well as suppressor of cytokine signaling proteins 
(SOCS) 1 and SOCS3 resulting in inhibition of transcription factor NFATc1 (Peltola 
et al. 2004).  

Various cytokines, hormones, and mitogens induce Pim-1 expression. For instance, 
the transcription factors STAT3 and STAT5 regulate Pim-1 expression by mediating 
cytokine signaling. Activators of STATs include interleukins, G-CSF, IFN-γ, EGF, and 
TNF-α. Pim-1 is in turn capable of regulating STAT activity negatively via the SOCS 
proteins (Bachmann & Moroy, 2005). 

Pim-1 is highly expressed in the human fetal spleen and liver and in adults low lev-
els can be detected in circulating granulocytes (Amson et al. 1989). Besides the hema-
topoietic system, Pim-1 expression has been found in germ cells of the rat, mouse and 
human testis (Sorrentino et al. 1988; Stewart & Rice, 1995; Wingett et al. 1992), cen-
tral nervous system (Eichmann et al. 2000) and in human keratinocytes, thymus, pros-
tate, ovary, colon, and small intestine (Stewart & Rice, 1995). The Pim-1 protein can 
be localized both in the nucleus and cytoplasm of the cells.  

The level of Pim-1 protein has been shown to vary during cell cycle progression in 
a chronic myelogenous leukemia cell line. The highest Pim-1 levels were detected in 
the G1, G1/S boundary, and G2 phases (Liang et al. 1996). Pim-1 regulates also apop-
tosis, functioning either as an apoptosis inhibitor or enhancer (Aho et al. 2004; Lilly et 
al. 1999; Mochizuki et al. 1997). To better understand the role of Pim-1, mice deficient 
of the pim-1 gene have been generated. In mice lacking pim-1, erythrocyte microcyto-
sis (Laird et al. 1993), impaired IL-3 response in bone marrow derived mast cells 
(Domen et al. 1993b) as well as impaired response to growth factors IL-7 and steel 
factor in early B lymphoid compartments in the bone marrow (Domen et al. 1993a) 
have been documented. These null mutant mice lack an obvious phenotype (Laird et al. 
1993). There are three known Pim family members: Pim-1, Pim-2, and Pim-3.  Re-
duced body size and impaired responses to hematopoietic growth factors is seen in 
mice lacking all three pim kinases (Mikkers et al. 2004). 
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2.2.2 Pim-1 in cancer 

Evidence for the oncogenic characteristic of pim-1 was provided by van Lohuizen et al. 
who showed by using pim-1 transgenic mice that 5-10% of the mice overexpressing 
Pim-1 developed T-cell lymphomas. The low incidence and long latency of lymphoma 
development in these mice indicated that pim-1 alone is a weak cell transformation 
inducer (van Lohuizen et al. 1989). Indeed, pim-1 has been shown to co-operate with 
other oncogenes like c-myc, n-myc (van Lohuizen et al. 1989), gfi-1 (Schmidt et al. 
1998), frat-1 (Jonkers et al. 1997), and runx-2 (Blyth et al. 2001) in lymphomagenesis. 
Chemical carcinogens, irradiation, and slow transforming viruses, like murine leuke-
mia virus are capable of accelerating and enhancing lymphomagenesis in Pim-1 over-
expressing transgenic mice (Breuer et al. 1991; van der Houven van Oordt et al. 1998; 
van Lohuizen et al. 1989).  

Overexpression of Pim-1 has been detected both in haematological (Wang et al. 
2001) and non-hematological malignancies like carcinomas of the head and neck (Beier 
et al. 2007; Chiang et al. 2006; Peltola et al. 2009), pancreas (Reiser-Erkan et al. 2008), 
prostate (Dhanasekaran et al. 2001; Rhodes et al. 2003; Valdman et al. 2004; Xu et al. 
2005), and bladder (Guo et al. 2010). The prognostic role of Pim-1 has been investigated 
in several non-hematological malignancies and according to the published results Pim-1 
may affect cancer prognosis either in a favorable or unfavorable fashion depending on 
the tumor type. An elevated Pim-1 protein expression has been linked to poor prognosis 
and radiotherapy resistance in SCC of the head and neck (Peltola et al. 2009), whereas 
another study reported lack of a prognostic role for Pim-1 in oral SCC (Chiang et al. 
2006). Downregulation of Pim-1 in vitro inhibited bladder cancer cell (Warnecke-Eberz 
et al. 2008) growth and sensitized the cells to docetaxel and doxorubicin treatment (Guo 
et al. 2010) indicating a high Pim-1 level being related to poor prognosis.  

In contrast, downregulated Pim-1 mRNA expression in non-small cell lung cancer 
tissue correlated with increased lymph node metastasis (Warnecke-Eberz et al. 2008). 
Similarly, in pancreatic ductal adenocarcinoma a high Pim-1 expression assessed by 
IHC was related to improved survival (Reiser-Erkan et al. 2008). In prostate cancer, a 
low Pim-1 expression was linked to a shorter prostate specific antigen (PSA) failure 
free survival in a gene expression profile - protein expression study (Dhanasekaran et 
al. 2001). This finding was confirmed in another independent study later (Rhodes et al. 
2003). On the contrary, a high Pim-1 level in prostate cancer seems to correlate with 
poor tumor differentiation according to some reports (Valdman et al. 2004; Xu et al. 
2005). To further complicate this issue, some studies have found no association be-
tween Pim-1 expression and clinicopathological variables (Cibull et al. 2006) or sur-
vival (Valdman et al. 2004) in prostate cancer. 

Hypoxia which is commonly present in malignant tumors causes chemoresistance 
and induces Pim-1 kinase expression, thereby linking Pim-1 to chemoresistance. Inhi-
bition of Pim-1 was shown to improve drug sensitivity under hypoxic conditions by 
Chen and colleagues (Chen et al. 2009). Targeting the Pim-1 kinase with a small mole-
cule inhibitor (SGI-1776) in vivo enhanced the antitumoral effects of sunitinib in the 
treatment of renal cell carcinoma (Mahalingam et al. 2011). Similarly, SGI-1776 
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treatment was able to resensitize prostate cancer cells to taxane treatment in vitro 
(Mumenthaler et al. 2009). The KRAS oncogene participates also in the regulation of 
Pim-1. KRAS mutations cause radioresistance in pancreatic cancer and the inhibition of 
Pim-1 in pancreatic adenocarcinoma reduced invasion, growth transformation, and 
radioresistance in a study by Xu et al. (Xu et al. 2011). This finding might be clinically 
important since >90% of pancreatic adenocarcinomas are KRAS mutated and the lack 
of anti-KRAS drugs warrants the search for other therapeutic target candidates. Another 
interesting regulator of Pim-1 is EGFR via STAT3/STAT5, which causes nuclear 
translocation of Pim-1 in vitro. One study demonstrated that EGFR-inhibitors (cetuxi-
mab and gefinitib) are able to prevent the subcellular translocation of Pim-1 caused by 
irradiation and the related radioresistance in head and neck SCC (Peltola et al. 2009). 
Pim kinases contribute also to the regulation of lymphocyte growth and proliferation. 
The immunosuppressive drug rapamycin has modest effect on peripheral T cell sur-
vival in vivo and CD8+ T cell function is largely rapamycin resistant under normal 
conditions. Pim-1 and Pim-2 seem to play a role in maintaining the survival and 
growth of T cells during rapamycin treatment since in Pim-1-/-Pim-2-/- mice the immu-
nosuppressive effects of rapamycin are enhanced (Fox et al. 2005; Li et al. 2011a). An 
anti-Pim-1 monoclonal antibody (mAb) was shown to selectively inhibit activated 
lymphocytes suggesting that anti-Pim-1 antibody therapy could possibly be used in the 
future as an immunosuppressive drug (Li et al. 2011a). Pim-1 is upregulated by VEGF-
A in endothelial cells during angiogenesis and seems to be necessary for the differen-
tiation of embryonic stem cells to endothelial cells and smooth muscle cells. In human 
umbilical vascular endothelial cells Pim-1 is needed for VEGF-A dependent prolifera-
tion and migration (Zippo et al. 2004).  

2.3 CD73 

2.3.1 Expression and enzymatic role of CD73 

CD73 is a cell surface associated glycosyl-phosphatidylinositol anchored protein with 
ectoenzyme activity (ecto-5´-nucleotidase) widely expressed in the human body 
(Zimmermann, 1992). CD73 is present both on epithelial cells of various origins as 
well as on vascular endothelial cells and subsets of peripheral blood B and T lympho-
cytes (Airas et al. 1993; Thomson et al. 1990). About 20% of human peripheral blood 
lymphocytes express CD73 in contrast to granulocytes and monocytes, which are 
CD73 negative. The majority (70%) of peripheral blood B lymphocytes express CD73. 
T cells on the other hand express CD73 to a lesser extent: about half of CD8+ T cells 
and only about 10% of CD4+ T cells are CD73+ (Thomson et al. 1990). In mice ecto-
5´-nucleotidase activity is higher in T than B lymphocytes isolated from the spleen and 
lymph nodes (Yegutkin et al. 2011). 

CD73 functions as a maturation marker on B (Bastian et al. 1984; Thompson et al. 
1986) and T lymphocytes (Edwards et al. 1979) and is involved in the activation and 
proliferation of human peripheral T lymphocytes (Thompson et al. 1989). 
CD4+/CD25+/FOXP3+ T regulatory cells in mice co-express CD73/ecto-5´-
nucleotidase and CD39/nucleoside triphosphate diphosphohydrolase (NTPDase) 1. 
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CD73/CD39 on Treg cells produce adenosine which binds to A2A receptors on acti-
vated CD4 effector T cells decreasing their proliferation and cytokine production hence 
mediating immunsuppressive effects (Deaglio et al. 2007; Kobie et al. 2006). B- and 
T-lymphocyte ecto-5´-nucleotidase deficiency is observed in primary immunodefi-
ciency diseases like common variable immunodeficiency (Thompson et al. 1986; 
Webster et al. 1978), congenital X-linked agammaglobulinemia (Edwards et al. 1979; 
Edwards et al. 1978), and severe combined immunodeficiency (Thompson et al. 1984).  

The major physiological role of CD73 seems to be its regulatory function of the 
purinergic signaling cascade, where it dephosphorylates extracellular nucleoside mo-
nophosphates into bioactive nucleoside intermediates. This extracellular purinergic 
pathway consists of both a nucleotide-inactivating cascade and an ATP-regenerating 
pathway (Figure 3). Extracellular purines have been shown to mediate both inflamma-
tory [ATP, adenosine diphosphate (ADP)] and anti-inflammatory (adenosine) effects in 
human tissues and these can be modulated by CD73 via its enzymatic capability to 
hydrolyze 5`- adenosine monophosphate (AMP) to adenosine (Yegutkin et al. 2002). 
Adenosine, which is particularly generated at sites of inflammation, hypoxia, organ 
injury, and traumatic shock signals through four G-coupled adenosine receptors: A1, 
A2A, A2B, or A3. The adenosine receptor-mediated effects depend on which receptor 
subtype adenosine binds to and on the adenosine tissue concentration. A1 and A3 
adenosine receptors decrease the intracellular levels of cAMP by inhibiting 

 
Figure 3  Enzymes involved in the extracellular purine inactivating pathway and the opposing 

ATP regenerating/adenosine eliminating pathway. CD73 hydrolyzes AMP to ade-
nosine and thereby serves as an important regulator between two counteracting pu-
rinergic pathways. 
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adenylyl cyclase and protein kinase A. In contrast, A2A and A2B adenosine receptors 
gain immunosuppressive properties by increasing the amount of intracellular cAMP by 
activating adenylyl cyclase and protein kinase A (Stagg & Smyth, 2010). In neutro-
phils, which express all four adenosine receptor subtypes, A1 receptor activation leads 
to proinflammatory effects (promotes neutrophil adherence to vascular endothelium 
and chemotaxis), whereas in contrast, A2A and A2B receptor activation result in anti-
inflammatory responses (inhibits neutrophil adherence to vascular endothelium and 
production of toxic oxygen metabolites) (Cronstein et al. 1990; Cronstein et al. 1992). 
Adenosine has protective effects against tissue injury caused by hypoxia. One study 
using CD73-/-, A2B adenosine receptor-/-, and HIF-1α-/- mice demonstrated that as a 
response to intestinal ischemia/reperfusion injury HIF-1α induces CD73 and A2B 
adenosine receptors in intestinal epithelial cells, thereby diminishing the extent of tis-
sue injury (Hart et al. 2011). 

2.3.2 CD73 in lymphocyte adhesion and transmigration 

In addition to its enzymatic activity CD73 functions as a lymphocyte adhesion mole-
cule on blood vessel endothelium (Airas et al. 1993). Despite almost identical struc-
tures of CD73 on lymphocytes and vascular endothelial cells (Airas et al. 1997), CD73 
on lymphocytes in contrast to CD73 on endothelial cells, increases lymphocyte binding 
to endothelial cells (human endothelial cells or human umbilical vascular endothelial 
cells) via leukocyte integrin LFA-1 clustering (Airas et al. 2000). The binding of leu-
kocytes to vascular endothelium inhibits the CD73 mediated adenosine production and 
the remaining adenosine is deaminated by adenosine deaminase. As a consequence, the 
vascular barrier function is impaired and leukocyte transmigration increased (Henttinen 
et al. 2003). 

Mice lacking CD73 show increased lymphocyte migration rates and enlargement of 
draining lymph nodes as a response to an inflammatory stimulus (e.g. LPS). CD73 
generated adenosine on HEV rather than on lymphocytes, has been shown responsible 
for regulating lymphocyte transmigration across HEVs into peripheral lymph nodes, 
through ARA2B signaling (Takedachi et al. 2008). The function of CD73 in lymphatic 
vessels is not known. 

2.3.3 CD73 in vasculature 

High activities of NTPDase and ecto-5´-nucleotidase and as a consequence a rapid 
inactivation of ADP/ATP to AMP and further to adenosine are observed in the vascula-
ture (Yegutkin, 2008). The production of adenosine by CD73 has anti-thrombotic ef-
fects and reduces leukocyte adhesion acting thereby in a vasoprotective, anti-
inflammatory fashion in the vasculature (Koszalka et al. 2004). Further evidence for 
the anti-inflammatory role of CD73 on vasculature has been demonstrated in a study 
by Zernecke and colleagues who showed that mice deficient of CD73 had an increased 
expression of vascular cell adhesion molecule (VCAM) 1 as well as sVCAM-1, in-
creased VLA-4/VCAM-1 mediated monocyte recruitment, and enhanced neointimal 
plaque formation (Zernecke et al. 2006). In addition, the generation of CD73 knock-
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out mice have demonstrated the important role of CD73 in the maintenance of vascular 
endothelial barrier function under hypoxic conditions. The extent of vascular leakage 
increase in different tissues of CD73-/- mice varied; the leakage increase was most 
prominent in the lungs, moderate in the colon, and absent in the brain (Thompson et al. 
2004). Hypoxia has been shown to induce CD39 and CD73 on vascular endothelial 
cells thereby increasing the metabolism of ATP, released from e.g. activated polymor-
phonuclear granulocytes, to adenosine. Adenosine binds to the A2A and A2B receptors 
on neutrophils and decreases the neutrophil adhesion to vascular endothelium and 
transmigration (Eltzschig et al. 2004).  

CD39 and CD73 dependent adenosine production has a protective role in the lungs 
during mechanical ventilation induced acute lung injury (ALI) by reducing pulmonary 
edema and inflammation. This protective function in the capillary-alveolar pulmonary 
barrier seems to be mediated through the A2B adenosine receptors (Eckle et al. 2007). 
Furthermore, as a response to LPS-induced ALI, CD39 and CD73 attenuate the neutro-
phil accumulation into the lungs and maintain the capillary-alveolar barrier function 
(Reutershan et al. 2009). 

Interferon-β and Interferon-α have been shown to increase CD73 expression on 
vascular endothelium, thereby maintaining endothelial barrier-function. This leads to a 
reduction of lymphocyte transmigration and works in an anti-inflammatory fashion by 
diminishing leukocyte infiltration to sites of inflammation. (Niemelä et al. 2004; 
Niemelä et al. 2008). Interferon-β has also been shown to induce CD73 in indirect ALI 
(caused by intestinal ischemia-reperfusion), thereby promoting the endothelial barrier 
function and reducing vascular leakage in the lungs (Kiss et al. 2007). Taken together, 
CD73 via an adenosine-mediated mechanism controls endothelial permeability under 
normal conditions, hypoxia, and lung injury. 

CD73 knock-out mice show impaired tubuloglomerular feedback-dependent vaso-
motor responses (construction of arterioles in response to an increase in the luminal 
NaCl concentration) in the kidneys. These CD73-/- mice show no gross anatomical 
abnormalities and their behavior as well as fertility remains normal (Castrop et al. 
2004). 

2.3.4 CD73 in cancer 

As a response to dangers, like pathogens, injury, or cell death, a functioning immune 
system is essential for survival. However, the immune response needs to be precisely 
regulated to prevent damage to the surrounding normal tissues caused by overactive 
immune cells. Hypoxia induced adenosine accumulation and its signaling via A2A 

adenosine receptors is an important downregulator of inflammation and as a conse-
quence protects tissues from inflammatory damage (Ohta & Sitkovsky, 2001; 
Sitkovsky & Ohta, 2005). Extracellular adenosine is capable of promoting type 2 
macrophage activation via A2A and A2B receptors, thus further contributing to immuno-
suppression (Csóka et al. 2012). 
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Hypoxia is often present in malignant tissues as well and as a consequence in-
creased concentrations of extracellular adenosine. Ohta et al. have demonstrated in 
mice, that A2A adenosine receptors on C8+ T cells inhibit their antitumoral effects and 
that the antitumoral responses of CD8+ T cells can be enhanced by genetic deletion of 
adenosine receptors A2A or the use of adenosine receptor A2A antagonist (Ohta et al. 
2006).  

Various types of cancer cells express CD73 and the conversion of AMP to adeno-
sine by CD73 constitutes one of the major sources of adenosine in tumors (Stagg & 
Smyth, 2010). In mice, tumor derived CD73 suppresses the adaptive immune response 
via adenosine signaling through A2A receptors. In addition, adenosine generated by 
tumor derived CD73 increases breast cancer cell migration and metastasis through the 
activation of A2B receptors. The administration of anti-CD73 mAb was shown to in-
hibit breast cancer tumor growth in immunocompetent mice in contrast to immuno-
compromised mice, indicating that the antitumoral effect of blocking CD73 requires 
the activation of the host immune response. The inhibition of lung metastasis was in 
contrast independent of the adaptive immune cells since the reduction of lung metasta-
sis was similar in both immunocompetent and immunocomprised mice (Stagg et al. 
2010). In vitro and in vivo studies with human breast cancer cell lines by Zhou et al. 
demonstrated that a CD73 inhibitor α, β-methylene AD  reduced cancer cell viability 
and proliferation index as well as diminshed tumor angiogenesis, lymphangiogenesis, 
and growth (Zhou et al. 2007). In addition, CD73 on breast cancer cells has been re-
ported to increase the invasive, migrating, and adhesive properties of the malignant 
cells (Wang et al. 2008). 

Not only CD73 expression on cancer cells, but also host-derived CD73 both on he-
matopoietic and non-hematopoietic tissues have immunosuppressive effects and 
thereby act in a protumoral fashion. Host-derived CD73 inhibited CD8+ T cell-
mediated immune responses against malignant tumors and contributed to the protu-
moral effect of Tregs in a study by Stagg et al.. In addition CD73 on endothelial cells 
was demonstrated to promote metastasis of circulating malignant melanoma cells 
(Stagg et al. 2011). The importance of host-derived CD73 has also been studied by 
Yegutkin et al. who reported attenuated melanoma tumor growth and metastasis as 
well as a reduction in number of intratumoral Tregs and MR+ macrophages in mice 
lacking CD73. Since CD73 is present on neoangiogenic vessels the amount of blood 
and lymphatic vessels were investigated in wt and CD73 deficient mice, but no differ-
ence in vessel numbers were observed (Yegutkin et al. 2011). Taken together, CD73 
both on cancer cells and host derived hematopoietic and non-hematopoietic tissues 
promotes tumor growth. 

2.4 Colorectal cancer 

2.4.1  Incidence, risk factors, and staging system 

Worldwide CRC is the third most common malignancy with 1.2 million new cases 
diagnosed and about 608 000 deaths caused by the disease estimated annually. CRC 

( P)
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caused mortality rank number four among all cancer related deaths in the world. The 
majority of the CRC cases (about 60%) are diagnosed in the developed countries 
(Ferlay et al. 2010). In Finland 2648 new CRC cases were diagnosed in year 2009 
(Finnish Cancer Registry). 

Advanced age, obesity, diabetes, smoking, dietary factors (consumption of red 
meat, high fat diet, low fibre intake), excessive use of alcohol, inflammatory bowel 
disease, colonic polyps, and previous CRC increase the risk for developing sporadic 
CRC. Hereditary syndromes are responsible for the development of CRC in about 6% 
of the cases. Lynch syndrome, familial adenomatous polyposis, and mut Y homolog 
associated polyposis are the most common hereditary syndromes associated with in-
creased CRC risk (Cunningham et al. 2010). 

CRC is classified according to the TNM system, which is maintained by the Ameri-
can Joint Committee on Cancer (AJCC) and the Union for International Cancer Control 
(UICC). The TNM system classifies CRC by the depth of primary tumor inva-
sion/invasion to adjacent organs (T), the number of involved regional lymph nodes (N), 
and the presence or absence of distant metastasis (M). A minimum of 12 lymph nodes 
should be examined for reliable staging. Stage is the most important prognostic factor 
in CRC. The TNM stages for CRC are presented in Figure 4 (AJCC, 2010). 

Stage T N M
0 Tis N0 M0

TX Primary tumor cannot be assessed
I T1 N0 M0 T0 No evidence of primary tumor

T2 N0 M0 Tis Carcinoma in situ
T1 Tumor invades submucosa

IIA T3 N0 M0 T2 Tumor invades muscularis propria
IIB T4a N0 M0 T3 Tumor invades through the muscularis 
IIC T4b N0 M0 propria into pericolorectal tissues

T4a Tumor penetrates to the surface of the
IIIA T1-T2 N1/N1c M0 visceral peritoneum

T1 N2a M0 T4b Tumor directly invades or is adherent
IIIB T3-T4a N1/N1c M0 to other organs or structures

T2-T3 N2a M0
T1-T2 N2b M0

IIIC T4a N2a M0 NX
T3-T4a N2b M0 N0
T4b N1-N2 M0 N1

N1a
IVA Any T Any N M1a N1b
IVB Any T Any N M1b N1c

N2 Metastasis in four or more regional lymph nodes
N2a Metastasis in 4-6 regional lymph nodes
N2b

M0 No distant metastasis
M1 Distant metastasis
M1a Metastasis confined to one organ or site
M1b

Metastasis in seven or more regional lymph 
nodes

Distant Metastasis (M)

Metastasis in more than one organ/site or the 
peritoneum

Abbreviations: T, tumor; N, node; M, 
metastasis

Primary Tumor (T)

Regional Lymph Nodes (n)
Regional lymph nodes cannot be assessed
No regional lymph node metastasis
Metastasis in 1-3 regional lymph nodes
Metastasis in 1 regional lymph node
Metastasis in 2-3 regional lymph nodes

Tumor deposit(s) in the subserosa, mesentery, 
or nonperitonealized pericolic or perirectal 
tissues without regional nodal metastasis

 

Figure 4 TNM staging of CRC according to recommendations of AJCC and UICC. 



Review of the Literature 

47 

2.4.2 Molecular features of colorectal cancer development 

The DNA mismatch repair (MMR) pathway, which is associated with Lynch syndrome 
and a minority of the sporadic CRC cases (15%), is characterized by somatic mutations 
or loss of function due to aberrant promoter methylation (Noffsinger, 2009) in one of 
the DNA MMR genes (MLH1, MSH2, MSH6, or PMS2). These mutations lead to dys-
function of the DNA nucleotide mismatch repair system, which normally corrects er-
rors that occur during DNA replication. The loss of this repair function results in muta-
tions in the microsatellite regions (short repetitive sequences of DNA) of the genome, 
referred to as microsatellite instability (MSI). About 3% of CRC patients have the he-
reditary Lynch syndrome, which is characterized by e.g. early onset of CRC, acceler-
ated carcinogenesis, and increased risk of malignancies outside the gastrointestinal 
tract. Lynch syndrome is screened by IHC and diagnosed by the detection of a germ-
line mutation in one of the DNA MMR genes. Both sporadic and Lynch syndrome 
associated MSI-H are more common among women than men, have mucinous or sig-
net cell differentiation, are usually localized in the proximal colon, and are infiltrated 
by lymphocytes. About 40% of the sporadic MSI-H cancers also harbor APC or p53 
mutations reflecting the involvement of both MMR and chromosomal instability (CIN) 
pathways (Cunningham et al. 2010; Fearon & Vogelstein, 1990; Noffsinger, 2009; 
Takayama et al. 2006; Vogelstein et al. 1988). 

The serrated pathway includes CRCs that have arisen from serrated polyps [hyper-
plastic polyps (not sporadic CRC), traditional serrated adenomas, sessile serrated ade-
nomas]. The pathway can be divided into two subtypes according to the precursor le-
sions and the molecular characteristics of the malignant tumors. The tumors that seem 
to originate from sessile serrated adenomas are usually located in the right colon and 
are characterized by the following features: chromosomally stable, BRAF mutated, 
MSI-H, MLH1 methylated, and a high level of CpG island methylator phenotype 
(CIMP). The tumors representing the other subtype most likely originate from left-
sided traditional serrated adenomas and are characterized by the following molecular 
features: high CIMP status, microsatellite instability low (MSI-L) or microsatellite 
stable (MSS), MGMT methylation or partial methylation of MLH1, chromosomally 
stable, and BRAF mutated (Noffsinger, 2009). 

Important components of the major signaling pathways in CRC carcinogenesis de-
scribed above include the WNT pathway, which gets activated as a consequence of 
APC gene mutations and leads to β-catenin activation through nuclear translocation; 
the tumor-suppressor TGF-β pathway involving for instance the in CRC commonly 
occurring loss of the long arm of chromosome 18 (18qLOH) affecting the genes 
SMAD4 and DCC; the EGFR/RAS/RAF/MAPK pathway including the clinically most 
relevant oncogene KRAS; and the PI3K pathway with PIK3CA and PTEN mutations as 
well as loss of PTEN expression observed.  KRAS mutations occur most commonly in 
codons 12 or 13 and they are mutually exclusive of BRAF mutations V600E. BRAF 
mutations are often seen in tumors arisen via the serrated pathway, particularly CIMP-
high tumors and they are hardly ever seen in patients with Lynch syndrome (Pritchard 
& Grady, 2011). 
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In contrast to the development of primary CRC tumors, the course of an eventual 
metastatic event, following the establishment of an invasive tumor, is usually short 
(Nguyen et al. 2009). The complex process of developing metastatic disease involves 
several steps and gene alterations. Proteinases, like MMPs, degrade extracellular ma-
trix components and are important for the proteolysis phase (Takayama et al. 2006). In 
addition, the downregulation of adhesion molecules like cadherins promotes cell de-
tachment from the primary tumor, whereas the upregulation of certain adhesion mole-
cules, e.g selectins on the endothelial cells, platelets, or leukocytes enhances cancer 
cell adhesion to vascular endothelium, helps CRC cells evade inflammatory reaction, 
and may aid in the selection of distant metastasis site. Integrins among others are also 
important players in CRC metastasis (Paschos et al. 2009).  

2.4.3 Prognostic factors in colorectal cancer 

CRC prognosis after radical (R0) surgery is affected by several factors, including pre-
operative serum carcinoembryonic antigen level, preoperative obstruction or perfora-
tion of the gut, TNM stage, tumor differentiation grade, tumor budding, tumor regres-
sion grade as a response to neoadjuvant therapy in rectal cancer, the circumferential 
resection margin in rectal cancer, lymphatic, venous or perineural invasion, as well as 
histologic type and grade (AJCC, 2010). The most significant prognostic factor is the 
stage of the disease at the time of diagnosis. Patients with early stage disease (stage I 
and II) have a 5-year survival rate of 80-90% after radical surgical treatment. In con-
trast, patients with local lymph node involvement, belonging to the stage III disease 
group have an obviously worse prognosis with a 5 year survival rate of 60-70% 
(Howlader et al. 2011). The median survival of patients with metastatic stage IV CRC 
is about 24 months, with less than 10% of the patients alive five years after diagnosis 
(AJCC, 2010; Cunningham et al. 2010). 

Prognostic markers are factors separating patients with a good or bad clinical dis-
ease outcome regardless of treatment, thus reflecting the natural course of the disease. 
Numerous prognostic markers have been investigated in CRC, the following being 
among the most studied; MSI, CIN, 18qLOH/SMAD4, BRAF V600E mutations, KRAS 
mutations, and PIK3CA mutations.  

Cancers arising through the CIN pathway have a worse prognosis than the MSI-H 
cases, which typically have a long OS (Hewish et al. 2010). The evidence for both CIN 
and MSI-H as prognostic factors in CRC is strong and testing is available for MSI, but 
it is not widely used yet, but might be in the future. About half of CRCs have 
18qLOH/SMAD4 loss which is a sign of poor prognosis, but might instead of being an 
independent prognostic factor just be a surrogate marker for CIN/MSS colorectal can-
cers due to the close association between 18qLOH and CIN/MSS. No testing for clini-
cal use is available (Pritchard & Grady, 2011). BRAF V600E mutations are associated 
with poor prognosis in CRC and BRAF testing is available for clinical use, but does not 
influence the treatment choices of CRC patients at present (Price et al. 2011; Van 
Cutsem et al. 2011). The role of KRAS mutations as prognostic markers is still contro-
versial, but according to a meta-analysis they appear to affect the prognosis of metas-
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tatic CRC negatively (Qiu et al. 2010). In contrast e.g. studies with a best supportive 
care arm found no prognostic value for KRAS (Karapetis et al. 2008). PIK3CA muta-
tions might also be associated with a poor CRC survival, but the evidence is still li-
mited (De  Roock et al. 2011; Pritchard & Grady, 2011). 

2.4.4  Colorectal cancer treatment 

2.4.4.1 Adjuvant therapy for stage II and III disease 

The standard treatment for stage I-III CRC patients is radical surgery. The majority of 
the patients (70-80%) undergo surgery with curative intent after diagnosis. Even in 
limited metastatic stage IV disease radical surgery is performed whenever possible 
since radical surgery is the only curative treatment option available in CRC today.  

For selected patients postoperative adjuvant chemotherapy is given for eradication 
of microscopic metastasis that might be present, even though invisible, after the re-
moval of the primary tumor. For quite some time it has been evident that adjuvant 
fluoropyrimidine [5-fluorourasil (5-FU) or capecitabine] based therapy benefits stage 
III CRC patients. Later, evidence has emerged that the addition of oxaliplatin to 
fluoropyrimidine improves the survival of the patients and currently the standard adju-
vant therapy regimen for stage III CRC patients is fluoropyrimidine plus oxaliplatin 
(FOLFOX, XELOX, or FLOX) for six months. The results of two phase III trials com-
paring fluoropyrimidine to oxaliplatin/fluoropyrimidine combinations demonstrated the 
following results: in the MOSAIC trial the 5-year DFS rates were 73.3% vs 67.4% and 
6-year OS rates 72.9% vs 68.7% in favor of oxaliplatin based adjuvant therapy in the 
stage III subgroup of patients (André et al. 2009). OS data as well as updated DFS data 
were recently published from the other study (NSABP C-07) reporting 5-year DFS 
rates of 64.2% vs 69.4% in the intent to treat patient population (both stage II and III 
patients), however, 5-year OS rates did not differ between the two treatment arms 
(Yothers et al. 2011). Fluoropyrimidine monotherapy is an alternative to oxaliplatin 
based regimens for e.g. elderly, non-fit patients because of its better tolerability and 
possibly equal efficacy too.  

The role of irinotecan in the adjuvant therapy setting has also been investigated in 
phase III trials. Irinotecan in combination with 5-FU/LV (leucovorin) did not benefit 
stage III colon cancer patients in regard to DFS (HR 0.9), relapse free survival (HR 
0.86), or OS (HR not reported, p=0.09) in the PETACC-3 trial. In the stage II and III 
combined subgroup analysis a small DFS benefit was observed (HR 0.89, p=0.04), 
whereas in the subgroup of stage II patients the adding of irinotecan to the treatment 
did not improve DFS or OS. The authors conclude that the addition of irinotecan to 5-
FU/LV adjuvant therapy does not benefit stage III CRC patients (Van Cutsem et al. 
2009b). A smaller phase III trial (ACCORD-02) reported no benefit of adding iri-
notecan to 5-FU/LV either in high risk stage III colon cancer (Ychou et al. 2009). In-
terestingly, irinotecan based adjuvant therapy benefitted MSI-H stage III colon cancer 
patients in a study by Bertagnolli et al. in contrast to MSI-L/MSS patients (Bertagnolli 
et al. 2009), but the finding needs further validation.  
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The addition of biological, targeted monoclonal antibodies (bevacizumab or 
cetuximab) to the adjuvant treatment regimens have not improved the survival of the 
patients and can therefore not be recommended for use (Allegra et al. 2011; Alberts SR 
et al. 2010) 

In the group of stage II patients the benefit of adjuvant chemotherapy is more con-
troversial. The 5-year survival rates among these patients range between 72% - 85% 
and most patients are cured without adjuvant chemotherapy (Lombardi et al. 2010). A 
large study (QUASAR trial) investigated 5-FU based adjuvant therapy vs surgery alone 
in stage II CRC patients and reported a modest absolute 5-year survival benefit of 3.6% 
in favor of chemotherapy. Of note, they did not perform subgroup analysis for high vs 
low risk stage II patients (Quasar Collaborative et al. 2007). Both the MOSAIC trial 
and NSABP C-07 showed an 5-year OS benefit of only 0.1% for oxaliplatin based 
chemotherapy in the cohorts of stage II patients (André et al. 2009; Yothers et al. 
2011). Currently high risk stage II patients are offered adjuvant, mainly single fluoro-
pyrimidine therapy but oxaliplatin can also be considered (Lombardi et al. 2010; 
Sargent & Grothey, 2010). High risk characteristics include primary tumor of T4 cate-
gory, presence of LVI, perineural invasion, poorly differentiated tumors, inadequate 
number lymph nodes sampled (< 12), presentation with gut perforation or occlusion 
(Labianca et al. 2010). Growing evidence is suggesting the lack of benefit of single 
fluoropyrimidine based adjuvant therapy in MSI-H stage II colon cancers. Therefore in 
the future it might become standard practice to test this group of patients for deficient 
MMR and if diagnosed maybe consider some other treatment than single fluoro-
pyrimidine (Hewish et al. 2010; Ribic et al. 2003; Sargent et al. 2010; Sinicrope et al. 
2011). Data from large prospective trials is still missing. 

2.4.4.2 Treatment of rectal cancer 

The treatment of non-metastatic rectal cancer differs from colon cancer treatment, whe-
reas the treatment of metastatic disease follows the same principles. An important aim 
of rectal cancer therapy is to prevent local disease recurrences in the pelvis since they 
are usually challenging to treat and cause difficult symptoms to the patient. Another 
aim is to preserve the sphincter function, which is an important quality of life aspect.  

Rectal cancer treatment decisions are influenced by the degree of local invasion of 
the primary tumor (T-category), clinical N stage, presence of vascular or nerve inva-
sion, and circumferential margin status as evaluated from preoperative MRI. According 
to these features rectal cancers can be divided into early favorable, intermediate, or 
locally advanced subgroups. The surgical techniques used in the treatment of rectal 
cancer include transanal excision, transabdominal resections like low anterior resec-
tion, total mesorectal excision (TME), or abdominoperineal resection. The choice of 
surgical technique depends on the extent and location of the disease. 

According to the ESMO guidelines working group recommendations the most fa-
vorable subgroup of patients with well or moderately differentiated early cT1N0 dis-
ease without LVI, can be treated with only a radical resection. If more unfavorable 
features are present (cT2 tumors, submucosal layer invasion into middle third) TME is 
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recommended or alternatively postoperative chemoradiation. TME surgery alone is an 
appropriate treatment strategy for cT1-2, some early cT3 tumors with negative circum-
ferential margin, and N0 cases.  

Patients belonging to the intermediate risk group with cT3(b)c tumors without cir-
cumferential margin involvement, some cT4 tumors, or patients with lymph node in-
volvement are treated with preoperative radiation therapy [5 x 5 Gray (Gy)] followed 
by TME surgery. 

Preoperative chemoradiation (50.4 Gy) with concomitant 5-FU-based chemothera-
py, followed by radical surgery after 6-8 weeks is recommended for patients belonging 
to the most locally advanced group of patients with cT3 circumferential margin positiv-
ity or cT4 disease not easily surgically removed. Patients not fit for chemoradiation 
therapy or old patients can alternatively be treated with short course 5 x 5 Gy radiation 
therapy followed by surgery after about 8 weeks (Glimelius et al. 2010). 

Preoperative chemoradiotherapy in comparison to postoperative chemoradiotherapy 
is associated with less toxicity, improved local control rate, and improved sphincter 
preservation and is therefore the recommended treatment strategy (Sauer et al. 2004). 
The combination of short-term radiotherapy with TME, which is the standard surgical 
procedure at present has been studied in a large trial which included stage I - IV rectal 
cancer patients. Preoperative radiation therapy reduced local recurrences with about 
50% as compared to the group of patients who were treated with surgery only. The 
reduction of local recurrences was more pronounced in the patients with a negative 
circumferential margin (64%). In addition, an overall survival benefit was observed in 
stage III rectal cancer patients treated with combination treatment with a negative cir-
cumferential margin whereas in patients with a favorable prognosis according to preo-
perative evaluation the adverse events caused by radiotherapy outweighed the benefits 
(van Gijn et al. 2011). The addition of oxaliplatin to the preoperative 5-FU based che-
moradiation regimen increases toxicity and does not improve the treatment results and 
can thus not be recommended (Aschele et al. 2011). Postoperative adjuvant chemothe-
rapy is recommended for patients with high risk stage II or stage III disease and those 
who have received neoadjuvant chemoradiation, albeit its benefit is less well defined 
than for colon cancer (Glimelius et al. 2010).  

2.4.4.3 Treatment of metastatic stage IV disease 

About 25% of the patients present with metastatic disease at the time of diagnosis and 
an additional 25% of the patients will develop metastasis at a later time point. Stage IV 
CRC is in most cases considered incurable.  

Liver is the most common metastatic site in CRC and the majority of stage IV CRC 
patients have unresectable disease. If the patient presents with a potentially resectable, 
limited disease burden in the liver or lungs a radical metastectomy is performed when-
ever feasible. Perioperative combination chemotherapy ± a biological drug is usually 
recommended in these cases to optimize the probability for a successful resection and 
to improve survival (Nordlinger et al. 2008; Van Cutsem et al. 2010). 
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Fluoropyrimidines (5-FU, capecitabine), oxaliplatin, and irinotecan are used as 
chemotherapy agents in the treatment of metastatic CRC. In addition, biologic tar-
geted therapies bevacizumab (monoclonal anti-VEGF-A antibody) as well as cetuxi-
mab and panitumumab (anti-EGFR monoclonal antibodies) are available in the 
treatment arsenal for metastatic CRC. The adminstering order of cytotoxic drugs, 
does not seem to affect the outcome of the disease to a significant extent. The effi-
cacy of the cytotoxic doublet regimens 5-FU/LV/oxaliplatin (FOLFOX) or capecit-
abine/oxaliplatin (XELOX) and 5-FU/LV/irinotecan (FOLFIRI) are in the same range 
but their toxicity profiles differ, which might affect the choice of treatment (Ducreux et 
al. 2011; Tournigand et al. 2004). Moreover, capecitabine has been shown to be 
equally effective to intravenous 5-FU/LV (Cassidy et al. 2011). The usage of all active 
drugs at some point during the treatment course improves the OS of the patients 
(Grothey et al. 2004). In the palliative treatment setting not only the prolongation of 
survival, but also the improvement in quality of life is an important goal. The selection 
of treatment intensity is based on factors including disease burden, disease related 
symptoms, need for downsizing of liver or lung metastasis with curable resection in 
mind, co-morbidities, and patient preference. Upfront combination therapy is indicated 
if maximal tumor shrinkage is needed and if the patient has an aggressive, rapidly pro-
gressing disease. If the patient has no chance for a curable resection, is almost symp-
tom free, and has comorbidities a single drug treatment is often a good option. 

The optimal treatment duration is still controversial. Treatment of metastatic CRC 
with the same regimen can continue until disease progression, can be stopped after a 
certain period, or alternatively be switched to a less toxic maintenance regimen after 
achieving stabilization of the disease (Cunningham et al. 2010; Van Cutsem et al. 
2010). For instance the OPTIMOX1, OPTIMOX2, and MRC COIN trials have 
evaluted the consequences of intermittent treatment in metastatic CRC. They showed 
that after six cycles of oxaliplatin based therapy oxaliplatin can be stopped continuing 
treatment solely with fluoropyrimidine without affecting the prognosis of the patient 
negatively (Tournigand et al. 2006), whereas a complete stop of the treatment resulted 
in worse PFS and disease control, but did not affect OS (Chibaudel et al. 2009). The 
results of the MRC COIN trial suggest that patients with a raised platelet count at base-
line do worse in terms of OS and quality of life with an intermittent treatment strategy, 
possibly due to the fact that thrombocytosis reflects cytokine activation related to a 
more aggressive disease. In contrast, patients with normal baseline platelet counts were 
not harmed by chemotherapy-free intervals. These findings need confirmation (Adams 
et al. 2011). 

The discovery of biological monoclonal antibodies in the treatment of CRC has in-
creased the treatment options in metastatic CRC. Bevacizumab, a monoclonal antibody 
targeting VEGF improves PFS, OS, and response rates in the first line therapy of CRC 
when combined to fluoropyrimidine (Hurwitz et al. 2005) or irinotecan (Hurwitz et al. 
2004) based regimens. The combination of bevacizumab with oxaliplatin based therapy 
in first line improves PFS, not OS or objective response rates (Saltz et al. 2008). In 
second line, bevacizumab treatment combined with oxaliplatin based therapy 
(FOLFOX4), however, improves PFS, OS, as well as objective response rates 
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(Giantonio et al. 2007; Welch et al. 2010). Single bevacizumab therapy is not recom-
mended due to its lack of clinical benefit. The role of bevacizumab in maintenance is 
not clear at present. Typical side effects caused by bevacizumab include hypertension, 
gut perforation, impaired wound-healing, thromboembolism, and bleeding 
(Cunningham et al. 2010). 

The monoclonal antibodies cetuximab and panitumumab bind to EGFR and block 
the tyrosine-kinase activation of the receptor, which prevents the activation of EGFR 
downstream signaling pathways resulting in e.g. pro-apoptotic and anti-proliferative 
effects. Cetuximab and panitumumab have shown efficacy in several phase III trials in 
metastatic CRC both as single drugs or in combination with cytotoxic regimens. Anti-
EGFR drugs are efficient both in early stages and chemorefractory phase of the dis-
ease. KRAS gene status is a strong predictor of responsiveness to anti-EGFR therapies 
and KRAS mutated patients do not appear to benefit from treatment.  

In phase III trials panitumumab has demonstrated efficacy as single therapy in the 
chemorefractory phase of the disease (≥ 3rd line) (Amado et al. 2008; Van Cutsem et 
al. 2007). Panitumumab in combination with FOLFIRI as 2nd line therapy improved 
ORR and PFS as compared to FOLFIRI in a study by Peeters et al. (Peeters et al. 
2010). In first line treatment the addition of panitumumab to FOLFOX4 resulted in 
superior PFS in comparison to FOLFOX4, but OS and ORR were not statistically sig-
nificantly improved. Liver resection rates did not differ between the two groups either 
(Douillard et al. 2010).  

Similar to panitumumab single cetuximab has proven beneficial in the chemorefrac-
tory phase of the disease (Karapetis et al. 2008). In 2nd line, cetuximab improves PFS 
and ORR when combined to irinotecan (Sobrero et al. 2008). In first line, in combina-
tion with FOLFIRI cetuximab improves ORR, PFS, OS, and R0 liver resection rates 
(Van Cutsem et al. 2011). When combining cetuximab with oxaliplatin in 1st line no 
benefit was seen in the Nordic VII study (Tveit K et al. 2010) or the MRC COIN study 
(Maughan et al. 2011). In contrast, in a phase II trial (OPUS) the combination of 
cetuximab with FOLFOX4 resulted in improved ORR and PFS. Interestingly, the pa-
tients with KRAS mutated tumors who had received cetuximab prior to the knowledge 
of the predictive value of KRAS did worse than the ones treated with FOLFOX4 only 
(Bokemeyer et al. 2009). Taken together, the data at present seem to encourage the use 
of anti-EGFR therapy in combination with irinotecan and since response rates with 
anti-EGFR therapies are acceptable these might be the drug of choice when downsizing 
of potentially resectable liver or lung metastasis is the aim (Loupakis et al. 2011). 
Typical side effects caused by cetuximab and panitumumab include an acneiform rash, 
hypomagnesemia, and allergic reactions (Van Cutsem et al. 2010). 

Head to head comparison of bevazicumab and anti-EGFR therapies are lacking in 
the KRAS wt patient population. In the KRAS mutated patient group bevacizumab is 
usually chosen as part of the combination therapy when aggressive treatment is needed. 
A phase III trial (AIO KRK-0306) compared FOLFIRI/bevacizumab to 
FOLFIRI/cetuximab in first line treatment of KRAS mutated CRC and found surpris-
ingly no statistically significant difference between the groups in ORR, PFS, or OS. 
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The study is ongoing in the KRAS wt patient group and the results will provide impor-
tant knowledge in this field (Stintzing et al. 2012). The combination of bevacizumab 
and cetuximab or panitumumab simultaneously with chemotherapy results in decreased 
survival and increased toxicity and can not be recommended (Hecht et al. 2009; Tol et 
al. 2009). 

2.4.5 Predictive markers in colorectal cancer 

Factors that associate with response or resistance to a particular therapy are called pre-
dictive markers. Numerous predictive biomarker candidates have been tested for pre-
diction of cytotoxic therapy efficacy in CRC, but none of those have been implemented 
into clinical practice yet.  

Fluoropyrimidines are used both in the adjuvant and metastatic setting of CRC ei-
ther as single drug therapy or in combination with irinotecan or oxaliplatin. 5-FU ex-
erts its effects via metabolites that inhibit thymidylate synthase (TS) or get incorpo-
rated into DNA or RNA. Stage II and III colon cancer patients with MSI-H (dMMR) 
tumors do not appear to benefit from adjuvant single fluoropyrimidine therapy as 
shown in several studies (Ribic et al. 2003; Sargent et al. 2010) and in stage II patients 
fluoropyrimidine therapy has been linked to reduced OS (Sargent et al. 2010). A recent 
large retrospective study (n=2141) by Sinicrope et al. reported however a decreased 
recurrence risk, improved DFS and OS for MSI-H stage III colon cancer patients 
treated with 5-FU based adjuvant therapy, in contrast to stage II patients who showed 
no benefit. Interestingly the patients with MSI-H tumors with germline mutations, not 
the ones with sporadic MSI-H, were the ones who benefitted from the treatment 
(Sinicrope et al. 2011). An ongoing US Intergroup E5202 trial is investigating prospec-
tively the predictive role of MSI-H and 18qLOH in stage II CRC patients stratifying 
the patients post-operatively to an observation arm or adjuvant therapy arm (FOLFOX 
± bevazicumab) depending on a risk score. MSI-H does not seem to predict treatment 
responses in stage IV disease (Hewish et al. 2010). Loss of 18qLOH/SMAD4 may be 
associated with poor response to 5-FU based adjuvant therapy in stage III CRC. 
18qLOH is being tested prospectively in the E5202 trial together with MSI, as men-
tioned above (Pritchard & Grady, 2011).  

Other investigated predictive markers for fluoropyrimidine therapy include for in-
stance dihydropyrimidine dehydrogenase (DPD), thymidine phosphorylase (TP), and 
TS. DPD catabolizes 5-FU and a low DPD expression has in some reports been linked 
to improved adjuvant fluoropyrimidine based responses, but overall the results have 
been conflicting. TP converts capecitabine to 5-FU and 5-FU to its active metabolite 
fluorouridine monophosphate but might also have a role in neovascularization. This 
possibly dual role of TP might explain the conflicting results regarding its role as a 
predictive marker in CRC. TS, important for DNA synthesis is the primary target of 
fluoropyrimidine therapy. Both TS protein expression and mRNA levels have been 
investigated and a high TS level appears to correlate with worse survival, but no firm 
conclusions on this issue can yet be drawn (Koopman et al. 2009). 



Review of the Literature 

55 

Topoisomerase-1 (Topo-1) is the target of irinotecan. The inhibition of Topo-1 
leads to replication arrest and apoptosis. A high Topo-1 protein expression was demon-
strated in a large, randomized trial to associate with an improved responsiveness to 
irinotecan, but the findings are still lacking validation (Koopman et al. 2009; Pritchard 
& Grady, 2011).  

Excision cross-complementing (ERCC) gene 1 studied in lung cancer as a predictor 
of platinum-based chemotherapy (Hubner et al. 2011) has also been studied as a pre-
dictive marker for oxaliplatin based regimens in CRC. Low ERCC-1 expression corre-
lates with improved survival in some studies, whereas a phase III study failed to find 
such an association. The data on ERCC-1 are still limited (Koopman et al. 2009). 

Despite plenty of studies, we still lack predictive markers for bevacizumab therapy, 
whereas mutation of KRAS is a routinely used predictive marker for anti-EGFR ther-
apy.  

2.4.5.1 Predictive markers for anti-EGFR therapy 

Activating KRAS oncogene point mutations, in codons 12 or 13, account for 85-90% of 
the KRAS gene mutations and are associated with non-responsiveness to anti-EGFR 
monoclonal antibody treatment (cetuximab and panitumumab) in metastatic CRC in 
several retrospective and prospective trials. The codon 61 mutations (present in only 
5% of the cases) appear to be related to anti-EGFR therapy resistance as well, in con-
trast to the codon 146 mutations (De  Roock et al. 2011; Karapetis et al. 2008; Qiu et 
al. 2010). KRAS G13D mutations might predict a favorable anti-EGFR treatment re-
sponse, differing thereby from the other codon 13 mutations, but this finding needs 
further validation (De Roock et al. 2011). KRAS testing prior to anti-EGFR therapy in 
metastatic CRC is the only predictive marker used routinely in the treatment of CRC 
today. However, anti-EGFR therapy does not benefit all KRAS wt patients, since only 
about 60% of the patients treated with anti-EGFR therapy in first line and 30-40% of 
the patients treated in second line or more respond to treatment (Bokemeyer et al. 
2009; Chang et al. 2009; Lievre et al. 2006; Moroni et al. 2005; Van Cutsem et al. 
2009a). Therefore, the search for additional predictive markers in the KRAS wt metas-
tatic CRC patient population is ongoing. 

BRAF V600E mutations might predict resistance to anti-EGFR therapy, but the re-
sults are still controversial (De  Roock et al. 2011; Pritchard & Grady, 2011). Other 
markers that may predict resistance to anti-EGFR therapy, but still has limited evi-
dence include PIK3CA mutations and phosphatase and tensin homolog (PTEN) loss. 
PIK3CA mutations are present in only 3-10% of KRAS wt CRC patients and the results 
presented have been conflicting, which might be due to the apparently different results 
obtained with exon-9 and exon-20 PIK3CA mutations (De  Roock et al. 2011; 
Pritchard & Grady, 2011; Ross et al. 2010). Loss of PTEN expression by mutations, 
deletions, or promoter methylation of the tumor suppressor gene PTEN might associate 
with anti-EGFR therapy resistance in KRAS wt CRC patient. However, only about 5% 
of the KRAS wt tumors have PTEN loss, the published results are conflicting, and there 
is no standardized method at present available (De  Roock et al. 2011; Ross et al. 
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2010). The ligands of EGFR amphiregulin and epiregulin may also predict anti-EGFR 
therapy responses, but the evidence is still insufficient (George & Kopetz, 2011). 

EGFR gene copy number  
In the search for additional predictive markers for EGFR targeted therapies in the 
KRAS wt CRC patient group, one subject of interest has been the EGFR itself. EGFR 
gene mutations are extremely rare (<1%) in CRC (Barber et al. 2004). EGFR protein 
expression has not proved efficient for predicting anti-EGFR therapy responses (Chung 
et al. 2005; Cunningham et al. 2004; Saltz et al. 2004). In contrast, several studies have 
reported a correlation between a high EGFR gene copy number (GCN) and favorable 
anti-EGFR mAb therapy response (Cappuzzo et al. 2008; Laurent-Puig et al. 2009; 
Personeni et al. 2008; Sartore-Bianchi et al. 2007; Scartozzi et al. 2009; Scartozzi et al. 
2011). Selected published studies are presented in Table 2. 

Table 2. Previously published studies examining the prognostic role of EGFR GCN. 

Study n Technique used
Cut-off 
value

KRAS 
status

TTP/PFS         
high EGFR  GCN 

vs              
low GCN        
(months) P-value

OS               
high EGFR GCN     

vs                
low GCN        
(months) P-value

Sartore-Bianchi et al., 
JCO 2007 58 FISH 2.5 wt and mt Not reported 0.04 Not reported 0.02
Personeni et al. ,          
Clin Cancer Res 2008 87 FISH 2.76 wt  6.9 vs 4.4 NS 13.3 vs 8.4 0.02
Cappuzzo et al. ,        
Annals of Oncol 2008 85 FISH 2.92 wt and mt 6.6 vs 3.5 0.02 11.3 vs 8.5 NS
Laurent-Puig et al. ,     
JCO 2009 116 FISH/CISH 4.0 wt 7.3 vs 7 NS 16.2 vs  11.8 0.01
Scartozzi et al. ,          
BMC Cancer 2009 44 FISH/CISH 2.6/2.12 wt 7.7/6.4 vs 2.9/3.1 0.04/0.02 16/10.6 vs  9.5/10.3 NS/NS
Scartozzi et al. ,          
Annals of Oncol 2011 90 CISH 2.12 wt 6 vs 3 0.003 18 vs  10 0.007
Abbreviations:  CISH, chromogenic in situ  hybridization; EGFR, epidermal growth factor receptor; FISH, fluorescence in situ 
hybridization; GCN, gene copy number; mt, mutated; NS, non significant; OS, overall survival; PFS, progression-free survival; TTP, 
time to progression; wt, wild type.  

The most commonly used technique for EGFR GCN assessement has been fluores-
cence in situ hybridization (FISH). The usage of FISH is challenging due to interpreta-
tion difficulties, lack of standardized methodology in the anti-EGFR mAb response 
predicting setting, and reproducibility concerns. In addition, cut-off values for EGFR 
GCN have shown considerable variation in the studies reported. These factors probably 
explain why EGFR GCN has not been implemented into the clinical practice as yet.  
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3 AIMS OF THE STUDY 

CRC is one of the most common cancers in the world and despite improvements in the 
treatment about half of the patients will still eventually die from the disease. CRC 
prognosis is affected by several factors including patient related characteristics, stage 
of the disease as well as molecular features of the tumor. Prognostic factors help us to 
predict the course of the disease and to estimate the aggressiveness of therapy needed 
in each case. In the era of personalized medicine progress has been made in tailoring 
the treatment according to individual molecular characteristics of the tumors. Never-
theless, a large portion of CRC patients today will end up receiving therapies and suf-
fering from treatment related side-effects un-necessarily. Growing evidence implies 
that not only characteristics of the cancer cells, but also the microenvironment sur-
rounding the tumor plays an important role in determining the behavior, treatment re-
sponsiveness, and prognosis of cancer. The aim of this study was to elucidate new 
prognostic and predictive markers, related both to the cancer cells and the tumor mi-
croenvironment in CRC to further improve our understanding of CRC prognosis and to 
provide tools for better patient selection to specific treatments. Lymphatic vessels and 
leukocyte trafficking in lymphatics were also subjects of special interest in this study. 

The specific aims of this study were: 

I  To investigate the functional characteristics and expression of CD73 in lym-
phatic vessels in comparison to blood vessels.  

II  To analyze the prognostic impact of lymphatic vessel location and density in 
colorectal cancer. 

III To investigate the prognostic role of tumor associated macrophages by using a 
pan-macrophage marker CD68 and a type 2 macrophage marker CLEVER-1 in 
colorectal cancer. 

IV To study the predictive value of EGFR gene copy number and Chromosome-7 
number assessed by EGFR protein expression guided silver in situ hybridization 
in anti-EGFR treated metastatic or locally advanced colorectal cancer patients. 

V To elucidate the expression and prognostic value of Pim-1 in colorectal cancer. 
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4 MATERIALS AND METHODS 

The materials and methods are presented in more detail in the original publications I-
IV. 

4.1 Patient materials and tissue samples  

Table 3. Patient materials used in the studies (II, III, IV). 

Median age of patients 72.8 60 73.5 58
Sex
Male 61 (38.4) 34 (42) 49 (39.5) 16 (64)
Female 98 (61.6) 46 (58) 75 (60.6) 9 (36)
Site of primary tumor
Colon 136 (85.5) 51 (63.8) 101 (81.4)  -
Rectum 23 (14.5) 28 (35) 23 (18.6) 25 (100)
Unknown  - 1 (1.2)  -
Tumor differentiation grade
G1 47 (29.6) 11 (13.8) 40 (32.3) 3 (12)
G2 93 (58.5) 50 (62.5) 76 (61.3) 16 (64)
G3 18 (11.3) 13 (16.2) 7 (5.6) 4 (16)
Grading unreliable/unknown 1 (0.6) 6 (7.5) 1 (0.8) 2 (8)
Stage at diagnosis
Stage II 89 (56.0) 14 (17.5) 96 (77.4) 7 (28)
Stage III 38 (23.9) 25 (31.25) 28 (22.6) 11 (44)
Stage IV 32 (20.1) 41 (51.25)  - 7 (28)
KRAS mutational status
KRAS WT N/A 54 (67.5)  - 16 (64)
KRAS MT N/A 24 (30)  - 9 (36)
Unknown 159 (100) 2 (2.5) 124 (100)  -
Anti-EGFR treatment
Cetuximab N/A 51 (63.8) N/A N/A
Panitumumab N/A 10 (12.5) N/A N/A
Both N/A 1 (1.2) N/A N/A
None N/A 18 (22.5) N/A N/A
Follow-up data of the patients
Alive and free of disease 48 (30.2) 5 (6.2) 47 (37.9) 2 (8)
Alive with disease 2 (1.3) 16 (20) 1 (0.8) 6 (24)
Died of disease 66 (41.5) 59 (73.8) 39 (31.5) 17 (68)
Died of other cause 21 (13.2)  - 19 (15.3)  -
Unknown cause of death 22 (13.8)  - 18 (14.5)  -

Abbreviations: CRC, colorectal cancer; EGFR, epidermal growth factor receptor; GCN, gene copy number; 
MT, mutated; N/A, not applicable;  TAM, tumor associated macrophage;  WT, wild type. 

TAM and 
lymphatics 

in CRC      
n = 159 (II)

Pim-1 in 
colorectal 

cancer, 
patient 
cohort 1     

n = 124 (IV)

EGFR  GCN 
in CRC      

n = 80 (III)

Pim-1 in 
colorectal 

cancer, 
patient 

cohort 2     
n = 25 (IV)

n (%)
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Normal human skin (n=3), lymph node (n=4), and intestinal (n=6) fresh frozen tis-
sue samples were used in study I. The skin specimens were obtained from punch biop-
sies. The lymph node and intestinal samples were taken during routine surgical proce-
dures.  

Patients who were diagnosed with CRC and underwent primary tumor surgery in 
the Intermunicipal Hospital District of Southwest Finland between years 1996 – 1997 
were included in the TAM and lymphatics in CRC (II) and Pim-1 in CRC (IV) studies. 
Study III included 80 patients treated at the Turku University Hospital with metastatic 
or locally advanced CRC of whom the majority received anti-EGFR therapy (62/80). 
Of those the treatment response could be reliably evaluated for 54/62 (87%). Response 
Evaluation Criteria in Solid Tumors (RECIST) was used when treatment responses 
were evaluated. Complete response (CR) was defined as disappearance of all target 
lesions. A minimum decrease of 30% in the sum of diameters of target lesions was 
required for the achievement of a partial response (PR). A 20% minimum increase in 
the sum of the diameters of the target lesions as well as the appearance of new metas-
tatic lesions was defined as progressive disease (PD). The patients with responses be-
tween PR and PD were categorized as having stable disease (SD) (Eisenhauer et al. 
Eur J Cancer, 2009). 

A second independent patient cohort of 25 rectal cancer patients was in addition in-
cluded in study IV. 12 out of 25 of these patients received preoperative radiation thera-
py and diagnostic tumor biopsy samples were taken from nine of those prior to radia-
tion therapy, which enabled me to study the effect of radiation therapy on Pim-1 ex-
pression. 

Formalin-fixed, paraffin embedded tumor samples from primary CRC tumors were 
used in the studies (II, III, IV). The CRC diagnoses were confirmed by experienced 
pathologists. Patients lacking sufficient clinical data or tumor specimens, patients who 
died of postoperative complications, and patients who were lost during the follow up 
were excluded from the study.  

Ten fresh frozen primary tumor CRC specimens were in addition used in study II 
for the evaluation of CLEVER-1 and MR co-localization.  

4.2 Animals 

Mice deficient for CD73 were generated and backcrossed for 9 generations to the 
C57/B16/J strain. One polymerase chain reaction was used for the wt and one for the 
recombined allele for identification of the CD73 wt B6 background strain and CD73-
deficient mice (study I). 
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4.3 Antibodies and immunohistochemistry kits  

Table 4. Antibodies and IHC kits used in the studies. 

Antibody Antigen Isotype Conjugate Source Study

PRIMARY ANTIBODIES
174/2 Human PV-1 Mouse IgG1 FITC Niemelä H et al, Blood 2005 I
2-7 CLEVER-1 Rat IgG Palani et al, Eur J Immunol 2011 II
3-155 Macrophage mannose receptor Mouse IgG Irjala et al, JEM 2001 II
3-372 CLEVER-1 Mouse IgG1 Irjala et al, Eur J Immunol 2003 II
3-372 CLEVER-1 Mouse IgG1 Alexa Fluor 488 Irjala et al, Eur J Immunol 2003 II
4G4 Human CD73 Mouse IgG1 Airas et al, J Immunol 1993 I
CD103 Mouse CD103 (clone M290) Rat IgG2a PE BD Pharmingen I
CD11c Mouse CD11c (clone HL3) Hamster IgG1 PerCP-Cy5.5 BD Pharmingen I
CD3 CD3 Mouse IgG2a Acris Antibodies GmbH II
CD40 Mouse CD40 (clone 3/23) Rat IgG2a PE BD Pharmingen I
CD68 Human CD68 Mouse IgG1 Alexa Fluor 647 Santa Cruz Biotechnology, Inc I
CD68 Human and mouse CD68 Mouse IgG1 Abcam II
EGFR EGFR (intracellular domain, clone 5B7) Rabbit IgG Ventana Medical Systems III
EGFR EGFR (extracellular domain, clone 3C6) Mouse IgG1 Ventana Medical Systems III
Langerin Human, mouse, rat, swine CD207 Rat IgG2a Alexa Fluor 647 Dendritics I
LYVE-1 Human LYVE-1 Rabbit IgG RELIAtech GmbH I
LYVE-1 Mouse LYVE-1 Rabbit IgG RELIAtech GmbH I
MHC II Mouse MHC II alloantigens Rat IgG2b PE BD Pharmingen I
Pim-1 Human and mouse Pim-1 (clone 19F7) Mouse IgG2a M Lilly, Loma Linda, California IV
Pim-1 Human Pim-1 (clone EP2645Y) Rabbit IgG Abcam IV
Podoplanin Human Podoplanin Rabbit IgG D Kerjaschki, Vienna, Austria I, II
Podoplanin Mouse podoplanin Syrian hamster IgG Biotinylated BioLegend I
TY/23 Mouse CD73 Rat IgG2a BD Pharmingen I

NEGATIVE CONTROLS
3G6 T-cells (Chicken) Mouse IgG1 Marko and Jalkanen, Science 1992 I, II, IV
AK-1 Mouse IgG1 In Vivo Biotech Services GmbH I
Mouse IgG1 κ isotype control Unknown Mouse IgG1 Alexa Fluor 488 BD Pharmingen II
NS-1 Unknown Mouse IgG1 FITC ATCC I
Mouse IgG2a Isotype control Keyhole Limpet Hemocyanin (KLH) Mouse IgG2A R&D Systems II
Normal rabbit serum Serotec I, II, IV
Normal rat serum Serotec I

SECONDARY ANTIBODIES (IF stainings)
Alexa Fluor 488 goat anti-rabbit IgG Invitrogen I
Alexa Fluor 488 goat anti-rat IgG Invitrogen I
Alexa Fluor 546 goat anti-mouse IgG1 Invitrogen I
Alexa Fluor 546 goat anti-mouse IgG Invitrogen I, II
Alexa Fluor 546 goat anti-rat IgG Invitrogen I
Streptavidin conjugated Alexa Fluor 546 Invitrogen I

KITS (IHC stainings)
Dako Cytomation Inc IV

ULTRAview Universal DAB Detection Kit Ventana Medical System III
Vector Laboratories II
Vector Laboratories II, IV

DakoCytomationEnvisionTM+System-HRP (DAB) 

Mouse Vectastain Elite ABC Kit 
Rabbit Vectastain Elite ABC Kit  
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4.4 Methodology used in the studies  

Table 5. Methodology used in the studies. 

Method Study

Confocal microscopy I, II
Enzyme assay I
FITC painting I
Fluorescence in situ  hybridization III
Imaging Research MCID M5+ image anlaysis software IV
Immunofluorescence staining I, II
Immunohistochemistry II, III, IV
KRAS gene mutation analysis III
Light microscopy II, III, IV
Lymphocyte homing assay I
Lymphocyte migration assay I
Silver in situ  hybridization III
Skin explant culture I
Receiver operating characteristic statistical analysis III, IV  

4.4.1 Immunohistochemistry (paraffin-embedded samples)  

For detection of CD68+ and CLEVER-1+ TAMs, CD3+ lymphocytes, podoplanin+ and 
CLEVER-1+ lymphatic vessel numbers, and PIM-1 protein expression levels standard 
immunohistochemical procedures were used (studies II, IV). Peroxidase activity 
caused by e.g. hemoproteins (hemoglobin) was suppressed by hydrogen peroxide 
(H202). In order to improve immunoreactivity the following antigen retrieval methods 
were used prior to primary antibody incubations: citrate buffer (pH 6.0) heat treatment 
(anti-Pim-1, clone EP2645Y; anti-CD3), pepsin (anti-CD68), proteinase-K (anti-
CLEVER-1, 3-372; anti- Pim-1, clone 19F7), and trypsin (anti-podoplanin). EGFR 
protein stainings were performed by using the automatized BenchMark XT System 
(Ventana Roche). Two distinct antibodies recognizing different domains of the EGFR 
were used: anti-EGFR (clone 3C6) and anti-EGFR (clone 5B7) recognizing the extra-
cellular and intracellular domains of human EGFR, respectively (study III).   

4.4.2 Immunofluorescence stainings  

Immunofluorescence (IF) stainings were performed on acetone-fixed, fresh frozen, 5 
μm thick tissue specimens. The primary antibodies were incubated for 30-60 minutes 
in room temperature except for the anti-human podoplanin antibody, which was incu-
bated overnight in +4°C. The seconday antibodies were incubated protected from light 
in room temperature for 30 min. Prolong Gold Antifade Reagent was used for mount-
ing (studies I, II). 
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4.4.3 Evaluation of immunohistochemical stainings 

The evaluation of TAMs, lymphatic vessels, and CD3+ lymphocytes was performed by 
light microscopy. The densities of the variables in question were separately evaluated 
both in the peri- and intratumoral areas and semi-quantitatively graded (study II). 

The EGFR protein expression was analyzed by light microscope and classified into 
four staining intensity categories. The highest intensity observed (representing a mini-
mum of 10% of the tumor area), the most common staining intensity, and the localiza-
tion of the staining (membranous, cytoplasmic, or both) were evaluated (study III). 

The Pim-1 protein expression intensity was analyzed both by light microscope and 
by using the Imaging Research MCID M5+ image analysis software (St Catharines, 
Canada). The highest Pim-1 protein expression area/tumor was analyzed by light mi-
croscope and classified into four categories: none (-), weak (+), moderate (++), and 
strong (+++). The subcellular staining pattern was also evaluated.  Areas representing 
different staining intensities were photographed and the staining intensities from those 
areas were analyzed by the image analysis software. The Pim-1 expression from the 
rectal tumors representing the other independent patient material was analyzed by light 
microscope and graded into four categories: - (none), + (weak), ++ (moderate), and 
+++ (strong). The mean and the highest expression intensities and subcellular staining 
pattern were recorded (study IV). 

Immunofluorescence stainings were analyzed by using Zeiss LSM 510 META laser 
scanning confocal microscope (Carl Zeiss). Pictures were taken with Plan-Neofluar 
x20/0.5, x40/0.75, and x40/1.3 oil objectives. Zeiss LSM software was used as aquisi-
tion software and the images were processed with Zeiss LSM Image Browser (Carl 
Zeiss MicroImaging). Double positive vessels (study I) and macrophages (study II) 
were counted from the pictures. 

4.4.4 Silver and fluorescence in situ hybridization  

EGFR DNA probe (Ventana/Roche) and Chr-7 oligonucleotide probe (Ventana/Roche) 
were used for the detection of EGFR gene and Chr-7 from formalin-fixed, paraffin-
embedded sections, respectively (study III). The BenchMark XT using ultraVIEW 
SISH Detection Kit (Ventana/Roche) was used for silver in situ hybridization (SISH) 
analysis. From the areas with the highest EGFR IHC intensity the EGFR GCN (num-
ber of copies of gene/cell) and Chr-7 number (number of copies of chromosome/cell) 
were counted from 40 cancer cells/slide, see Figure 5. EGFR GCN and Chr-7 number 
from nine selected CRC samples were in addition evaluated by fluorescence in situ 
hybridization using Vysis EGFR/CEP 7 FISH Probe Kit (Abbott Molecular Inc., 
USA).  

4.4.5 Enzyme assays 

Endothelial cells were cultured in 96-well plates. The enzymatic activities of ATPase, 
ADPase, ecto-5´-nucleotidase, and adenylate kinase  were measured. The radiolabeled 
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nucleotides and nucleosides were separated and quantified by scintillation β-counting 
(study I).  

4.4.6 Lymphocyte migration assays  

Lymphocytes were collected and labeled with CFSE (a fluorescent dye) from lymph 
nodes and spleen of CD73 deficient and CD73 wt mice. The CD73+/+ and CD73-/-

lymphocytes were injected subcutaneously into the footpads of both CD73 deficient 
and wt mice. After 12 hours the popliteal lymph nodes were harvested, passed through 
a wire mess to obtain a single-cell suspension, and finally analyzed by flow cytometry. 
The lymphocyte migration was in a similar fashion also investigated after LPS (en-
dotoxin, immune response inducer) injection as well as after incubating the lympho-
cytes with anti-LFA-1 antibody. LFA-1 is an adhesion molecule belonging to the in-
tegrin family (study I). 

 

Figure 5  An algorithm combining EGFR protein expression (IHC) and EGFR GCN assessed 
by silver in situ hybridization was used for EGFR GCN evaluation. (A) EGFR pro-
tein expression is observed both in the cytoplasm and membrane of the colorectal 
cancer cells. (B) EGFR GCN analysis was performed from areas with highest 
EGFR protein expression. EGFR gene copy and chromosome 7 numbers were cal-
culated from 40 tumor cells/sample from parallel slides. 

4.4.7 Intravenous lymphocyte homing assay 

Lymphocytes were collected from CD73 wt and CD73 deficient mice in a similar fash-
ion as when performing the lymphocyte migration assays. The CD73+/+ lymphocytes 
were labeled with CFSE and CD73-/- lymphocytes with TRITC. A pool consisting of 
both CD73+/+ and CD73-/- lymphocytes were injected intravenously into the tail of both 
CD73 deficient and wt mice. After 4 hours both peripheral and mesenteric lymph 
nodes as well as spleens were collected, homogenized, and finally lymphocyte suspen-
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sions analyzed by flow cytometry. A homing index was calculated for the lymphocytes 
that had entered the lymph nodes via the HEVs (study I). 

4.4.8 FITC painting 

Ears of both CD73 wt and deficient mice were painted with FITC on the dorsal side. 
After 48 hours lymph nodes draining auricular skin were collected, digested, and the 
tissue pressed through metal strainers to obtain single cell suspension. The cells were 
stained with dendritic cell markers and analyzed by flow cytometry (study I). 

4.4.9 Skin explant culture 

The dorsal side of ears of CD73-deficient and wt mice were cultured on 24-well plates 
for 48 hours. The emigrated dendritic cells were collected and counted and stained for 
CD73 (study I).  

4.4.10  Statistical methods 

Statistical analyses were performed with the SAS 9.2 and Enterprise Guide 4.2 com-
puter programs for personal computers (SAS Institute Inc., Cary, NC). Frequency table 
data were analyzed with the Chi-Square test or Fisher´s exact test. Spearman correla-
tion coefficients were calculated when correlations were analyzed. Statistical analyses 
comparing findings in CD73 wt and CD73 deficient mice as well as enzymatic activi-
ties on vascular and lymphatic endothelial cells were performed with Student´s t-test in 
study I. Differences in Pim-1 expression intensity, macrophage, and lymphatic vessel 
numbers between patient subgroups were analyzed with the Mann-Whitney U test. The 
differences observed in the tested variables within an individual tumor were analyzed 
with Wilcoxon Signed Rank Test. The cut-off values for EGFR GCN, Chr-7 number, 
and Pim-1 expression intensity were defined with the receiver operating characteristics 
(ROC) analysis. Univariate survival analyses were performed with Kaplan Meier and 
Log-rank test as well as Cox proportional hazards regression model. The Cox’s propor-
tional hazards regression model was also used when multivariate survival analyses 
were carried out. The PFS time was calculated from the initiation of anti-EGFR ther-
apy until documented disease progression and the overall survival time from the onset 
of anti-EGFR therapy until death in study III. In study II and IV the DSS time was 
calculated from the time of CRC diagnosis until death of CRC. When calculating OS, 
death of any cause was the end point. P-values < 0.05 were regarded statistically sig-
nificant. 

4.5 Ethics 

The study was conducted in accordance with the Declaration of Helsinki. The local 
ethical committee approved the collection of clinical data and usage of CRC tumor 
samples used in study I. In addition a written informed consent was obtained from the 
patients. In contrast, a written informed consent was not obtained from the patients 
participating in studies II-IV since the majority of the patients had already died when 
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the studies were initiated. Clinical data was collected and histological samples were 
used with the approval of the National Authority of Medico-Legal Affairs in these 
studies. The animal studies were approved by the ethical committee of University of 
Turku.  
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5 RESULTS 

The statistically significant findings (frequency table data) of the variables evaluated in 
studies II and IV are presented in Figure 6. 
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5.1 CD73 in lymphatics (I) 

5.1.1 CD73 expression on lymphatics is heterogenous 

CD73 expression on lymphatic vessels of human gut (n=6), peripheral lymph nodes 
(n=3), and skin (n=3) was analyzed by using double immunofluorescence stainings 
with lymphatic markers podoplanin and LYVE-1. The majority of the podoplanin+ 
(74%) and LYVE-1+ (54%) lymphatic vessels in the skin were also CD73+. Most lym-
phatic vessels in normal gut tissue were in a similar fashion CD73+: podo-
planin+/CD73+ and LYVE-1+/CD73+ lymphatic vessels in 61% and 57% of the cases, 
respectively.  Thus, podoplanin+ lymphatic vessels were slightly more commonly co-
expressing CD73 than the LYVE-1+ vessels. 

CD73 expression on blood vessels was tested by using double IF stainings with PV-
1 as a blood vessel marker. A marked variation was seen in the number of CD73 ex-
pressing blood vessels in the different tissues tested. The blood vessels of the normal 
lymph nodes were most often CD73+ (82%), whereas a minority of blood vessels in the 
gut expressed CD73 (46%). Sixty-eight percent of the skin blood vessels were CD73+.  

The CD73 expression studies on lymphatic vessels of wt BALB/C mice foot pad 
skin samples by double IF stainings revealed that only a minority of the lymphatic 
vessels of mouse skin are CD73+: 31% and 12% of the podoplanin+ and LYVE-1+ ves-
sels co-expressed CD73, respectively. Similarly to human skin samples the podo-
planin+ vessels were more commonly CD73+. 

The distribution of CD73 in both human and mice lymph nodes were investigated and 
regardless of the species the afferent lymphatic vessels and subcapsular sinus were found 
to express CD73 in contrast to the lymphatic sinuses which were devoid of CD73. 

5.1.2 Nucleotide metabolism differs between lymphatic and vascular endothelium 

Cultured human microvascular endothelial cells were separated into lymphatic and vas-
cular endothelial cell subgroups and examined for ATPase, ADPase, 5´-nucleotidase, and 
adenylate kinase activity. Ecto-5´-nucleotidase activity was higher and NTPDase (AT-
Pase, ADPase) activity lower on lymphatic than blood vessel endothelium.  

5.1.3 CD73 on lymphocytes affects their migration  

CFSE-labeled lymphocytes from wt and CD73 knock-out mice were used for investi-
gating lymphocyte migration via the afferent lymphatics to the draining lymph nodes 

Figure 6 Factors examined in studies II and IV and their association with clinicopathological
variables of the colorectal cancer patients. Only statistically significant differences observed
between the groups analyzed are presented. The investigated factors, located either intra- or
peritumorally, were divided into two groups [high vs low number (CD3+ T cells, CD68+ and
CLEVER-1+ macrophages, podoplanin+ and CLEVER-1+ lymphatic vessels) or high vs low
expression (Pim-1)]. (A) The factors investigated in studies II and IV. (B) The statistically
significant results are presented separately for different colorectal cancer stage subgroups. 
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both in wt and CD73-deficient mice.  At a 12 hour timepoint the number of migrated 
lymphocytes was counted in the lymph nodes. CD73+ lymphocytes migrated in a simi-
lar fashion regardless of whether the lymphatic endothelial cells expressed CD73 or 
not. In contrast, the migration of CD73 deficient lymphocytes was statistically signifi-
cantly attenuated both in wt and CD73 knock-out mice.  LPS challenge did not change 
the CD73+ lymphocyte migration results or the number of LYVE-1+/CD73+ positive 
lymphatic vessels in the skin.  

5.1.4 LFA-1 is not involved in lymphocyte migration via afferent lymphatics 

The involvement of LFA-1 in lymphocyte migration via the afferent lymphatics to the 
draining lymph nodes was studied by using a function-blocking LFA-1 antibody. The 
migration of the CD73+/+ or the CD73-/- lymphocytes in CD73 wt or CD73 deficient 
mice was unaltered as a consequence to the anti-LFA-1 antibody treatment.  

5.1.5 CD73 does not affect the homing of lymphocytes under normal conditions 

The homing via HEVs to lymphoid organs of CD73+/+ and CD73-/- lymphocytes were 
tested both in CD73 wt and CD73-deficient mice. Neither lymphocyte nor endothelial 
CD73 expression status impacted the homing of the lymphocytes via HEVs. 

5.1.6 Dendritic cell trafficking in the afferent lymphatics does not involve CD73  

To study whether CD73 takes part in the migration of dendritic cells via afferent lym-
phatics to the auricular draining lymph nodes both CD73 wt and CD73 deficient mice 
were used. FITC painting revealed no difference in migrated dendritic cells between 
CD73 wt and knock-out mice.   

5.2 Lymphatics, macrophages, and CD3+ T lymphocytes in colorec-
tal cancer (II) 

5.2.1 Lymphatic vessels are heterogenous  

Lymphatic vessels in CRC were investigated by using two distinct lymphatic endothe-
lial markers, CLEVER-1 and podoplanin. The appearance of the lymphatic vessels 
differed between the normal gut tissue and malignant areas. The vessels peri- and intra-
tumorally were smaller in size and had flattened lumens more often than the vessels in 
the healthy tissue area. Moreover, the density of lymphatic vessels was higher in the 
peritumoral area than intratumorally. Less than 20% of the podoplanin+ lymphatic ves-
sels co-expressed CLEVER-1. 

5.2.2 Intratumoral lymphatics - a sign of poor prognosis 

CLEVER-1+ vessels were more abundant in poorly differentiated tumors than in well 
differentiated ones and a higher number of intratumoral podoplanin+ lymphatic vessels 
were observed in stage IV than in stage II and III CRC. Furthermore, a high podo-
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planin+ LVD intratumorally associated with a shorter DSS. The number of intratumoral 
CLEVER-1+ vessels, however, did not associate with survival. 

5.2.3 Peritumoral lymphatics - a sign of good prognosis 

Stage II and III CRC patients with a high peritumoral CLEVER-1+ LVD had a lower 
risk of developing a disease recurrence during follow up than the ones with a low peri-
tumoral vessel count (24% vs 43%). Among patients with lymph node metastasis at the 
time of diagnosis (Stage III disease) the recurrence risk difference between the two 
groups was even higher, 42% (25 vs 67%). In addition, patients with a low number of 
peritumoral CLEVER-1+ LVD had more often a primary tumor representing an ad-
vanced T category (T4) than the ones with a high lymphatic vessel count.  

5.2.4 CLEVER-1+ vessel and macrophage numbers correlate with each other 

CLEVER-1+ vessel density correlated positively with the CLEVER-1+ macrophage 
density both peri- and intratumorally. In contrast no association was found between the 
podoplanin+ LVD and macrophage numbers in the peri- or intratumoral areas. The 
CD68+ macrophage density did not correlate with LVD either. 

5.2.5 CLEVER-1 is a marker for type 2 macrophages 

To confirm that the macrophages recognized by the CLEVER-1 antibody are indeed 
type 2 macrophages double IF stainings using both anti-CLEVER-1 and anti-MR anti-
bodies on CRC tissue cryo sections were performed. Almost all MR+ macrophages 
(95%) were found to co-express CLEVER-1.  

5.2.6 The location of macrophages is crucial for CRC outcome 

A high number of peritumoral CD68+ macrophages was more often seen in well-
differentiated tumors and in early stage disease (stage II and III) than in advanced disease 
(stage IV). Furthermore, a high CD68+ peritumoral macrophage number associated posi-
tively with DSS. When investigating the subpopulation of CLEVER-1+ type 2 macro-
phages an association between a high number of macrophages in the peritumoral area 
and a reduced disease recurrence risk was observed. The median DFS time among pa-
tients with a high peritumoral CLEVER-1+ macrophage density compared to those with a 
low number was 103 vs 63 months, respectively. In contrast, no statistically significant 
difference in intratumoral CLEVER-1+ macrophage number between the patients who 
stayed disease free or those who developed a disease recurrence was found. In early stage 
disease (stage II and III) a high density of peritumoral CLEVER-1+ macrophages was 
associated with a longer DSS. In metastatic stage IV disease a high peritumoral 
CLEVER-1+ macrophage number, in contrast, was associated with a shorter DSS. Stage 
IV CRC patients with a high number of intratumoral CLEVER-1+ macrophages had a 
shorter DSS than patients with a low number of these macrophages intratumorally. 
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5.2.7 Subtype of macrophages influences recurrence site  

The balance between the CD68+ and CLEVER-1+ macrophage numbers were investi-
gated by comparing the tumors with a high number of CD68+ macrophages and a low 
number of CLEVER-1+ macrophages (type 1 dominant macrophage score) to all other 
types of tumors. Only 9% of the patients who developed distant metastasis during fol-
low up had an intratumoral type 1 dominant macrophage score in their primary tumor, 
whereas a majority (57%) of the patients with only a local disease recurrence had this 
macrophage score in their primary tumors.  

5.2.8 CD3+ lymphocytes in Stage III colorectal cancer 

The CD3+ T lymphocyte density both peri- and intratumorally in stage III CRC did not 
associate with the number of macrophages, recurrence risk, or survival. The number of 
CD3+ T lymphocytes did not correlate with podoplanin+ or CLEVER-1+ vessel numbers 
either. 

5.2.9 A new prognostic score is associated with CRC survival 

A combined score hypothesized to associate with a good CRC prognosis was created 
on basis of the results. The score included: a high number of peritumoral CD68+ 
macrophages, a high number of peritumoral (PT) CLEVER-1+ macrophages and a 
low intratumoral podoplanin+ lymphatic vessel number. This 
CD68+highPT/Clev+highPT/podo+lowIT score was observed in 22/159 (14%) of the CRC 
primary tumors included in this study. Eighteen of these patients had Stage II CRC, 
three patients had Stage III disease, and only one patient metastatic Stage IV CRC.  
The CRC patients with the CD68+highPT/Clev+highPT/podo+lowIT score in their primary 
tumors had a longer DSS. Furthermore, the CD68+highPT/Clev+highPT/podo+lowIT score 
was associated with fewer disease recurrences (19% vs 37%) among the Stage II and 
III CRC patients, but this 18% difference did not reach statistical significance. The 
median disease-free survival in the subgroup of CD68+highPT/Clev+highPT/podo+lowIT 
stage II CRC patients was notably pro-longed; 11 vs 5.8 years. 

5.3 EGFR gene copy number as a predictive marker for anti-EGFR 
treatment in metastatic colorectal cancer (III) 

5.3.1 EGFR protein expression correlates with EGFR GCN  

EGFR protein expression was evaluated with two different monoclonal antibodies 
against EGFR; clone 5B7, which recognizes the intracellular domain of EGFR and 
clone 3C6, which recognizes the extracellular domain of EGFR. The EGFR protein 
expression was heterogenous within the tumors. The most commonly observed EGFR 
staining intensity was low (+) and the highest staining intensity moderate (++) in the 
majority of the tumors. Strong (+++) EGFR expression was only seen in one tenth of 
the tumors. The EGFR expression results obtained with the two different antibodies 
correlated statistically significantly with each other. Because of the intratumoral het-



Results 

71 

erogeneity of EGFR protein expression EGFR GCN and Chr-7 number were chosen to 
be evaluated from the regions with the highest EGFR protein expression.  

ROC-curve analysis was used for determination of the optimal cut-off value for 
EGFR GCN and Chr-7 number and turned out to be 4.0 and 4.5, respectively.  A high 
EGFR GCN (≥ 4.0) was observed in 64% (51/80) and a high Chr-7 number (≥ 4.5) in 
60% (48/80) of the CRC tumors. The EGFR protein expression evaluated with the 
intracellular domain antibody (clone 5B7) correlated positively with the EGFR GCN 
and Chr-7 numbers. In contrast, the EGFR protein expression results obtained with the 
extracellular domain antibody (3C6) showed no correlation with EGFR GCN despite a 
positive correlation with Chr-7 number.  

5.3.2 EGFR GCN predicts responsiveness to anti-EGFR treatment   

Metastatic CRC patients with a high EGFR GCN (≥ 4.0) in their primary tumors 
treated with anti-EGFR therapy had a clinical benefit response (CR + PR + SD) in 
73% of the cases compared to only 20% for those with a low EGFR GCN (< 4.0). 
When analyzing the predictive value of the marker used routinely today, KRAS, a 
clinical benefit response rate of 59% was observed among the KRAS wt patients. A 
combination of KRAS gene status and EGFR GCN improved the results: the clinical 
benefit rate increased to 82% for the KRAS wt patients with a high EGFR GCN (≥ 
4.0). The responses to anti-EGFR therapy are shown more in detail in Figure 7. 

 

Figure 7  Anti-EGFR treatment responses in metastatic colorectal cancer according to (A) KRAS 
gene status and (B) EGFR gene copy number. The treatment responses in the KRAS 
wild type subgroup of patients according to (C) EGFR gene copy number and (D) 
Chromosome 7 number. Adapted from Algars et al. Br J Cancer 2011 (study III). 



Results 

72 

Subgroup analyses were performed to investigate the predictive value of EGFR 
GCN also in KRAS wt metastatic CRC patients treated with anti-EGFR therapy in first 
line (n = 5), second line or more (n = 39), and in the chemorefractory phase of the dis-
ease (≥ third line, n = 25). From the chemorefractory subgroup of patients the ones 
with a prolonged SD (≥ 24 weeks) were also separately analyzed.  KRAS wt patients 
with a high EGFR GCN responded statistically significantly better to anti-EGFR 
treatment than the ones with a low EGFR GCN in all subgroups analyzed. The best 
clinical benefit rate (84%) was recorded in the chemorefractory CRC patient group. 

5.3.3 A high EGFR GCN is associated with improved survival 

PFS was statistically significantly longer in anti-EGFR treated metastatic CRC patients 
with KRAS wt tumors as compared to KRAS mutated ones (22 vs 12 weeks) and in 
patients with a high EGFR GCN in their primary tumors in comparison to a low EGFR 
GCN (32 vs 12 weeks). The combination of these two markers improved the results: 
patients with KRAS wt tumors with a high EGFR GCN had an almost three times 
longer PFS than the ones with a low EGFR GCN (35 vs 12 weeks). Subgroup PFS 
survival analyses were performed by including the KRAS wt patients that had been 
treated with anti-EGFR therapy in ≥ second line or the ones treated at a chemorefrac-
tory phase of the disease. From the chemorefractory patient material a further subgroup 
analysis was carried out by excluding the patients with a short SD duration (< 24 
weeks). In all patient subgroups analyzed a high EGFR GCN associated with a prolon-
gation of PFS. EGFR GCN proved to be an independent predictor of PFS in the multi-
variate survival analysis also.  

OS was in a similar fashion improved in metastatic CRC patients treated with 
anti-EGFR therapy with a high EGFR GCN in their primary tumors as compared to a 
low EGFR GCN (15.9 vs 4.4 months). OS for patients with KRAS wt tumors was 
longer than for patients with KRAS mutated tumors (11.6 vs 8.2 months), but the 
difference did not reach statistical significance. KRAS wt/EGFR GCN ≥ 4.0 patients 
had a more than four times longer OS than the KRAS wt/ EGFR GCN < 4.0 patients 
(19.7 vs 4.4 months). OS remained longer in the KRAS wt/EGFR GCN ≥ 4.0 patients 
in the subgroup analyses including patients treated with anti-EGFR therapy in ≥ sec-
ond line or patients treated in the chemorefractory phase of the disease. EGFR GCN 
independently predicted OS also in multivariate survival analysis. 

5.4 Pim-1 in colorectal cancer (IV) 

5.4.1 Pim-1 protein expression is heterogenous in CRC 

Pim-1 protein expression in primary stage II and III CRC tumors (n = 124) was 
evaluated with a monoclonal mouse Pim-1 antibody (clone 19F7). The expression 
profile was exclusively cytoplasmic and showed heterogeneity within the tumors. 
Despite testing different antigen retrieval methods no Pim-1 expression in the nuclei 
of the CRC cells was seen. Strong staining (+++) was seen in 37% (46/124) of the 
tumors. Only 4% (5/124) of the tumors were completely devoid of Pim-1 expression. 
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The Pim-1 expression categories obtained by visual evaluation correlated statistically 
significantly with the intensity values of Pim-1 expression provided by the image 
analysis computer program. The Pim-1 expression values provided by the image 
analysis computer program were used in statistical analyses. The cut-off value for 
Pim-1 expression was determined by ROC analysis generated on disease outcome 
(DSS, OS, disease recurrence) and set at 60 percentile (image analysis value 0.1185).  

A second independent patient cohort consisting of rectal cancer patients (n=25) 
was evaluated for Pim-1 expression by using a commercially available monoclonal 
Pim-1 antibody (clone EP2645Y). The staining pattern was heterogenous and in con-
trast to the 19F7 antibody results nuclear Pim-1 staining was seen in a majority of the 
tumors. Seventy-two percent of the tumors had Pim-1 expression present in the cyto-
plasm of the cancer cells, whereas nuclear staining was seen in almost all (92%) 
cases. 

To further investigate the clearly different staining pattern observed with the two 
distinct Pim-1 antibodies, ten CRC tumor specimens of the stage II and III patient ma-
terial were stained with the EP2645Y antibody, in addition to the 19F7 antibody. An 
unquestionable difference in the nuclear staining capability was observed as all speci-
mens had Pim-1 in the nucleus, when the clone EP2645Y antibody was used in con-
trast to no nuclear Pim-1 staining with the 19F7 antibody. 

5.4.2 Radiation therapy alters subcellular Pim-1 expression levels 

From nine rectal cancer patients, both a pre- and post-radiation tumor sample was 
available, which made it possible to study the effect of radiation therapy on Pim-1 lo-
calization and expression intensity. The cytoplasmic Pim-1 expression was increased in 
33% (mean expression) or 44% (highest expression) of the cases or alternatively unal-
tered. No reduction of Pim-1 expression was observed. In contrast, a decrease in nu-
clear Pim-1 expression was noticed in 22% (highest expression) or 44% (mean expres-
sion) of the cases. 

5.4.3 High Pim-1 expression is associated with a favorable CRC outcome 

Stage II and III CRC patients with a high Pim-1 expression (above the 60 percentile) in 
their primary CRC tumors experienced fewer disease recurrences than the ones with 
low Pim-1 expressing tumors (20% vs 45%). In addition, both DSS and OS were 
longer for patients with high Pim-1 expressing tumors than for those with low levels of 
Pim-1. A 7% difference in the 2-year survival rate was observed in benefit of the pa-
tients with high Pim-1 expressing tumors (88% vs 81%). The 5-year survival difference 
was 13% in favor of the patients with elevated Pim-1 expression (70% vs 57%). A high 
Pim-1 expression associated positively with DSS also in multivariate survival analysis, 
whereas the association with OS was only borderline significant (p = 0.05).  

In the independent rectal cancer patient cohort patients with negative nuclear Pim-1 
expression as the mean expression category (most commonly observed nuclear staining 
pattern) had a shorter DSS than the ones with Pim-1 present in the cancer cell nuclei. 
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The DSS advantage for those patients with more Pim-1 in the nucleus remained sig-
nificant when the patients with stage IV disease at the time of diagnosis were excluded 
from the analysis. Kaplan Meier survival curves and IHC figures of selected markers 
investigated in this study are shown in Figure 8.  

 

Figure 8  Kaplan Meier survival curves and immunohistochemical stainings for some of the 
markers investigated in this study. (A) High Pim-1 expression and (B) a high num-
ber of CLEVER-1+ type 2 macrophages in the peritumoral (PT) area associate with 
improved disease-specific survival in stage II and III colorectal cancer patients. (C) 
A high density of CD68+ macrophages in the peritumoral area of stage III and IV 
colorectal cancer patients is associated with longer disease-specific survival. 
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6 DISCUSSION 

6.1 CD73 in lymphatics 

This study demonstrates that CD73 is a molecule involved in lymphocyte trafficking via 
the afferent lymphatics to the draining lymph nodes and thus adds CD73 to the repertoire 
of just a few molecules known at present to take part in this event. The molecules in-
volved in leukocyte trafficking in blood vessels are in contrast well characterized (Ley et 
al. 2007). CD73 on lymphocytes, not lymphatic endothelial cells, participates in lympho-
cyte migration and trafficking via the afferent lymphatics according to the results of this 
study. By contrast, the binding of lymphocytes to vascular endothelium has been demon-
strated to inhibit the enzymatic activity of endothelial CD73 and thereby decrease the 
amount of adenosine. This enhances leukocyte transmigration as a consequence of im-
paired vascular barrier function (Henttinen et al. 2003). The leukocyte trafficking in the 
afferent lymphatics in vivo occurred independent from integrin LFA-1 in study I opposite 
to the blood vessels, where in vitro data show that CD73 on lymphocytes increases lym-
phocyte binding to endothelial cells via LFA-1 clustering (Airas et al. 2000).  

This study investigated also the homing of lymphocytes via blood vasculature and 
demonstrated that neither on lymphocytes nor on endothelial cells did CD73 affect the 
homing of lymphocytes via HEVs to the spleen, blood, peripheral or mesenteric lymph 
nodes under normal, noninflamed conditions, which is in line with the findings of Ta-
kedachi et al. Takedachi and colleagues investigated also the migration of T and B 
lymphocytes across HEVs after LPS challenge and showed that adenosine generated 
by CD73 on HEVs, not lymphocytes, decreases lymphocyte migration via adenosine 
receptor A2B signaling (Takedachi et al. 2008). Lymphocyte migration through HEVs 
during LPS challenge was not investigated in study I. Instead, the effect of LPS on 
lymphocyte migration in afferent lymphatic vessels was examined and it did not affect 
the migration. Taken together, the role of CD73 as a leukocyte trafficking molecule 
differs between the blood and lymphatic vasculature. 

The expression analyses of CD73 in lymphatic and blood vessels of normal human 
and mouse skin, lymph node, and gut tissues revealed that both lymphatic and blood 
vessels are heterogenous. Interestingly, more than half of the lymphatic vessels in human 
skin samples expressed CD73, whereas only a minority of the lymphatics in mouse skin 
was CD73 positive. Both in human and mouse the podoplanin+ lymphatic vessels were 
more often CD73+ than the LYVE-1+ lymphatics. The finding that CD73 is present only 
on afferent lymphatics is extraordinary, since all known lymphatic markers known today 
are present both on afferent and efferent lymphatics. Higher activities of ATPase and 
ADPase were seen on vascular endothelial cells in comparison to lymphatic endothelium. 
In contrast, ecto-5´-nucleotidase activity was higher on lymphatic than vascular endothe-
lium further emphasizing the differences between the two vascular beds.  

Previously only one molecule expressed on lymphocytes, CCR7 has been shown to 
take part in leukocyte trafficking in the afferent lymphatics (Debes et al. 2005). There-
fore the discovery of a new molecule participating in leukocyte trafficking through the 
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lymphatics is important and possibly opens the door for future research in the fields of 
for instance inflammation and cancer. Tumor cells utilize the lymphatic vessel conduits 
for metastatic spread. Cancer cells expressing CD73 could potentially use the same 
mechanism for disseminating to the lymph nodes as the lymphocytes in this study. At 
present we do not know the mechanism of how CD73 on the lymphocytes facilitates 
the trafficking in the afferent lymphatics. 

Several protumoral effects have been linked to CD73 or adenosine generated by 
CD73, e.g. the ability to increase tumor cell chemotaxis, increased tumor cell migra-
tion, suppression of antitumoral immunity, and anti-apoptotic effects. Targeting of 
CD73 would therefore be appealing. In cancer, potential treatment target candidates 
include the blocking of A2A adenosine receptors or CD73 by anti-CD73 antibodies or 
small molecular inhibitors of CD73 (Salmi & Jalkanen, 2011; Stagg & Smyth, 2010). 
By contrast, in inflammatory diseases the upregulation of adenosine or CD73 is the 
goal, which can be achieved by e.g. interferon-α or -β therapy, which both increase 
CD73 on vasculature without affecting the CD73 levels on cancer or inflammatory 
cells. Statins are also known inducers of CD73 (Salmi & Jalkanen, 2011). 

CD73 is a molecule involved both in inflammation and lymphatics, which are both 
factors capable of affecting the course of CRC. Therefore the role of CD73 in human 
CRC would be interesting to study in the future. Finally, when interpreting data of in 
vitro and in vivo murine studies one should keep in mind that the results obtained from 
mice experiments might not directly translate to humans.  

6.2 Lymphatics in colorectal cancer 

The results in study II by using two distinct lymphatic endothelial markers, podoplanin 
and CLEVER-1, showed that the location and number of lymphatic vessels both intra- 
and peritumorally may influence the outcome of CRC. Quite interestingly the LVD 
seemed to impact the disease prognosis inversely depending on the location of the 
lymphatic vessels. A high LVD intratumorally was associated with a decreased sur-
vival of the patients, whereas, in contrast, a high LVD peritumorally was associated 
with fewer disease recurrences.  

To my knowledge only a few studies have investigated the association between 
LVD and patient survival in CRC previously. Three studies reported, similar to these 
results, an association between a high intratumoral LVD and decreased survival (Li et 
al. 2011b; Matsumoto et al. 2007; Yan et al. 2008), whereas a study by Omachi et al. 
found no such association (Omachi et al. 2007). Only one of the studies mentioned 
above investigated the peritumoral LVD separately and found no association between 
peritumoral LVD and survival (Matsumoto et al. 2007). The findings regarding the 
relationship between a high peritumoral LVD and good prognosis demonstrated in my 
study are not unique, since similar findings have been published in other malignancies 
like SCC of the head and neck (Maula et al. 2003) and melanoma (Straume et al. 
2003). One possible mechanism for this phenomenon could be an enhanced immune 
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response towards the cancer cells provided by the peritumoral lymphatics serving as a 
conduit for antigen presenting cells  

In study II the LVD was higher peritumorally than intratumorally but nevertheless 
lymphatic vessels were observed intratumorally in a majority of the tumors (84%).  In 
some studies intratumoral lymphatics have been extremely rare (Ishikawa et al. 2008; 
Liang et al. 2006; Liang et al. 2007), whereas other studies have detected intratumoral 
lymphatics similar to these findings (Longatto-Filho et al. 2008; Matsumoto et al. 2007; 
Saad et al. 2006). No proliferative marker to examine the functionality of the intratu-
moral lymphatic vessels was used in this study, but patients with distant metastasis had 
more vessels intratumorally than patients with stage II and III disease suggesting that 
these vessels may be involved in the metastatic spread of CRC. Proliferative markers 
(Ki-67) have been used in addition to lymphatic markers in only a few of the studies 
investigating LVD in CRC (Liang et al. 2006; Omachi et al. 2007). Of those, prolifera-
tive lymphatic vessels were detected in only one of the studies (Omachi et al. 2007). 

The retrospective nature and heterogenous patient material are two unquestionable 
weaknesses of this study. Furthermore, rather unexpectedly no difference in LVD be-
tween stage II (N0) and III (N+) disease was observed. This could be explained by 
possible under-staging due to inadequate numbers of lymph nodes examined at the 
time of diagnosis, resulting in lymph node positive patients being diagnosed falsely 
into lymph node negative ones. At the time period 1996 - 1997, when the patient popu-
lation of this study underwent CRC primary tumor surgery an adequate number of 
lymph nodes (≥12) in accordance with today`s standards were seldom investigated. 
According to recent knowledge not only the increase in number of lymphatic vessels 
but also qualitative changes in lymphatic vessels are capable of enhancing the spread 
of malignant cells to the regional lymph nodes. However, in this study the morphologi-
cal changes in the lymphatic vessels were not studied.  

The strengths of this study include the usage of two different lymphatic markers, 
even though one should remember, when interpreting the results regarding CLEVER-
1+ vessels that CLEVER-1 can in addition to lymphatic endothelium be expressed on 
neovasculature in malignancies. Podoplanin on the other hand is probably one of the 
most reliable lymphatic vessel markers available today. Other strengths of this study 
include the separate analysis of both the intra- and peritumoral regions of the tumor 
samples as well as the inclusion of survival data of the patients. 

The role of angiogenesis in tumor development has been widely studied resulting in 
anti-angiogenic drugs being incorporated into routine cancer care. Bevacizumab is an anti-
VEGF-A monoclonal antibody used in the treatment of CRC, lung cancer, and renal cell 
carcinoma. Sunitinib (Gan et al. 2009), sorafenib (Mulder et al. 2010), and pazopanib 
(Schutz et al. 2011) are examples of other cancer drugs available with anti-angiogenic 
effects (Holopainen et al. 2011). The discovery of specific lymphatic endothelial markers 
has increased the knowledge also in the field of tumor-associated lymphangiogenesis. 
Lymphatic vessels are thought to provide a conduit for cancer cells to utilize for metasta-
sizing to the regional lymph nodes and LVI is regarded a strong negative prognostic factor 
in most malignancies. As a consequence, numerous studies have attempted to find factors 
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involved in this crucial step of tumorigenesis in order to find means to prevent this harmful 
event. Focus has lied on growth factors known to be involved in lymphangiogenesis, their 
receptors, LVD and LVI. Chemotactic factors have also been investigated, among others. 
For instance VEGF-A, VEGF-C, VEGF-D, VEGFR-2, and VEGFR-3 are possible anti-
lymphangiogenic treatment targets. They can be inhibited by neutralizing antibodies di-
rected against the ligands or receptors or alternatively soluble versions of the receptors (e.g. 
VEGF-Trap aflibercept). Small molecule tyrosine kinase inhibitors of VEGFR-2 and 
VEGFR-3 are possible drug candidates and an on-going phase II trial is investigating 
mFOLFOX6 cytotoxic therapy in combination with either bevacizumab (anti-VEGF-A 
antibody) or tivozanib (an inhibitor of VEGFR-1, -2, and -3) in metastatic colorectal can-
cer. One potential indication for anti-lymphangiogenic therapy could be chemoprevention. 
Interestingly celecoxib, a COX-2 inhibitor, which is approved for chemoprevention of 
CRC, inhibits both angiogenesis and lymphangiogenesis (Nagahashi et al. 2010). An addi-
tional possible indication could be targeting tumor associated lymphatic vessels to restrict 
metastatic spread of the CRC cells after non-radical removal of the primary tumor or in 
those cases, where the primary tumor is inoperable. Anti-lymphangiogenic therapy might 
also work in the post-operative adjuvant setting despite the disappointing results of two 
large phase III trials that failed to show any benefit of adding the anti-angiogenic drug 
bevacizumab to chemotherapy after complete surgical removal of the primary tumor. In 
contrast bevacizumab shows benefit in patients with metastatic CRC (Allegra et al. 2011). 
Importantly, according to the results presented here the timing of lymphatic vessel targeting 
should be right, since at certain stages of disease the lymphatic vessels in the peritumoral 
area seem to be beneficial for patient outcome. Destroying the vessels at the wrong phase 
of the disease might in the worst scenarios be detrimental for the patient. 

If LVD in the future proves to be a prognostic factor in CRC it could potentially be 
used for selecting stage II patients benefitting from post-operative adjuvant therapy as 
well as for selecting the intensity of the adjuvant therapy needed. Studies investigating 
the potential role of LVD as predictive marker for CRC treatments would also be inter-
esting to carry out.   

Future prospective studies with a more homogenous patient material would be rec-
ommended to confirm these results. Since apparent discrepancies exists in the results 
reported by different groups, even in studies where the lymphatic marker used and the 
cancer type investigated have been the same, an international consensus report has 
been published for standardization of lymphangiogenesis assessment. The recom-
mended methodology includes the usage of double immunostains with both lymphatic 
marker D2-40 and proliferation marker Ki-67, the detection of vascular hot-spots by 
light-microscope, and the quantification of lymphatic vessels with the Chalkley point 
gratitude method, which is a measure of the lymphatic vasculature area rather than 
lymphatic vessel number. The consensus proposal recommends counting of both pro-
liferative and non-proliferating LECs and that the analysis ould be sequentially per-
formed by two investigators (Van der Auwera et al. 2006).  

sh
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6.3 Tumor associated macrophages in colorectal cancer 

In this study a high density of peritumoral CD68+ macrophages was a sign of good 
prognosis, whereas the impact of type 2 CLEVER-1+ macrophages on CRC outcome 
varied according to the stage of the disease and the location of the macrophages. 

The results regarding an improved survival of the patients with a high peritumoral 
CD68+ number is supported by other findings in this field (Forssell et al. 2007; Lackner 
et al. 2004; Zhou et al. 2010). The association between a high number of type 2 
CLEVER-1+ macrophages peritumorally with a good prognosis in stage II and III CRC 
was surprising taking into account the expected protumoral function of the type 2 macro-
phages. To my knowledge only one study has investigated the prognostic impact of type 
2 macrophages in CRC before (Nagorsen et al. 2007). They used CD163 as a type 2 
macrophage marker and reported in support of my findings, that a high CD163+ macro-
phage number in the tumor stroma was related to improved survival. They included CRC 
patients of all stages (stage I-IV) and probably due to the small patient number (n=40) 
did not perform stage specific subgroup analyses. Type 2 macrophages are known to 
induce immunosuppressive T regulatory cells (Savage et al. 2008) and therefore the find-
ing by Salama et al. that a high FOXP3+ Treg density in a big stage II and III CRC pa-
tient material (n=967) was associated with improved survival, further supports these 
results (Salama et al. 2009). One recent study examining immune cells at the tumor bud-
ding regions in CRC reported a similar relationship between a high FOXP3+ Treg density 
and a favorable disease outcome (Zlobec et al. 2011). Indirectly supporting the findings 
in study II is one study by Erdman et al. who examined CD45+CD25+ regulatory T lym-
phocytes in a mouse model of human intestinal cancer and showed that Tregs inhibited 
the development of adenomas in an IL-10 dependent manner and induced regression of 
intestinal adenomas, enhanced apoptosis, and down-regulated COX-2 within tumors 
(Erdman et al. 2005). Due to the known connection between T lymphocytes and macro-
phages the CD3+ T lymphocytes in the stage III subpopulation was investigated in my 
study, but no correlation between numbers of type 2 macrophages and CD3+ lympho-
cytes was found. The usage of a T cell subpopulation marker could have yielded different 
results. 

In metastatic stage IV disease, a high number of CLEVER-1+ macrophages both peri- 
and intratumorally associated with worse survival in contrast to the findings in earlier 
stages of CRC. The findings in stage IV CRC disease are easier to comprehend, taking 
into account the expected protumoral functions of type 2 macrophages. It appears, that 
the function and role of the macrophages change during cancer progression and that the 
location of the macrophages is crucial, as well. In support of this theory a mouse tumor 
model study by Movahedi et al. showed evidence for the fact that different subset of 
TAMs are present in different tumor regions and increased in number during tumor pro-
gression (Movahedi et al. 2010). Moreover, Erreni et al. speculated that, the macro-
phages in the peritumoral region might be exposed to less tumor-derived cytokines and 
be located in a tissue better oxygenated than the intratumoral region, both factors, which 
might bring about an antitumoral macrophage phenotype (Erreni et al. 2011). 
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The influence of the type 1 and 2 macrophage balance on CRC recurrence patterns 
was also investigated. A type 1 dominant (CD68high and CLEVER-1neg or low) intratu-
moral macrophage score associated more often with local recurrences than distant me-
tastasis and only a minority of the patients with liver metastasis had this score in their 
primary tumor. Two other studies reported similar to these findings, that a high intra-
tumoral CD68+ macrophage number was protective against distant metastasis 
(Nagtegaal et al. 2001) and liver metastasis (Zhou et al. 2010).  

No association between CD3+ lymphocyte counts and prognosis in the stage III 
CRC patient subpopulation was found in this study, which is in line with the findings 
of Laghi et al. (Laghi et al. 2009) as well as Nosho et al. (Nosho et al. 2010). Most 
other studies though have found opposite to these results an association between a high 
CD3+ T cell number and favorable CRC prognosis.  In this study some tumors ana-
lyzed for CD3+ density were done on TMA samples and the analysis was only per-
formed from the intratumoral regions. Nosho et al. used TMA samples similar to this 
study. Laghi et al. on the other hand, analyzed only the peritumoral part of the tissue 
specimen. The usage of TMA tissue samples prevents taking into account the hetero-
geneity often seen within CRC tumors, therefore the results might have differed, if 
whole tissue specimens would have been used.  

A positive correlation was observed between the numbers of type 2 CLEVER-1+ 
macrophages and CLEVER-1+ vessels in this study, whereas the density of CD68+ 
macrophages did not correlate with podoplanin+ or CLEVER-1+ vessel numbers. A 
positive correlation between numbers of macrophages and lymphatic or blood vessels 
would have been expected due to the proangiogenic and prolymphangiogenic factors 
secreted by macrophages. Ammar et al. found a positive correlation between the num-
bers of CLEVER-1+ macrophages and CLEVER-1+ blood as well as lymphatic vessel 
numbers in breast cancer, in support of these results (Ammar et al. 2011). In line with 
my findings Hasita et al. reported a closer association between numbers of type 2 
CD163+ macrophages and vessels than between CD68+ macrophages and vessels 
(Hasita et al. 2010).  

The strengths of this study include the usage of both a pan-macrophage marker and 
type 2 macrophage marker as well as the investigation of both the intratumoral and 
peritumoral areas. The role of CLEVER-1 as a type 2 macrophage marker was vali-
dated by performing double stainings with an established type 2 macrophage marker, 
MR. The results demonstrated that CLEVER-1 indeed recognizes type 2 macrophages 
in CRC tissue. The prognostic significance of type 2 CLEVER-1+ macrophages in 
CRC is not known and therefore, this study brings new knowledge to this field. The 
limitations of this study comprise the retrospective nature of this study material and the 
lack of a validation patient cohort. 

Tilting the balance of pro- and antitumoral immune responses towards an anti-
tumoral, adaptive immunity favoring one and to find means for selective depletion of 
protumoral inflammatory cells are two interesting therapeutic possibilities in addition 
to the immunotherapeutic agents already available on the market. Thus reduction of 
TAMs, their depletion, or re-education could be possible future treatment strategies. 
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IFN-γ, an activator of innate immunity cells has the ability to re-educate TAMs to-
wards antitumoral activity. In an interesting study by Kodumudi et al. docetaxel treat-
ment in a breast cancer mouse model decreased MDSC number and polarized MDSCs 
toward a M1 like phenotype (Kodumudi et al. 2010). Blocking CCL-2, a chemokine 
that attracts monocytes and Tregs to the tumor microenvironment might also be benefi-
cial in CRC (Popivanova et al. 2009). It would be crucial to clarify which particular 
immune cell subtype is prognostic for which type of cancer at which disease stage. We 
are still lacking robust data in this regard, which is an obstacle for drug development in 
this field. 

Despite numerous studies addressing the prognostic role of specific immune and in-
flammatory cells in CRC, they cannot be implemented into clinical practice as yet. The 
studies reported show considerable variation in e.g. sample size, tumor specimens 
(TMA vs whole tissue samples), region of interest (peri- vs intratumoral), immunohis-
tochemical markers, methodology, and analyzing techniques used. Standardized meth-
odology for evaluation of immune-responses is needed and the REporting recommen-
dations for tumor MARKer prognostic studies (REMARK) guidelines should be fol-
lowed, when carrying out prognostic biomarker studies (McShane et al. 2005; Ogino et 
al. 2011). 

6.4 EGFR GCN in metastatic colorectal cancer 

EGFR GCN assessed by automated SISH guided by EGFR protein expression analysis 
was shown to predict responsiveness to anti-EGFR treatment, PFS, and OS in metastatic 
CRC even better than the recommended, routinely used KRAS test. The predictive value 
was further improved by combining the KRAS and EGFR GCN analyses.  

The results of this study seem to have a better predictive value than the results previ-
ously reported by other groups (see Table 2 in the review of the literature section on 
page 56). In addition, the EGFR GCN cut-off value was higher than in most previous 
publications (Cappuzzo et al. 2008; Personeni et al. 2008; Sartore-Bianchi et al. 2007; 
Scartozzi et al. 2009; Scartozzi et al. 2011). Potential explanations for these differences 
include the usage of SISH as well as a different EGFR probe for EGFR GCN evaluation. 
SISH analysis performed by conventional bright field light microscopy enables improved 
morphological tissue identification as compared to FISH, which might have affected the 
results. However, a study investigating the concordance between HER2 gene amplifica-
tion analyzed by FISH in comparison to SISH in breast cancer, reported a high concor-
dance rate between the two methods (96%). The discrepancies that occurred were in 
tumors exhibiting HER2 gene copy number heterogeneity. CRC primary tumors are het-
erogenic in nature and that might cause differences when analyzing EGFR GCN by SISH 
or FISH in CRC. But, these arguments do not explain the differences observed, when 
comparing our results to the ones performed by chromogenic in situ hybridization 
(CISH) (Laurent-Puig et al. 2009; Scartozzi et al. 2009; Scartozzi et al. 2011). Scartozzi 
et al. compared EGFR GCN evaluation by FISH and CISH in CRC. The cut-off values 
showed some variation (see Table 2 in the review of the literature section) but they both 
predicted response to anti-EGFR therapy and the authors concluded that both FISH and 
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CISH are suitable for EGFR GCN assessment in CRC (Scartozzi et al. 2009). HER2 
FISH and CISH comparison in breast cancer yielded, in a similar manner, a high concor-
dance rate (Tanner et al. 2000). 

The usage of EGFR protein expression (area with highest intensity) to guide the se-
lection of the area for EGFR GCN analysis might explain the superior results and the 
higher EGFR GCN cut-off value observed in this study. A new anti-EGFR antibody, 
clone 5B7, which recognizes the functionally active intracellular domain of EGFR was 
used in this study. This might also explain the differences observed, since other com-
mercially available antibodies are directed against the extracellular domain of EGFR. 
An antibody, clone 3C6 directed against the extracellular domain of EGFR, was tested 
too, but it did not correlate with EGFR GCN in contrast to the results obtained with the 
clone 5B7. Taken together, the most likely cause for the observed differences in cut-off 
values and predictive strengths between this study and others is in my opinion the 
combination of EGFR IHC and EGFR GCN assessed by the SISH method.  

The EGFR GCN/Chr-7 ratio was also assessed and a true EGFR amplification (ratio 
> 2.2) was observed in only 2 out of 78 tumors. Therefore, the observed EGFR GCN 
increase (≥ 4.0) in 65% (51/78) of the CRC tumors was related to Chr-7 polysomy. 
Nevertheless, at least according to these results, a GCN gain seems to predict respon-
siveness to anti-EGFR therapy in CRC despite the concurrent presence of Chr-7 poly-
somy. The importance of the gene/chromosome ratio is being questioned also in HER2 
positive breast cancer patients treated with trastuzumab, where a study showed that 
patients with HER2 amplified tumors, regardless of Chr-17 number and 
HER2/centromere 17 ratio, benefitted from treatment (Perez et al. 2010).  

Weaknesses of this study include the inclusion of a relatively small patient number, 
the retrospective nature of this study as well as the heterogeneity in the treatment regi-
mens. Subgroup analyses were performed in the KRAS wt patient population to evalu-
ate the predictive value of EGFR GCN in more homogenously treated patients. A high 
EGFR GCN remained as a statistically significant predictor of a favorable anti-EGFR 
therapy response in all subgroups evaluated.   

The strengths of this study include the usage of a fully automated SISH methodol-
ogy, which minimizes methodological reproducibility concerns. In addition, a low 
SISH failure rate was observed, 2.5% (2/80), which is clearly less than e.g. in a study 
by Laurent-Puig et al. who reported a drop-out rate of 20% due to technical problems 
(Laurent-Puig et al. 2009). Furthermore, the chromogen of SISH is stable unlike fading 
fluorochromes of FISH, and does not require special analyzing instruments. In one 
study by Dietel et al. the interobserver variation for HER2 SISH in breast cancer was 
low (Dietel et al. 2007) similar to CISH (Isola et al. 2004), whereas Sartore-Bianchi et 
al. who investigated the inter-laboratory reproducibility of EGFR GCN FISH in CRC 
showed marked variation between different experienced laboratories (Sartore-Bianchi 
et al. 2011). 

Lack of standardized methodology, differences in cut-off values used, and absence 
of robust validation of EGFR GCN assessment are most probably the factors responsi-
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ble for preventing the incorporation of EGFR GCN into the clinical practice. There-
fore, the methodology used in this study could offer a robust, reproducible, objective, 
and easy to perform alternative for EGFR GCN analysis. But naturally, prior to that, 
the results need validation, ideally in a prospective, homogenously treated, larger pa-
tient material. 

6.5  Pim-1 in colorectal cancer  

This study shows that a high Pim-1 expression in CRC is a sign of good disease out-
come in two distinct patient materials, using two different anti-Pim-1 antibodies. The 
findings are in line with findings in lung cancer (Warnecke-Eberz et al. 2008), pancre-
atic ductal adenocarcinoma (Reiser-Erkan et al. 2008), and prostate cancer 
(Dhanasekaran et al. 2001; Rhodes et al. 2003). Since Pim-1 has been linked to many 
protumoral functions these results are at least to some extent unexpected. One explana-
tion for high Pim-1 expression being a sign of good cancer prognosis may be the role 
of Pim-1 in mitosis by interacting with NuMA, HP1β, dynein, and dynactin 
(Bhattacharya et al. 2002). Pim-1 overexpression in prostate epithelial cells was re-
ported to induce genomic instability by disrupting the normal function of the mitotic 
spindle checkpoint as shown in a study by Roh et al. (Roh et al. 2003). They specu-
lated that during cancer progression Pim-1 expression is downregulated in order to 
stabilize the genomic abnormalities in accordance with the so called genetic conver-
gence theory (Heim et al. 1988).  

Pim-1 has been found both in the cytoplasm and nucleus of cancer cells. The stain-
ing patterns in CRC tumor samples were strikingly different when two different anti-
Pim-1 antibodies were used in study IV. Both anti-Pim antibodies have been used pre-
viously in other studies and according to the positive internal control (leukocytes 
within the tissue specimen) seemed to work reliably. Because of the surprising lack of 
nuclear staining observed with the 19F7 Pim-1 antibody, in contrast to the results with 
the commercial EP2645Y Pim-1 antibody, various antigen retrieval methods were 
tested, but they did not alter the result. To my knowledge, only one study investigating 
Pim-1 expression in CRC has been reported earlier. In that study, Pim-1 was found in a 
subset of CRC cells located in the cytoplasm, when using the same 19F7 anti-Pim-1 
antibody (Shah et al. 2008). Nga and colleagues used the same antibody too and re-
ported strong vacuolar cytoplasmic staining in myxoid liposarcoma, whereas only 
weak cytoplasmic Pim-1 expression was observed in other non-adipocytic myxoid 
tumors. In line with my findings, no nuclear expression was seen (Nga et al. 2010). 
Also in prostate cancer 19F7 showed only cytoplasmic Pim-1 expression (Cibull et al. 
2006). On the contrary, in SCC of the head and neck (Peltola et al. 2009) and bladder 
cancer (Guo et al. 2010) 19F7 Pim-1 antibody exhibited both cytoplasmic and nuclear 
subcellular staining. Therefore, the expression of Pim-1 seems to vary between differ-
ent malignancies. The strong nuclear staining seen in my CRC patient material with the 
EP2645Y antibody, gives rise to at least two possible explanations to this discrepancy. 
First, the Pim-1 molecule may be truncated and loose the 19F7 epitope in the nucleus 
in CRC or alternatively become non-accessible in the nucleus for the 19F7 antibody. 
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As a response to radiation therapy Pim-1 expression was increased in the cyto-
plasm, decreased in the CRC cell nuclei, or alternatively unchanged. These findings are 
in striking contrast to SCC of the head and neck where Pim-1 was translocated to the 
nucleus following irradiation (Peltola et al. 2009). 

Weaknesses of this study include the lack of a comparable validation patient cohort 
and the usage of two different antibodies for testing the prognostic value of Pim-1 in 
CRC.  Due to 19F7 antibody availability problems I was forced to change the antibody 
to a commercial one when expanding the patient material. Two different analyzing 
techniques (computer based image analysis and semi-quantitative grading by light mi-
croscope) were also used. In addition, the retrospective nature of this study is a weak-
ness of note. 

At least a couple of the weaknesses listed above can be considered both a weakness 
and strength. For instance the comparable results with the two clearly differently work-
ing anti-Pim-1 antibodies, strengthens the somewhat surprising findings. Furthermore 
the change of the antibody to a commercially available one without losing the prognos-
tic value of Pim-1 makes it feasible to use an easily available commercial antibody in 
future validation experiments. The same holds true for the analyzing technique. An 
image analysis program might be considered more objective and the results easier to 
reproduce. But, even the usage of an image analysis program requires the subjective 
selection of the areas of interest within the tumor specimens as well as specific equip-
ment adjustments which might cause interlaboratory variation. Furthermore, light mi-
croscopes are available in most laboratories, which might not be the case for specific 
image analysis software programs.  

Pim-1 kinase inhibitors have been developed and at least one of them SGI-1776 has 
been tested in phase I clinical trials in prostate cancer, non-Hodgkin´s lymphoma, and 
leukemia. These trials have unfortunately been terminated due to cardiac toxicity. My 
results do not encourage pharmacological inhibition of Pim-1 as a treatment strategy in 
CRC at this point. But further studies are naturally needed to confirm these findings. If 
confirmed, an appealing approach would be to utilize Pim-1 as a prognostic marker in 
stage II and III CRC in the postoperative setting. Due to the high risk for disease re-
lapse, lymph node positive stage III CRC patients are postoperatively treated with 
combination adjuvant chemotherapy regardless of other prognostic factors. By con-
trast, in the stage II patient group the benefit of adjuvant chemotherapy is less clear and 
robust prognostic and predictive markers would be needed for improved patient selec-
tion for adjuvant therapy vs no therapy or adjuvant single agent therapy vs combination 
therapy. Today the postoperative adjuvant therapy option choice is influenced by the so 
called high risk features of stage II disease including depth of primary tumor invasion, 
differentiation grade of tumor, number of examined regional lymph nodes, presence of 
LVI, and preoperative occlusion or perforation of the gut. As a final note, the prognos-
tic value of Pim-1 in colorectal cancer has not previously been reported and therefore 
this study brings new knowledge to this field.  
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7 SUMMARY AND CONCLUSIONS  

This study focused on factors potentially important for colorectal cancer progression, 
prognosis, and treatment responsiveness. Cancer cell properties as well as certain char-
acteristics of the tumor microenvironment were identified as important effectors of 
colorectal cancer outcome. Interestingly, several of the variables studied yielded unex-
pected results reflecting the complexity of cancer biology.  

The number of lymphatic vessels was shown to impact the survival of colorectal 
cancer patients in a negative fashion if located within the tumor, whereas a high num-
ber of peritumoral vessels were associated with a favorable survival. The dual role for 
lymphatic vessels in CRC prognosis might be explained by the fact that lymphatic 
vessels play an essential role in host defence but may also serve as a route for the 
spread of malignant cells.  

A high total number of tumor associated macrophages in the peritumoral area af-
fected the outcome of the patients positively. A high number of type 2 peritumoral 
CLEVER-1+ macrophages in early stage disease was also a sign of good prognosis, 
whereas in advanced stage IV disease the type 2 macrophages associated with poor 
CRC survival regardless of their location. There is no clear explanation for this some-
what unexpected finding but clearly the composition of immune cell infiltrates and 
their function vary between different stages of disease as well as different malignan-
cies. The macrophages in the early stages of disease appear to work in an antitumoral 
fashion, whereas in advanced disease they seem to promote tumor growth in CRC.   

The knowledge regarding CD73 in lymphatics has been lacking. The results pre-
sented here show that CD73 on lymphocytes is crucial for lymphocyte trafficking via 
afferent lymphatics to the lymph nodes. In addition, a marked heterogenous phenotype 
was observed in the lymphatic vessels both in healthy and malignant human tissues as 
well as normal mice tissues. Of note, CD73 appears to be the only marker known today 
with the ability to distinguish between afferent and efferent lymphatics. CD73 was not 
found on efferent lymphatics in human or mouse lymph nodes. 

Colorectal cancer, which is one of the most common malignancies worldwide, still 
has a high mortality rate despite advances in the treatment modalities. The discovery of 
tools enabling better prognostication of disease outcome as well as means for better 
prediction of treatment efficacy for individual patients would probably improve the 
outcome of the disease. KRAS testing prior to anti-EGFR therapy is the only molecular 
predictive marker used in the treatment of CRC in the clinic at present. A high EGFR 
gene copy number assessed by IHC guided SISH in metastatic KRAS wt CRC, was 
demonstrated to efficiently predict responsiveness to anti-EGFR therapy. In addition, a 
high Pim-1 expression was surprisingly linked to a favorable CRC prognosis. 

In summary, the results show that both the location and number of lymphatic ves-
sels; location, subtype, and number of macrophages, and the expression level of Pim-1 
appear to affect CRC outcome. All these findings need however further validation, 
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preferably in a prospective setting with larger patient materials. EGFR GCN as ana-
lyzed by a reproducible SISH method is a promising predictive marker candidate for 
anti-EGFR therapy in metastatic CRC. The findings regarding EGFR GCN require 
further validation as well, but the incorporation of EGFR GCN evaluation by SISH 
prior to anti-EGFR therapy in routine clinical work does not seem to be an unrealistic 
goal in the forseeable future. Targeting the factors tested in this study pharmacologi-
cally in the future could be possible in several ways, but prior to that we need to know 
what exactly to target and be aware of the right moment for the intervention in order to 
prevent the scenario of doing more harm than good.  

The results emphasize the complexity of cancer biology and bring to mind the 
enormous efforts needed, usually by several groups, before a single prognos-
tic/predictive marker can be recommended for routine use in daily clinical practice. 
Inevitable some initially promising markers will not prove so in validation studies, 
leading to much effort, time, and money going to waste. But even one new prognos-
tic/predictive marker making it all the way to implementation into every day clinical 
work will eventually benefit thousands of patients and bring us again one step closer to 
the ultimate goal of personalized medicine. Collaboration and standardized methodol-
ogy are needed in the future.  
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