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Abstract

Cancer treatments have remarkably improved over the past years since targeted therapies and
immunotherapy have been introduced to the field of oncology. The benefit of these new therapies
is often limited, however, by de novo or acquired therapy resistances, which should be noticed
when making clinical decisions.

In this current work, we studied the prognostic and predictive values of several immunological
markers in metastatic HER2-positive breast cancer treated with trastuzumab, because trastuzumab
is still given to patients according to the HER2 status only, without certainty of tumor response.
We also determined the role of HER2 and HER3 for cancer stem cells (CSC) in ALK translocated
non-small cell lung cancer (NSCLC) cell lines since the CSCs are causing therapy resistance and
cancer recurrence.

The results demonstrated that a high number of cytotoxic T cells, together with a high number
of M1-like macrophages in the center of the tumor (CT), are promising and independent
prognostic factors in HER2-positive breast cancer. These markers together also can predict the
progression of the disease and the length of trastuzumab discontinuation in tumor response.
Expression of HER2 and HER3 increased the stem-like properties of ALK translocated NSCLC
cells, which were decreased when the expressions were downregulated. HER2-HER3-dependent
CSCs also mediated the ALK therapy resistance.

In conclusion, this study suggests that patients with a favorable immunological tumor profile
(high number of cytotoxic T cells and M1-like macrophages in the CT) could be treated in a less-
intensive manner, that trastuzumab discontinuation could be feasible for these patients, and that
targeting of HER2 and HER3 receptors can lead to more effective killing of cancer stem-like cells
and should be further studied.

Keywords: ALK, breast cancer, cancer stem cell, ERBB, HER2, HER3, NSCLC,
trastuzumab, tumor-infiltrating lymphocytes
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Tiivistelmä

Syöpähoidot ovat kehittyneet huomattavasti, kun kohdennetut hoidot ja immunologiset hoidot
ovat tulleet perinteisten hoitojen rinnalle. Usein näiden hoitojen hyötyä kuitenkin rajoittaa jo
olemassa oleva lääkeresistenssi tai sen kehittyminen, mikä tulisi ottaa huomioon hoitoja suunni-
teltaessa.

Tässä työssä tutkittiin immunologisia merkkiaineita, joilla voitaisiin ennustaa trastutsumabi-
hoidon vastetta sekä potilaiden ennustetta levinneessä HER2-positiivisessa rintasyövässä. Tällä
hetkellä trastutsumabi-hoitopäätös tehdään pelkän HER2-geenimonistuman mukaan ilman var-
muutta siitä, hyötyykö potilas oikeasti hoidosta. Lisäksi tutkimme HER2- ja HER3-reseptorien
merkitystä syövän kantasoluille ALK-translokoituneessa ei-pienisoluisessa keuhkosyövässä
(NSCLC), sillä syövän kantasolut ovat yksi merkittävimmistä tekijöistä lääkeresistenssin kehit-
tymisessä ja syövän uusiutumisessa.

Työssä havaittiin, että kasvaimen keskellä oleva suuri määrä sytotoksisia T-soluja sekä M1-
tyypin makrofageja on yhteydessä potilaiden parempaan ennusteeseen ja että kyseiset merkkiai-
neet ovat toisistaan riippumattomia. Merkkiaineet pystyivät ennustamaan myös taudin etenemis-
tä sekä trastutsumabi-hoitokeskeytyksen pituutta. HER2- ja HER3-proteiinien tuotto lisäsi ALK-
translokoituneiden NSCLC-solujen kantasolumaisia ominaisuuksia, jotka puolestaan vähenivät,
kun proteiinien tuotto estettiin. Lisäksi HER2-HER3 -riippuvaiset syövän kantasolut säätelivät
lääkeresistenssiä kyseisessä taudissa.

Työn tulokset viittaavat siihen, että potilaita, joilla on suotuisa kasvaimen immunoprofiili
(suuri määrä sytotoksisia T-soluja ja M1-tyypin makrofageja kasvaimen keskellä) pystyttäisiin
hoitamaan keveimmillä hoidoilla ja HER2-hoitokeskeytys voisi olla mahdollinen näillä potilail-
la. Lisäksi työ korostaa HER2- ja HER3-reseptorien kohdentamista syövän kantasolumaisten
solujen tehokkaamman tuhoamisen saavuttamiseksi.

Asiasanat: ALK, ERBB, HER2, HER3, kasvaimeen infiltroituneet lymfosyytit,
NSCLC, rintasyöpä, syövän kantasolut, trastutsumabi





“It’s when you cry just a little bit, but you laugh in the 
middle that you’ve made it – And don’t it feel alright – 

And don’t it feel so nice – Lovely”  
Jason Mraz  



8 



9 

Acknowledgements  

This study was carried out at the Department of Oncology and Radiotherapy, Oulu 

University Hospital during the years 2015–2019. 

I would like to express my deepest gratitude to my supervisor Docent Jussi 

Koivunen, MD, PhD, for his great expertise and guidance throughout these past 

years. Thank you for introducing me to this great field of science, it has been a 

pleasure to work with you and learn from you. I truly admire the enthusiasm you 

have for research and work. Thank you for all your support and encouragement. I 

was extremely lucky to have you as my supervisor. 

I would like to thank the members of my follow-up group, Professor Outi 

Kuittinen, MD, PhD, Minna Jääskeläinen, MD, PhD and Nina Kokkonen, PhD for 

their expertise and great comments. I appreciate and thank the pre-examiners of 

this thesis Docent Minna Tanner, MD, PhD and Docent Maria Sundvall, MD, PhD 

for taking the time to examine my thesis and for your great comments, which 

improved my work. 

I wish to thank all the co-authors and collaborators for their contributions to 

my projects: Docent Peeter Karihtala, MD, PhD, Juha Väyrynen, MD, PhD, 

Professor Markus Mäkinen, MD, PhD, Professor Peppi Karppinen, MD, PhD, 

Docent Päivi Auvinen, MD, PhD, Satu Tiainen, MD, Emmi Wilenius, MSc and 

Antti Tikkanen, MB. I also thank Virpi Glumoff, PhD, Elitsa Dimova, PhD, Hanna-

Riikka Teppo, MD, PhD and Ms. Riitta Vuento for their help and technical 

assistance in my projects. Special thanks to Peeter and Juha for their statistical and 

pathological guidance. 

I would like to express my warmest thanks to our research community for 

sharing this time, all the struggles and successes with me: Professor Taina 

Turpeenniemi-Hujanen, MD, PhD, Professor Outi Kuittinen, MD, PhD and all the 

past and current fellow researchers. Special thanks to my dear co-worker Ms. Anne 

Bisi. Thank you for everything; for the technical assistance and all the support. You 

made the working days so much better. 

I want to express my gratitude to my dear friends Meira, Krista, Emmi, Heikki, 

Kati, Mikko, Anna and Fawzi, who are also my colleagues. Thank you for 

everything; all the time we have spent, all the laughs and adventures, every advice 

you have given me, and all the sympathy and support during these years. I would 

also like to thank my non-academic friends, especially Suvi and Janne, who have 

made it easier to relax and escape the pressure of the scientific world. Suvi, my 



10 

dear friend, thank you for sticking by me all this time, ever since the childhood. 

I’m lucky to have a friend like you. 

Special thanks to my family, my brothers Juha and Tomi, and my parents Tuovi 

and Pentti. I appreciate the warm relationship I have with both of my brothers. We 

support each other no matter what, I love you both. I also want to thank Päivi, it 

has been a real pleasure getting to know you. My deepest gratitude goes to my 

parents. Without you I would not be where I am now. Thank you for showing me 

how to love and truly care about someone. Thank you for always believing in me 

and supporting me, I love you. Finally, I want to thank my beloved partner, Toni. 

Thank you for all the support and love you have given me during these years. You 

mean the world to me. I would also like to thank the whole Valtanen-family for 

their care and support. 

I acknowledge the financial support of this thesis provided by the Cancer 

Foundation Finland, Sigrid Juselius Foundation, Ida Montin foundation, the 

University of Oulu Graduate School and the University of Oulu Scholarship 

Foundation. 

Oulu, August 2019 Tiia Honkanen  



11 

Abbreviations  

4E-BP1 eukaryotic translation initiation factor 4E-binding protein 1 

ADCC antibody-dependent cellular cytotoxicity 

ADCP antibody-dependent cellular phagocytosis 

ALDH1 aldehyde dehydrogenase 1 

ALK anaplastic lymphoma kinase 

APC antigen presenting cell 

ATP adenosine triphosphate 

AUC area under the curve 

BRCA breast cancer susceptibility gene 

BSA bovine serum albumin 

CCL2 chemokine ligand 2 

CD cluster of differentiation 

ChT chemotherapy 

CRISPR clustered regularly interspaced short palindromic repeats 

CSC cancer stem cell 

CSF cerebrospinal fluid 

CSLC cancer stem-like cell 

CT center of the tumor 

DC dendritic cell 

DNA deoxyribonucleic acid 

EDTA ethylenediaminetetraacetic acid 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

EMA European medicines agency 

EML4 echinoderm microtubule-associated protein-like 4 

EMT epithelial to mesenchymal transition 

ER estrogen receptor 

ERBB avian erythroblastosis oncogene B 

ERK extracellular signal-regulated kinase 

ET endocrine therapy 

FcγR fragment C gamma receptor 

FDA food and drug administration 

FoxP3 forkhead box P3 

Grb2 growth factor receptor-bound protein 2 

GDP guanosine diphosphate 



12 

GFP green fluorescent protein 

GTP guanosine triphosphate 

HB-EGF heparin binding EGF-like growth factor 

H&E hematoxylin and eosin 

HER human epidermal growth factor receptor 

HRP horseradish peroxidase 

IDO1 indoleamine 2,3-dioxygenase 1 

IFN-γ interferon-gamma 

IL-10 interleukin-10 

IM invasive margin 

iNOS inducible nitric oxide synthase 

M1 M1-like macrophages 

M2 M2-like macrophages 

mAb monoclonal antibody 

MAPK mitogen-activated protein kinase  

MDSC myeloid-derived suppressor cell  

MEK mitogen-activated protein kinase kinase 

MHC major histocompatibility complex 

mRNA messenger RNA 

miRNA microRNA 

mTOR mammalian target of rapamycin 

NK natural killer 

NKT natural killer T cell 

NRG neuregulin 

NSCLC non-small cell lung cancer 

OS overall survival 

PCR polymerase chain reaction 

PD-1 programmed cell death 1 

PD-L1 programmed cell death ligand 1 

PI3K phosphoinositide 3-kinase 

PIP2 phosphatidylinositol 4,5-bisphosphate 

PIP3 phosphatidylinositol (3,4,5)-trisphosphate 

PTB phosphotyrosine-binding 

PTEN phosphatase and tensin homolog 

PVDF polyvinylidene difluoride 

RB1 retinoblastoma 1 

RNA ribonucleic acid 



13 

ROC receiver operating characteristic 

RT room temperature / radiotherapy 

RTK receptor tyrosine kinase 

S6K1 ribosomal protein S6 kinase 1 

SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SH2 Src homology-2 

Shc Src homology-2 domain containing 

shRNA short hairpin RNA 

sgRNA single guide RNA 

SOS son of sevenless 

SOX2 sex determining region Y-box 2 

TAM tumor-associated macrophage 

T-DM1 trastuzumab emtansine 

Th T helper 

TGF-β transforming growth factor beta 

TIL tumor infiltrating lymphocytes  

TKI tyrosine kinase inhibitor 

TLS tertiary lymphoid structure 

TNF-α tumor necrosis factor alpha 

TP53 tumor protein 53 

TRAIL TNF-related apoptosis-inducing ligand 

Treg regulatory T cell  



14 



15 

Original publications  

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

the text by their Roman numerals:  

I  Honkanen, T.J.*, Moilanen, T.*, Karihtala, P., Tiainen, S., Auvinen, P., Väyrynen, J.P., 
Mäkinen, M. & Koivunen, J.P. (2017). Prognostic and predictive role of spatially 
positioned tumour infiltrating lymphocytes in metastatic HER2 positive breast cancer 
treated with trastuzumab. Sci Rep, 7(1), 18027.  

II  Honkanen, T.J., Tikkanen, A., Karihtala, P., Mäkinen, M., Väyrynen, J.P. & Koivunen, 
JP. (2019). Prognostic and predictive role of tumour-associated macrophages in HER2 
positive breast cancer. Sci Rep, 9(1), 10961. 

III  Honkanen, T., Wilenius, E., Koivunen, P., & Koivunen, J.P. (2017). HER2 regulates 
cancer stem-like cell phenotype in ALK translocated NSCLC. Int J Oncol, 51(2), 599-
606.  

IV  Honkanen T.J. & Koivunen J.P. (2019). HER3 regulates cancer stem-like cell properties 
in ALK translocated NSCLC. Manuscript. 

*Equal contribution  



16 

  



17 

Table of contents  

Abstract 

Tiivistelmä 

Acknowledgements 9 

Abbreviations 11 

Original publications 15 

Table of contents 17 

1  Introduction 19 

2  Review of the literature 21 

2.1  Cancer ..................................................................................................... 21 

2.1.1  Cancer genetics ............................................................................. 21 

2.1.2  Cancer epigenetics ........................................................................ 23 

2.1.3  Cancer biology ............................................................................. 23 

2.1.4  Main signaling pathways altered in cancer ................................... 27 

2.2  Tumor immunology ................................................................................ 29 

2.2.1  Innate immune system and cancer ................................................ 31 

2.2.2  Adaptive immune system and cancer ........................................... 33 

2.2.3  Tumor immune profile and Immunoscore .................................... 34 

2.3  Cancer stem cells .................................................................................... 35 

2.3.1  Hierarchical and stochastic cancer stem cell models .................... 36 

2.3.2  Signaling pathways related to cancer stem cell phenotype........... 38 

2.3.3  Markers used to identify cancer stem cells ................................... 38 

2.4  HER family ............................................................................................. 39 

2.4.1  Structure and function .................................................................. 39 

2.4.2  HERs and cancer .......................................................................... 41 

2.4.3  HER targeted therapies ................................................................. 43 

2.5  HER2+ breast cancer .............................................................................. 46 

2.5.1  Treatment of HER2+ breast cancer .............................................. 47 

2.5.2  Tumor-infiltrating lymphocytes in HER2+ breast cancer ............ 49 

2.6  ALK in cancer ......................................................................................... 50 

2.6.1  ALK translocated NSCLC ............................................................. 50 

2.6.2  ALK targeting and resistance mechanisms in cancer ................... 51 

3  Aims of the study 53 

4  Materials and methods 55 

4.1  Publications I and II ................................................................................ 55 

4.1.1  Patient material ............................................................................. 55 



18 

4.1.2  Immunohistochemistry and immune cell counting ....................... 55 

4.1.3  Statistics ........................................................................................ 57 

4.1.4  Ethics ............................................................................................ 57 

4.2  Publications III and IV ............................................................................ 58 

4.2.1  Cell lines, inhibitors and growth factors ....................................... 58 

4.2.2  Lentiviral knockdown and retroviral overexpression ................... 59 

4.2.3  CRISPR-Cas9 knockdown ........................................................... 59 

4.2.4  DNA extraction, PCR and sequencing .......................................... 60 

4.2.5  Western blot .................................................................................. 61 

4.2.6  Colony formation assay ................................................................ 61 

4.2.7  Tumor sphere formation assay ...................................................... 62 

5  Results 65 

5.1  Immunological markers in metastatic HER2+ breast cancer .................. 65 

5.1.1  Patient characteristics ................................................................... 65 

5.1.2  Staining and image analysis of the studied markers ..................... 66 

5.1.3  Association of T cell subsets with clinical data ............................ 68 

5.1.4  Association of macrophage subsets with clinical data .................. 70 

5.1.5  Association of other markers with clinical data ............................ 70 

5.1.6  Combined analysis of CD8 and M1.............................................. 71 

5.1.7  CD8 and M1 infiltration and trastuzumab benefit ........................ 71 

5.2  The role of HER2 and HER3 for cancer stem-like cell phenotype ......... 73 

5.2.1  Overexpression and knockdown of HER2 and HER3 .................. 73 

5.2.2  The effects of genetic alterations to cancer stem-like cell 

marker expression ......................................................................... 73 

5.2.3  The effects of the genetic alterations to cytotoxic response 

to ALK inhibition ......................................................................... 74 

5.2.4  Alterations in the Akt and ERK1/2 downstream signaling ........... 75 

5.2.5  Compensatory expression of other HER family members ........... 75 

6  Discussion 77 

6.1  Immunological markers in HER2+ breast cancer ................................... 77 

6.2  The role of HER2 and HER3 for cancer stem-like cells in ALK 

translocated NSCLC ................................................................................ 81 

6.3  Implications of the results and future perspectives ................................. 83 

6.4  Limitations of the study .......................................................................... 84 

7  Conclusions 87 

References 89 

Original publications 117 



19 

1 Introduction  

Cancer has a major impact on society across the world and is one of the leading 

causes of death. Cancer incidence has increased in recent years. An estimated 14.1 

million new cancer cases worldwide were seen in 2012, whereas the estimation was 

increased to 18.1 million cases in 2018 (Bray et al., 2018; Torre et al., 2015). 

Fortunately, cancer therapies have been developed over the years with targeted 

therapies and immunotherapy taking their place alongside surgery, chemotherapy 

and radiation therapy. The new therapies are expensive, however, and have 

increased the economic impact of cancer care (Tangka et al., 2010; Torkki et al., 

2018).  

In the era of personalized medicine, the cancer therapies are selected for 

patients according to their tumor’s genetic status. For example, ALK-positive lung 

cancers containing oncogenic alterations of ALK are treated with ALK inhibitors, 

because the cancer cells depend on ALK signaling and are thus extremely sensitive 

to the receptor’s inhibition (Peters et al., 2017; Shaw et al., 2013; Soda et al., 2007). 

However, patient selection still needs improvements, since some patients selected 

for a specific treatment do not benefit or respond to the therapy. The 

unresponsiveness can be caused by an existing resistance to the therapy that blocks 

the therapeutic effects of the treatment. Patients selected for monoclonal antibody 

(mAb) therapies, such as trastuzumab, are a great example. Even if the patient and 

the tumor seem suitable for a specific mAb treatment, like the presence of HER2 

amplification for trastuzumab, the efficacy of the therapy requires a functional 

immune system. If the effector immune cells essential for the therapeutic effect of 

the treatment are suppressed, the patients will likely not respond. Some of the 

HER2-positive breast cancer patients have extreme responses to trastuzumab (over 

10 years), but still a major part of these patients are either primary refractory for 

the treatment or will develop a resistance against it (Cantini et al., 2018). Selecting 

patients more efficiently can increase the tumor responses, and better treatment 

options can be designed for the nonresponding patients.  

Even if the selected patients respond to the targeted therapy or immunotherapy, 

a major limiting factor of these therapies is the emergence of acquired resistance. 

Resistance mechanisms for different cancer therapies have been discovered, one of 

which is the presence of cancer stem cells (Doebele et al., 2012; Sasaki et al., 2011; 

Wang, Qu, & Wang, 2017). Cancer stem cells are able to initiate and sustain the 

growth of a tumor and are highly tumorigenic. These cells have been shown to 

cause therapy resistance for various cancer  treatments (Creighton et al., 2009; 
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McLendon et al., 2006; Phillips, McBride, & Pajonk, 2006; Wang et al., 2017). 

Several cancer stem cell targeting agents have been developed and are in clinical 

trials (Li, Atkinson, & Zhang, 2017), but the clinical utility of these agents is still 

quite unknown. Protein members of the human epidermal growth factor receptor 

family have been shown to be tumorigenic and are often linked to cancer stem cells 

(Ithimakin et al., 2013; Korkaya, Paulson, Iovino, & Wicha, 2008; Lee et al., 2014; 

Shi et al., 2018). Their targeting in the context of cancer stem cell targeting is still 

in its infancy, and more studies are required. Since many HER targeting agents are 

already in clinical use and are constantly being developed, HER dependency of 

cancer stem cells could lead to a rapid clinical testing of the agents in the context 

of cancer stem-like cell targeting. The utilization of already existing medical drugs 

is not a new idea, since metformin, a mainstay therapy for diabetes mellitus, is now 

being tested in clinical trials for cancer stem cell targeting (Buckanovich et al., 2017; 

Pernicova & Korbonits, 2014).  
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2 Review of the literature  

2.1 Cancer 

Cancer is one of the leading causes of death worldwide. 2018 saw an estimated 

18.1 million new cancer cases and 9.6 million cancer-related deaths. The numbers 

are probably going to increase due to population growth, longer life expectancies 

and poor lifestyle behaviors, such as smoking, bad diet and physical inactivity. Over 

100 different cancer types exist, but lung and breast cancer are the most common 

cancers diagnosed and causing cancer-related deaths in men and women, 

respectively (Bray et al., 2018).  

Cancer is a genetic disease, meaning that cancer is caused by changes in our 

genes, our DNA. These changes occur and accumulate over one’s lifetime; some 

can be even inherited from our parents. However, our cells’ behavior is extremely 

tightly controlled, and multiple steps are required for cells to become cancerous 

and tumors to be developed. This chapter briefly describes these changes. 

2.1.1 Cancer genetics 

The DNA of both normal and neoplastic cells is continuously altered either by 

misincorporation of nucleotides during the DNA replication or by exposure to 

exogenous or endogenous mutagens. Most of these changes are repaired by the 

cell’s own repair mechanisms; however, some of the changes escape from the repair 

machinery, leading to the development of mutations (Stratton, Campbell, & Futreal, 

2009). Most mutations required for normal, healthy cells to become cancerous cells 

are somatic, nongermline mutations that accumulate over the lifetime of a cancer 

patient before the tumor is formed. Some germline mutations and genes, however, 

are known to cause heritable cancer, for example, BRCA1 and BRCA2 genes (Hall 

et al., 1990; Wooster et al., 1994). 

Multiple types of somatic mutations are seen in the cancer genome, but the 

most common mutations are single-base substitutions, which means that one 

nucleotide is replaced by another one (Vogelstein et al., 2013).  The cancer genome 

might carry following somatic mutations, in addition to the single-base 

substitutions: deletions or insertions of a small or larger DNA segments, 

rearrangement of DNA sequence, and gene copy number increases or depletions 

(Stratton et al., 2009; Vogelstein et al., 2013).  
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Some of the mutations found in the cancer genome are essential for tumor 

progression and maintenance and are thus called the “driver” mutations. Other 

mutations seen in the cancer genome are called the “passenger” mutations, which 

have neutral effects and do not provide any growth advantages to the cancer cells.  

Since the driver mutations give growth advantages to the cancer cells, these 

mutations occur in proto-oncogenes and/or tumor suppressor genes that are 

essential for cell proliferation and cell survival. Proto-oncogenes are present in 

normal cells; they encode for proteins that positively control the cell proliferation 

and survival. These genes activate the cell cycle and protect the cells from apoptosis. 

Proto-oncogenes become oncogenes after being activated by a mutation or 

translocation. Oncogenes can be classified into six groups based on their biological 

functions: growth factors, growth factor receptors, signal transducers, chromatin 

remodelers, transcription factors and apoptosis regulators (Croce, 2008).  

Tumor suppressor genes, conversely, have a negative impact on cell 

proliferation. The products of these genes limit cell proliferation and protect the 

cells from damages that could lead to uncontrolled cell proliferation; in other words, 

they prevent the development of cancer and are, thus, commonly dysregulated in 

tumors. Tumor suppressor genes encode various proteins, such as receptors or 

signal transducers that inhibit the proliferation (e.g. TGF-β); proteins that control 

the cell cycle (e.g. retinoblastoma); cell cycle checkpoint proteins that trigger cell 

cycle arrest if the DNA is damaged or there are defects in the chromosomes (e.g. 

BRCA1); proteins involved in repairing mistakes in the DNA (e.g. p53 and DNA 

mismatch repair protein 2); and apoptosis inducing proteins (e.g. p53) (Hanahan & 

Weinberg, 2011; Wang, Li-Hui, Wu, Rajasekaran, & Shin, 2018). However, it 

should be noticed that the division of cancer-driving genes into oncogenes and 

tumor suppressor genes is not always black and white, since tumor suppressor 

genes, such as p53, can also act as oncogenes (Soussi & Wiman, 2015). 

In addition to the genetic alteration of protein-encoding oncogenes and tumor 

suppressor genes, small non-coding RNAs, microRNAs (miRNA), have been 

shown to be involved in cancer development. These small miRNAs play an 

important role in cell proliferation, differentiation and survival by binding 

complimentary to their target messenger RNAs (mRNAs) and causing mRNA 

degradation or inhibition of their translation. miRNAs can be dysregulated in 

tumors in a way that they cannot inhibit the translation of proteins, providing 

growth advantages to the tumor, or the expression of miRNA can be increased to 

inhibit the translation of growth-suppressing proteins (Rupaimoole & Slack, 2017). 
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2.1.2 Cancer epigenetics 

Tumors consist of a heterogenous cell population, meaning that one tumor can 

contain cancer cells that carry different genetic mutations. The genetic changes 

alone, however, cannot explain all the diversity seen within a cancer cell population. 

Epigenetic changes can control the activity of genes without altering the genetic 

code and can explain why two genetically identical cells can behave differently. 

Epigenetic modifications regulate all DNA-based processes such as DNA repair, 

replication and transcription of the genes. The most well-known epigenetic 

modification is DNA methylation, which means addition of methyl groups into 

cytosines preceding guanines, thus preventing gene transcription (Esteller, 2008). 

DNA hypomethylation, the loss of DNA methylation, was the first identified 

epigenetic modification seen in tumors (Feinberg & Vogelstein, 1983). Several 

years after the discovery of hypomethylation in tumors, the tumor suppressor genes 

were found to be hypermethylated, causing inactivation of the genes (Greger, 

Passarge, Höpping, Messmer, & Horsthemke, 1989).  

2.1.3 Cancer biology 

Hanahan & Weinberg have described the six hallmarks of cancer that give the 

functional abilities for cancer cells to survive, proliferate and disseminate: 

sustaining proliferative signaling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis and activating invasion 

and metastasis. Two hallmarks are emerging, which are not novel findings but are 

added to the original six hallmarks: reprogramming of energy metabolism and 

evading immune destruction. Genome instability and tumor-promoting 

inflammation  are two characteristics  that also enable cancer cells to gain all the 

above-mentioned hallmarks (Hanahan & Weinberg, 2011). This chapter further 

examines these cancer characteristics (Fig. 1). 

The six hallmarks of cancer  

One of the most fundamental characteristics of cancer cells is their ability to sustain 

proliferative signaling. The proliferation is usually initiated by growth factors that 

bind to their receptors found on the cell surface after which the signals are 

transmitted inside the cell, leading to cell proliferation. These proliferative signals 

are extremely strictly controlled in normal cells, for example, by limiting the 
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availability of growth factors or the number of growth factor receptors. Cancer cells 

can bypass these growth-limiting signals by, for example, producing the growth 

factors themselves or stimulating the neighboring cells, even normal cells, to 

secrete the growth factors for them (Bhowmick, Neilson, & Moses, 2004; Hanahan 

& Weinberg, 2011). Cancer cells may also increase the number of growth factor 

receptors, or the receptors can be functionally altered by activating mutations to 

reach ligand-independent signaling. Furthermore, the signaling components acting 

downstream of the receptors may also be functionally altered, allowing receptor-

independent signaling. Cancer cells might also deregulate negative-feedback 

signals, which limit the signaling transmissions, keeping them transient, in normal 

conditions (Hanahan & Weinberg, 2011).  

Cell proliferation is controlled not only by limiting the growth stimulating 

signals but also by activating programs that negatively regulate cell proliferation. 

The main negative regulating programs are dependent on the tumor suppressor 

genes, of which RB1 and TP53 are the two most well-known. The protein products 

of these genes decide whether the cell enters the cell cycle or whether senescence 

or apoptosis programs are activated. These negative regulators are commonly 

suppressed in tumors to enable uncontrolled proliferation (Hanahan & Weinberg, 

2011; Sherr & McCormick, 2002). 

Cells with uncontrolled proliferation will be eliminated in normal conditions 

by triggering programmed cell death, apoptosis. Cells have two apoptotic programs, 

extrinsic and intrinsic; both will activate a complex proteolytic signaling cascade 

by regulating the balance of anti- and pro-apoptotic proteins. Cancer cells have 

multiple ways to overcome apoptosis. They can damper the damage-detecting 

sensors, increase the expression of anti-apoptotic factors or survival signals, 

downregulate pro-apoptotic regulators or impair the receptors used to deliver stress 

signals outside of the cell (Fernald & Kurokawa, 2013; Hanahan & Weinberg, 

2011). 

Uncontrolled and unlimited proliferation in normal cells is also restricted by 

the length of telomeric DNA, which allows the cell to pass only a certain number 

of cell divisions before entering cell senescence or cell crisis that lead to cell death. 

Cancer cells have increased the expression of telomerase enzymes, which adds 

telomere repeat segments to the ends of telomeric DNA to overcome this issue 

(Hanahan & Weinberg, 2011). 

Even if cancer cells have bypassed all above-mentioned restrictions and can 

proliferate limitlessly, they need to sustain the distribution of oxygen and nutrients 

and the removal of metabolic waste and carbon dioxide by angiogenesis. 
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Angiogenesis occurs in normal cells only transiently, for example, during the 

embryogenesis or wound healing, but the angiogenic switch is continuously on 

during tumor progression (Bergers & Benjamin, 2003; Hanahan & Weinberg, 2011). 

 A key feature of tumor progression is dissemination of tumor cells by invasion 

or metastasis. It is implicated that the invasion and metastasis of carcinomas is 

regulated by the epithelial-mesenchymal transition (EMT) program that is 

orchestrated by various transcriptional factors, such as Snail, Slug, Twist and 

Zeb1/2. These transcriptional factors associate with the loss of adherens junctions, 

morphological changes from epithelial to fibroblastic morphology, increased 

mobility, expression of matrix-degrading enzymes and increased resistance to 

apoptosis (Hanahan & Weinberg, 2011). Indeed, it has been shown that some highly 

aggressive carcinomas have downregulated the expression of cell-cell and cell-

extracellular matrix adhesion molecules, such as E-cadherin, and upregulated 

adhesion molecules like N-cadherin that are normally seen during embryogenic cell 

migrations (Cavallaro & Christofori, 2004). However, it should be noted that the 

stromal cells, in other words, the non-malignant cells around the tumor, can also 

affect the dissemination of tumor cells, for example, by stimulating invasive 

behavior in tumor cells or by supplying matrix-degrading enzymes to facilitate the 

invasion (Hanahan & Weinberg, 2011).  

The two emerging hallmarks 

Cancer cells use glycolysis over oxidative phosphorylation to produce ATP even in 

the presence of oxygen. It has been implicated that tumor cells prefer glycolysis, 

because it allows the utilization of glycolytic intermediates to generate the 

nucleosides and amino acids required for assembling new cells. To compensate the 

lower efficiency of ATP production, tumor cells have been shown to upregulate 

glucose transporters, which increases the glucose import into the cell (DeBerardinis, 

Lum, Hatzivassiliou, & Thompson, 2008; Hanahan & Weinberg, 2011). 

Cancer cells must also avoid the immunological destruction barrier to survive. 

Tumors can either alter their recognition by immune cells, or they can impair the 

immune effector cells. The tumors can change their antigen presenting behavior to 

evade the detection by immune cells, for example, by losing the molecules required 

for immune cells to detect them, such as major histocompatibility complex I (MHC 

I). Cancer cells can impair the immune cells by expressing immune cell inhibitory 

molecules on their cell surface, such as programmed cell death ligand-1 (PD-L1), 

or by secreting immunosuppressive cytokines or enzymes, which affect the 
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functions of both innate and adaptive immune cells. (Hanahan & Weinberg, 2011; 

Vesely, Kershaw, Schreiber, & Smyth, 2011).  

The two enabling characteristics 

Cancer cells require various mutations, types of which are mentioned in chapter 

2.1.1., to orchestrate tumorigenesis and to gain the above-mentioned hallmarks of 

cancer. However, the rate of spontaneous mutations is extremely low due to a cell’s 

own genome maintenance system, which recognizes and solves defects of the DNA. 

Genome instability will provide a higher rate of mutations; cancer cells damage 

one or several components of the genome maintenance system to achieve that. The 

favorable targets in the maintenance system are genes called the genome’s 

“caretakers”. The products of these genes are the ones that detect the DNA damage, 

activate the repair machinery or repair the DNA directly. Caretaker gene products 

can also inactivate the mutagens even before the DNA is damaged (Hanahan & 

Weinberg, 2011). 

Inflammation is another enabling characteristic that has been accepted to be 

involved in tumorigenesis. The inflammatory conditions can exist before the tumor 

has formed, but the cancer cells themselves can also create an inflammatory 

microenvironment. The tumor microenvironment contains both innate and adaptive 

immune cells as a result of inflammation. Although immune cells destroy tumor 

cells, they also provide tumor-promoting factors such as growth factors, survival 

factors, proangiogenic factors and matrix-modifying enzymes and, thus, enable the 

acquisition of the hallmarks of cancer (Aggarwal, Vijayalekshmi, & Sung, 2009; 

Grivennikov, Greten, & Karin, 2010; Hanahan & Weinberg, 2011; Mantovani, 

Allavena, Sica, & Balkwill, 2008). 
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Fig. 1. The hallmarks of cancer. Modified from Hanahan & Weinberg 2011.  

2.1.4 Main signaling pathways altered in cancer 

Intercellular communications are essential for cells functions and survival. Signal 

transduction is initiated largely by growth factors binding to their receptors, which 

leads to activation of intracellular signaling cascades. Several classes of receptors 

are found on the cell surface, such as receptor tyrosine kinases (RTKs), cytokine 

receptors and G-protein -coupled receptors (Mendelsohn, Gray, Howley, Israel, & 

Thompson, 2014).  

RTKs are key regulators of essential cell processes such as proliferation, 

differentiation, migration and survival, and their activating oncogenic alterations 

are frequently seen in tumors. Human RTKs consist of 20 different subfamilies, 

including epidermal growth factor receptors, insulin receptors and vascular 

endothelial growth factor receptors. All RTKs share a similar structure: an 

extracellular region, a transmembrane helix, and a cytoplasmic region. Binding of 

a specific ligand to the extracellular region of its receptor initiates a signaling 

cascade by creating receptor dimerization or oligomerization, which in turn leads 

to activation of the tyrosine kinase domain in the cytoplasmic region, followed by 

autophosphorylation of tyrosine residues in the carboxy terminal tail. These 

phosphotyrosines function as recruitment sites for downstream signaling molecules 
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containing either Src homology-2 (SH2) or phosphotyrosine-binding (PTB) 

domains. Downstream signaling molecules can be also recruited to the receptor via 

docking proteins that are phosphorylated by the receptor. The downstream 

signaling proteins eventually become activated, and the signaling cascade 

continues (Lemmon & Schlessinger, 2010; Mendelsohn et al., 2014). 

Two well-known RTK signaling pathways are the Ras/Raf/MEK/ERK and 

PI3K/Akt/mTOR pathways, which are commonly altered in tumors.  Figure 2 

presents a simplified scheme of these two pathways. In the Ras/Raf/MEK/ERK 

pathway, the phosphotyrosines of an activated RTK recruit the Src homology-2 

domain containing (Shc) adaptor protein to the receptor, which instead recruits 

growth factor receptor-bound protein 2 (Grb2) and son of sevenless (SOS) protein. 

SOS is a guanine nucleotide exchange factor, which activates Ras, a membrane-

bound G protein, by catalyzing the exchange of GDP to GTP. Activated Ras recruits 

Raf to the membrane where it will be activated. Raf phosphorylates and activates 

mitogen-activated protein kinase kinases 1 and 2 (MEK1/2), which in turn 

phosphorylate and activate extracellular signal-regulated kinases 1 and 2 (ERK1/2), 

which have multiple targets, both in the cytosol and in the nucleus (McCubrey et 

al., 2011; Mendelsohn et al., 2014). Ras and Raf proteins are frequently mutated in 

human cancers (Bos, 1989; Davies et al., 2002; Karnoub & Weinberg, 2008), 

whereas MEK and ERK mutations have been reported in cancers but are less 

common (Nikolaev et al., 2012; Ojesina et al., 2014).  

PI3K/Akt/mTOR signaling pathway is initiated when phosphatidylinositol-3-

kinase (PI3K) associates with phosphorylated tyrosine residues on an activated 

receptor and becomes activated. PI3K phosphorylates phosphatidylinositol 4,5-

bisphosphate (PIP2), generating phosphatidylinositol 3,4,5-trisphosphate (PIP3), 

which functions as a second messenger and is converted back to PIP2 by tumor 

suppressor PTEN. PIP3 then attracts Akt proteins to the membrane, where they are 

activated via phosphorylation, after which Akt proteins phosphorylate a series of 

substrates in the cytosol and in the nucleus. One well-known target of Akt is 

mammalian target of rapamycin complex 1 (mTORC1), targets of which include 

protein synthesis regulators ribosomal protein S6 kinase 1 (S6K1) and eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1). Many components of 

the PI3K/Akt/mTOR pathway are mutated or amplified in tumors, most commonly 

PI3K and PTEN, but alterations of Akt have also been reported (Liu, Cheng, 

Roberts, & Zhao, 2009; McCubrey et al., 2011; Mendelsohn et al., 2014).  
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Crosstalk between signaling pathways 

Different signaling pathways interact with each other to create a complex and 

dynamic signaling network. The signaling molecules of one pathway can, for 

example, activate molecules of another pathway, as figure 2 shows, with GTP-

bound Ras, which can bind and allosterically activate PI3K (Suire, Hawkins, & 

Stephens, 2002). The crosstalk between the signaling pathways is highlighted when 

components of a specific pathway are blocked. It has been shown that inhibition of 

PI3K/Akt/mTOR-pathway leads to activation of Ras/Raf/MEK/ERK-pathway and 

vice versa (Carracedo et al., 2008; Won et al., 2012). 

Fig. 2.  RTK signaling pathways PI3K/Akt/mTOR and Ras/Raf/MEK/ERK. 

2.2 Tumor immunology 

The most important function of the immune system is to prevent or eradicate 

infections. The first idea that the immune system can control cancer arose in the 

early 1900s but the whole concept of immunosurveillance was under a constant 

debate for almost a century until mouse models were improved enough, and it was 

shown that mice lacking adaptive immune cells and IFNγ responsiveness were 

more susceptible to cancer development (Schreiber, Old, & Smyth, 2011; 

Shankaran et al., 2001). However, the roles of the immune system in tumorigenesis 

and in the tumor microenvironment are paradoxical. Even though immune cells 

destroy cancer cells, this eradication leads to a selection of a poorly immunogenic 

population of cancer cells that are more capable of surviving in an 
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immunocompetent host (De Visser, Eichten, & Coussens, 2006; Shankaran et al., 

2001).  

Cells of the immune system are guarding throughout the human body and are 

also found within the malignant tissue. The cell types of tumor-infiltrated immune 

cells vary between different diseases and from patient to patient, and they are 

usually located in the center of the tumor, in the stroma or in the tertiary lymphoid 

structures (TLS) found near the tumors (Fridman, Pagès, Saut`s-Fridman, & Galon, 

2012). The human immune system can be classically divided into the innate and 

the adaptive immune system. This chapter will describe the dual roles of both innate 

and adaptive immune cells in tumors (Fig. 3). 

Fig. 3. Different subtypes of immune cells and their predominant contributions to tumor 

progression or tumor suppression. DC=dendritic cells, M=macrophages, 

MDSC=myeloid-derived suppressor cells, NK=natural killer cells, NKT=natural killer T 

cells, Th=T helper cells, Treg=regulatory T cells. 
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2.2.1 Innate immune system and cancer 

The first line of defense against foreign pathogens or an injury is the innate immune 

system, which comprises of different types of immune cells. The functions of the 

innate immune cells are commonly altered in cancer.  

Neutrophils, which reflect the state of inflammation, can be involved in tumor 

initiation, proliferation and metastasis (Ocana, Nieto-Jiménez, Pandiella, & 

Templeton, 2017; Szczerba et al., 2019), and indeed, high levels of neutrophils, 

especially in the peripheral blood but also in the tumor, have been associated with 

worse patient outcomes in many solid cancers (Jensen et al., 2009; Leibowitz-Amit 

et al., 2014; Templeton et al., 2014; Wang, J. et al., 2014). However, the role of 

neutrophils in cancer is complex, probably due to a wide scale of different 

neutrophil populations (Coffelt, Wellenstein, & De Visser, 2016). Some studies 

have shown that neutrophils might have antagonizing effects on metastasis and are 

associated with better survival in some cancers (Galdiero et al., 2016; Granot et al., 

2011). 

The presence of mast cells, which are both positive and negative regulators of 

the immunity (Galli, Grimbaldeston, & Tsai, 2008), has been linked to tumor 

development in many studies; their infiltration into tumors has been associated with 

poor patient outcomes (Johansson et al., 2010; Nonomura et al., 2007; Ribatti et al., 

2003; Tth, Tth-Jakatics, Jimi, Takebayashi, & Kawamoto, 2000). However, 

evidence also exists about a protective role of mast cells in human cancers 

(Fleischmann et al., 2009; Rajput et al., 2008). 

 Dendritic cells, important antigen-presenting cells, are largely defective in 

tumors; their differentiation, activation and immune-response stimulation are often 

impaired. Indeed, decreased density of tumor-infiltrating dendritic cells is linked to 

poor prognosis (Inoshima et al., 2002; Seigo Kashimura et al., 2012; Veglia & 

Gabrilovich, 2017). However, evidence also exists that tumor cells can drive the 

tumor-associated dendritic cells towards an immunosuppressive phenotype, and 

some types of the tumor-infiltrating dendritic cells have been associated with poor 

prognosis (Lombardi, Khaiboullina, & Rizvanov, 2015; Saadeh, Kurban, & Abbas, 

2016; Tesone et al., 2016).  

Natural killer (NK) cells, which have attributes of both innate and adaptive 

immunity, recognize malignant cells and kill them by secreting the toxic content of 

their cytosolic granules. NK cells also produce cytokines, such as IFNγ and TNF-

α, which will instead, for example, activate adaptive immune responses. Tumor-

infiltrating NK cells have been linked to better prognosis in a variety of cancers; 
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however, the NK cells are commonly suppressed in tumors by the tumor cells 

themselves or by immunosuppressive macrophages, dendritic cells or T cells. The 

maturation, proliferation and function of NK cells can be directly suppressed via 

different immunosuppressive cytokines and other molecules, such as transforming 

growth factor beta (TGF-β) and indoleamine 2,3-dioxygenase 1 (IDO1) (Della 

Chiesa et al., 2006; Ghiringhelli et al., 2005; Lee, Kang, & Cho, 2017). Still, NK 

cells are one of the key players of antibody-dependent cellular cytotoxicity (ADCC), 

which is suggested to be the main mechanism of action of the therapeutic 

monoclonal antibodies (Arnould et al., 2006; Clynes, Towers, Presta, & Ravetch, 

2000; Tian et al., 2017). It was thought  for a long time that NK cells were solely 

antitumorigenic, but it has become increasingly clear that the NK cells can also 

possess tumor promoting effects (Bruno, Ferlazzo, Albini, & Noonan, 2014). 

Macrophages are known for their immunomodulatory effects. Macrophages 

display variable phenotypes, which form a continuum from M1-like state to M2-

like state. Classically activated M1-like macrophages are pro-inflammatory and 

antitumoral, while alternatively activated M2-like macrophages possess anti-

inflammatory and immunosuppressive effects and are, thus, protumoral (Biswas & 

Mantovani, 2010; Brown, Recht, & Strober, 2017). Tumor-associated macrophages 

(TAMs) have been associated with prognosis and therapy response in many solid 

tumors. M1-like TAMs are linked to a better disease course and, conversely, M2-

like TAMs are associated with more adverse outcomes (Biswas, Allavena, & 

Mantovani, 2013; Fridman, Zitvogel, Sautès-Fridman, & Kroemer, 2017). M2-like 

TAMs are known to suppress innate and adaptive immune responses by promoting 

the activity of immunosuppressive T cells, by secreting inhibitory cytokines such 

as TGF-β and IL-10 and by expressing/producing inhibitory molecules like PD-L1 

and IDO1. M2-like macrophages also promote angiogenesis and facilitate tumor 

invasion (Biswas & Mantovani, 2010; Biswas et al., 2013; Mantovani, Marchesi, 

Malesci, Laghi, & Allavena, 2017). TAMs are also known to contribute to 

antibody-dependent cellular phagocytosis (ADCP), which is induced in TAMs by 

therapeutic monoclonal antibodies and leads to phagocytosis of antibody-coated 

tumor cells by TAMs (Kurdi et al., 2018; Shi et al., 2015; Vermi et al., 2018).  

Yet another cell type of the innate immunity found in tumors is myeloid-

derived suppressor cells (MDSC), which comprise of myeloid cells, immature 

dendritic cell, immature granulocytes or immature macrophages. MDSCs suppress 

various T cell functions and modulate the cytokine production of macrophages by 

converting them into M2-like immunosuppressive state (Gabrilovich & Nagaraj, 
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2009). MDSCs have been shown to be associated with a poor prognosis in many 

solid cancers (Zhang et al., 2016). 

2.2.2 Adaptive immune system and cancer 

The next line defenses against foreign pathogens or an injury are the adaptive 

immune responses, which are activated after antigen recognition. The adaptive 

immune system comprises B and T lymphocytes. B lymphocytes mediate a 

humoral immunity and can recognize various types of molecules -- both soluble 

and cell surface-bound forms -- whereas T lymphocytes mediate cell-mediated 

immunity and recognize only peptide fragments of proteins introduced to them via 

specific receptors. Lymphocytes have an essential role in tumor eradication, and 

they are also commonly altered in cancer for immune evasion (Nelson, 2010; 

Sharma & Allison, 2015). 

B lymphocytes are typically located in conventional lymphoid tissues such as 

spleen, lymph node or blood, but they can also be found in other nonlymphoid 

tissues, usually in tertiary lymphoid structures and in aggregates with other immune 

cells (Drayton, Liao, Mounzer, & Ruddle, 2006). Increasing evidence has shown 

that many tumors are infiltrated with B lymphocytes, but the exact effects of B cells 

in tumors is unclear. Many B cell subtypes have diverse functions that complicate 

the effects of B cells in tumorigenesis and in tumors overall. B cells act directly 

through tumor-reactive antibodies or cytotoxic pathways, or they can influence T 

cell responses through secretion of chemokines and cytokines, or by facilitating the 

formation of TLS, or they can act as antigen-presenting cells (Flynn, 

Somasundaram, Arnold, & Sims-Mourtada, 2017; Nelson, 2010). The complex 

functions of B cells are also reflected in their clinical significance, since tumor-

infiltrating B cells have been shown to associate with both poor and good prognoses 

in many solid cancers (Flynn et al., 2017).  

T cells are one of the most abundant immune cells found in the tumors. T 

lymphocytes can be divided according to their effector functions into cytotoxic T 

cells (CD8+) and helper T cells (CD4+), which comprise Th1, Th2, Th17, regulatory 

T (Treg) cells, and natural killer T cells (Grivennikov et al., 2010). The activation 

of CD8+ or CD4+ naïve T cells requires not only the recognition of tumor antigens 

by T cell receptors but also costimulatory signals via engagement of B7 molecules 

(CD80, CD86) to the CD28 receptor found on T cells. The tumor antigens can be 

presented to T cells through MHC I or II receptors, which are expressed by many 

cell types, but the costimulatory B7 molecules are found mainly on antigen-
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presenting cells (APCs). The T cells can proliferate, differentiate further and traffic 

to the tumor site after activation (Greenwald, Freeman, & Sharpe, 2005; Sharma & 

Allison, 2015; Townsend & Allison, 1993).  

The antitumoral effects of T cells are mediated through cytokines, chemokines 

and direct cytotoxicity, but these T cell actions are often disrupted in cancer by 

multiple mechanisms (Lin, Karin, Pearce, & Kleyman, 2007; Swann & Smyth, 

2007). First, it is critical that the T cells in the tumor microenvironment are in close 

contact with the tumor cells, but their infiltration is often blocked. Second, even if 

T cells can infiltrate into tumors, they must overcome additional barriers. The 

antitumoral actions of T cells can be suppressed by the tumor cells themselves, by 

MDSCs, by M2-like macrophages and by other immunosuppressive cells, even 

regulatory T cells. The immunosuppressive effects can be transmitted through 

inhibitory cytokines, such as TNFα or TRAIL, inhibitory enzymes like IDO1 or 

other inhibitory molecules (Joyce & Fearon, 2015; Sharma & Allison, 2015). One 

extremely well-known, inhibitory molecule expressed by various of cell types, 

including cancer cells and macrophages, is PD-L1, which binds to PD-1 receptor 

on T cells, leading to inhibition of their cytotoxic activities and induction of 

apoptosis (Freeman et al., 2000). 

T cells have been shown to possess both antitumoral and tumor-promoting 

effects. CD8+ cytotoxic T cells and Th1 helper T cells have been shown to correlate 

with better survival in many cancer types, whereas Tregs, Th2 and Th17 cells have 

contradictory roles (Fridman et al., 2012; Fridman et al., 2017). Tregs are 

extensively studied immunosuppressive cells that are essential for developing and 

maintaining self-tolerance but are often recruited to the tumor site. They have 

multiple ways to inhibit the functions of cytotoxic T cells, such as producing 

inhibitory cytokines like IL-10 or expressing inhibitory molecules like PD-L1 

(Terabe & Berzofsky, 2004). High densities of Tregs are associated with poor 

prognosis in numerous cancer types, but in colorectal and gastric cancer, Tregs have 

been linked to favorable prognosis. Th2 and Th17 cells have been similarly 

associated with both good and poor survival (Fridman et al., 2012; Fridman et al., 

2017).  

2.2.3 Tumor immune profile and Immunoscore 

Three different immune profiles of the tumor can be distinguished according to 

their inflammatory state. The first profile is the immune-inflamed phenotype, 

which is characterized by high infiltration of immune cells, especially CD4+ and 
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CD8+ T cells and high PD-L1 expression. The second profile is the immune-

excluded phenotype, which is characterized by an abundance of immune cells 

which, however, are retained in the stroma surrounding the tumor and are unable 

to infiltrate into the tumor. The third profile is called the immune-desert phenotype, 

which is characterized by a lack of T cells and other immune cells in the stroma 

and in the tumor. These tumor-immune profiles correlate with a patient’s response 

to anti-PD-1/PD-L1 therapy (Chen & Mellman, 2017).  

The significance of the tumor-infiltrating immune cells’ location has been 

shown in many studies with different cancer types, demonstrating that the 

prognostic value of the tumor-infiltrating immune cells depends on both the 

location and the type of the immune cells (Galon et al., 2006; Hermans et al., 2014; 

Zhou et al., 2018). Combinatory analysis of CD3+ and CD8+ T cells in the center 

of the tumor (CT) and in the invasive margin (IM) has provided a clinically useful 

prognostic marker for colorectal cancer. This analysis is described as the 

Immunoscore, which categorizes tumors according to their CD3+ and CD8+ 

immune-cell densities in both CT and IM. Tumors are scored from Immunoscore 

0, where the density of both cell types in both locations is low, to Immunoscore 4, 

where the density of both cell types in both locations is high. Immunoscore has 

been suggested to be included in the classification of colorectal cancer (Galon et 

al., 2014; Galon et al., 2006). A recent study with over 2,500 colorectal cancer 

patients from 14 different cancer centers and 13 different countries showed that the 

Immunoscore (3-tiered: low, mediate, high Immunoscore) provided an even better 

estimate of risk for all clinical parameters than the TNM classification (Pagès et al., 

2018). Whether the use of the Immunoscore could be expanded into other cancer 

types remains to be seen.  

2.3 Cancer stem cells 

Cancer cells within one tumor can exist in distinct phenotypic states, thus creating 

tumor heterogeneity. Some of the tumor cells have features similar to normal stem 

cells and are, therefore, called cancer stem cells (CSCs). These cells can self-renew 

and generate various types of non-CSC progenies, which form the rest of the tumor 

(Eun, Ham, & Kim, 2017). The first CSCs were confirmed in acute myeloid 

leukemia in the 1990s (Bonnet & Dick, 1997), whereas the first CSCs in solid 

cancers were found in 2003 in breast cancer (Al-Hajj, Wicha, Benito-Hernandez, 

Morrison, & Clarke, 2003). To date multiple cancer types, such as colon, ovarian 

and lung cancer, has been shown to contain CSC subpopulations (Medema, 2013). 
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CSCs can evade cell death and metastasize, and their presence in tumors has been 

linked to an aggressive disease course and poor survival (Beier et al., 2008; 

Charafe-Jauffret et al., 2010; Chiou et al., 2008; Ginestier et al., 2007; Liu et al., 

2007; Pallini et al., 2008). Furthermore, CSCs have been shown to be resistant to 

the conventional cancer therapies, targeted therapies and immunotherapies 

(Creighton et al., 2009; Maccalli, Parmiani, & Ferrone, 2017; McLendon et al., 

2006; Phillips et al., 2006; Reim et al., 2009; Wang et al., 2017). Thus, these cells 

are extremely important also from the clinical viewpoint.  

2.3.1 Hierarchical and stochastic cancer stem cell models 

Two models -- hierarchical and stochastic -- have been proposed to describe the 

tumor progression and heterogeneity driven by the CSCs (Fig. 4). The hierarchical 

model states that carcinogenesis occurs when a normal stem cell evades regulation 

and becomes a tumorigenic stem cell, thus CSC, and can initiate tumor growth. The 

CSCs are defined as a totally distinct population in this model and are the only cells 

that can give rise to differentiated cell populations with limited proliferative 

capacity. However, this model rules out the interchange between stem-like and 

differentiated states within one cell (Melzer, von der Ohe, Lehnert, Ungefroren, & 

Hass, 2017; Plaks, Kong, & Werb, 2015; Takebe, Harris, Warren, & Ivy, 2011). 

Conversely, the stochastic model suggests that carcinogenesis can be initiated 

by any normal cell that has randomly (i.e. stochastically) acquired oncogenic 

mutations, epigenetic changes, etc. This model states that every cancer cell within 

one tumor is equally capable of maintaining and promoting the tumor growth. The 

tumor heterogeneity in this model is mediated through genetic changes or by 

extrinsic and intrinsic factors such as tumor microenvironment and different 

signaling pathways (Melzer et al., 2017; Plaks et al., 2015; Takebe et al., 2011). 

These two models are not mutually exclusive, because the phenotypical states 

of the cells in a hierarchical organization are more transitory than earlier believed, 

and the stochastic events are also able to generate hierarchical cell populations 

(Plaks et al., 2015). To date it is known that a differentiated cell, either a cancer cell 

or a normal cell, can dedifferentiate back to the stem-like state (Chaffer et al., 2011; 

Gupta et al., 2011; Schwitalla et al., 2013). This dedifferentiation of the cell state 

can be either inherited (hierarchical model) or caused by mutations that lead to the 

acquisition of stem-like cell properties (stochastic model) (Plaks et al., 2015). This 

cancer plasticity is extremely valid to be considered in the clinical targeting of 

cancer stem cells.  
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Fig. 4. Hierarchical and stochastic cancer stem cell models. The hierarchical model 

suggests that only the cancer stem cells (CSCs) can initiate and maintain tumor growth, 

while the stochastic model states that all tumor cells are equally capable of initiating 

and maintaining tumor growth. Today it is known that differentiated cancer cells can 

dedifferentiate back to the stem-like cell state, creating cell plasticity.  
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2.3.2 Signaling pathways related to cancer stem cell phenotype 

CSCs are regulated by specialized microenvironments called CSC niches; several 

studies have suggested that CSCs require these niches to maintain their stem cell 

properties. The cells and molecules of the CSC niche affect the signaling of CSCs 

(Plaks et al., 2015). Normal stem cells and CSCs share similar signaling pathways, 

of which the most fundamental ones for the maintenance of the stemness are Notch, 

Hedgehog and Wnt/β-catenin pathways (Takebe et al., 2011).  

Notch pathway has a critical role in controlling the cell-to-cell interactions in 

embryogenesis, cell proliferation and differentiation, and apoptosis (Artavanis-

Tsakonas, Rand, & Lake, 1999). Notch can also affect the self-renewal of stem cells 

(Dontu et al., 2004; McKay et al., 2006). Hedgehog pathway acts in the embryonic 

development by controlling the tissue polarity and by participating in the 

maintenance of the stem cells and is, therefore, often hyperactivated in tumors 

(Ingham & McMahon, 2001; Takebe et al., 2011). Wnt signaling has also a vital 

role in embryogenesis, as it regulates the development of a variety of organ systems. 

In adults wnt regulates tissue self-renewal, for example, in the hair follicles 

(Clevers, 2006; Grigoryan, Wend, Klaus, & Birchmeier, 2008). It has been shown 

that CSCs require β-catenin to maintain their tumorigenic phenotype (Kim et al., 

2018; Malanchi et al., 2008; Zimmerli et al., 2018).  

All the aforementioned pathways have vital roles in the embryogenesis, and 

indeed, EMT, an essential process for the embryonic development, occurs also 

during tumorigenesis and allows CSCs to become metastatic (Shibue & Weinberg, 

2017; Shook & Keller, 2003).  

2.3.3 Markers used to identify cancer stem cells 

Cancer stem cell markers are commonly proteins that can identify cell populations 

enriched within a tumor and that fulfill the functional definition of cancer stem-like 

cells. Two key characteristics are used to define CSCs: their enhanced 

tumorigenicity and their capacity to self-renew or differentiate. Numerous CSC 

markers have been identified, of which the most broadly used are high CD133 

expression, high CD44 expression, and high aldehyde dehydrogenase 1 (ALDH1) 

expression or activity (Medema, 2013).  

CD133, also called prominin-1, is a transmembrane glycoprotein that is used 

to identify CSCs in many solid cancers, including breast, lung, brain and colorectal 

cancers (Bidlingmaier, Zhu, & Liu, 2008; Cioffi et al., 2015; Liu et al., 2013; 



39 

Wright et al., 2008). CD44 is also a transmembrane glycoprotein that has been 

shown to be potential CSC marker in various cancer types, such as breast, colorectal, 

lung and gastric cancers (Morath, Hartmann, & Orian-Rousseau, 2016). ALDH1, 

however, is a cytosolic enzyme that is widely used to isolate CSCs in many cancers 

(Carpentino et al., 2009; Ginestier et al., 2007; Jiang et al., 2009; van den Hoogen 

et al., 2010). In addition to these markers, transcription factors governing 

pluripotency of embryonic stem cells, such as SOX2, have been linked to CSCs 

and tumor initiation and are potential CSC markers (Leis et al., 2012; Masui et al., 

2007; Zhu et al., 2017). 

Universal CSC markers do not exist, because CSCs are an extremely 

heterogeneous cell population. A marker identified in one tumor may not be able to 

distinguish CSCs in another tumor, even in a tumor of the same origin (Plaks et al., 

2015; Vlashi & Pajonk, 2014). Hence, more than one CSC marker is commonly 

used, for example, in breast cancer CD44high/CD24low marker (Wright et al., 2008). 

2.4 HER family 

Human epidermal growth factor receptor (HER) proteins are essential during 

development and in normal adult physiology, and they are expressed in various 

neuronal, epithelial and mesenchymal tissues (Hynes & Lane, 2005). HERs belong 

to the RTK protein family. As mentioned earlier in section 2.1.3., the RTKs are 

crucial to numerous cell functions such as proliferation, differentiation and survival. 

The HER family is among the most studied cell-signaling families in biology. 

2.4.1 Structure and function 

The HER family comprises four members: EGFR/HER1/ERBB1, HER2/ERBB2, 

HER3/ERBB3 and HER4/ERBB4. All HER proteins share a nearly similar 

structure. They have an extracellular domain that contains four distinct parts 

(subdomains I-IV), a single transmembrane segment, an intracellular segment 

containing juxtamembrane, a protein kinase domain and a carboxyterminal (C-

terminal) tail (Roskoski, 2014; Ullrich et al., 1984).  

The signaling through HER proteins is initiated by the binding of a specific 

ligand. Both EGFR and HER4 have seven ligands, whereas HER3 has two ligands, 

and HER2 has none (Table 1) (Hynes & MacDonald, 2009). The subdomains I and 

III of the receptors participate in the ligand binding. Bivalent ligand, for example, 

epidermal growth factor (EGF), binds to the subdomains I and III on a single 
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receptor. The ligand binding initiates major conformational changes in the 

extracellular part of the receptor, revealing a dimerization arm in the subdomains 

II and IV (Ogiso et al., 2002). The HER2 receptor, however, already exists in this 

open conformation where the dimerization arm is not buried (Cho et al., 2003), 

which could explain its lack of ligands. After the dimerization arm is revealed, the 

HER proteins can form either hetero- or homodimers (or even oligomers), which 

will lead to an allosteric activation of the tyrosine kinase domains in the 

intracellular parts of the receptors (Hubbard & Miller, 2007; Roskoski, 2014; 

Zhang, Gureasko, Shen, Cole, & Kuriyan, 2006). Active kinases then 

phosphorylate tyrosine residues on the C-terminal tails of the receptors, which 

creates docking sites for the downstream signaling molecules (Roskoski, 2014). 

The kinase domain of the HER3 protein is catalytically impaired, but it can still act 

as an efficient phosphotyrosine scaffold, and it can activate its dimeric partners via 

allosteric activation mechanism (Shi, Telesco, Liu, Radhakrishnan, & Lemmon, 

2010).  

As mentioned earlier in section 2.1.3., the main downstream signaling 

pathways of RTKs are the PI3K/Akt/mTOR and Ras/Raf/MEK/ERK pathways, of 

which the former has an important role for cell survival and the latter participates 

in cell proliferation (Yarden & Pines, 2012). The HER3 receptor is a major player 

in cell survival, since it has several docking sites for the p85 subunit of PI3K. Other 

HER proteins are also able to activate the PI3K pathway; HER4 has one binding 

site for PI3K, but EGFR and HER2 cannot directly bind the enzyme (Kainulainen 

et al., 2000; Roskoski, 2014; Schulze, Deng, & Mann, 2005).  

The signaling through HER and other RTK proteins is downregulated by taking 

the receptor-ligand complex inside the cell by endocytosis. The receptor-ligand 

complex will be transported via endosomes to lysosomes for degradation. Before 

the endocytosis, the receptor is ubiquitinated, which is essential for the trafficking 

of the endosome to lysosomes. This downregulation is crucial for terminating the 

proliferative signals produced by the activated receptors (Katzmann, Odorizzi, & 

Emr, 2002; Mizuno et al., 2005). 
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Table 1. Human epidermal growth factor receptor ligands. Modified from Hynes & 

MacDonald 2009.  

EGFR HER2 HER3 HER4 

EGF - NRG1 Betacellulin 

TGF-α  NRG2 HB-EGF 

Amphiregulin   Epiregulin 

Epigen   NRG1 

Betacellulin   NRG2 

HB-EGF   NRG3 

Epiregulin   NRG4 

HB-EGF=heparin binding EGF-like growth factor, NRG=neuregulin 

2.4.2 HERs and cancer 

The HER proteins and their functions are often altered in cancer. The HER genes 

can be amplified or mutated, the ligands may be overproduced by the tumor cells 

or the surrounding stromal cells, or the downregulation of the receptor may be 

impaired. All these alterations can lead to constitutively activated receptors and 

prolonged signaling through them, causing tumor progression (Arteaga & 

Engelman, 2014; Hu et al., 2015). Activating oncogenic alterations of EGFR or 

HER2 are commonly seen in several cancers, while activating alterations of HER3 

and HER4 are less frequent, but their altered expressions have been reported in 

cancer (Mishra, Hanker, & Garrett, 2017).  

In the 1980s Kawamoto et al. showed by blocking EGFR in A431 cells that the 

receptor was able to drive the cancer cell growth (Kawamoto et al., 1983). Since 

then EGFR amplification, overexpression and activating mutations have been 

discovered in several carcinomas (Birkman et al., 2016; Shan et al., 2015). Mutated 

EGFR, which lacks exons 2–7 in the extracellular domain and is called EGFRvIII, 

is found mainly in gliomas but also in a fraction of lung, breast and ovarian cancers 

and leads to enhanced tumorigenicity (Moscatello et al., 1995; Nishikawa et al., 

1994; Sugawa, Ekstrand, James, & Collins, 1990). EGFR mutations were 

discovered in the early 2000s in non-small cell lung cancer (NSCLC), further 

highlighting the role of the receptor in tumorigenesis (Lynch et al., 2004; Paez et 

al., 2004). The two most common EGFR mutations seen in NSCLC are deletion of 

exon 19 and leucine-to-arginine substitution at amino acid position 858 (L858R), 

which are both located in the kinase domain of the receptor (Pao & Chmielecki, 

2010).  
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The most common oncogenic alteration of HER2 is its amplification. In 1987 

it was discovered that around 20% of breast cancers have HER2 amplification 

which is associated with poor patient outcomes (Slamon et al., 1987). It has been 

seen that metastatic mammary tumors are generated when wild-type HER2 is 

controlled by a mammary-specific promoter in transgenic mice (Andrechek et al., 

2000; Finkle et al., 2004). HER2 amplification has also been discovered in other 

cancers, such as gastric, esophageal and lung cancers (Bang et al., 2010; Cappuzzo 

et al., 2005). Activating mutations of HER2 are less common and are usually found 

in cancers without HER2 amplification. HER2 mutations have been reported in 

several cancers, such as lung adenocarcinomas, breast and colorectal cancer 

(Arteaga & Engelman, 2014; Bose et al., 2013; Hanker et al., 2017; Kavuri et al., 

2015; Suzuki et al., 2015). 

HER3 has also been linked to several cancers, mainly through its role in 

promoting signaling from oncogenic HER2 or EGFR by activating PI3K (Mishra, 

Patel, Alanazi, Yuan, & Garrett, 2018). Blocking HER3 has been shown to inhibit 

the growth of HER2-dependent tumors in xenograft models, which highlights the 

essential role of HER3 for HER2-driven tumorigenesis (Garrett et al., 2013; Lee-

Hoeflich et al., 2008). HER3 alterations have also been discovered, but the 

oncogenic activity of HER3 may still be dependent on HER2 or other HER proteins 

(Jaiswal et al., 2013; Mishra et al., 2017). 

HER4 is much less extensively studied than the other members of the HER 

family, and its activating mutations are less frequent in tumors. However, HER4 

alterations have been observed in different types of cancer, mostly in melanoma, 

and HER4 signaling has been shown to play an important role for cancer recurrence 

in lung cancer (Hegde et al., 2013; Kurppa, Denessiouk, Johnson, & Elenius, 2016; 

Mishra et al., 2017).  

HERs and CSCs 

The expression of EGFR, HER2 and HER3 has been linked to cancer stem-like cell 

(CSLC) properties in several types of cancer. EGFR expression can identify a 

CSLC population, induce CSLC properties, and promote their survival (Mazzoleni 

et al., 2010; Shi et al., 2018). HER2 expression is able to drive tumorigenesis and 

can maintain and regulate a CSLC population (Ithimakin et al., 2013; Jiang et al., 

2012; Korkaya et al., 2008; Nakanishi et al., 2010; Rainusso et al., 2012). 

Neuregulin-1 (NRG1), a HER3 and HER4 ligand, has been shown to induce CSLC 

characteristics in breast cancer by triggering HER3, since the NRG1-induced 
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CSLC characteristics are blocked when HER3 is inhibited (Jeong et al., 2014; Lee 

et al., 2014). The expression of EGFR, HER2 and HER3 has also been linked to 

poor clinical outcomes (Brabender et al., 2001; Cao, Chen, Xiong, & Chen, 2016; 

Carey et al., 2007; Cheang et al., 2009; Day et al., 2017; Slamon et al., 1987; Yan 

et al., 2018). A connection between HER4 expression and CSLC properties, 

however, is quite unexplored. Some studies have shown that HER4 can promote 

CSLC tumor progression, although one study showed that HER4 expression alone 

was unable to induce tumorigenesis in vivo but was still able to enhance the survival 

and growth of Ras- and/or wnt-driven tumors (Jardé et al., 2016; Williams et al., 

2015). HER4 expression is often linked to better prognosis, which supports the idea 

that HER4 alone is unable to induce tumorigenesis. However, some studies have 

linked the HER4 expression to poor survival (Munk et al., 2013; Wang et al., 2016; 

Zhao et al., 2014). 

2.4.3 HER targeted therapies 

When tumors are addicted to a specific oncogene, they can be easily targeted by 

inhibiting the oncogenic product. Multiple EGFR and HER2 targeting therapies 

have been developed, some of which are already in clinical use. HER3 targeting 

therapies are being developed, whereas HER4 is quite unexplored in the field of 

therapeutic targeting. HER targeting agents are commonly either monoclonal 

antibodies (mAbs) or tyrosine kinase inhibitors (TKIs). Monoclonal antibodies are 

highly specific for their target and are always administered intravenously, whereas 

TKIs are usually given orally and are not as specific as the mAbs. TKIs bind the 

kinase domain either reversibly or irreversibly, and they can be ATP competitors 

binding the ATP pocket directly or they can bind the kinase domain allosterically, 

leading to modifications of the ATP pocket. However, it is important to notice that 

even though oncogene addicted tumors are easily targeted, the tumors are clever 

and will usually develop resistance to the given treatment if it does not already exist 

(Arteaga et al., 2011). This chapter briefly describes the HER targeted therapies 

and the most common resistance mechanisms. 

EGFR 

Three generations of small molecule EGFR inhibitors, TKIs, have been developed. 

First-generation inhibitors, erlotinib and gefitinib which are reversible and 

competitive for ATP binding, have shown drastic clinical responses in EGFR-
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mutated cancer patients (Lynch et al., 2004; Mok et al., 2009; Rosell et al., 2012). 

The mutated EGFRs have a higher affinity for erlotinib and gefitinib than the wild-

type EGFR (Carey et al., 2006; Lynch et al., 2004; Yun et al., 2007). These 

inhibitors are in clinical use, but tumors almost inevitably develop acquired 

resistance to these first-generation inhibitors. The most common resistance 

mechanism is a gatekeeper mutation T790M in the EGFR receptor (Pao et al., 2005).  

The second-generation EGFR TKIs, such as ATP-competitive afatinib, bind 

irreversibly to the receptor and were developed to overcome acquired gefitinib and 

erlotinib resistance. Even though these second-generation inhibitors are shown to 

target the EGFRT790M, they also target the wild-type EGFR. Afatinib also binds 

HER2 and HER4 proteins. In clinical trials, however, afatinib was unable to 

overcome the EGFR TKI resistances and is currently used mainly as an alternative 

agent for 1st generation inhibitors in metastatic, EGFR mutant NSCLC (Arteaga & 

Engelman, 2014; Li et al., 2008; Miller et al., 2012).  

Third-generation inhibitors are much more potent towards the mutated EGFR, 

including T790M, than towards the wild-type. AZD9291, also called osimertinib, 

has been shown to be well tolerated and has a high rate of clinical responses (Cross 

et al., 2014; Jänne et al., 2015; Mok et al., 2017; Soria et al., 2018). Osimertinib is 

an irreversible, ATP-competitive inhibitor and has received EMA and FDA 

approval, but resistance towards osimertinib has been discovered (Cross et al., 2014; 

Thress et al., 2015).  

EGFR-neutralizing antibodies have been developed in addition to TKIs, of 

which cetuximab and panitumumab are in clinical use, mainly to treat colorectal 

cancer and head and neck cancer (Arteaga et al., 2011). Cetuximab in combination 

with afatinib has been studied to treat NSCLC, because the combination was shown 

to target the EGFRT790M in mice, and the combination has shown some clinical 

activity, but the studies are still ongoing (Horn et al., 2017; Janjigian et al., 2014; 

Regales et al., 2009).  

HER2 

Both TKIs and antibodies have been developed to target the HER2 protein. 

Trastuzumab (Herceptin) is a monoclonal antibody that binds HER2 on the C-

terminal portion of subdomain IV and is used in the clinic for treatment of HER2-

positive cancers (Cho et al., 2003). Trastuzumab inhibits a cleavage of HER2 

ectodomain, uncouples HER2 homodimers leading to a partial inhibition of 

downstream signaling, but its main mechanism of action is to induce antibody-
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dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular 

phagocytosis (ADCP) (Clynes et al., 2000; Ghosh et al., 2011; Molina et al., 2001; 

Shi et al., 2015). ADCC and ADCP are regulated via fragment c gamma receptors 

(FcγR) on immune cells, and the effects of trastuzumab are remarkably diminished 

when FcγR are absent (Clynes et al., 2000). These actions of trastuzumab are 

mainly mediated by NK cells and macrophages, but it has been shown that T cells 

are necessary for its full activation (Arnould et al., 2006; Gennari et al., 2004; Park 

et al., 2010). Tumors can develop resistance to trastuzumab via multiple 

mechanisms. The binding of trastuzumab can be impeded by expression of 

truncated HER2, which lacks the receptor’s extracellular domains. The tumors can 

overcome the inhibition of the HER2 signaling by increasing the expression of 

EGFR, HER3 or other RTKs, or by altering the downstream signaling molecules. 

The PI3K/Akt/mTOR pathway has often been linked to trastuzumab resistance. The 

immunomodulatory functions of trastuzumab can be affected by FcγR 

polymorphisms and by immunosuppressive cells, which inhibit the function of NK 

cells, macrophages and T cells (Arteaga et al., 2011; Elster et al., 2015; Musolino 

et al., 2008). However, a recent study has shown that the ADCP in macrophages, 

induced by trastuzumab itself, can increase the expression of PD-L1 and IDO1, 

leading to immunosuppression (Su et al., 2018).  

Pertuzumab is a monoclonal antibody that binds to subdomain II of HER2 

protein blocking heterodimerization of the receptor and, thus, leads to partial 

inhibition of the receptor signaling and also to activation of the ADCC and ADCP 

(Agus et al., 2002). Pertuzumab is given together with trastuzumab, because they 

target the different domains and inhibit together all HER2-containing dimers. This 

combinatory treatment has shown synergy in preclinical studies and in clinical trials 

and is now used as a treatment for HER2-positive breast cancer (Baselga et al., 

2012; Gianni et al., 2012; Scheuer et al., 2009). The resistance mechanisms for 

pertuzumab treatment are much less known than for trastuzumab. 

Trastuzumab emtansine (T-DM1) is yet another HER2 targeting treatment 

containing trastuzumab antibody, which is covalently linked to three to four non-

cleavable maytansinoid molecules that inhibit microtubule polymerization. When 

T-DM1 binds to HER2 and the receptor is internalized, the T-DM1 comes along 

and will be released after lysosomatic degradation, leading to cell lysis (Lewis 

Phillips et al., 2008). The functions of T-DM1 are, otherwise, quite similar to 

trastuzumab (Junttila, Li, Parsons, Phillips, & Sliwkowski, 2011). T-DM1 is in 

clinical use for HER2-positive breast cancer, but resistance is eventually developed 

(Barok, Joensuu, & Isola, 2014; Verma et al., 2012). The suggested resistance 
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mechanisms include impaired lysosomal activity, defects in the system inducing 

mitosis and differential endocytosis (Ríos-Luci et al., 2017; Sabbaghi et al., 2017; 

Sung et al., 2018). 

TKI used for HER2-positive cancers (mainly breast cancer) is lapatinib, which 

blocks the HER2 signaling by binding reversibly to the ATP pocket. Lapatinib is 

used in clinical practice and has shown activity in HER2-positive breast cancers 

that have progressed after trastuzumab. Lapatinib binds also the inactive formation 

of EGFR but has not shown activity against EGFR-mutated cancers (Arteaga & 

Engelman, 2014; Geyer et al., 2006; Konecny et al., 2006; Wood et al., 2004). 

Resistance to lapatinib is proposed to occur via activation of compensatory survival 

pathways, for example, increasing signaling trough estrogen receptors and 

activating mutations of PI3K (Garrett & Arteaga, 2011). 

Neratinib, an irreversible, ATP-competitive TKI that targets EGFR, HER2 and 

HER4, has recently been approved for the treatment of early stage HER2-positive 

breast cancer patients to follow trastuzumab-based adjuvant therapy (Feldinger & 

Kong, 2015; Martin et al., 2017).  

HER3 and HER4 

Targeting agents for HER3 and HER4 are less studied than for EGFR and HER2. 

The signaling through HER3 has been shown to be involved in the resistance to 

EGFR and HER2 targeting therapeutic agents, and HER3 targeting inhibitors are 

being developed. Since the tyrosine kinase of HER3 is impaired, TKI targeting of 

HER3 is unlikely to be effective. The therapeutic approaches for HER3 targeting 

focus on inhibiting the ligand binding and dimerization of the receptor, including 

the internalization of HER3, and on trapping the receptor in its inactive 

conformation (Karachaliou, Lazzari, Verlicchi, Sosa, & Rosell, 2017). Targeting 

agents for HER4 are quite unexplored. Few monoclonal antibodies that target 

HER4 in vitro and in vivo have been developed (Hollmén, Määttä, Bald, 

Sliwkowski, & Elenius, 2009; Okazaki et al., 2016). 

2.5 HER2+ breast cancer 

HER2 gene is amplified or overexpressed in ~10–20% of all breast cancers (Cortet 

et al., 2018; Kohler et al., 2015; Köninki, Tanner, Auvinen, & Isola, 2009). HER2 

positivity is associated with large tumor size, lymph-node involvement, high-grade 

tumors, high rates of proliferation, higher recurrence rates and poor survival. Anti-
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HER2 therapies have remarkably improved the patient outcomes of HER2-positive 

breast cancer (Andrulis et al., 1998; Baselga et al., 2012; Gonzalez-Angulo et al., 

2009; Marty et al., 2005; Ménard et al., 2002; Payandeh, Shahriari-Ahmadi, 

Sadeghi, & Sadeghi, 2016; Slamon et al., 1987; Slamon et al., 1989). The addition 

of trastuzumab alone in the treatment practice has made a great difference, but when 

HER2-positive metastatic breast cancer patients received pertuzumab in addition 

to trastuzumab and docetaxel (a chemotherapeutic agent), an improvement of 15.7 

months in the overall survival (OS) was seen reaching a median OS of 56.5 months 

(Swain et al., 2015).  

2.5.1 Treatment of HER2+ breast cancer 

Local disease 

Figure 5 shows a scheme of the basic treatment options for local HER2+ breast 

cancer. Surgery is the primary treatment for local disease. Mastectomy is a standard 

option if the breast conserving surgery is not feasible and the patient has no wish 

to conserve the breast. However, if the patient wishes to conserve the breast, 

neoadjuvant therapy can be given to downsize the tumor. Neoadjuvant therapy is 

also given for patients with inoperable T4 (T, tumor volume) and locally advanced 

diseases. Regimens of the neoadjuvant therapies are planned individually for each 

patient, but trastuzumab is usually given to all HER2+ breast cancers. 

Chemotherapy can be given as neoadjuvant therapy, and endocrine therapy is given 

according to the estrogen receptor status of the tumor (Finnish Breast Cancer Group, 

2019; Senkus et al., 2015).  

Two to six weeks after surgery, adjuvant therapies are planned for each patient 

according to the risk of relapse, the predicted sensitivity to the treatment and the 

benefit from them. Postoperative radiation therapy is given after breast-conserving 

surgery, for patients with locally advanced disease and after mastectomy for T3–

T4 non-advanced tumors. HER2+ breast cancer patients will commonly receive 

chemotherapy and trastuzumab therapy and possible endocrine therapy as an 

adjuvant therapy. Guidelines exist about which treatments can be given 

concomitantly and which cannot, for example, trastuzumab should not be given 

together with anthracyclines due to its cardiotoxicity (Finnish Breast Cancer Group, 

2019; Senkus et al., 2015). However, much uncertainty exists about the duration of 

trastuzumab treatment. Some studies have shown that longer trastuzumab 
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treatments (2 years) do not give additional benefits, but other studies have been 

unable to demonstrate that (Goldhirsch et al., 2013; Joensuu et al., 2009; Pivot et 

al., 2013). The standard duration of trastuzumab treatment is currently one year. It 

should be noted that these therapies are just examples, and every therapy is planned 

separately for each patient. The things that must be considered when making the 

final decision about the therapies are the predicted late effects of the treatment, the 

general health status of the patient, the patient’s biological age and the patient’s 

preferences (Finnish Breast Cancer Group, 2019; Senkus et al., 2015).  

 

Fig. 5. Treatment options for early HER2+ breast cancer. Neoadjuvant therapy can be 

given before surgery, surgery will be either breast conserving or mastectomy, and 

adjuvant therapy will be given after the surgery. ChT=chemotherapy, ET=endocrine 

therapy, RT=radiation therapy, T=trastuzumab, P=pertuzumab. Figure modified from 

Senkus et al., 2015. 
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Metastatic disease 

The treatment of metastatic disease depends on the tumor/metastasis status. If the 

amplification/overexpression of HER2 gene is present, the standard first-line 

therapy in the metastatic setting is the combination of chemotherapy, trastuzumab 

and pertuzumab. Common chemotherapeutic agents used with the trastuzumab + 

pertuzumab combination are docetaxel or paclitaxel. If the first-line therapy 

provides benefit, anti-HER2 and ET therapies can be given as maintenance therapy. 

According to the guidelines, the maintenance therapy should be used until 

progression. However, expert opinion has stated that optimal duration of HER2 

therapy is unknown for patients with complete response, and stopping may be 

considered if a retreatment option is available. If the disease progresses after 

trastuzumab-based therapy, the second-line therapy is T-DM1. Trastuzumab + 

lapatinib can be a reasonable treatment option for some patients (Cardoso et al., 

2018).   

2.5.2 Tumor-infiltrating lymphocytes in HER2+ breast cancer 

Lymphocyte infiltration into HER2-positive breast cancer was first observed in 

1990. The significance of tumor-infiltrating lymphocytes (TILs) in HER2+ breast 

cancer has been widely studied, mainly by evaluating the abundance of total TILs 

present in the tumor or in the stroma, and the high infiltration is associated with 

remarkably improved outcomes and increased trastuzumab benefit (Denkert et al., 

2018; Lee et al., 2015; Loi et al., 2014; Luen et al., 2017; Salgado et al., 2015). 

TILs may also predict the efficacy of chemotherapy in HER2+ breast cancer 

(Denkert et al., 2015; Ingold Heppner et al., 2016).  

TILs in HER2+ breast cancer are commonly studied by evaluating the 

morphology of the immune cells from hematoxylin and eosin-stained tumor tissues, 

even though distinct immune cells may have different impacts on the tumor 

progression as section 2.2. described. Some of the most recent studies on HER2+ 

breast cancer have evaluated the impact of the immune cells to patient outcomes 

and treatment responses by analyzing cytotoxic T cells (CD8), regulatory T cells 

(FoxP3) and M2 macrophages (CD163 + CD68) separately. High stromal and 

intratumoral infiltration of CD8+ cells and a high ratio of CD8/FoxP3 have been 

linked to improved progression-free survival, overall survival and objective 

response rate of trastuzumab-pertuzumab-docetaxel -treatment (Hou, Nitta, Wei, 
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Banks, Lustberg et al., 2018; Liu et al., 2017; Takada et al., 2018; van Rooijen et 

al., 2018). 

2.6 ALK in cancer 

Anaplastic lymphoma kinase (ALK) is an RTK and a member of the insulin 

receptor superfamily. ALK is involved in a normal development and function of the 

nervous system, which has been shown to be mediated via MAPK signaling 

pathway (Iwahara et al., 1997; Motegi, Fujimoto, Kotani, Sakuraba, & Yamamoto, 

2004; Souttou, Carvalho, Raulais, & Vigny, 2001). ALK has been found to be 

altered in many solid and hematological tumors and was first identified in 

anaplastic large cell lymphoma, after which the ALK is named. The best-

characterized alterations of ALK are the translocations of the gene, but ALK can 

also be mutated or amplified (Grande, Bolós, & Arriola, 2011). 

2.6.1 ALK translocated NSCLC 

Lung cancer is the most common type of cancer and has a high mortality. Lung 

cancers are divided into two major classes: non-small cell lung cancer (NSCLC), 

which accounts for over 80% of all lung cancers, and small cell lung cancer. 

NSCLC is further divided into two categories, squamous cell carcinoma and 

nonsquamous cell carcinoma, which include adenocarcinoma, large cell carcinoma 

and other cell types. Around 60% of all NSCLC are adenocarcinomas (Cao et al., 

2019; Ettinger et al., 2017).  

The most widely recognized translocation of ALK, the echinoderm 

microtubule-associated protein-like 4 (EML4)-ALK fusion, was discovered in 

NSCLC in 2007 (Grande et al., 2011; Lin, Riely, & Shaw, 2017; Soda et al., 2007). 

EML4-ALK translocations are rare in NSCLC, only 3 to 7% of NSCLCs harbor the 

fusion (Shaw et al., 2009), but the total amount of these cancers is still rather high 

considering the high incidence of lung cancer worldwide. At least 15 different 

variants of EML4-ALK translocation have been identified, but the variants 1, 2 and 

3a/b are the most common ones. All EML4-ALK translocations contain the kinase 

domain of the ALK protein, while the EML4 part differs between the variants. 

These translocations lead to a constitutively and ligand-independently activated 

ALK kinase, which signals through Ras/Raf/MEK/ERK, MAPK and JAK/STAT-

pathways. The EML4-fusion also changes the location of the ALK kinase, since it 

is no longer located at the cell membrane but in the cytosol (Sabir, Yeoh, Jackson, 



51 

& Bayliss, 2017). ALK rearrangements are a classical example of an oncogene 

addiction in cancers, and they can be easily targeted.  

2.6.2 ALK targeting and resistance mechanisms in cancer 

The first-developed ALK targeting inhibitor was crizotinib, a reversible ATP-

competitive TKI that has gained FDA and EMA approvals for ALK-rearranged 

NSCLC and has been shown to be superior to the first- and second-line 

chemotherapy in advanced ALK-rearranged NSCLC (Kwak et al., 2010; Shaw et 

al., 2013; Solomon et al., 2014; Zou et al., 2007). Like with other TKIs, ALK TKI 

treated patients will inevitably progress due to acquired resistance. Second-

generation ALK inhibitors, ceritinib, alectinib and brigatinib, are reversible ATP-

competitive inhibitors and have been developed to overcome crizotinib resistance. 

They are approved for the treatment of ALK-rearranged NSCLCs previously treated 

with crizotinib (Lin et al., 2017). 

The two major classes of ALK TKI resistance mechanisms are ALK-dependent 

mechanisms, including ALK secondary mutations or ALK amplification, and ALK-

independent mechanisms, including activation of bypass signaling pathways. ALK 

secondary mutations causes around 20–30% of crizotinib resistances and around 

56% of the second-generation ALK TKI resistances (Lin et al., 2017). The spectrum 

of these ALK secondary mutations is rather broad, but the three most well-known 

mutations are L1196M, G1269A and G1202R, which hinder the binding of the TKI 

to ALK (Lin & Shaw, 2016). The G1202R mutated ALK has been shown to be 

highly resistant to the first- and second-generation ALK TKIs, but the resistance 

can be overcome with third-generation ALK TKI lorlatinib, which gained FDA 

approval in 2018 (Gainor et al., 2016; Zou et al., 2015). Around half of the ALK 

TKI resistances are caused independently of ALK. Numerous bypass signaling 

activations have been shown to cause ALK TKI resistance, of which the first-

identified bypass mechanism was the activation of EGFR. The activation of other 

HER proteins has also been shown to drive the ALK TKI resistance (Lin et al., 

2017; Wilson et al., 2015). Furthermore, crizotinib resistance can be driven by 

pharmacokinetic resistance due to a low penetration of crizotinib through 

cerebrospinal fluid (CSF), reducing the effect of crizotinib in the central nervous 

system (Costa et al., 2011; Metro et al., 2015).  
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3 Aims of the study 

This current work focused on more efficient use of HER targeting agents in cancer 

therapy. Our aim was to find prognostic and predictive markers for metastatic 

HER2-positive breast cancer patients treated with trastuzumab and determine the 

role of HER2 and HER3 for cancer stem-like cells in ALK translocated non-small 

cell lung cancer. More specifically the main aims of the study were: 

1. To study the impact of immunosuppressive molecules and several distinct 

immune cell subtypes in different tumor locations for the prognosis of 

metastatic HER2-positive breast cancer patients and whether these 

immunological markers could predict the benefit from trastuzumab. 

2. To investigate the role of HER2 and HER3 receptors for cancer stem-like cells 

in ALK translocated NSCLC by altering the gene expression of these proteins 

and evaluate the effects of the genetic alteration to the cells.  
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4 Materials and methods 

4.1 Publications I and II 

The following materials and methods were used in publications I and II. 

4.1.1 Patient material 

All patients who had received at least one dose of intravenous trastuzumab for the 

treatment of metastatic HER2-positive breast cancer in Oulu University Hospital 

in 2009–2014 (n=54) were retrospectively identified from the pharmacy records 

and were included in publications I and II. The studies were limited to patients who 

had prechemotherapy samples available (n=48). In publication II the number of 

adequate tumor samples was decreased to 40 samples, and the analysis of IDO1 in 

publication II was limited to 25 samples due to a limited tumor sample availability 

at the time of analysis.  

The following patient data were previously (Moilanen, Mustanoja, Karihtala, 

& Koivunen, 2017) collected from the electronic patient records: Patients’ age, date 

of diagnosis, date of metastatic disease, histological subtype, TNM staging, tumor 

grade, Ki-67 staining, estrogen- and progesterone receptor status, 

adjuvant/metastatic treatment regimens, treatment durations and therapy responses. 

The patients’ HER2 positivity was characterized by the presence of HER2 

amplification in chromogenic in situ hybridization. Survival in metastatic disease 

was defined as the time from the identification of metastatic disease to death or end 

of follow-up. HER2 therapy was interrupted with patients whose HER2 therapy 

response lasted >12 months or who had a therapy response but severe, suspected 

HER2 therapy-related adverse effects. The length of HER2 therapy discontinuation 

was determined from the date of the last administration of trastuzumab (in the 

longest therapy interruption period) to the date of trastuzumab re-initiation, death, 

or end of follow-up.  

4.1.2 Immunohistochemistry and immune cell counting 

Immunohistochemistry was conducted on 3.5 μm sections cut from paraffin-

embedded specimens. The sections were deparaffinized in xylene or in HistoClear 

(IDO1) and rehydrated through graded alcohols. Antigen retrieval was conducted 
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in a microwave oven with citrate buffer (pH6; IDO1) or Tris-EDTA (pH9) buffer 

at 800 W for 2 min and at 150 W for 10 (IDO1) or 15 min. Endogenous peroxidase 

activity was neutralized in 3% H202-aqua solution (IDO1) or in Dako REAL 

peroxidase blocking solution for 5 min. The incubation with monoclonal primary 

antibodies was conducted at different temperatures and times (Table 2). Bound 

antibodies were detected using the EnVisionTM system (Dako Denmark A/S, 

Glostrup, Denmark). 3,3’-Diaminobenzidine was used as the chromogen and 

hematoxylin as the counterstain.  

Table 2. Antibodies and protocols used in immunohistochemistry. 

Target  Antibody Clone/Catalog 

number 

Manufacturer Dilution Incubation time 

(min)1 

Study 

T cells CD3 PS1 Novocastra 1:50 30 min, RT I 

Cytotoxic T cells CD8 4B11 Novocastra 1:200 30 min, RT I 

Regulatory T cells FoxP3 236A/E7 Abcam 1:100 30 min, RT II 

NK cells CD56 MRQ-42 Cell Marque 1:100 30 min, RT I 

Macrophages (Mφ) CD68 PG-M1 Dako  1:100 30 min, RT I 

M1-like Mφ/tumor iNOS ADI-905-431-1 Enzo Life Sciences 1:200 60 min, RT II 

M2-like Mφ CD163 10D6 NeoMarkers 1:200 30 min, RT II 

Tumor CD47 HPA044659 Atlas Antibodies 1:150 60 min, RT II 

Mφ/tumor IDO-1 D5J4E™ Cell Signaling 

Technology 

1:400 o/n, +4°C II 

1Primary antibody incubation time 

The sections were scanned with Aperio AT2 image-capturing device (Leica 

Biosystems) for the analysis of the immunohistochemistry. Imagescope (Aperio 

Technologies) software, version 11.2, was used to view the scanned images. Using 

the software, 3–6 (median 6) images, depending of the size of the tumor sample, 

were captured with ×20 magnification from the center of the tumor (CT) and the 

invasive margin (IM) for immune cell counting. The immune cells were counted 

using an earlier described and validated computer-assisted counting method 

(Väyrynen et al., 2013; Väyrynen et al., 2012) that utilizes ImageJ, a freeware 

image analysis software (Abràmoff, Magalhães, & Ram, 2004). The intensity of 

tumor cell immunoreaction for iNOS (cytoplasmic), IDO1 (cytoplasmic), or CD47 

(membranous) was evaluated as negative (0), weak (1), moderate (2), or strong (3) 

(Zlobec, Terracciano, Jass, & Lugli, 2007) by an experienced pathologist. Tertiary 

lymphoid structures (TLSs) were manually counted and measured from the H&E 

stained sections.  
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4.1.3 Statistics 

Statistical analyses were performed with IBM SPSS Statistics 24.0 for Windows 

(IBM Corporation, Armonk, NY, USA). Receiver operating characteristics (ROC) 

analysis for the whole patient material was used to determine optimal cut-off scores 

of CD3, CD8, FoxP3, CD56, CD68, iNOS, CD163, IDO1 and TLS density for 

discriminating the survivors from the non-survivors (Table 3). Area under the curve 

(AUC) describes the accuracy of a test and also how well the test can separate the 

survivors from the non-survivors. AUC values range from 0.5 to 1, and the closer 

the value is to 1, the more discriminatory power the test has. The AUC values in 

our studies were rather low because of the small number of patients in the studies 

(Table 3). The associations between the studied markers and the survival of the 

patients were analyzed with Kaplan-Meier method using the log-rank test to 

compare the survival in different groups. Multivariate analyses were performed 

with Cox regression analysis to test whether the studied markers were independent 

prognostic markers. Correlations between different variables were performed using 

Spearman’s correlation (2-tailed) and scatter plot analysis. Probability values below 

0.05 were considered significant.  

4.1.4 Ethics 

The patient data collection and tumor analyses were carried out under permissions 

from the Northern Ostrobothnia Hospital District ethical committee (114/2011, 

amendment 23.02.2015), National Supervisory Authority for Welfare and Health 

(9850/05.01.00.06/2010), and the medical director of Oulu University Hospital 

(study no. 60/2015). 
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Table 3. ROC analysis AUC and cut-off values of the studied immune cell markers. 

Marker  Location AUC (CI) Cut-off (cells/mm2)1 Publication 

CD3  IM 0.620 (0.409–0.831) 700 I 

 CT 0.672 (0.457–0.887) 300 I 

CD8 IM 0.644 (0.441–0.846) 300 I 

 CT 0.695 (0.488–0.903) 120 I 

 CT 0.627 (0.401–0.853) 120 II 

FoxP3 IM 0.556 (0.298–0.813) 134 II 

 CT 0.626 (0.384–0.868) 82 II 

CD56 IM 0.683 (0.461–0.905) 17 I 

 CT 0.722 (0.505–0.938) 12 I 

CD68 IM 0.563 (0.347–0.779) 646 I 

 CT 0.717 (0.544–0.889) 647 I 

iNOS IM 0.594 (0.371–0.818) 58 II 

 CT 0.702 (0.498–0.906) 37 II 

CD163 IM 0.504 (0.263–0.744) 307 II 

 CT 0.459 (0.216–0.703) 241 II 

IDO IM 0.632 (0.333–0.930) 62 II 

 CT 0.706 (0.473–0.939) 19 II 

TLS - 0.519 (0.277–0.762) 6.5 I 

1Cut-off value for TLS is lymphoid follicles/2x field 

4.2 Publications III and IV 

The following materials and methods were used in publications III and IV. 

4.2.1 Cell lines, inhibitors and growth factors 

The cell lines used in the studies included ALK translocated non-small cell lung 

cancer (NSCLC) cell lines H3122 and H2228. Both cell lines were further modified 

to overexpress HER2 or knockdown HER2 or HER3. The original cell lines were 

kind gifts from Dr. Pasi Jänne (Dana-Farber Cancer Institute, Boston, MA, USA). 

The cell lines were cultured in RPMI-1640 medium supplemented with 10% fetal 

bovine serum and 100 IU/ml penicillin and streptomycin, which were all purchased 

from HyClone (Logan, UT, USA). The cells were incubated at 37˚C with 5% CO2 

in the atmosphere. Table 4 shows all inhibitors and growth factors used to treat the 

cells in studies III and IV. Inhibitors were diluted in dimethyl sulfoxide (DMSO) 

and stored at -20˚C, while growth factors were diluted in sterile, distilled water and 

stored at -80˚C. 
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Table 4. Used inhibitors and growth factors. 

Molecule Target Used concentration Manufacturer 

Inhibitor    

TAE684 ALK 0.1 M Axon Medchem, 

Groningen, Netherlands 

Crizotinib ALK 1 M LC Laboratories, 

Woburn, MA, USA 

Lapatinib HER2, EGFR 1 M Alexis Biochemicals, 

Lausen, Switzerland 

Afatinib EGFR, HER2, HER4 1 M LC Laboratories, 

Woburn, MA, USA 

Growth factor    

NRG1 HER3, HER4 50 ng/ml Sino Biological Inc., 

Beijing, China 

EGF EGFR 50 ng/ml Sino Biological Inc., 

Beijing, China 

4.2.2 Lentiviral knockdown and retroviral overexpression 

Lentiviral and retroviral vectors were used to achieve knockdown and 

overexpression of GFP and HER2 in H3122 and H2228 cell lines in publication III. 

HER2 shRNA vector was purchased from Sigma-Aldrich (St. Louis, MO, USA), 

while GFP shRNA vector and both retroviral vectors were kind gifts from Dr. Pasi 

Jänne (Dana-Farber Cancer Institute). GFP was used as a control for the 

overexpression and knockdown. 293T cells were transfected with lenti-/retroviral 

expression vectors and packaging plasmids using FuGENE 6 reagent (Promega, 

Madison, WI, USA). The packaging plasmids used were Gag&Pol, Rev and VSV-

G with lentiviral vectors and pCL-Eco with retroviral vectors. All packaging 

plasmids were gifts from Dr. Pasi Jänne. Lentiviral supernatants were collected 24h 

and retroviral supernatants 48h after transfection. Both supernatants were filtered 

through 0.45 μm filter and applied to the target cells in the presence of polybrene 

(Sigma-Aldrich). After 48h of infections, the target cells were selected with 

puromycin (Sigma-Aldrich) for 72–96h. 

4.2.3 CRISPR-Cas9 knockdown 

HER3 knockdown in publication IV was performed using the CRISPR-Cas9 

genome editing system. Single guide RNA (sgRNA) design and CRISPR-Cas9 
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transfection plasmid were purchased from Sigma-Aldrich. A plasmid with non-

targeting sgRNA was a kind gift from Dr. Peppi Karppinen, and the plasmid was 

used to create a control knockdown cell line, referred to now on as NEG. Table 5 

shows information about the transfection plasmids; vectors, sgRNA sequences and 

targeted exons. HER3 has two known transcript variants (National Center for 

Biotechnology Information) both of which were targeted with the same plasmid. 

Table 5. CRISPR-Cas9 transfection plasmids. 

Gene Vector Target site Target exon 

HER3 U6gRNA-Cas9-2A-GFP ACTGTACAAGCTCTACGAGAGG 2 

NEG pSpCas9(BB)-2A-GFP GCACTACCAGAGCTAACTCA - 

H3122 cells were plated on 24-well plates, 25,000 cells/well, allowed to attach for 

one day, after which they were transfected with CRISPR-Cas9 plasmids using 

Fugene HD (Promega) transfection reagent. Transfection was performed according 

to the manufacturer’s instructions using 1 µg of DNA per well. The transfected, 

GFP-positive cells were single cell sorted 44–48 hours after transfection into 96-

well plates from where single cell colonies were further grown and analyzed. The 

knockdown was verified by sequencing the genomic DNA and analyzing the 

changes in protein expression with western blot.  

4.2.4 DNA extraction, PCR and sequencing 

Genomic DNA was isolated from cultured cells using the NucleoSpin® Tissue Kit 

(Macherey-Nagel, Düren, Germany). Target sequences were amplified with 

polymerase chain reaction (PCR) using MyTaqTM HS Red Mix (Bioline, London, 

UK) with specific primers designed to cover the CRISPR-Cas9 sgRNA sequence 

in HER3 (Table 6). The primers were purchased from Sigma-Aldrich. Sizes of the 

PCR products were checked on 2% agarose gel, and the products were extracted 

from the gel using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific 

Baltics UAB, Vilnus, Lithuania) with an extra washing step and pre-warmed elution 

buffer. The PCR products were then sequenced with ABI3500xL Genetic Analyzer 

by Biocenter Oulu Sequencing Center, and the sequences were analyzed with 

CodonCode Aligner (CodonCode Corporation, Centerville, MA, USA). 
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Table 6. PCR primers and their sequences. 

Primer Sequence Amplicon length (bp) 

HER3 forward 5’-AAA GCT CTC AGG CCA CTA CA-3’ 519 

HER3 reverse 5’-GCT ACA ACA GTG AGA CCA TAG G-3’ 

4.2.5 Western blot 

Cultured cells were plated on 6-well plates, allowed to attach for 1–2 days, and 

treated with the desired drugs for 5h or 5 days, after which the cells were lysed with 

NP-40 lysis buffer (20 mM Tris-HCl pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM 

EDTA, 1 mM sodium orthovanadate, 1% igepal CA-630, 10 μg/ml aprotinin and 

10 μg/ml leupeptin). Protein concentrations were measured with Bio-Rad Protein 

assay (Bio-Rad Laboratories, Hercules, CA, USA). Concentrations between 

samples were equalized, after which Laemmli buffer was added, and samples were 

boiled and stored at -80˚C. 

Equal amounts of proteins were separated on sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE), proteins were transferred to 

polyvinylidene difluoride (PVDF) membrane, blocked with 5% BSA (1x PBS, 0.1% 

Tween-20, 0.005% sodium azide) and incubated with primary antibodies overnight 

at 4˚C. The membranes were incubated with horseradish peroxidase (HRP)-linked 

secondary antibodies for 1h at room temperature, after which the membranes were 

developed using chemiluminescence and exposed to radiographic films. The 

quantification of western blot images was prepared using ImageJ software version 

1.4.3.67, measuring the intensities (pixel percentages) for each sample in the same 

membrane with an equal, manually selected area.  

Antibodies (Table 7) were diluted in 5% BSA and used at 1:1,000, 1:20,000 (-

actin) or 1:3,000 (secondary antibodies) dilutions. Antibodies were purchased from 

Cell Signaling Technology (Danvers, MA, USA), except -actin (Novus 

Biologicals, Abingdon, UK) and ALDH1 (BD Transduction Laboratories, Franklin 

Lakes, NJ, USA). 

4.2.6 Colony formation assay 

Cells were plated on 24-well plates, 600–1,000 cells/well, allowed to attach for 1–

2 days, after which they were treated with the desired drugs for 7 days. Table 4 

displays the used inhibitors, growth factors and final concentrations. The cells were 

then allowed to recover and form several colonies before they were fixed with ice-
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cold methanol and stained with 0.005% crystal violet (Merck, Darmstadt, 

Germany). The plates were imaged with a digital camera.  

Table 7. Antibodies used in western blot. 

Antibody Phosphorylation site Manufacturer (Product code) 

Primary antibodies   

ALDH1 - BD Transduction Laboratories (611195) 

Akt - CST1 (4691) 

Phospho-Akt Ser473 CST (4060) 

ALK - CST (3633) 

Phospho-ALK Tyr1604 CST (3341) 

Cleaved PARP - CST (5625) 

CD44  - CST (3570) 

ERBB1/EGFR - CST (4267) 

Phospho-EGFR Tyr1068 CST (3777) 

ERBB2/HER2 - CST (2165) 

Phospho-HER2 Tyr1221/1222 CST (2243) 

ERBB3/HER3 - CST (12708) 

Phospho-HER3 Tyr1289 CST (2842) 

ERBB4/HER4 - CST (4795) 

Phospho-HER4 Tyr1284 CST (4757) 

ERK - CST (9102) 

Phospho-ERK Thr202/Tyr204 CST (9101) 

SOX2 - CST (3579) 

-actin - Novus Biologicals (NB600-501) 

Secondary Antibodies   

Anti-mouse HRP-linked - CST (7076) 

Anti-rabbit HRP-linked - CST (7074) 

1CST=Cell Signaling Technology 

4.2.7 Tumor sphere formation assay 

The cells were treated with ALK TKIs for 5 days, after which the cells were plated 

on 6-well ultra-low attachment plates (Corning, NY, USA). A total of 5,000–7,000 

cells were seeded on each well in sphere formation media (DMEM/F-12 media 

with 20 ng/ml EGF, 20 ng/ml bFGF, 1% B27 supplement and 100 units/ml 

penicillin and 100 µg/ml streptomycin) with or without further ALK TKI treatment. 

The spheres were allowed to grow for 10–15 days, after which images were taken 

with digital camera and the number of spheres were counted manually. Largest 
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spheres from each well were imaged with phage contrast microscope using 10x 

magnification in publication III. 

  



64 

 



65 

5 Results 

5.1 Immunological markers in metastatic HER2+ breast cancer 

Immunological markers were studied in publications I and II. 

5.1.1 Patient characteristics 

As a result of a systematic search, we identified 54 patients who had received 

intravenous trastuzumab in 2009–2014 for the treatment of breast cancer and had 

metastatic disease at the time of diagnosis or relapsed disease unsuitable for 

curative treatment. Of these patients, prechemotherapy samples were available for 

48 patients, and further analyses were limited to this group. However, the amount 

of adequate tumor samples was decreased gradually, first to 40 samples and finally 

to 25 samples. Table 8 demonstrates the types of samples available that were used 

in the analyses.  

Table 8. Types of tumor specimens. 

Total n (publication) Surgical, n (%) Biopsy, n (%) 

48 (I) 31 (64.6) 17 (35.4) 

40 (I, II)1 25 (62.5) 15 (37.5) 

25 (II)2 21 (84.0) 4 (16.0) 

1CD56 and CD68 staining in publication I and all in publication II, 2IDO1 staining 

Table 9 illustrates the patient demographics relevant to the studies. The patients had 

generally an aggressive disease, since most of them had a high-grade tumor and 

high Ki-67 value, which describes the proliferation rate of the tumor. Over one-

third of the patients had primary metastatic disease, and 30–40% were identified to 

have undergone trastuzumab treatment interruption in a prolonged tumor response.   
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Table 9. Patient demographics. 

Factor n (%)1 n (%)2 n (%)3 

Histology    

Ductal 41 (85.4) 33 (82.5) 20 (80) 

Lobular 5 (10.4) 5 (12.5) 5 (20) 

Unknown 2 (4.2) 2 (5.0) 0 (0) 

Estrogen receptor status    

Positive 33 (68.8) 27 (67.5) 16 (64) 

Negative 15 (31.3) 13 (32.5) 9 (36) 

Progesterone receptor status    

Positive 19 (39.6) 18 (45.0) 13 (52) 

Negative 29 (60.4) 22 (55.0) 12 (48) 

Bone metastasis only    

Yes 16 (33.3) 14 (35.0) 12 (48) 

No 32 (66.7) 26 (65.0) 13 (52) 

Ki-67    

Low (5–15%) 5 (10.4) 4 (10.0) 3 (12) 

Intermediate (16–30%) 11 (22.9) 10 (25.0) 6 (24) 

High (>30%) 30 (62.5) 24 (60.0) 16 (64) 

Unknown 2 (4.2) 2 (5.0) 0 (0) 

Grade    

II 16 (33.3) 10 (25.0) 6 (24) 

III 30 (62.5) 28 (70.0) 19 (76) 

Unknown 2 (4.2) 2 (5.0) 0 (0) 

Adjuvant trastuzumab    

No 9 (18.8) 8 (20.0) 6 (24.0) 

Yes 20 (41.7) 17 (42.5) 10 (40.0) 

Primary metastatic disease  19 (39.6) 15 (37.5) 9 (36.0) 

HER2 therapy discontinuation    

Yes 14 (29.2) 12 (30.0) 10 (40) 

No 34 (70.8) 28 (70.0) 15 (60) 

1total n=48, 2total n=40, 3total n=25 

5.1.2 Staining and image analysis of the studied markers 

The tumors were stained with multiple markers, illustrated in tables 10 and 11. 

Most of the staining images can be seen in the original publications (I and II). The 

quantitative analysis of the markers was successful, and the stained immune cells 

were analyzed separately from the invasive margin (IM) and center of the tumor 

(CT). The density of tertiary lymphoid structures (TLSs) could not be analyzed 
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from the biopsy specimen; therefore, TLSs were studied only from the surgical 

tumor samples (Table 10). In general, the number of stained immune cells were 

more abundant in the IM location, except for the CD68 staining, which showed a 

slightly higher quantity of stained cells in the CT. The lowest infiltrations seen in 

the tumors were NK cells (CD56), M1-like macrophages (iNOS) and IDO1 positive 

macrophages, whereas the most abundant infiltration was seen with CD68 stained 

macrophages, M2-like macrophages (CD163) and CD3 positive T cells. CD8 

positive cells in the CT have two values, since the CD8 CT staining results were 

combined in publication II with other analyses that were performed with a lower 

number of specimens (Table 10). The cut-off scores (table 3) were used to define 

the low and high number of the studied immune cells. 

The tumor cells showed positivity for iNOS, IDO1 and CD47.The staining of 

the tumoral tissue was evaluated in publication II according to the intensities of the 

staining, which were ranked as low (0), weak (1), moderate (2) and strong (3) 

intensities. Almost all of the tumors were IDO1 negative, while differential staining 

intensities were seen with iNOS and CD47 (Table 11). 

Table 10. Densities of the immune cells and lymphoid follicles. 

Antibody 

(study) 

Target Location of the studied 

cells 

Median density 

(cells/mm2)1 

Range 

(cells/mm2)1 

Sample n 

CD3 (I)  T cells IM 573 19–2520 48 

CT 242 19–2033 

CD8 (I) Cytotoxic T cells IM 207 20–1307 48 

CT 119 4–1200 

CD8 (II) Cytotoxic T cells CT 157 4–1201 40 

FoxP3 (II) Regulatory T cells IM 145 14–739 40 

CT 92 6–796 

CD56 (I) NK cells IM 14 2–140 40 

CT 9 1–114 

CD68 (I) Macrophages IM 622 112–1465 40 

CT 666 319–1857 

iNOS (II) M1 macrophages IM 42 4–145 40 

CT 37 4–173 

CD163 (II) M2 macrophages IM 338 24–957 40 

CT 295 15–983 

IDO1 (II) Macrophages IM 43 2–320 25 

CT 16 1–238 

- TLS - 6.5 1–15  31 

1The values for median density and range of TLS are lymphoid follicles/2x field   
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Table 11. Staining intensities of the tumor tissues. 

Antibody (study) Location Negative (0)  

n (%) 

Weak (1)  

n (%) 

Moderate (2) 

n (%) 

Strong (3) 

n (%) 

Sample n 

iNOS (II) cytoplasm 7 (17.5) 14 (35.0) 10 (25.0) 9 (22.5) 40 

CD47 (II) membrane 9 (22.5) 7 (17.5) 12 (30.0) 12 (30.0) 40 

IDO1 (II) cytoplasm 20 (80.0) 0 (0.0) 3 (12.0) 2 (8.0) 25 

5.1.3 Association of T cell subsets with clinical data  

We studied whether the different T cell subsets present in the tumor before any 

treatment had effects on the patient outcomes using the Kaplan-Meier survival 

analysis. As assumed, a high number of regulatory T cells (Tregs) identified with 

FoxP3 nuclear positivity showed a tendency towards worsened survival in both IM 

and CT but without reaching statistical significance, however. CD3, a protein part 

of the T cell receptor complex, recognizes all sets of T cells, and a high number of 

CD3 positive cells was associated with improved survival in the CT (p = 0.007) but 

not in the IM. Similarly, a high number of CD8 positive cells recognizing cytotoxic 

T cells were associated with improved survival in the CT (p = 0.001) but not in the 

IM.  

A combined analysis of both CD3 and CD8 positive cells in the IM and in the 

CT is a promising prognostic parameter in colorectal cancer, which has been 

reported to predict improved survival better than either of the markers alone (Galon 

et al., 2014; Galon et al., 2006; Pagès et al., 2018). This parameter is called the 

Immunoscore, which categorizes the densities of each of these cell types in both 

IM and CT as low (0 points) or high (1 point), yielding a five-tiered classification 

from Immunoscore 0 to Immunoscore 4. The significance of the Immunoscore in 

breast cancer is quite unknown, and we decided to carry out this combined analysis 

of CD3 and CD8 in IM and CT in our material. However, due to a rather small 

number of patients, we categorized the Immunoscore values into three groups 

instead of five; 0 (n=13), 1–2 (n=24), 3–4 (n=11). A high Immunoscore value 

showed a tendency towards better survival but did not reach statistical difference. 

We also conducted a combined analysis of CD3 and CD8 only in the CT by using 

a two-class grouping: 0–1 low (n=32), 2 high (n=16). A significant association of 

CT Immunoscore with survival was seen (p = 0.001); however, it was not higher 

than the significance seen with CD8 positivity in the CT alone. 

The abundance of CD8 positive cells in the CT was the most prominent 

indicator of improved survival, and it was proven to remain as an independent 
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prognostic factor in a multivariate analysis (Table 12). When both CD8 CT density 

and receiving trastuzumab as an adjuvant treatment were included in the same 

model, both indicators remained significant. On the contrary, when CD8 CT density 

was included with ER status in the same model, only CD8 CT remained statistically 

significant.  

Table 12. Multivariant analyses with Cox regression model. 

Model HR 95% CI Significance (p-value) 

1    

CD8 CT low vs high 5.436 1.477–20.003 0.011 

Adjuvant trastuzumab 40.136 4.472–363.473 0.001 

2    

CD8 CT low vs high 4.621 1.839–11.608 0.001 

ER status 2.018 0.821–4.961 0.126 

The association between the density of CD8 positive T cells in the CT area and the 

patient outcome was further analyzed in different patient subgroups (Table 13). A 

significant association between the high number of CD8+ cells in the CT and 

prolonged survival was seen in patients who had metastasis not only in the bone, 

had smaller or unmeasurable tumor volume and had estrogen receptor positivity, 

with the latter showing the most significant association. On the contrary, a 

statistically significant difference was not seen in patients having only bone 

metastases, large tumor volume and ER negative tumors.  

Table 13. Association between the density of CD8+ T cells in the CT and survival in 

different patient subgroups. 

Factor Significance (p-value)  n 

Metastasis site   

Non-bone only 0.006 32 

Bone only 0.079 16 

Tumor volume   

TX or T1–3 0.003 35 

T4 0.454 13 

ER status   

ER+ 0.001 33 

ER- 0.223 15 
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5.1.4 Association of macrophage subsets with clinical data 

When macrophages were studied with general macrophage marker CD68, only a 

tendency towards improved survival was seen with a high density of CD68 positive 

cells both in the IM and CT. However, this marker recognizes both M1- and M2-

like macrophages and also other types of immune cells, such as myeloid cells and 

dendritic cells. Thus, we decided to study the M1- and M2-like phenotypes of the 

macrophages separately using iNOS and CD163 markers. A high number of M1-

like macrophages in the IM (p = 0.009) and CT (p = 0.009) was associated with 

improved survival, whereas a high number of M2-like macrophages in the CT but 

not in the IM displayed a tendency towards poor survival, not reaching statistical 

significance. Some tumor cells showed positivity for iNOS expression; however, 

this did not provide any prognostic value.  

5.1.5 Association of other markers with clinical data 

We investigated also other immunological markers besides T cells and 

macrophages. The number of NK cells, identified by CD56 positivity, was low in 

the tumors, which was reflected in the survival studies. There was only a tendency 

towards a better survival seen in patients with a high number of NK cells in the CT, 

but it was not statistically significant. We also analyzed the density of lymphoid 

follicles in the adjacent area of the tumors, called tertiary lymphoid structures 

(TLSs), from H&E stained sections, which was shown to be associated with 

improved survival (p = 0.021). 

Furthermore, we wanted to study a few immunosuppressive molecules 

expressed by the tumor cells to reveal if the immune cells were directly suppressed 

by the tumors. CD47 is a molecule on the surface of tumor cells that binds to 

phagocytosing cells to inhibit their phagocytic effects. CD47 intensities were 

divided into two groups, low (int 0 and 1) and high (int 2 and 3) intensities, where 

high CD47 intensity predicted worsened survival (p = 0.046). The intensities of 

IDO1, an enzyme catalyzing the degradation of tryptophan, were also divided into 

two groups, similar to CD47. A high intensity of IDO1 was associated with poor 

survival (p = 0.018). In addition to the tumoral expression, IDO1 was observed also 

in macrophages in the IM and CT; however, IDO1 expression in macrophages did 

not provide any prognostic value.  
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5.1.6 Combined analysis of CD8 and M1  

A combined analysis was performed of CD8+ T cells in the CT and iNOS+ M1-like 

macrophages in the CT and IM, since these were the most promising prognostic 

factors. A high infiltration of CD8+ cell in the CT, combined with high infiltration 

of M1 cells in the CT (p = 0.0003, Fig. 6A) or IM (p = 0.0003), were significantly 

associated with improved survival, more significantly than high infiltration of 

either cell type alone. Multivariant analysis showed that these markers were 

independent prognostic factors (Table 14). 

Table 14.  Multivariant analysis of CD8 and M1 markers. 

Model HR 95% CI Significance (p-value) 

1    

CD8 CT low vs high 2.957 1.336–6.543 0.007 

M1 CT low vs high 2.813 1.302–6.077 0.009 

2    

CD8 CT low vs high 2.923 1.305–6.546 0.009 

M1 IM low vs high 3.078 1.298–7.298 0.011 

5.1.7 CD8 and M1 infiltration and trastuzumab benefit 

The most promising indicators of prognosis in our study, the CD8 CT status and 

M1 status, were chosen for further analysis to investigate whether these markers 

could predict benefit from trastuzumab-containing treatment in metastatic disease. 

Two indicators for trastuzumab benefit were chosen: time from the beginning of 

the first-line of trastuzumab treatment to the next line of treatment in metastatic 

disease (n=36–43) and the duration of the longest trastuzumab interruption period 

in response (n=12–14). The density of CD8+ CT cells correlated with the length of 

trastuzumab interruption (Spearman’s correlation coefficient=0.620, p = 0.018), 

and the high number of CD8+ CT cells associated with long trastuzumab-free 

periods in Kaplan-Meier analysis (p = 0.038). A high number of M1 cells in the CT 

associated with both the length of first-line trastuzumab to the next line therapy (p 

= 0.026) and with the length of trastuzumab interruption (p = 0.035). A high number 

of M1 cells in the IM was associated only with the length of trastuzumab 

interruption (p = 0.035). The most significant associations with the trastuzumab 

benefit were seen in the combined analysis of CD8 CT and M1 CT/IM. A high 

number of both CD8+ CT cells and a high number of M1 CT cells was associated 

with both the length of first-line trastuzumab treatment and the length of the 
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trastuzumab-free period (p = 0.002, Fig. 6B and p = 0.001, Fig. 6C), whereas the 

high number of CD8+ CT and M1 IM cells was associated only with the length of 

the trastuzumab-free period (p = 0.001). 

Fig. 6. The most promising indicators of the prognosis and trastuzumab benefit, CD8+ 

T cells and M1-like macrophages in the center of the tumor (CT). (A) An association 

exists between the high number of both CD8+ T cells and M1-like macrophages in the 

CT and survival. (B) High infiltration of CD8+ T cells and M1-like macrophages in CT is 

associated with the time from the first-line trastuzumab treatment to the next line 

treatment in metastatic disease. (C) A link exists between the number of both CD8+ T 

cells and M1-like macrophages in the CT and the length of trastuzumab discontinuation. 
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5.2 The role of HER2 and HER3 for cancer stem-like cell phenotype  

The role of HER2 and HER3 for cancer stem-like cell phenotype in publications 

III and IV was studied using ALK translocated NSCLC cell lines H2228 and H3122. 

5.2.1 Overexpression and knockdown of HER2 and HER3 

H3122, a cell line that is extremely sensitive to ALK inhibition, was altered to 

overexpress HER2 with retroviral expression vector. H2228 cell line, which is only 

modestly sensitive to ALK inhibition and expresses HER2 basally, was altered by 

knocking down HER2 with shRNA vector. HER3 was knocked down only in the 

H3122 cell line, because the HER3 protein expression levels of H2228 control cells 

were extremely low, and we were unable to detect it with western blot assay. The 

knockdown of HER3 in H3122 line was performed with more advanced gene 

editing system called CRISPR-Cas9, and the knockdown cell line was derived from 

a single cell. All the genetic alterations were validated and were successful. GFP-

altered cell lines were used as control lines for the overexpression and knockdown 

of HER2, whereas a control CRISPR-Cas9 transfection plasmid containing non-

targeting sgRNA was used for the HER3 knockdown. 

5.2.2 The effects of genetic alterations to cancer stem-like cell 

marker expression 

We have previously shown that cancer stem-like cells (CSLCs), identified with 

specific markers ALDH1 (H3122) and CD44/ALDH1 (H2228), can mediate ALK 

tyrosine kinase inhibitor (TKI) resistance (Jokinen, Laurila, Koivunen, & Koivunen, 

2014). Thus, we assessed whether the genetic alterations of HER2 and HER3 had 

an effect on the CSLCs by examining the expression of CSLC markers using 

western blot analysis. As seen previously, ALK inhibition increased the expression 

of CSLC markers, suggesting CSLC-mediated resistance. In the H3122 line, the 

overexpression of HER2 did not change the basal ALDH1 expression but led to a 

more pronounced increase in the expression in response to ALK inhibition. Basal 

expression of CD44 was unaltered when HER2 was knocked down in H2228, 

whereas the basal expression of ALDH1 was markedly downregulated. The 

expression of CD44, however, was downregulated when ALK was inhibited. HER3 

knockdown in H3122 did not change the basal expression of ALDH1 but 

downregulated the basal expression of SOX2. The induction of ALDH1 expression 
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in response to ALK inhibition was blocked when HER3 was knocked down, and 

the induction of SOX2 was slightly downregulated by the knockdown.  

The expression of the CSLC markers was even further increased in the control 

cells and HER2 overexpressing cells when NRG1, a HER3 and HER4 ligand, 

linked to tumor initiating cells, was introduced simultaneously with ALK inhibition. 

A slight recovery of the CSLC marker downregulation in the HER2 knockdown 

line was seen by the addition of NRG1 to ALK inhibition, but no changes were 

seen in the HER3 knockdown cells, as expected.   

5.2.3 The effects of the genetic alterations to cytotoxic response to 

ALK inhibition 

We investigated whether HER2 and HER3 alterations affected the cytotoxic 

response of the cells to ALK inhibition by exploring their colony formation ability. 

The main cytotoxic responses to ALK TKI remained unaffected by the alterations; 

however, the overexpression of HER2 resulted in a slight increase in the number of 

surviving colonies, and knockdown of HER2 or HER3 resulted in a slightly 

decreased number of surviving colonies compared to the controls. The increased 

survival in HER2 overexpressing cells was blocked by the addition of lapatinib 

(targets EGFR and HER2) or afatinib (targets EGFR, HER2 and HER4) together 

with the ALK TKI. No differences in the surviving colonies were seen between the 

HER3 knockdown and control cells when afatinib or lapatinib was combined with 

ALK TKI; however, the number of surviving colonies in HER2 knockdown cells 

was decreased compared to the control cells.  

More pronounced differences in the cytotoxic responses were seen when HER3 

(and HER4) was activated with NRG1 treatment. NRG1 by itself did not alter the 

colony formation abilities of the studied cells, however, when it was combined with 

ALK TKI differences were seen between the HER2/HER3 altered cells and the 

control cells. The addition of NRG1 to ALK TKI treatment increased markedly the 

number of surviving colonies in the HER2 overexpressing cells, whereas only a 

minor increase was seen in the control cells. No differences were seen between the 

HER2 knockdown cells and the control cells when NRG1 was combined with ALK 

TKI. The increased colony formation ability seen in the control cells in response to 

NRG1 and ALK TKI was blocked by the knockdown of HER3. 

The changes in the cytotoxic response to ALK TKI after HER2 alterations were 

studied also with tumor sphere formation assay, which is a commonly used assay 

to identify CSLCs in vitro. However, the assay was more like a colony formation 
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assay with a CSLC-inducing environment for the H3122 cells, because the formed 

spheres were cell rafts instead of spheres due to the cells’ ability to stick together 

and difficulty in separating them properly. Despite that, the results from the assay 

were similar to colony formation assay and CSLC protein expression patterns, 

showing that HER2 knockdown diminished the survival of CSLCs if ALK was 

inhibited, and the overexpression of HER2 increased the survival of CSLCs even 

when ALK was continuously inhibited for 15 days. 

5.2.4 Alterations in the Akt and ERK1/2 downstream signaling 

The changes of HER2/HER3 alterations to the most common downstream signaling 

pathways of RTKs, PI3K and MAPK were examined by studying the 

phosphorylation of Akt and ERK1/2 proteins at 5h or 5 days after the initiation of 

ALK inhibition. The alteration did not affect the initial (5h) response to ALK TKI; 

instead, the differences were seen in the long-term (5 days) responses. HER2 

overexpression in H3122 resulted in reformed downstream RTK signaling with 

major upregulation of both phosphorylated Akt and ERK1/2, which was not seen 

in the control cells. H2228 control cells were able to recover the downstream 

signaling pathways after 5-day inhibition of ALK, which was blocked by the 

knockdown of HER2. HER3 knockdown, however, hampered the Akt signaling 

recovery, whereas ERK1/2 was able to recover similar to the control cells.  

We examined the impact of NRG1 also on the downstream signaling pathway 

recoveries. The addition of NRG1 with ALK TKI recovered the downstream 

signaling of Akt and ERK1/2 in H3122 control cells, and the expression of 

phosphorylated Akt was further increased in the HER2 overexpression cell line. 

These signaling recoveries were blocked by the knockdown of HER3. 

5.2.5 Compensatory expression of other HER family members 

We examined whether the alterations of HER2 and HER3 affected the expression 

and activation of the other HER family members. HER2 overexpression in H3122 

cells led to an increased activation of EGFR, HER3 and HER4 proteins, of which 

the activation of HER3 mimicked the expression patterns of the ALDH1, since the 

most prominent activation of HER3 was seen when ALK was inhibited and NRG1 

was provided, which also showed the most prominent expression of ALDH1. We 

were unable to see activation of the HER proteins in the H2228 cell lines, but the 

knockdown of HER2 downregulated the expression of HER3. In H3122 the HER3 
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knockdown increased the phosphorylation of EGFR, but we were unable to see 

activations of the other HER proteins in the control and in the HER3 knockdown 

cells. The activation of EGFR was unable to recover the Akt signaling in the HER3 

knockdown cells.  

The addition of NRG1 was able to induce the activation of HER3 in HER2 

overexpressed cells even when ALK was not inhibited, but more pronounced 

activation was seen with a combinatory treatment of ALK TKI and NRG1, which 

was also seen in H3122 control cells. Furthermore, ALK TKI together with NRG1 

induced the strongest expression of CSLC markers.  
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6 Discussion 

There are many types of cancer treatments these days, such as surgery, 

chemotherapy, radiation therapy, targeted therapy, and the latest newcomer, 

immunotherapy. It is now well understood that one type of therapy is not suitable 

for every patient, and precision medicine has taken its place in the field of oncology. 

Targeted therapies, including small-molecule inhibitors and monoclonal antibodies, 

and immunotherapy can be given to patients according to their tumor’s genetic 

status. However, even though the genetics of the tumors appear to be suitable for 

some specific therapy, not every patient will respond to the therapy, or the disease 

will progress soon after the response due to development of an acquired resistance. 

Many resistance mechanisms for different therapies have been discovered, for 

example, the involvement of cancer stem-like cells that are resistant to different 

therapies and are extremely tumorigenic. Unfortunately, cancer stem-like cells are 

difficult to target, and there are no targeting agents available in the clinic. Therefore, 

further research is needed to improve precision medicine in order to enhance patient 

selection and develop new targeting agents or utilize the ones that are already 

available.  

6.1 Immunological markers in HER2+ breast cancer 

The disease outcomes of HER2-positive breast cancers have dramatically improved 

after HER2 targeting agents, like trastuzumab, became available (Marty et al., 2005; 

Swain et al., 2015; Von Minckwitz et al., 2009). However, since its approval, 

trastuzumab has been given according to the tumoral HER2 status only, and other 

predictive factors for trastuzumab sensitivity or resistance are currently quite 

uncharacterized. The mechanisms of action of trastuzumab are based on its ability 

to bind the extracellular domain of HER2 and partially inhibit the signaling through 

it, but the main effects of trastuzumab have been shown to be the activation of the 

immune system through ADCC and ADCP (Clynes et al., 2000; Nami, Maadi, & 

Wang, 2018; Petricevic et al., 2013). Some trastuzumab-resistance mechanisms 

have been suggested, of course, such as alterations that abolish the signal 

transduction inhibition of trastuzumab, like p95 variant of HER2, or alterations of 

PTEN and PI3KCA and  also compromised host immunoactivation, which prevents 

the main effects of the antibody (Gagliato, Jardim, Marchesi, & Hortobagyi, 2016). 

Among the metastatic HER2-positive breast cancers, great variation is seen in 

treatment outcomes, with some patients surviving even more than 10 years with the 
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disease (Moilanen et al., 2017). This is similar to what is seen with new cancer 

immunotherapies; therefore, we speculated that the immunological status of the 

tumor would play an important role in patient outcomes.  

Our studies assessed whether the tumor-infiltrating immune cells evaluated by 

using a quantitative computer-assisted counting method could be used as 

prognostic and predictive markers in metastatic HER2-positive breast cancer 

treated with trastuzumab. A larger number of patients could have been included in 

the study if all the HER2-positive breast cancer patients were included.  We selected 

to study metastatic disease only, however, since this provides a more homogenous 

population and better possibilities to study treatment effects. Furthermore, our 

institute has pioneered in trastuzumab discontinuation in responding patients, 

therefore providing a unique patient cohort to study factors associated with long 

trastuzumab-free periods.   

ADCC is mediated mainly through NK and T cells (Clynes et al., 2000; Park 

et al., 2010), which were both studied in our retrospective patient material. Previous 

studies have shown NK cell infiltration and activation in tumors after the 

administration of trastuzumab to be associated with good trastuzumab responses 

(Arnould et al., 2006; Tian et al., 2017). We studied the role of NK cells in 

pretreatment samples and saw only a minor infiltration of the cells in our tumor 

samples. A higher number of NK cells showed a tendency towards a better 

prognosis, but the NK cell infiltration may not be optimal for predicting the clinical 

outcomes in this subset of patients. It would have been interesting to see whether 

the NK cells were able to penetrate the tumor tissue after administration of 

trastuzumab, but unfortunately only a few patients had post-treatment samples 

available, and the analysis was not performed. Furthermore, treatment decisions are 

made based on the available patient and tumor characteristics, and post-treatment 

markers provide less information for the clinical decision making.  

T cell infiltration has been studied in many cancer types, and in colorectal 

cancer the Immunoscore characterizing the abundance and location of CD3 and 

CD8 positive T cells has been shown to be a powerful prognostic parameter (Galon 

et al., 2014; Galon et al., 2006; Pagès et al., 2018). At the time of our studies, tumor-

infiltrating lymphocytes in HER2-positive breast cancers were studied mainly 

using a morphological evaluation of the immune cells or measuring the immune 

cell infiltrations in the whole tumor area. We studied the quantity of CD3 and CD8 

positive T cells in the center of the tumors (CT) and in the invasive margin (IM) 

separately and saw that a high number of the center tumoral CD3 or CD8 positive 

T cells were significantly associated with improved outcomes, with the latter being 
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a more powerful prognostic factor. These results highlight the important role of 

cytotoxic T cells in cancer eradication and that T cells in the CT and IM might 

reflect different types of host immunoreaction to the tumor, which requires further 

investigation. During the past few years, more studies on HER2-positive breast 

cancer have been examining specific immune cell subtypes in different tumor 

locations (in the center of the tumor or in the stroma) in patients treated with 

trastuzumab (Hou, Nitta, Wei, Banks, Parwani et al., 2018; Liu et al., 2017; Takada 

et al., 2018; van Rooijen et al., 2018). These studies have also confirmed the 

importance of cytotoxic T cells in the disease. 

Tumor associated macrophages (TAMs) are known to have clinical impact in 

the tumor microenvironment, and the ADCP induced by trastuzumab is mainly 

mediated by TAMs (Shi et al., 2015). However, little is known about the importance 

and prognostic role of macrophages in HER2-positive breast cancer. We first 

studied the TAMs using the CD68 marker, which did not give any significant 

association with survival, although a high number of CD68 in the CT showed a 

tendency towards improved prognosis. The CD68 marker also recognizes other 

types of immune cells, not just macrophages, and because it is now well known that 

there is a continuum of different macrophage phenotypes shifting from antitumoral 

M1-like to pro-tumoral M2-like phenotype (Biswas & Mantovani, 2010; Brown et 

al., 2017), we continued our studies using two distinct markers. Our studies 

revealed that a high number of M1 polarized macrophages in both IM and CT show 

a strong association with better outcomes and are consistent with previous works 

studying breast, colorectal, ovarian and gastric cancers (Biswas et al., 2013; 

Fridman et al., 2017), whereas the high number of M2 polarized macrophages 

showed a tendency towards a poorer prognosis. Thus, our study supports the idea 

of targeting the macrophage polarization in HER2-positive breast cancer, but 

further investigation is required.  

The tumor cells themselves can suppress the functions of the immune cells 

required for the proper function of trastuzumab and other monoclonal antibodies, 

and our results showed that the low tumoral expression of CD47 and IDO1 are 

associated with improved patient outcomes, which were inconsistent with other 

reports. CD47 is a commonly known inhibitor of phagocytosis, whereas IDO1 is 

associated with an increased M2/M1 macrophage ratio, both of which lead to 

immunosuppression and further highlight the importance macrophage-mediated 

phagocytosis in tumor eradication (Jaiswal et al., 2009; Wang, X et al., 2014). Anti-

CD47 antibodies are already in clinical trials and have shown promising effects on 
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lymphomas with a favorable safety profile (Advani et al., 2018), while the clinical 

trials are still ongoing in solid cancer.  

One study (Loi et al., 2014) has shown that adjuvant trastuzumab efficacy is 

limited to patients with high TILs. We therefore studied whether our most 

promising prognostic markers, high number of CD8+ T cells in the CT and high 

number of M1-like macrophages in the IM and CT, could predict the benefit from 

trastuzumab in a metastatic setting. This analysis was rather difficult, since the 

patients of our retrospective material were treated with trastuzumab at varying 

points of their disease. Nevertheless, we selected the treatment length of the 1st 

trastuzumab-containing regimen in a metastatic setting (surrogate of progression-

free survival) and the length of trastuzumab interruption in response as indicators 

for the treatment benefit, based on the evidence from randomized trials and our 

oncologists’ personal experience. In contrast to the recommended clinical protocols, 

our institute has aimed to discontinue trastuzumab treatment if a metastatic HER2+ 

breast cancer patient has achieved a prolonged radiological response, and we have 

seen that these patients can experience long trastuzumab-free periods (median of 

51 months) without progression (Moilanen et al., 2017). We were unable to see a 

connection between the length of the 1st trastuzumab treatment and the number of 

CD8 positive CT cells alone, whereas M1 macrophages in the CT showed a 

significant association. However, we saw an even more remarkable association 

when we combined these markers. When we studied the patients whose 

trastuzumab treatment was interrupted, a high number of all the three markers (CD8 

CT, M1 CT, M1 IM) were associated with the length of trastuzumab discontinuation, 

and the strongest association was seen with a combined analysis of CD8 CT and 

M1 CT or IM status. Our results suggest that trastuzumab interruption could be 

feasible for patients with a high CD8 CT and M1 status and that CD8 CT combined 

with M1 CT should be further studied in the context of trastuzumab efficacy.  

Our results support the idea of using distinct immune cell types in specific 

tumor locations as prognostic and predictive markers for HER2-positive breast 

cancer. However, it should be noted that different cancer therapeutics can alter the 

immune cell composition of the tumors, for example, in a favorable way by 

increasing the influx of cytotoxic cells but also in an unfavorable way by increasing 

the influx of immunosuppressive cells into the tumor (Arnould et al., 2006; 

DeNardo et al., 2011). A recent study additionally revealed that ADCP, induced in 

TAMs by trastuzumab treatment, increases the expression of PD-L1 and IDO1 in 

TAMs leading to immunosuppression (Su et al., 2018). This is quite 

counterintuitive when considering the high impact and well-established benefit of 
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monoclonal antibodies in cancer therapies and should definitely be further studied. 

Studying the immune cell infiltrations in trastuzumab-treated patients can be 

challenging, because trastuzumab is received in combination with multiple 

chemotherapeutic agents, which in turn can induce immunogenic cell death and 

modulate the composition of immune cell prolife (Casares et al., 2005; García-

Martínez et al., 2014; Obeid et al., 2007; Parikh et al., 2014; Takahashi, Sakakura, 

Mito, Ida, & Chikamatsu, 2016). Nevertheless, in the era of personalized medicine, 

we need to be able to identify the patients who will or will not benefit from a 

specific treatment. Trastuzumab is given to every breast cancer patient with HER2 

amplification, even though it cannot be guaranteed that they will really benefit from 

the therapy.  Since adjuvant trastuzumab received in localized disease is a predictor 

of poor prognosis in a metastatic setting (Moilanen et al., 2017; Murthy et al., 2012; 

Rier et al., 2017), suggesting that acquired resistance to trastuzumab has been 

developed, additional predictive markers for the patient selection are required. 

6.2 The role of HER2 and HER3 for cancer stem-like cells in ALK 

translocated NSCLC 

HER proteins have been linked to cancer stem-like cells (CSLCs) in many cancer 

types. NRG1, a HER3/HER4 ligand, has also been shown to induce CSLC features 

in breast cancer (Ithimakin et al., 2013; Jeong et al., 2014; Korkaya et al., 2008; 

Lee et al., 2014). CSLCs, in turn, have been linked to radiation therapy, 

chemotherapy, targeted therapy and immunotherapy resistances, causing cancer 

recurrence. CSLCs can prevent the therapeutic effects of monoclonal antibodies, 

such as trastuzumab, by secreting immunosuppressive cytokines and modifying the 

immune responses (Creighton et al., 2009; Maccalli et al., 2017; McLendon et al., 

2006; Phillips et al., 2006; Reim et al., 2009; Wang et al., 2017). The molecular 

mechanisms behind the CSLC acquire are quite unknown, even though some 

signaling pathways, like wnt/β-catenin, TGF-β and the HER2, have been linked to 

it (Anido et al., 2010; Korkaya et al., 2009; Takebe et al., 2011). Several preclinical 

studies and clinical trials are studying potential cancer stem-like cell targeting 

agents, but none have been approved for cancer therapy (Li et al., 2017). A Phase 

II study with ovarian cancer patients treated with chemotherapy and metformin, a 

suggested CSLC targeting agent, showed a decreased number of ALDH+ CSLCs in 

the tumors and increased sensitivity of the tumors to cisplatin in vitro (Buckanovich 

et al., 2017). However, more data on the clinical utility of CSLC targeting agents 

are urgently needed for the development of more efficient cancer treatments.  
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We assessed the significance of HER2 and HER3 for CSLCs in ALK 

translocated NSCLC in studies III and IV. We chose to study ALK translocated 

NSCLC because this disease represents a subgroup of patients who are extremely 

sensitive to ALK inhibition but will inevitably develop a resistance to the treatment 

within 1–2 years, which is common for targeted therapies (Peters et al., 2017; 

Solomon et al., 2014). In addition, we have previously shown that CSLCs can 

mediate the ALK tyrosine kinase inhibitor (TKI) resistance in the disease, and 

several reports have linked the activation of bypass signaling via HER receptors to 

the ALK TKI resistance (Doebele et al., 2012; Jokinen et al., 2014; Katayama et al., 

2012; Sasaki et al., 2011). Our results highlighted the importance of HER2 and 

HER3 for CSLC-mediated ALK TKI resistance. Overexpression of HER2 resulted 

in more pronounced expression of CSLC markers in response to ALK TKI, whereas 

the knockdown of HER2 or HER3 inhibited this TKI-induced expression of CSLC 

markers. The strongest expression of CSLC markers was seen when HER3 was 

activated by NRG1, suggesting that CSLC-driven ALK TKI resistance could be 

mediated via HER3 signaling. Even though NRG1 also activates HER4, it wasn’t 

enough to restore the CSLC marker expression when HER3 was knocked down. 

Moreover, our results pointed towards functionality of HER2 and HER3 to cancer 

stem-like properties assessed by colony and sphere formation. HER2 and HER3 

activation led to increased colony and sphere formation abilities, whereas the 

knockdowns downregulated these capabilities. Our results support the idea of 

blocking HER2-HER3 signaling to target CSLCs in order to inhibit the tumor 

progression after cancer treatments.  

HER2-HER3 is an important dimer signaling through PI3K and MAPK 

pathways to sustain survival and proliferation of the cells. The HER3 part of the 

dimer is essential for the PI3K pathway, since it can directly bind PI3K with its 

several phospho-tyrosine residues, and HER2-amplified cancers have been shown 

to depend on the HER3 signaling (Garrett et al., 2013; Lee-Hoeflich et al., 2008; 

Schulze et al., 2005). HER2 and HER3 alteration of our studies did affect the 

signaling through PI3K and MAPK pathways, with a more sustainable impact on 

the former one. The overexpression of HER2 was able to reactivate the Akt and 

ERK1/2 signaling after long-term exposure to ALK inhibition. This reactivation of 

the signaling pathways, especially the Akt signaling, was blocked by the 

knockdown of HER2 or HER3. In ALK translocated NSCLC, the Akt and ERK1/2 

signaling are mainly driven by the ALK, and the recovery of the signaling pathways 

after long exposure to ALK TKI is not entirely known. Our results demonstrate the 

importance of HER2 and HER3 in this signaling recovery. Additionally, the 
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signaling recovery, after a long exposure to ALK inhibitor, is likely to reflect a 

CSLC acquire in comparison to acute signaling changes that mirror the cytotoxic 

responses, further highlighting the role of HER2 and HER3 for the CSLC 

phenotype. The exact mechanisms of how HER2 and HER3 are activated after ALK 

inhibition are unknown. It might be that the suppression of HER2 and HER3 by 

negative feedback pathways is simultaneously inhibited when the downstream 

signaling of ALK is blocked. Akt, for example, has been shown to mediate 

suppression of HER3, and inhibition of Akt leads to increased expression and 

phosphorylation of HER3 (Chandarlapaty et al., 2011). Moreover, the HER2 and 

HER3 might not be the only RTKs that are upregulated when ALK is inhibited, as 

seen in previous studies (Doebele et al., 2012; Katayama et al., 2012), and this 

could be further studied.  

Studies by others have shown that inhibition of one HER family member leads 

to compensatory activation of other HER family members (Engelman et al., 2007; 

Ritter et al., 2007; Yonesaka et al., 2011), which could be a major problem when 

targeting these receptors therapeutically. Our results showed that HER2 

overexpression can orchestrate the other members of the protein family. 

Knockdown of HER3 increased the activity of EGFR; however, it was not enough 

to reactivate the Akt signaling blocked by the knockdown. Our studies suggest that 

targeting HER2 together with HER3 could be feasible for more efficient killing of 

the cancer stem cells.  

6.3 Implications of the results and future perspectives 

The results of these studies provide suggestions for more efficient use of anti-HER 

targeting agents. Our results with metastatic HER2-positive breast cancer patients 

suggest that patients with a favorable tumor immune profile (low tumor expression 

of CD47 and IDO1, high number of tumor-infiltrating CD8+ T cells and M1 TAMs 

in the CT) might be treated in a less intensive manner and remain progression-free 

during trastuzumab interruption, while patients with non-favorable immune profile 

could be candidates for experimental immunotherapeutic approaches and more 

effective cancer therapies should be developed for them (Fig. 7). These hypotheses, 

however, must be confirmed in larger prospective studies but, if applicable, this 

improved patient selection could lead to increased response rates and economical 

savings. Our future studies will investigate further the impact of cytotoxic T cells 

and M1-like macrophages utilizing in vitro ADCC and ADCP model. Because the 

main mechanisms of action of trastuzumab depends on the activation of the 
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immune system, evaluation of chemokine profile in the tumor microenvironment 

and the peripheral blood could be an interesting future study on the subject. A recent 

work showed that HER2 signaling can recruit tumor-infiltrating immune cells by 

inducing CCL2, which was important for the function of trastuzumab (Triulzi et al., 

2019). Another interesting perspective could be to study the gut microbiota, which 

is extremely important for the proper function of the immune system and has been 

shown to affect the immunotherapy responses (Routy et al., 2018; Vétizou et al., 

2015). 

Since HER2 targeting agents have already been developed and are currently in 

clinical use, and HER3 targeting agents are constantly being developed, the HER2-

HER3 dependency of CSLC-driven resistance revealed in our studies supports the 

idea of investigating anti-HER agents as stem-like cell targeting agents in different 

cancer types. This is not the first time HER proteins have been linked to CSLCs, 

but our studies further support their targeting in combination with other treatments 

to improve patient outcomes (Fig. 8). Studies combining HER3 targeting or NRG1 

inhibitory agents with HER2 targeting agents should be studied in vitro and in vivo 

in the future, and the significance of HER2-HER3 dimer could also be studied in 

other diseases as well. 

6.4 Limitations of the study 

Our studies had some limitations. The number of tumor samples was low in 

studies I and II, and patients were retrospectively collected from a single academic 

cancer center. Patients included in studies I and II were all treated with trastuzumab, 

which made the evaluation of the predictive values more challenging. Additionally, 

most of the immune cell infiltrations were studied using only a single marker; 

however, well characterized and widely used markers were selected for the studies. 

Studies III and IV were performed only for two different cell lines, and only in vitro 

models were used due to a restricted availability of cell line models of ALK 

translocated NSCLC. The results of these studies should be confirmed with in vivo 

models, even though it will be challenging. 
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Fig. 7. Main findings of our studies with HER2-positive breast cancer. Our results 

suggest that patients with high infiltration of M1-like macrophages and CD8+ T cells in 

the center of the tumor and low expression of CD47 and IDO1 in the tumor cells could 

be treated less intensively, while more effective treatments are required for patients with 

a less favorable tumor immune profile. ChT=chemotherapy. 
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Fig. 8. Schematic representation of dual targeting of ALK and HER2-HER3 dimer. Our 

results suggest that expression of HER2 and HER3 is linked to cancer stem-like cells, 

which are causing resistance to ALK TKI therapy and cancer recurrence. Dual inhibition 

of ALK and HER2-HER3 dimer could improve cancer cell killing. 
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7 Conclusions 

The current study investigated the possibilities of using HER targeting agents more 

efficiently by selecting the HER2-positive breast cancer patients more accurately 

for the trastuzumab treatment and by utilizing already available targeting agents to 

target cancer stem-like cells. The following conclusions were made based on the 

results: 

1. A high density of cytotoxic T cells and/or M1-like macrophages in the center 

of the tumor (CT) in the pretreatment tumor samples predicts a more favorable 

outcome in metastatic HER2-positive breast cancer. The most significant 

prognostic value is seen with a combinatory analysis of cytotoxic T cells and 

M1-like macrophages. 

2. A high density of cytotoxic T cells and M1-like macrophages in the CT can 

predict the disease progression and the possibility of interrupting trastuzumab 

treatment in metastatic HER2-positive breast cancer. This suggests that 

patients with a favorable immune profile could be treated less intensively and 

that more efficient treatments should be developed for patients with a low 

density of cytotoxic T cells and M1-like macrophages in the CT.  

3. An intense expression of CD47 and IDO1 in the tumor cells of HER2-positive 

breast cancer is associated with more adverse outcomes, whereas a low 

expression predicts more favorable outcomes.   

4. HER2 and HER3 have significant roles for the cancer stem-like cell phenotype 

in ALK translocated non-small cell lung cancer. 

5. ALK tyrosine kinase inhibitor resistance can be mediated by HER2-HER3-

dependent cancer stem-like cells in ALK translocated NSCLC suggesting that 

targeting the dimer together with the ALK inhibitor could be beneficial for 

overcoming ALK TKI resistances and improving cancer treatments.  
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