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Abstract
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Several novel therapies that target molecular alterations and immune checkpoints in lung cancer
have been introduced in the last decade. Still, only a minority of patients obtain long term
disease control and overall survival remains poor. The aim of this thesis was to characterize
the landscape of genetic alterations and immune cell infiltrates in tumor tissues from a large
representative patient cohort of non-small cell lung cancer (NSCLC).

The mutational status of 82 genes related to lung cancer development were evaluated, in
paper I, by a targeted re-sequencing approach adapted to work on “real-life” samples of mixed
quality. We observed a remarkably high prevalence of activating KRAS mutations. Otherwise,
the mutation spectrum resembled other western lung cancer populations. Poor survival was
linked to subgroups of lung adenocarcinoma with mutations in TP53, STK11 and SMARCA4,
independent of concomitant KRAS mutations. In lung squamous cell carcinoma, patients with
mutations in CSMD3 had better survival.

The infiltration of tumor-associated immune cells was assessed by immunohistochemical
analysis in paper II. Previously described immune response patterns termed “inflamed” and
“desert” were confirmed in our dataset. In addition, we discovered a new immune phenotype
characterized by overall sparse presence of most immune cell types except for a distinct
infiltration of NK and plasma cells. This novel immune class displayed a favorable prognosis
and was therefore designated “oasis”.

In paper III, infiltration of macrophage subtypes was evaluated by immunohistochemical
analysis of CD68, CD163, MSR1 and MARCO. The majority of macrophages exhibited a
tumor promoting phenotype and expression of MARCO, a targetable scavenger receptor, was
detected in a distinct subset of NSCLC patients. Further investigation of the functional roles of
MARCO in a human NSCLC setting was carried out in paper IV. Here, MARCO expression on
cultured myeloid cells could be induced by NSCLC cell lines. The MARCO+ cells displayed an
immunosuppressive phenotype and could effectively suppress the cytolytic effect of NK cells
and CD8+ T cells. A monoclonal antibody targeting MARCO removed these inhibitory effects
of the MARCO+ cells.

In summary, this thesis contributes knowledge on the genetic and immunologic underpinning
of lung cancer that forms the basis for current and future treatment strategies in the evolving
era of personalized oncology and pathology.
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Introduction 

Cancer is an umbrella term for multiple diseases that arise throughout the 
body. Key elements include: abnormal cell growth in a certain tissue, an abil-
ity for these malignant cells to invade and destroy surrounding structures and 
a potential to spread to other organs in the body, i.e. metastasis. A tumor lesion 
is a complex entity with abnormal functional traits that allow malignant de-
velopment (e.g. sustained proliferative signals, evading apoptosis, invasive 
and metastatic abilities, genomic instability and evasion from the immune sys-
tem).1, 2 Globally, cancer incidence is rising and new elements of danger are 
added continuously to the list of predisposing factors that increase the risk of 
developing cancer.3, 4 However, there are few risk factors that have such a 
clear connection to a particular cancer than cigarette smoking and lung cancer. 
Cigarette smoke contains numerous carcinogens known to cause specific mu-
tation patterns that propel tumor development.5, 6 
   Lung cancer is a severe disease and the leading cause of cancer-related 
deaths.4 Although many advancements have been achieved by the introduction 
of targeted therapies and immunotherapy, the prognosis still remains poor for 
this patient group.7  
   The focus of this thesis is to evaluate common genetic aberrations and to 
conduct profiling of infiltrating immune cells in non-small cell lung cancer 
(NSCLC), the major histologic subset of lung cancer, with a specific emphasis 
on the role of immunosuppressive macrophages in the tumor microenviron-
ment. 
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Lung cancer 

Epidemiology 
Lung cancer is the most prevalent cancer disease and the leading cause of can-
cer-related deaths on a global level. Recently updated cancer statistics from 
GLOBOCAN estimate that 2.1 million people were diagnosed with lung can-
cer in 2018. In the same year, 1.8 million patients died of lung cancer, i.e. 
representing almost a fifth of all cancer-related deaths worldwide.4 In men, 
lung cancer remains the most commonly diagnosed cancer type and the fore-
most cause of death from cancer. In women, during the last decade, lung can-
cer has advanced from the fourth most commonly diagnosed cancer type to 
second place with regard to both incidence and deaths.4, 8 
   Lung cancer incidence varies greatly depending on geographic location and 
the frequency in a certain country tends to follow smoking habits.3 In Sweden, 
almost 4000 cases of lung cancer were diagnosed in 2016, making it the sixth 
most common cancer type. It is also the sixth most common cancer type 
among Swedish men, whereas it is the fourth most common malignancy in 
Swedish women. However, consistent with global statistics, lung cancer is the 
leading cause of cancer-related deaths in Sweden.9 The mortality rates of lung 
cancer are reflected in poor survival probability figures. Across all stages, the 
5-year survival rate is only 17% among men and 24% for women.10 

Risk factors 
In the late 19th century tobacco usage in the form of cigarette smoking became 
wildly popular.11 During the following century, lung cancer incidence rose 
rapidly, from being a rare disease representing about 1% of all malignancies, 
to become the most frequently diagnosed cancer type and the leading cause of 
cancer related deaths world-wide.4, 12 Throughout the first half of the 20th cen-
tury numerous reports indicated a link between cigarette smoking and lung 
cancer13, 14, and in the late 1950s tobacco smoking was established as a risk 
factor for lung cancer.15, 16 Since then, it has been proven that the number of 
years as a smoker in combination with the amount of cigarettes smoked per 
day impact the relative risk of lung cancer.17 In comparison to non-smokers, 
long-term smokers have approximately a 20-fold increased risk to develop 
lung cancer. In Sweden today, nine out of ten patients diagnosed with lung 
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cancer are current or former smokers.9, 18 Luckily, smoking cessation reduce 
the relative risk over time, but former smokers will continue to have an ele-
vated risk compared to never smokers.19 In addition, exposure to second-hand 
smoking has been shown to be a risk factor proven to increase the risk of lung 
cancer. Here, the main risk is mainly associated with exposure at the work-
place or by a spouse.20, 21 Besides cigarette smoking, other known risk factors 
include environmental exposure to ionizing radiation, such as radon gas, air 
pollution, and occupational exposures to asbestos, polycyclic aromatic hydro-
carbons and certain metals, e.g. arsenic, chromium and nickel.18 However, 
only a minority of people exposed to these agents will develop lung cancer. 
This fact highlights the importance of individual genetic predisposition along-
side exposure to respiratory carcinogens for the development of lung cancer.22 

Histology 
Lung cancer can present with diverse microscopic growth patterns. The two 
major subsets are small cell lung cancer (SCLC) and NSCLC respectively.23 
   SCLC constitutes approximately 15% of all lung cancers and is believed to 
arise from neuroendocrine progenitors in the lung. It is a very aggressive ma-
lignancy with rapid tumor growth and distant metastasis is common early in 
the disease course.24-26 Initially a good response to chemotherapy can be ob-
served for SCLC patients, but evolvement of drug resistance usually leads to 
a tumor relapse. Drug resistance together with common presentation in high 
stage results in a dismal prognosis, with a 5-year survival rate below 7%.25, 27 
   NSCLC accounts for approximately 85% of all lung cancers and comprises 
three major histologic subtypes: adenocarcinoma, squamous cell carcinoma 
and large cell carcinoma.24 Adenocarcinoma constitutes the largest fraction 
(45%) of NSCLC in Sweden.28 Adenocarcinoma occurs more frequently in 
women, never-smokers and younger men.29 The tumors typically arises in the 
periphery of the lung and originate from small bronchi, bronchioles or alveolar 
epithelial cells.30, 31 Lung adenocarcinoma is characterized by glandular struc-
tures, mucin production and expression of protein markers such as napsin A 
and/or thyroid transcription factor 1 (TTF1).32 Adenocarcinomas are further 
subdivided depending on growth pattern into acinar, lepidic, micropapillary, 
papillary or solid.33 However, this sub-classification of adenocarcinomas has 
only minor clinical implications.34 Squamous cell carcinoma is the second ma-
jor histologic variant and constitutes around 20% of lung cancers in Sweden.28 
Squamous cell carcinomas are strongly associated to smoking and mainly 
arises in the central airways. However, peripheral tumors are becoming more 
common.35 Histological characteristics of squamous cell carcinoma include 
keratinization, intercellular bridges and expression of protein markers p40, 
p63 and cytokeratin 5/6.33 For a long time, squamous cell carcinoma was the 
most common type of lung cancer, but it was surpassed by adenocarcinoma in 
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the late 20th century. The shift is believed to be caused by changes in smoking 
patterns and changes in cigarette composition.36, 37 Lung cancers which do not 
display any morphological characteristics of small cell, squamous or adeno-
carcinoma differentiation, and lack expression of any pneumocyte or squa-
mous cell markers are classified as large cell carcinoma.33 This subset makes 
up roughly 10% of all lung malignancies diagnosed in Sweden.28 The diagno-
sis of large cell carcinoma relies upon the exclusion of other histological 
NSCLC patterns in a surgically removed tumor lesion. Therefore, the term 
NSCLC-NOS (not otherwise specified) is used in small biopsies and cytolog-
ical samples that lack signs of squamous or adenocarcinoma differentiation.33 
Less common malignancies included in the NSCLC group are adenosquamous 
carcinomas, sarcomatoid carcinomas and carcinoids.28 
   The distinction between SCLC and NSCLC have been of great importance 
as it guides the treatment decisions for the patient.38 However, the role for 
histological subclassification of NSCLC did not have a clear clinical im-
portance until recently. Today, it is clear that response to different chemother-
apeutic agents varies between NSCLC subtypes. In addition, targeted therapy 
has become an option for non-squamous NSCLCs harboring mutations in key 
oncogenic drivers.39, 40 

The genetic landscape of lung cancer 
NSCLC is a heavily mutated malignancy. Both lung adenocarcinoma and 
squamous cell carcinoma are among the top three malignancies with the high-
est load of somatic genetic alterations. Only malignant melanoma harbors 
more genetic aberrations.41 There are substantial genomic differences between 
the two major NSCLC subsets. However, some concurrences exist. The tumor 
suppressor gene TP53 is the most frequently mutated gene in lung cancer. Ap-
proximately 50% of the adenocarcinomas and 80% of the squamous cell car-
cinomas have an inactivating mutation.42, 43 In addition, the NFE2L2/KEAP1 
pathway, important for oxidative stress response, is commonly altered in 
NSCLC.35 Mutations in either NFE2L2 or KEAP1 are present in 10% of ade-
nocarcinomas and in 17% of squamous cell carcinomas.44 
   In adenocarcinomas, driver oncogenes harboring activating mutations have 
been identified that can be targeted by novel drugs.7 These mutation hit and 
activate tyrosine kinase receptors or downstream signaling molecules in the 
so-called MAPK pathway. In a western population, the most frequently mu-
tated driver gene is KRAS (30%). The majority of these point mutations are 
located within two codons, 12 and 13.45 The second most altered driver gene 
in lung adenocarcinoma is EGFR (10-15%).46, 47 The most prevalent mutations 
in EGFR are exon 19 deletions and point mutations in exon 21, at codon 858, 
resulting in an amino acid switch from Leucine to Arginine (L858R).48 An-
other mechanism to activate driver genes results from gene rearrangements. A 
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frequent gene fusion involves ALK, a gene not normally expressed in the 
lungs. ALK can be fused to several genes, the most common partner is EML4. 
ALK rearrangements are present in 3-8% of lung adenocarcinoma patients.49, 

50 Other tyrosine kinase receptor gene rearrangements in lung adenocarcinoma 
involve the genes ROS1, RET and NTRK1-3, present in about 3%, 1% and 1-
4% respectively.51-53 Other rare activating mutations are insertions in exon 20 
in ERBB2, exon 14 skipping mutations in MET, and mutations in BRAF, all of 
which have been detected in approximately 3% of lung adenocarcinoma cases 
respectively.54-56 In addition to TP53, lung adenocarcinomas commonly show 
mutations in the tumor suppressor gene STK11, present in about 17%.42 
   In contrast, squamous cell carcinomas rarely display targetable activating 
genetic alterations in driver genes. Instead, chromosomal copy number alter-
ations are common in genes like SOX2, FGFR1, CCND1, CDKN2A and EGFR 
in lung squamous cell carcinoma. Point mutations in CDKN2A and PIK3CA 
occur in approximately 15% respectively, whereas alterations in the tyrosine 
kinase receptor genes DDR2 and FGFR3 have been identified at low frequen-
cies.43, 44 
   Large cell carcinomas have complex genomic signatures, with mixed fea-
tures of adenocarcinoma, squamous cell carcinoma and small cell carci-
noma.44 

Diagnosis and staging  
The majority of lung cancer patients present symptoms at the time of diagno-
sis, with the most common symptom being a persistent cough. Besides general 
symptoms like fatigue and weight loss the symptoms can be related to the 
primary tumor (e.g. cough, dyspnea, hemoptysis), to intrathoracic spread (e.g. 
chest pain, superior vena cava obstruction) and/or to metastases in distant or-
gans such as the brain or the skeleton (e.g. headache, dizziness, bone pain).57 
   For patients with symptoms indicating lung cancer the first step towards a 
diagnosis is a chest x-ray. If any abnormalities are found or if the suspicion re-
mains the patients are further evaluated with a computed tomography (CT) scan 
followed by a positron emission tomography (PET) if needed. A biopsy is ac-
quired for histological evaluation and molecular analysis. The molecular profil-
ing includes, at least, assessment of EGFR mutational status and rearrangements 
in ALK and ROS1, since these will guide the treatment decision.58-60 
   Classification of the tumor burden for each patient is done according to the 
TNM system. The TNM system considers the size of the primary tumor and 
any potential spread into adjacent tissues (T), the presence of lymph node me-
tastasis (N) and occurrence of distant metastasis (M) (Table 1). By combining 
the information from the TNM classification an overall stage (I-IV) can be 
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obtained (Table 2).61 The proper determination of stage for a lung cancer pa-
tient is crucial since it will guide treatment decisions. It is also one of the most 
important prognostic factors for NSCLC.62 
   In Sweden, approximately 50% of NSCLC patients are diagnosed with a 
stage IV disease, whereas 25% are diagnosed with stage III, 6% with stage II 
and 17% with stage I.63 The reason why so many patients are diagnosed at a 
late stage is due to the diffuse symptoms of lung cancer, resulting in a diagno-
sis first after the tumor have disseminated and metastasized.57 
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Table 1. TNM classification (8th ed.) of lung malignancies. Reproduced from 61 

Primary tumor (T) Definition 
T1 Tumor ≤3 cm in diameter, surrounded by lung or visceral pleura, with-

out evidence of invasion more proximal than the lobar bronchus 
 T1a: Tumor ≤1 cm in diameter 
 T1b: Tumor >1 cm but ≤2 cm in diameter 
 T1c: Tumor >2 cm but £ 3 cm in diameter 

T2 Tumor >3 cm but ≤5 cm in diameter or with the presence of any fol-
lowing features: 

 - Involvement of the main bronchus, but no involvement of the ca-
rina 

 - Invasion of the visceral pleura 
 - Atelectasis or obstructive pneumonitis, extended to the hilar region  
 T2a: Tumor >3 cm but ≤4 cm in diameter 
 T2b: Tumor >4 cm but ≤5 cm in diameter 

T3 Tumor >5 cm but ≤7 cm or of any size with any of the following: 
 -  Direct invasion of the chest wall, phrenic nerve, parietal pleura, 

parietal pericardium 
 - Separate tumor nodule(s) in the same lobe as the primary 
T4 Tumor >7 cm or of any size with any of the following: 
 - Invasion of the mediastinum, diaphragm, heart, great vessels, tra-

chea, recurrent laryngeal nerve, esophagus, vertebral body or ca-
rina 

 - Separate tumor nodule(s) in a different ipsilateral lobe 
Lymph nodes (N)  
N0 No regional lymph node metastasis 
N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph 

nodes and intrapulmonary nodes 
N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 
N3 Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral 

or contralateral scalene, or supraclavicular lymph node(s) 
Distant metastasis (M)  
M0 No distant metastasis 
M1 Distant metastasis 
 M1a: Separate tumor nodule(s) in a contralateral lobe or tumor with 

pleural nodules or malignant pleural effusion 
 M1b: Single distant metastasis in a single organ 
 M1c: Multiple distant metastasis in a single or multiple organ 
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Table 2. Stage grouping. Reproduced from 61 

Stage I IA IB  
 T1a N0 M0 T2a N0 M0  
 T1b N0 M0   
 T1c N0 M0   
Stage II IIA IIB  
 T2b N0 M0 T1 N1 M0  
  T2 N1 M0  
  T3 N0 M0  
Stage III IIIA IIIB IIIC 
 T1 N2 M0 T1 N3 M0 T3 N3 M0 
 T2 N2 M0 T2 N3 M0 T4 N3 M0 
 T3 N1 M0  T3 N2 M0  
 T4 N0 M0 T4 N2 M0  
 T4 N1 M0    
Stage IV IVA IVB  
 Any T and N  

with M1a or b 
Any T and N 
with M1c 
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Treatment 
Different treatment options are available for NSCLC patients, depending on 
histological subtype, tumor stage, performance status (PS) and presence of 
certain molecular aberrations. 

Surgery 
For NSCLC patients diagnosed with an early stage disease (stage I, II and 
IIIA) surgical resection of the tumor is the standard choice for first-line treat-
ment. This is possible if the patient is in a good physical condition and if the 
tumor is in fact resectable.64 The preferred surgical approach for tumors larger 
than 2 cm is a lobectomy.65 However, a more conservative approach, sublobar 
resection, could be favorable for patients not fit enough to tolerate a lobectomy 
and is in general resulting in less post-operative pain, shorter hospitalization 
and a faster recovery. 66, 67 However a great disadvantage with a sublobar re-
section is a higher risk for recurrences, which reflects in a poorer long term 
survival for these patients.68 Although the intention of surgery for patients 
with an early stage disease is curative, 30-55% will develop recurrences.69 
Hence, adjuvant chemotherapy is recommended for patients with a stage II-
IIIA disease and for selected patients with a stage IB disease, where the tumor 
is ³4cm. The addition of a cisplatin-based chemotherapy after surgery dis-
plays results with an increased overall survival and disease-free survival of 
approximately 5%.70, 71 Surgery is also an option for selected patients with a 
stage IV oligometastatic disease, where the metastasis is localized in the brain 
or the adrenals.72 

Radiotherapy  
Radiotherapy is a potentially curative option for patients with early stage dis-
ease which are not eligible for surgical resection due to comorbidities.73 For 
these smaller tumors, stereotactic body radiation therapy has shown to be the 
preferred approach. Here, the radiation dose is given in few high-dose frac-
tions to a small target area, and have been confirmed to be better than conven-
tional fractionated radiotherapy in regard to less adverse effects.65, 74  
   For inoperable stage III NSCLC, the treatment of choice is concomitant 
chemoradiotherapy where conventional fractionated radiotherapy is combined 
with a platinum-based chemotherapy.75 This improves patient survival in com-
parison to sequential radiochemotherapy with about 5%, but increases the risk 
for treatment-related toxicity. Therefore, patients with high age, poor perfor-
mance status and comorbidities will receive sequential radiochemotherapy in-
stead.76, 77 In addition, radiotherapy is important in palliative care of patients 
with advance stage disease, by relief of pain and other symptoms from bone 
or brain metastasis.78 
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Chemotherapy 
For patients with advanced disease, the treatment focus is on improving sur-
vival and relief of tumor-related symptoms. The standard of care for these 
patients are chemotherapy, where the choice of drugs will depend on the his-
tology of the tumor, performance status and comorbidities.64 For patients with 
a good PS (0 or 1) the recommendations is a combination of two cytotoxic 
drugs, where a platinum-based drug like cisplatin or carboplatin is combined 
with pemetrexed, paclitaxel, docetaxel, vinorelbine or gemcitabine. The addi-
tion of bevacizumab can be done to selected patients when carboplatin and 
paclitaxel is given. For patients with PS 2 a single-agent chemotherapy ap-
proach is preferred.79 For selection of which drug to give to a patient it is cru-
cial to take histology into account since pemetrexed has shown to only be 
beneficial for patients with non-squamous NSCLC.80 Patients with a really 
poor PS (3 or 4, i.e. largely confined to bed) is generally recommended best 
supportive care due to the reduction in quality of life caused by adverse effects 
of the cytotoxic drugs.78 

Targeted therapy 
The great advances made within the field of genomics in NSCLC, especially 
in adenocarcinomas, have led to the identification of genomic alterations in 
several oncogenic genes. These oncogenic drivers regulate key functions 
within the cancer cell, e.g. cell growth and survival, and by targeting these, 
tumor growth can be inhibited.81, 82 The first targeted therapy implemented in 
clinical care for NSCLC was tyrosine kinase inhibitors (TKIs) directed against 
EGFR harboring activating mutations. Gefitinib and erlotinib is the first gen-
eration of EGFR TKIs.83 These TKIs are small molecules which are reversible 
competitive inhibitors of adenosine triphosphate (ATP), and will pass through 
the cell membrane and bind at the ATP site on EGFR, resulting in a blockage 
of the autophosphorylation of the receptor.84, 85 Gefitinib and erlotinib both 
show great response among patients harboring an exon 19 deletion or a L858R 
mutation in EGFR.86-88 These were followed by the second generation of 
EGFR TKIs, i.e. afatinib, that binds irreversibly to both the EGFR and HER2 
receptors.89 Treatment with afatinib has proven to also be effective in cases 
with more rare EGFR mutations e.g. L861Q, S761I and G719X.90 Unfortu-
nately, development of resistance against EGFR inhibitors is inevitable and 
disease progression is often seen within a year. Different mechanisms of ac-
quired resistance have been discovered, the most common is an additional mu-
tation in EGFR, T790M, present in over 50% of patients with acquired re-
sistance to EGFR TKIs. Other mechanisms of resistance are activation of dif-
ferent pathways that bypass EGFR, e.g. gene amplification of MET and muta-
tions in other driver genes such as KRAS or BRAF.83, 91 A third generation of 
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EGFR TKIs, osimertinib, has been developed to overcome EGFR TKI re-
sistance due to a T790M mutation.92 Treating T790M+ patients with osimer-
tinib results in longer progression-free survival in comparison to chemother-
apy.93 Unfortunately, many patients will develop resistance against osimer-
tinib. Here, the primary resistance mechanisms are loss of the T790M muta-
tion or development of a C797 mutation.94 
   The targeted therapies that next were introduced with success for lung ade-
nocarcinomas were directed towards gene rearrangements involving ALK or 
ROS1. Both of these can be targeted by a TKI called crizotinib, which is a 
multitarget-TKI with activity against MET, ALK and ROS1.95, 96 Crizotinib 
have displayed great results in patients with either an ALK or ROS1 rearrange-
ment, with overall high response rate and prolonged progression-free sur-
vival.96, 97 However, as with EGFR TKIs, treatment resistance is inevitable. In 
ALK rearranged NSCLC, secondary mutations within the kinase domain in 
ALK have been discovered in about one third of cases, while in one third an 
alternative pathway has been activated to bypass the blocked ALK signaling. 
For patients who acquired a resistance against crizotinib, second and third 
generation of ALK inhibitors, e.g. ceritinib, alectinib and lorlatinib can induce 
response.98-100 Alectinib has also shown to be more effective and less toxic in 
comparison to crizotinib in previous untreated ALK positive patients.101 In 
summary, for patients in advanced stage, with activating EGFR-, ALK- or 
ROS1 aberration, targeted therapy is the choice for first-line treatment.102 
   There are several newly identified targets in lung adenocarcinomas with 
therapies in development. The TKI larotrectinib, have so far demonstrated 
good responses in several cancer forms, lung cancer included, harboring a re-
arrangement in NTRK.103 Several different multi-kinase inhibitors have been 
evaluated for RET rearranged cases, but with disappointing overall response 
rates.104 There are selective RET inhibitors under development, where LOXO-
292 have showed promising results in pre-clinical trials.105 MET is a tyrosine 
kinase receptor which can be amplified or harbor mutations causing exon 14 
skipping. Exon 14 skipping result in prolonged activation of MET due to de-
creased degradation of the protein as a result of the missing E3 ubiquitin pro-
tein-ligase binding site. TKIs such as crizotinib or cabozantinib have been 
shown to target this aberration.106, 107 Activating mutations in BRAF is present 
in a small subset of NSCLC patients. The patients harboring a V600E muta-
tion in BRAF can be treated with a combination of dabrafenib and trametinib, 
i.e. BRAF and MEK inhibitors.108 In addition, kinase activating insertions in 
exon 20 in ERBB2 are also targets for therapy. Afatinib have shown promising 
results for patients with the specific YVMA insertion in exon 20.109 
   Unfortunately, there is no targeted therapy effective for patients with an ac-
tivating mutation in KRAS, the most prevalent mutated driver gene in western 
lung adenocarcinoma populations. A lot of work has been done to find a po-
tential therapy for this patient group. There have been different approaches to 
target KRAS; direct inhibition by inhibitors designed to bind irreversibly to 
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G12C mutant KRAS or by targeting molecules downstream from RAS, e.g. 
RAF or MEK. However, results from these trials have so far been disappoint-
ing.110 

Immunotherapy 
The ability to use the power of the immune system against a tumor has for 
long been a vision in cancer therapy. A major focus has been on activating an 
immune response against the tumor by use of immune stimulatory interleukins 
(IL) or by enhancing the immune response with vaccines. However, none of 
these approaches have produced significant clinical results so far.111 Instead, 
the big breakthrough came with the discovery that the brakes of the immune 
system can be released by blocking inhibitory pathways of T cells.112 These 
inhibitory pathways normally play a crucial role in regulating T cell activation 
and maintaining self-tolerance to avoid auto-immunity, but these can also be 
exploited by tumor cells to escape immune surveillance.113 Immunotherapy 
directed towards checkpoint molecules result in blockage of inhibitory path-
ways and restores the natural anti-tumor immunity. The first checkpoint mol-
ecule to be targeted therapeutically was cytotoxic T lymphocyte antigen 4 
(CTLA-4), which has a suppressive effect on the immune response in the early 
stage of T cell activation.114 Ipilimumab, a mono-clonal antibody directed 
against CTLA-4 was first approved for use in metastatic melanoma.115 In 
NSCLC, other T cell checkpoints have been in focus, namely programmed 
death 1 (PD-1) and its ligand PD-L1. PD-1 is expressed on T cells in periph-
eral tissues and upon interacting with its ligands T cell activation is inhibited. 
The ligand, PD-L1 is commonly upregulated in different solid tumors, result-
ing in suppression of local anti-tumor immune responses.116 Monoclonal anti-
bodies targeting PD-1, nivolumab and pembrolizumab, have both shown good 
results in NSCLC, with prolonged overall survival and reduced toxicity in 
comparison to chemotherapy.117-119 Pembrolizumab is now recommended as 
first-line treatment for tumors with a high expression of PD-L1 and lack of 
targetable molecular aberrations.102 Antibodies directed against PD-L1, ate-
zolizumab, durvalumab and avelumab, have also been introduced for NSCLC 
treatment.7 
   However, although these treatments are in general well tolerated, some se-
vere immune-related adverse effects can arise.120 In addition, the overall re-
sponse rate in unselected patient groups are poor, with about only one in five 
responding.117-119 This has led to an extensive hunt for predictive biomarkers. 
So far, the best predictive marker for response is expression of PD-L1 in the 
tumor.121 Another promising marker is tumor mutation burden (TMB). TMB 
is the number of non-synonymous mutations distributed over the exome, and 
is considered to be associated with the presence of neoantigens, which in turn 
is linked to the immunogenicity of the tumor.122 However, there are technical 
difficulties regarding how to analyze and define TMB and standardization is 
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needed for TMB assays before entry into clinical practice.123 Other markers 
that have been suggested is presence of infiltrating immune cells and certain 
gene signatures, however, still with ambiguous results.124-126 

Prognostic factors 
A prognostic factor is a biological or clinical characteristic which can be used 
to determine the likely outcome of a disease for a patient. In cancer therapy 
they give information that helps avoid unnecessary treatments that cause dis-
comfort and harm.127 A prognostic factor can be related to the patient (e.g. age, 
gender, PS and smoking) or to the tumor (e.g. TNM stage, histological type). 
Other tumor-related factors can be the presence of certain genetic events or 
differential expression of genes or proteins.128, 129 In NSCLC, the most im-
portant prognostic factors are TNM stage, age and PS, which currently are the 
ones mainly used in the clinic.65, 130, 131 However, the outcome in regard to 
overall survival or tumor recurrence can be extremely different between pa-
tients with comparable prognostic markers. Consequently, additional markers 
are needed to more correctly determine the aggressiveness of the tumor.132 A 
majority of prognostic markers have been evaluated on a protein level by im-
munohistochemistry. Work on NSCLC in our group have demonstrated a bet-
ter prognosis for patients with either a high CADM1 expression, high stromal 
expression of CD99 or high expression of immunoglobulin kappa C in tumor 
infiltrating plasma cells.133-135 In addition, gene expression signatures and dif-
ferent copy number aberrations have shown to have prognostic impact, but 
have not reached the clinical practice.136, 137 The prevalence of mutations in 
certain genes are also associated to prognostic impact. However, there are a 
lot of discordant studies, probably due to confounding factors such as associ-
ations to smoking or ethnicity that make them difficult to use in clinical prac-
tice.138-140 Despite huge research efforts, no single molecular biomarker has 
yet been introduced into clinical guidelines for NSCLC treatment and trials to 
combine several biomarkers into multiplex panels have failed to outperform 
established clinical prognostic factors.141 
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Overview of the immune system 

The main function of the immune system is to provide a defense against in-
vading pathogens, e.g. bacteria, virus and fungi. However, it is also crucial in 
maintaining tissue homeostasis, playing an important role in healing tissue 
injuries and protection against diseases. Here a challenge is to uphold self-
tolerance and avoid autoimmunity.142 The immune system is a complex net-
work of different organs, immune cells and specific molecules. It can gener-
ally be divided into two branches, the innate and the adaptive immune system, 
that differ with regard to the immune cells involved and the timing and dura-
tion of the response.143 
   Innate immunity is the first-line response and relies on multiple levels of 
defensive barriers to protect against pathogens. The first level of barriers is 
anatomic (e.g. skin and mucous membranes) and physiological barriers (e.g. 
temperature and low pH). If breached, phagocytic cells (e.g. macrophages, 
neutrophils and monocytes) and humoral inflammatory cascades make up the 
internal barriers. The pathogens are detected by the cells of the innate immune 
system through specific receptors, so-called pattern-recognition receptors, that 
binds to molecular structures widely shared by pathogens (e.g. lipopolysac-
charides/LPS, bacterial DNA and viral RNA). Phagocytic cells engulf patho-
gens and digest them in intracellular vesicles. These cells also secrete chemo-
kines that leads to recruitment of other inflammatory cells to the area of infec-
tion. Other immune cells important for the effector functions of the innate im-
munity includes natural killer (NK) cells, dendritic cells, mast cells, 
eosinophils and basophils. The dendritic cells play an important role as the 
bridge from the innate immune system to the adaptive, by presentation of an-
tigens to T cells.144, 145 
   The adaptive immune system is the second-line of defense and is carried out 
by T and B lymphocytes. They express receptors which are specific for a par-
ticular antigen. Upon encountering an antigen, a clonal expansion of activated 
T and B cells will occur that orchestrates an immune response directed against 
the specific pathogen or pathogen-infected cells. After the pathogen has been 
eliminated an immunological memory is established, which allows for a faster 
response against a re-infection by the same pathogen.144 
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Myeloid cells 
Myeloid precursors in the bone marrow will give rise to a range of cells, e.g. 
macrophages, dendritic cells, monocytes and granulocytes that are important 
in different innate immune responses. 

Granulocytes 
Granulocytes can be divided into different subsets depending on morphology 
and function (e.g. neutrophils, eosinophils and basophils). They are all produced 
in the bone marrow where they fully mature before entering the circulation. 
Granulocytes have a short lifespan of only a couple of days and a characteristic 
of this group of cells are an abundance of granules in the cytoplasm. These gran-
ules contain proteolytic proteins, cytotoxins and antimicrobial peptides. Granu-
locytes are recruited from the blood into the tissue by chemoattractants and sub-
sequently activated by molecules from pathogens, damaged cells or other im-
mune cells. Once activated they can release the content of their granules into the 
environment against the target. In addition, they can perform phagocytosis and 
degrade pathogens in intracellular phagosomes.146, 147 

Dendritic cells 
The progenitor cells of dendritic cells are located in the bone marrow where 
they give rise to immature dendritic cells which will enter the circulation. The 
dendritic cells will then migrate to peripheral tissues. These immature den-
dritic cells have a high phagocytic ability and can capture whole pathogens or 
molecules from pathogens, which are then processed to peptide antigens. The 
dendritic cell then migrates to lymph nodes where they mature and begin dis-
playing the antigen on major histocompatibility complex (MHC) class II mol-
ecules to naïve T cells. T cells that recognize the antigen are then activated 
and clonally expand to attack the pathogen.148 

Monocytes 
Monocytes are produced in the bone marrow and thereafter enters the circula-
tion. There are two distinct subtypes, classic and non-classic monocytes. Clas-
sic or migratory monocytes circulate in the blood and upon chemokine stimu-
lation migrate into the tissue and differentiate into either macrophages or mon-
ocyte-derived dendritic cells. If not recruited into peripheral tissues they may 
convert to non-classical monocytes. These are also called patrolling mono-
cytes and their function is to monitor endothelial cell integrity and to scavenge 
on luminal microparticles.149, 150 
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Macrophages 
Macrophages are phagocytic cells which are located out in the peripheral tis-
sues. They are either derived from monocytes, which have been recruited from 
the blood to a site of inflammation or they are tissue resident macrophages 
which are mostly derived from embryonic precursor cells in the yolk sac or 
fetal liver.151, 152 The tissue resident macrophages can be found in different 
organs, e.g. lungs, liver, brain, pancreas and spleen.153 Out in the tissue their 
primary functions are to engulf and degrade pathogens and dead cells, antigen 
presentation and production of cytokines. Simplified, macrophages can be 
classified into different phenotypes, i.e. classically activated (M1) or alterna-
tively-activated (M2), which depends on the activation stimuli from the sur-
rounding microenvironment.154 
   The polarization into M1 macrophages is mainly achieved through the cyto-
kine interferon gamma (IFNg) and toll-like receptor signaling. These macro-
phages will enhance their antigen presenting capacity by increased expression 
of MHC class II and co-stimulatory molecules. They also produce high 
amounts of nitric oxide (NO), which is an important cytotoxic mechanism 
used against pathogens. In addition, they have a high production of pro-in-
flammatory cytokines (e.g. IL1a, IL1b, IL6, IL12 and tumor necrosis factor 
alpha/TNFa) and chemokines (e.g. CXCL9, CXCL10 and CXCL11).154, 155 
   M2 macrophages can be further divided into wound healing and regulatory 
macrophages.155 Macrophages are polarized into wound healing macrophages 
after stimulation of cytokines IL4 and IL13. As the name implies, they are 
important for the repair of damaged tissues by secretion of extra-cellular ma-
trix components. The enhanced production of the enzyme arginase-1 (ARG1) 
induces matrix deposition.156 Polarization into regulatory macrophages can be 
achieved mainly via stimulation by cytokines IL10 and transforming growth 
factor beta (TGFb). These macrophages have a strong immunosuppressive 
function, mainly driven by secretion of anti-inflammatory cytokines such as 
IL10 and TGFb.154, 155 
   Notably, the polarization of macrophages is not black or white (M1 or M2), 
but rather an interconnected spectrum where the macrophage phenotype can 
change across the spectra depending on the surrounding signals.155, 157 

Lymphocytes 
Lymphoid progenitor cells located in the bone marrow will give rise to multi-
ple cell types (T cells, NK cells and B cells) which have important functions 
in both the innate and adaptive immune system. 
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T cells 
T cell precursors are produced in the bone marrow and then migrate to the 
thymus where they mature into T cells. In the thymus, T cell receptor (TCR) 
rearrangements generate a unique TCR in each cell with the ability to recog-
nize a specific antigen. Thereafter the cells undergo a selection where only 
cells that recognize self-MHC (positive selection) and lack self-reactive prop-
erties (negative selection) survive. Resulting naïve T cells will then migrate 
through the secondary lymphoid organs and blood stream, in search of their 
specific antigen.158, 159 The antigens need to be bound to MHC class I or II 
molecules on antigen presenting cells (APCs). In addition, co-stimulation by 
CD28 interacting with CD80 or CD86 on APCs is needed for activation. Upon 
activation, the T cell, depending on if it expresses CD4 or CD8, will differen-
tiate into CD4+ T helper (Th) cells or CD8+ effector cells also known as “cy-
totoxic” T cells, and undergo a clonal expansion.160, 161 The main function of 
activated CD8+ effector cells is to target infected or malignant cells. This is 
primary achieved through release of perforin and granzyme proteins which 
will lyse the targeted cell. The CD4+ cells can further differentiate into differ-
ent subtypes of Th cells, e.g. Th1, Th2, Th17 and T regulatory (Treg) cells. 
Th cells depending on subtype, produce a vast spectrum of cytokines, which 
will activate other immune cells. For example, IFNg produced by Th1 cells 
will increase the phagocytic activity of macrophages. The Treg cells on the 
other hand have immunosuppressive functions, mainly executed by TGFb and 
IL10, and they are essential to maintain immune homeostasis and self-toler-
ance. One hallmark of Treg cells are the expression of the transcription factor 
FOXP3. After an immune response, a certain subset of T cells which have the 
ability of long-term survival will mature into memory T cells. These cells can 
be quickly activated if the same pathogen is encountered once more, resulting 
in a fast response and elimination.160, 162, 163 

NK cells 
NK cells are derived from lymphoid progenitor cells in the bone marrow and 
mature in the bone marrow and secondary lymphoid organs. Their primary 
function is spontaneous cytotoxicity against malignant and virus-infected 
cells, which have downregulated their expression of MHC class I, normally 
expressed on all healthy cells throughout the body. Once a deviating cell is 
recognized the NK cell will form a cell to cell contact with the target cell, 
followed by induction of apoptosis of the target cell. The cytotoxic ability of 
the NK cell is primarily through the release of cytolytic granules containing 
perforin and granzymes which will fuse with the target cell and activate an 
apoptotic pathway. Another mechanism is induction of apoptosis through 
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binding to death receptors expressed on the surface of the target cell. In addi-
tion, NK cells produce and secret chemokines and cytokines which will cause 
recruitment and stimulation of other immune cells.164-166 

B cells 
B lymphocytes are produced in the bone marrow and undergo maturation in 
the secondary lymphoid organs. While the cellular immune response is mainly 
orchestrated by T cells, B cells are responsible for the humoral response dur-
ing an immune reaction, by the production and secretion of antibodies. B cells 
express B cell receptors (BCR) on the cell surface. These receptors are made 
up of a glycosylated protein, known as immunoglobulin, which recognize a 
certain antigen. Immunoglobulins consists of four protein subunits, two 
“heavy” and two “light” chains, and the specificity to different antigens is a 
result of rearrangement in specific gene segments. The B cell is activated upon 
binding to an antigen via the BCR, which initiates a clonal cell expansion. 
Some of the B cells differentiate into plasma cells and memory B cells. The 
plasma cells will produce and secrete immunoglobulin antibodies. Antibodies 
can directly bind to and neutralize viruses, preventing them from infecting 
cells. Macrophages, via Fc receptors, are activated after binding to antibodies 
that cover a target structure. The memory B cells will, after the infection have 
been resolved, circulate throughout the body and upon re-encountering the 
antigen they will rapidly differentiate to plasma cells and start a new wave of 
antibody production.167, 168 
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Tumor microenvironment 

A tumor is a complex structure which not only consists of malignant cells 
dividing without control. It will hijack normal cells and switch them into phe-
notypes that will form an environment that aid the tumor. The tumor microen-
vironment (TME) consists of of multiple cell types and extracellular mole-
cules. The cells that supports the tumor are: cancer-associated fibroblasts, en-
dothelial cells, pericytes and immune cells, e.g. T cells, B cells, NK cells, tu-
mor-associated macrophages (TAMs), dendritic cells and granulocytes 
(Figure 1). They all play different roles in supporting tumor growth and me-
tastasis.169, 170 

 
Figure 1. Illustration of the tumor microenvironment, consisting of tumor cells, blood 
vessels, lymphatic vessels, cancer-associated fibroblast, pericytes and immune cells 
(macrophages, NK cells, neutrophils, dendritic cells and T and B cells). 
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Immune landscapes in tumors 
The immune system has a dual role in tumor development. Initially, it is im-
portant for protecting against tumor growth, but it can also be swayed to ac-
tively promote tumor progression. This process is called cancer immunoedit-
ing and consists of three steps: elimination, equilibrium and escape. Immuno-
surveillance makes up the first step where immune cells patrolling the body 
detects and destroys malignant cells before they can form clinically detectable 
tumor lesions. In the equilibrium step, some tumor cells manage to evolve a 
way to avoid immune recognition, but the immune system is still able to main-
tain the tumor in a dormant state. A characteristic for this phase is a balance 
between anti-tumor cytokines (IL12, IFNg) and pro-tumor cytokines (IL10, 
IL23). Finally, in the escape phase, the immune system loses the ability to 
control tumor growth. This can be achieved by several mechanisms, e.g. loss 
of MHC class I or its co-stimulatory molecules, enhanced survival abilities, 
creation of an immunosuppressive TME by production of immunosuppressive 
cytokines (e.g. TGFb) or by expression of immunoregulatory molecules (e.g. 
PD-L1).171, 172 The role of the immune system in tumor development have led 
to the recognition of tumor promoting inflammation as the 10th hallmark of 
cancer.2 
   The immune landscape of a tumor differs vastly between patients, but over 
the last years, certain patterns of immune infiltration has been identified. 
These so-called cancer-immune phenotypes includes “inflamed”, “immune-
desert” and “immune excluded” patterns, which are mainly defined based on 
the degree and subtypes of infiltrating T lymphocytes. The immune response 
classes have been observed in several cancer types such as NSCLC, melanoma 
and colorectal carcinoma. The inflamed phenotype is characterized by an in-
filtration of CD4 and CD8 expressing T cells, often accompanied by infiltra-
tion of myeloid cells. In addition, high expression of certain cytokines can be 
seen in these tumors. In the immune-desert phenotype there is generally an 
absence of infiltrating immune cells. The immune excluded tumors have a 
high infiltration of immune cells. However, these do not infiltrate all the way 
into the tumor cell nests but remain in the stroma surrounding the tumor.124, 173 
A high infiltration of T lymphocytes into the tumor have been associated to a 
better prognosis in comparison to tumors with low immune cell infiltrates.174 
However, the majority of studies have a focus on tumor infiltrating T cells and 
macrophages, resulting in a limited knowledge regarding the role of plasma 
cells and NK cells in the NSCLC TME. So far, the presence of plasma cells 
and NK cells have been associated to a better prognosis.135, 175, 176 
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Tumor associated macrophages 
Infiltrating macrophages have been detected in many types of solid cancers. 
Depending on the phenotype of the macrophages, their role in the TME can 
be different.177 Macrophages with a M1-like phenotype are pro-inflammatory 
and are capable of killing malignant cells.178 In addition, high density of mac-
rophages with a M1-like phenotype in a tumor is associated with a better prog-
nosis.179, 180 However, the term “tumor associated macrophages” (TAMs) is 
predominantly referring to tumor-infiltrating macrophages with a M2 pheno-
type, which have tumor promoting features.181 Here, a high density of tumor 
infiltrating macrophages, have instead been linked to a worse prognosis.182-185 
TAMs can originate from myeloid-derived suppressor cells (MDSCs), but are 
mainly considered to develop from circulating monocytes recruited from the 
blood into the tumor.186, 187 The recruitment of TAMs into the TME and their 
polarization into a M2-like phenotype is orchestrated by tumor-derived fac-
tors, chemokines and cytokines from resident immune cells and by hypoxia.188, 

189 In the TME they have immunosuppressive functions such as recruiting 
Treg cells into the TME, turning CD4+ T cells into Tregs, and inhibition of 
cytotoxic T cells. Moreover, they can promote angiogenesis, helping the tu-
mor form new blood vessels to sustain its growth, and enhancing the invasion 
and metastatic capabilities of the tumor cells.177, 190 
   Due to the tumor promoting features of TAMs, they are considered potential 
targets for clinical therapy. Two main approaches to target TAMs have been 
investigated: either inhibition of the infiltration of macrophages into the tu-
mor, or reprogramming the TAMs into a pro-inflammatory M1-like pheno-
type.177 As to the latter strategy, one novel way to reprogram TAMs is to target 
the macrophage receptor with collagenous structure (MARCO). MARCO is a 
scavenger receptor expressed on a subgroup of immunosuppressive macro-
phages. Targeting this molecule with an anti-MARCO antibody has been 
shown to inhibit tumor growth and metastatic spread in in vivo models.191 
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Present investigation  

Aim 
The overall aim of this thesis was to evaluate mutation patterns and immune 
profiles in NSCLC and to assess possible correlations between molecular 
changes, infiltration of particular immune cells and clinical patient parame-
ters. 
 
The specific aims were as follows: 
 

§ Characterize the mutation landscape in a representative European 
NSCLC cohort by the use of targeted next generation sequencing. Eval-
uate mutations patterns and their association to clinical parameters. 
(Paper I) 

 
§ Investigate the immune landscape in NSCLC by comprehensive im-

munohistochemical analysis. Evaluating the different immune cell in-
filtrates association to mutation patterns and clinical parameters. 
(Paper II) 

 
§ Establish infiltration patterns of macrophage subsets in NSCLC, with 

focus on macrophages expressing the scavenger receptor MARCO in 
tumor tissue. (Paper III) 

 
§ Investigate the interactions between human NSCLC cells and macro-

phages, with a focus on MARCO expressing macrophages. (Paper IV) 
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Patient material 
In this thesis, NSCLC patient samples from the Uppsala II cohort was used 
throughout paper I-IV. This is an unselected cohort, consisting of NSCLC 
patients who underwent surgical resection at Uppsala University hospital be-
tween the years 2006 and 2010. Patients were identified through the Regional 
Lung Cancer Registry and cross matched to the Uppsala pathology Laboratory 
Information System (Sympathy) and included after evaluation of histopathol-
ogy. Patients who had received neoadjuvant treatment were excluded. In total, 
formalin fixed paraffin embedded (FFPE) tissues were available for 357 pa-
tients. A tissue microarray (TMA) was constructed with duplicate 1mm tumor 
cores from each patient.192, 193 For 200 patients out of 357, fresh frozen tumor 
tissue with a tumor cell content >10% was available. Both RNA and DNA 
were extracted from the fresh frozen tissues, while DNA was extracted from 
FFPE tissue for patients lacking fresh frozen material. RNA sequencing 
(RNA-seq) analysis could be performed for 199 patients194, while targeted 
deep-sequencing was carried out on 352 of the patients. (Figure 2) Clinical 
parameters (i.e. age at diagnosis, histology, gender, smoking history, tumor 
stage and performance status according to WHO) where obtained from the 
Uppsala-Örebro Regional Lung Cancer Registry (Table 3), while information 
regarding adjuvant therapy was retrieved from patient records.  
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Figure 2. Overview of the material included in the Uppsala II NSCLC cohort. The 
cohort includes patients who underwent surgical resection at Uppsala University Hos-
pital between 2006 to 2010. It consists of formalin fixed paraffin embedded (FFPE) 
tissue samples included in a tissue microarray, targeted deep-sequencing of 82 genes 
using DNA from either fresh frozen or FFPE tissues and RNA-sequencing data ob-
tained for the patients with available fresh frozen tissue. 
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Table 3. Clinical characteristics of the patients in-
cluded in the Uppsala II NSCLC cohort. 
    n (%) 
All patients   357 (100) 
Gender     

Men   176 (49.3) 
Women   181 (50.7) 

Age     
<70   216 (60.5) 
³70   141 (39.5) 

Stage     
IA   146 (40.9) 
IB   76 (21.3) 
IIA   41 (11.5) 
IIB   34 (9.5) 
IIIA   50 (14.0) 
IV   10 (2.8) 

Smoking     
Current   182 (51.0) 
Ex >1year   134 (37.5) 
Never   41 (11.5) 

Histology     
Adenocarcinoma   229 (64.1) 
Squamous cell carcinoma   103 (28.9) 
Large cell carcinoma/NOS   25 (7.0) 

Performance status     
0   214 (59.9) 
1   138 (38.7) 
2   5 (1.4) 
NOS = Not otherwise specified   

Methodological background 

Targeted deep-sequencing 
Massive parallel sequencing also called “next generation” sequencing (NGS) 
have revolutionized genome sequencing, making it possible to perform large 
scale sequencing at an affordable cost.195 The technique is designed to se-
quence multiple parts of the genome simultaneously and has outmaneuvered 
single-gene techniques like Sanger sequencing in both research and molecular 
diagnostics.196, 197 Both whole genome sequencing (WGS) and selected parts 
of the genome can be sequenced, e.g. whole exome sequencing (WES) or tar-
geted deep-sequencing. In smaller gene panels the decrease in genomic cov-
erage results in gained depth of coverage. WGS has a standard coverage depth 
at ~30X, while WES have up to 100X, and targeted deep-sequencing can be 
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run at coverage above 1000X.196, 198 The deep coverage of targeted deep-se-
quencing is advantageous for detection of mutations with a low frequency, 
due to either sub-clonality or a high admixture of non-malignant cells in the 
tissue.199 There are several commercial platforms utilizing massive parallel 
sequencing, e.g. Illumina and Ion Torrent. These platforms differ in certain 
aspects regarding maximum read length, detection chemistry and amplifica-
tion method.197 
   In paper I, targeted deep-sequencing was used to evaluate the mutational 
status of 82 genes commonly mutated in lung cancer (Figure 3A), in 352 pa-
tients from the Uppsala II NSCLC cohort. Here, the Haloplex target enrich-
ment system was used to capture and amplify the region of interest (ROI) prior 
to sequencing by executing the following steps: I) fragmentation of the DNA 
by different combination of restriction enzymes, II) capture of the DNA frag-
ments belonging to the ROI by a library of probes. The probe library consists 
of oligonucleotides designed to hybridize to both ends of the different targeted 
DNA fragments, forming circular DNA molecules, III) the DNA-probe hy-
brids are captured with streptavidin coated magnetic beads followed by  
ligation creating closed circular molecules, IV) the circular targeted fragments 
are amplified by polymerase chain reaction (PCR) resulting in a target-en-
riched product ready for sequencing (Figure 3B).200, 201 

 
Figure 3. Haloplex target enrichment assay. A) List of the 82 genes covered in the 
Haloplex target enrichment panel. B) Overview of the Haloplex target enrichment 
system. I) Fragmentation of the DNA by restriction enzymes, II) The fragments cov-
ering the region of interest (ROI) is captured by hybridizing to probes and circular 
molecules is formed through ligation (III). IV) Amplification of the targeted frag-
ments is performed through polymerase chain reaction (PCR), generating a target en-
richment library ready for sequencing.  
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Sequencing was then carried out on an Illumina platform where the products 
bind to the surface of a flow cell before bridge amplification is carried out to 
create clusters. This is then followed by sequencing-by-synthesis utilizing cy-
clic reversible termination for detection of incorporated nucleotides (Figure 
4).202 
 

 
Figure 4. Illumina sequencing. A) Cluster generation. The DNA fragments to be 
sequenced anneal to primers attached to the surface of a flow-cell followed by bridge 
amplification. The fragments are denatured and the bridge amplification is repeated 
to generate a cluster of molecules. B) Sequencing by synthesis using reversible ter-
minator chemistry. The reverse strands are removed and sequencing is initiated by 
annealing of sequencing primers and adding fluorescently labelled nucleotides to the 
flow-cell. The suiting nucleotide will be incorporated followed by a wash step to re-
move remaining unincorporated nucleotides. The color of the incorporated nucleotide 
is detected through imaging followed by removal of the fluorescent dye. The process 
is repeated generating the sequence of the fragment. 

 
The samples used for sequencing in paper I were of mixed quality. Depending 
on the availability of tissue, either fresh frozen or FFPE tissues were used. 
Unfortunately, the formalin fixation will affect the DNA quality, due to cross-
linking of DNA and proteins within the cell. At DNA extraction the DNA 
strands will break resulting in fragmentation.203 An additional problem in 
FFPE samples is the induction of artificial mutations induced during PCR am-
plification by the DNA polymerase when replicating damaged sites.204, 205 In 
order to overcome these issues with FFPE samples, the target enrichment sys-
tem used was optimized in our group.206 To handle the fragmented DNA, 
shorter target fragments were introduced, which increases capture efficiency 
for the degraded fragments. In addition, capturing of both the plus and minus 
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strands were implemented to manage the problem with FFPE induced arte-
facts. True mutations will be observed on both strands, whereas the false pos-
itives arising due to a PCR or sequencing error will only be present on a single 
strand. 
   One of the major challenges with NGS is decoding the large data output 
generated from the sequencing. For this a good bioinformatic pipeline is 
needed to translate the fluorescent signals detected during sequencing to a 
conclusive genetic variant. This is achieved through several processing steps: 
I) base calling and quality control, II) removal of adaptor sequences, III) align-
ment of reads to a reference genome and IV) variant annotation.207 The in-
house bioinformatic pipeline used in paper I included CutAdapt to trim away 
sequencing adaptors before aligning the reads to the human reference genome 
(hg19) using BWA. Single-nucleotide variants and small insertions and dele-
tions were identified with SNPmania and annotated with ANNOVAR, while 
larger insertions and deletions (>5 base pairs) were detected using Pindel.  
   The mutation data obtained through the targeted deep-sequencing was also 
used in paper II. 

RNA-sequencing 
In the past, studies evaluating transcriptomes have used different hybridiza-
tion-based microarray technologies. However, these assays have several lim-
itations, e.g. restrictions to only detect what is already known and limits of the 
dynamic range, making it problematic to detect and compare genes expressed 
at low levels (due to background) or highly expressed genes (due to satura-
tion).208 These issues are bypassed by RNA-seq. RNA-seq is a method utiliz-
ing massive parallel sequencing to quantify the transcriptome. But in addition 
to evaluate gene expression levels, RNA-seq can also be used to analyze dif-
ferent splice variants and detect gene fusions.209 
   There are different technical approaches for RNA sequencing, depending on 
the purpose of the analysis. The most common approach, where gene expres-
sion, alternative splicing and gene rearrangements can be evaluated, only 
needs the protein-coding RNA. Here, enrichment is performed by utilizing the 
poly(A)-tail present on the mRNA. Due to that most sequencing platforms are 
only able to sequence relative short sequences of DNA; the captured RNA is 
therefore fragmented into shorter pieces and converted into cDNA by reverse 
transcription. The cDNA is then ligated to adaptors prior to amplification by 
PCR followed by high-throughput sequencing (Figure 5).210 The reads ob-
tained from sequencing are first processed by removing adaptor sequences and 
low-complexity reads before being either aligned to a reference genome or 
doing a de novo assembly if detecting new transcripts is the goal.211 
   Gene expression data from the RNA-seq analysis of 199 NSCLC patients in 
the Uppsala II cohort was used in paper II-IV. RNA was extracted from sec-
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tions of fresh frozen NSCLC tumors embedded in OCT. The majority of sam-
ples had high quality RNA with RIN values ³7.5 (188/199). However, the 
samples with RIN below 7.5 did not show any deviations in the following 
analysis and were therefor kept. The sequencing library preparation utilized 
poly(A) capture as described above, followed by paired-end sequencing with 
a read length of 100 bases. Raw reads from the sequencing were processed 
and mapped to the human genome, and by calculating fragments per kilobase 
million (FPKM) quantification of all human genes were achieved. 
 

 
Figure 5. Overview of the RNA sequencing approach. The mRNA is captured using 
poly(T) oligomers. Reverse transcription is performed to convert the fragmented RNA 
into cDNA and adaptors and barcodes are incorporated to generate the library ready 
for sequencing. 

Immunohistochemistry 
Immunohistochemistry (IHC) is a method where antibodies are used to visu-
alize the expression of proteins in situ in tissue sections, and it is frequently 
used both for research and diagnostics.212 To preserve the morphology of a 
tissue the majority of histopathological tissue samples are fixed using formalin 
and thereafter embedded in paraffin. Sections from these FFPE tissues can 
then be placed on glass slides and used for the staining procedure. Prior to the 
IHC staining, the slides are pre-treated by performing a deparaffinization and 
rehydration step, followed by antigen retrieval which can be done either by 
heat or proteolytic treatment.213 
   Protein detection can be achieved through either an antibody directly la-
belled with a fluorophore or an enzyme, so-called direct detection, or through 
indirect detection where a primary antibody binds to the antigen and is fol-
lowed by a labelled secondary antibody directed towards the primary anti-
body. The indirect method is the method most commonly used, where protein 
visualization is achieved by a secondary antibody labelled with an enzyme e.g. 
horseradish peroxidase (HRP). Here, by addition of hydrogen peroxidase 
(H2O2) and chromogen 3,3 diaminobenzidine (DAB), HRP will oxidize DAB 
resulting in a brown staining (Figure 6). In addition, a counterstaining with 
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hematoxylin and eosin (HE) is normally performed to visualize the unstained 
surrounding tissue.212, 214 
   In paper II and paper III, TMAs containing samples from the Uppsala II 
NSCLC cohort were stained with automated IHC to visualize immune cells 
expressing certain markers. HRP-DAB was used as detection method and the 
slides were counterstained with HE. The evaluation of stained cells was per-
formed manually on scanned images of the slides. For paper II, immune cells 
positive for a marker was annotated as percentage of stained nucleated cells 
in the tumor and stroma compartment respectively, for the whole tissue area 
in both TMA cores. This immune score was then used for further analysis. In 
paper III, the density of positive cells with a macrophage morphology was 
evaluated in the tumor, stroma and lumen compartments respectively, using a 
four-graded scale: (0) no macrophages, (1) few macrophages, (2) moderate 
amount of macrophages and (3) large amount of macrophages. The score for 
each compartment was multiplied with the relative size of the compartment 
(0-100%), generating a tumor, stroma and lumen score for each patient. 
   In addition, in paper III, whole tissue sections were used to evaluate co-
localization of different markers by the use of fluorescently labelled antibod-
ies. Both directly conjugated primary antibodies and secondary antibodies 
conjugated to a fluorescent molecule was used. Images for analysis were col-
lected with a confocal microscope. 
 

 
Figure 6. Schematic overview of the principle of immunohistochemistry using the 
indirect detection method. The antigen of interest is targeted by a primary antibody, 
followed by a secondary antibody labelled with horse-radish peroxidase (HRP) tar-
geting the primary antibody. HRP will oxidize 3,3 diaminobenzidine (DAB), in the 
presence of H2O2, yielding a brown precipitate in the tissue. 

Multiplex immunohistochemistry 
The conventional immunohistochemistry used in diagnostics and research 
normally evaluate one marker per slide. This can become problematic if there 
are multiple markers of interest. The markers could be stained on consecutive 
slides. However, this increases the use of tissue needed for the analysis, tissue 
which sometimes can be very scarce. In addition, with this approach it is not 
possible to evaluate the spatial relationship between different cells or co-ex-
pression of markers on one cell. Some multiple stainings can be performed for 
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conventional immunohistochemistry, where different pairs of chromogens 
and catalytic agents are used to produce precipitates of different colors in the 
tissue. However, there are still limitations to consider, the primary antibodies 
designated to the different targets need to be produced in different animals to 
avoid cross-reactivity. This makes it hard to stain more than three targets in 
one slide.215 
   The use of tyramide signal amplification (TSA) for IHC have brought the 
possibilities for staining of multiple markers forward. Here, secondary anti-
bodies labelled with HRP is utilized to catalyze the deposit of tyramide, which 
is conjugated to a fluorochrome. The tyramide will form strong covalent bonds 
to the tissue, making it stable enough to remain in the tissue through heat-
induced removal of the primary and secondary antibodies, preferably achieved 
by microwave treatment (MWT). This is then followed by a new staining cy-
cle using another fluorochrome for the next marker.216, 217 This technique has 
during the last years evolved to the possibility to detect up to seven markers 
in one slide.218, 219 In more detail, the slide is first deparaffinized and rehy-
drated, before antigen retrieval by MWT. The slide is then incubated with a 
blocking solution followed by incubation with the primary antibody. The slide 
is then incubated with a secondary antibody conjugated to a HRP polymer 
prior to adding the fluorescently labelled tyramide. The antibodies are then 
removed by MWT, and the procedure is repeated from the blocking step until 
all markers have been stained (Figure 7). Finally, the slide is stained with 
DAPI and mounted before being scanned in a microscope.219 
 

 
Figure 7. Overview of the principles for multiplex immunohistochemistry. Each tar-
get antigen is stained in cycles, where tyramide conjugated to different fluorophores 
is used for each separate cycle. Horseradish peroxidase (HRP) polymers conjugated 
to the secondary antibodies (Ab) catalyzes the reaction where the tyramide will bind 
covalently to the tissue. The antibodies from the previous cycle is removed by micro-
wave treatment before continuing with the next cycle. This is repeated until all targets 
have been stained.  
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In paper IV, whole tissue sections from selected NSCLC cases were stained 
with two multiplex IHC panel, with the focus on MARCO expressing cells in 
relation to T cells and NK cells. The markers included in the T cell panel were 
CD4, CD8, FOXP3, CD68, MARCO, pan-cytokeratin and DAPI, whereas the 
NK cell panel included CD56, CD57, CD3, CD68, MARCO, pan-cytokeratin 
and DAPI. After all markers had been stained the slides were mounted and 
scanned using the Vectra 3 system. Image analysis was performed by the in-
Form software. 

Tissue microarray 
The development of TMAs has come to revolutionize tissue-based research. 
Instead of evaluating a marker one patient per slide, representative tissue areas 
from multiple patients are combined in one FFPE block and in one section all 
these patients can be evaluated. This approach not only saves precious patient 
tissue but also reduces the time and reagents needed to perform the analysis.220, 

221 Before construction of a TMA, HE stained slides for each patient is visually 
inspected and an area of interest is encircled. Tissue cores of normally 1mm 
in diameter is then punched out from the donor blocks from the areas of inter-
est and placed at defined positions in the recipient block. Finally, the recipient 
block will comprise of hundreds of cores. Sections from this block can then 
be used for in situ detection of DNA, RNA and proteins.222 
   A potential weakness of the TMA is that only a small area of the whole 
tissue is evaluated. However, including two or three cores from each patient 
in the TMA gives a better coverage of tissue heterogeneity and assures a reli-
able representation of the tissue.223, 224 The TMA used for IHC stainings in 
paper II and III includes duplicate cores from each patient included in the 
Uppsala II NSCLC cohort. 

Statistics 
Curves for overall survival was generated through the Kaplan-Meier method 
and comparison between curves were done using the log-rank test. In addition, 
multivariate Cox regression analysis were used to evaluate the relative risk of 
death. The multivariate analysis was adjusted for gender, age at surgery, 
pathological stage, smoking status, performance status and adjuvant therapy. 
The survival data was stratified based on: mutation status (paper I), immune 
classes (paper II), and macrophage scores divided into quartiles (paper III). 
Survival time was defined as the time interval between the date of surgery and 
the date of death or end of follow-up. 
   The clinical characteristics at diagnosis were presented as standard descrip-
tive statistics. Fisher’s exact test were used to analyze differences in frequen-
cies between the wild-type and mutated genotype (paper I) and macrophage 
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score (paper III), while Wilcoxon signed rank test was used to compare the 
dichotomize immune score (paper II). 
   Spearman’s rank correlation was used to compare: immune scores to mRNA 
expression of the corresponding gene (paper II), the different markers im-
mune score (paper II), the different markers macrophage score (paper III) 
and the expression level of MARCO to other genes (paper III). Fisher’s exact 
test was used to compare immune score to mutation status (paper II). Stu-
dent’s t test was used to compare the macrophage density in PD-L1 positive 
and negative tumors (paper III) and to compare immune cell infiltrates in 
MARCO positive or negative tumors (paper IV). A hierarchical cluster anal-
ysis was performed based on the immune scores (separated into quartiles) for 
the different markers (paper II). One-way ANOVA followed by Tukey’s post 
hoc test were done to: compare gene expression differences between immune 
classes (paper II) and to compare IFNg production and proliferation in T cells 
when co-cultured with differently polarized macrophages (paper IV). 
   In paper III, the relation of MARCO to potentially relevant gene sets were 
evaluated through a network enrichment analysis (NEA)225, 226. The NEA anal-
yses connectivity between two gene sets in a global gene interaction network.  
   Adjustment for multiple testing was done using the Benjamini-Hochberg 
procedure (paper II and paper III). 
   All analyses were performed using R (version 3.1.1, 3.2.0 or 3.5.1) or Prism 
version 7. 
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Paper I 
Mutation patterns in a population-based non-small cell lung cancer cohort 
and prognostic impact of concomitant mutations in KRAS and TP53 or STK11 
 
NSCLC is a heterogeneous disease with a high mutation load. Unique muta-
tion patterns are associated with histologic subtypes. Also, significant differ-
ences in mutation frequencies can be observed between different ethnic pop-
ulations across the world. 
   In paper I, we performed targeted-deep sequencing on a population-based 
Swedish NSCLC cohort (n=352), assessing the mutation status of 82 genes 
and evaluated associations to clinical parameters. In order to include as many 
patients as possible from the cohort, we used DNA from fresh frozen tissue 
samples as well as from FFPE samples. Even though we observed an expected 
loss of longer amplicons in the FFPE samples, we managed to avoid technical 
bias and loss of gene coverage in comparison to the fresh frozen samples. 
   TP53 was the most frequently altered gene in both adenocarcinoma (47%) 
and squamous cell carcinoma (85%) and mutations in either KEAP1 or 
NFE2L2, both involved in an oxidative stress response pathway, could be ob-
served in 19% of adenocarcinomas cases and 23% of squamous cell carcino-
mas. Beside these genes, few other were frequently altered in the two major 
histologic subtypes. In adenocarcinoma, STK11 mutations were observed in 
21% of cases, while activating mutations in the commonly altered driver 
genes, KRAS and EGFR, could be seen in 43% and 13% respectively. Fre-
quently altered genes in squamous cell carcinoma were MLL2 (26%), PIK3CA 
(20%) and CDKN2A (15%). In general, the observed mutation frequencies in 
our cohort resemble other western populations, except for the high frequency 
of activating KRAS mutations. 
   None of the commonly mutated driver genes in adenocarcinoma, KRAS and 
EGFR, displayed any prognostic effect. However, the multivariate analysis 
(adjusted for gender, age, stage, smoking history and PS) revealed a worse 
overall survival for adenocarcinoma patients with mutations in TP53, STK11 
or SMARCA4, whereas squamous cell carcinoma patients harboring CSMD3 
mutations had a better prognosis. In adenocarcinoma patients smoking was 
associated with mutations in TP53, STK11 and SMARCA4, whereas never-
smokers tended to harbor mutations in EGFR. 
   In adenocarcinoma tumors with a mutated KRAS, there are frequently co-
occurring mutations in either TP53 or STK11 (Figure 8A). Best overall sur-
vival could be seen for patients with a wild-type genotype in all three genes 
and for patients with mutations in only KRAS. KRAS mutated patients with a 
co-occurring mutation in either TP53 or STK11 displayed a worse overall sur-
vival (Figure 8B). These results were further supported by data from the MSK-
IMPACT study (Figure 8C). 
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Figure 8. (A) Venn-diagram displaying the overlap of mutations in the genes KRAS, 
TP53 and STK11 for the 195 adenocarcinoma patient samples from the Uppsala II 
NSCLC cohort, with a wild-type EGFR genotype. (B) Kaplan-Meier analysis of over-
all survival, stratified by the mutation status of the three genes KRAS, TP53 and STK11 
for the Uppsala II NSCLC cohort. (C) Kaplan-Meier analysis of overall survival of 
576 adenocarcinomas patients from the MSK-IMPACT dataset, stratified by the mu-
tation status of the three genes KRAS, TP53 and STK11. Patients of all stages were 
included, whereas cases with an activating EGFR mutation were excluded. 
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Paper II 
Extending the immune phenotypes of lung cancer: Oasis in the desert 
 
There are great variations in the immune landscape of NSCLC tumor lesions. 
Some have an abundant infiltration of immune cells and are designated as “in-
flamed” or “hot”, whereas others lack infiltrating immune cells and hence 
called “desert” or “cold” tumors. The latest addition to the NSCLC treatment 
arsenal, immune checkpoint inhibitors, aim to restore a proper immune re-
sponse against the cancer cells. Unfortunately, only approximately 20% of the 
patients have a long-lasting response, and so far, the potential biomarkers have 
only shown modest predictive values. Thus, more knowledge is needed re-
garding the immune landscape in NSCLC. 
   In paper II, infiltration of lymphocytes (CD3, CD4, CD8, CD20, FOXP3, 
CD45ro), macrophages (CD163), plasma cells (CD138), NK cells (NKp46) 
as well as PD-L1 expression was evaluated by IHC in the Uppsala II NSCLC 
cohort. The immune cell infiltrates were correlated to clinical characteristics 
and mutational status. 
   Coordinated infiltration of immune cells could be observed both in the tu-
mor and stroma compartments. Thus, if one type of immune cell is abundant 
in the tissue, other cell types will also be present. TMB was associated with 
higher macrophage infiltration in the stroma, while, only mutations in TP53, 
NF1, KEAP1 and CSMD3 could be associated with infiltration of a specific 
immune cell type. 
   By performing a hierarchical cluster analysis using the IHC immune scores, 
four different immune classes could be revealed (Figure 9); (1) with general 
high immune markers (inflamed), (2) general low immune markers (desert), 
(3) a mixed phenotype, and (4) with overall low immune markers but high 
infiltration of NK cells and plasma cells. The latter group, along with the de-
sert group, demonstrated low RNA expression levels of genes linked to T cell 
activation and T regulatory cells in comparison to the inflamed group. Re-
markably, this group revealed a better prognosis compared to the desert group 
and was therefore termed “oasis”.  
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Figure 9. Unsupervised hierarchical cluster analysis of immune marker scores in the 
tumor compartment. 

Paper III 
Expression of scavenger receptor MARCO defines a targetable tumor-associ-
ated macrophage subset in non-small cell lung cancer 
 
Macrophages infiltrating a tumor induces in general an immunosuppressive 
environment within the tumor tissue and can aid the tumor by supporting an-
giogenesis and enhance the metastatic potential. Because of this, TAMs are 
considered as a potential therapeutic target. In in vivo models, it has been 
shown that targeting of TAMs by an antibody directed against MARCO, will 
result in repolarization of the TAMs from an anti-inflammatory to a pro-in-
flammatory phenotype and a suppression of tumor growth and inhibition of 
metastasis. 
   In paper III, the presence of TAMs in the Uppsala II NSCLC cohort was 
evaluated by IHC. TMAs were stained for CD68 (macrophage pan-marker), 
CD163 (marker for protumor macrophages), macrophage scavenger receptor 
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1 (MSR1) and MARCO. PD-L1 expression on tumor cells was evaluated as 
well. We could observe a great diversity in macrophage infiltration between 
patients in both the tumor and stroma compartments. In addition, a strong cor-
relation between CD68 and CD163 could be observed, suggesting that the ma-
jority of TAMs present exhibit a protumor phenotype. MARCO and MSR1 
expression were detected on fewer macrophages, indicating distinct subsets of 
macrophages. 
   The MARCO subset was further investigated. A variable fraction of 
MARCO+ TAMs in relation to CD68+ TAMs could be observed between dif-
ferent patients (Figure 10). Multiplex immunofluorescence staining of se-
lected samples with high density of MARCO+ TAMs, confirmed a co-expres-
sion of MARCO, CD68 and CD163, highlighting the immunosuppressive na-
ture of the MARCO+ TAMs. A noteworthy pattern was detected in several 
patients where the MARCO+ TAMs tend to aggregate within or in close prox-
imity to tumor cell nests. On the transcriptomic level, MARCO gene expres-
sion was positively associated to genes linked to immunosuppressive TAMs, 
regulatory T cells, exhausted T cells, cytotoxic T cells and immune checkpoint 
molecules. On a larger scale, a network enrichment analysis revealed the top 
100 genes positively correlated to MARCO to be enriched in a wide range of 
functional gene sets linked to immune responses. 
   We also observed that PD-L1 positive tumors tended to have a higher infil-
tration of macrophages. This highlights the possibility for anti-macrophage 
treatment to enhance the effect of immune checkpoint inhibitors. 

 
Figure 10. Immunohistochemistry staining of macrophage markers CD68 and 
MARCO in selected patient samples, visualizing the difference of MARCO expres-
sion in patients with high infiltration of macrophages. Scalebar represents 100µM. 
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Paper IV 
Antibody targeting of tumor associated macrophages in lung cancer remodel 
the tumor microenvironment and revives immune targeting of tumor cells 
 
In murine models MARCO expression can be upregulated by IL10 and TGFb, 
and the expression of MARCO defines an immunosuppressive subset of 
TAMs. However, the knowledge regarding MARCO expressing macrophages 
in the human TME is still limited. In paper III we described a distinct infil-
tration of MARCO+ cells in NSCLC, and subsequently in paper IV, func-
tional properties of MARCO+ macrophages were investigated in a human 
NSCLC setting. 
   In tumors with a high prevalence of MARCO+ cells we observed a higher 
infiltration of regulatory T cells, whereas CD8+ T cells and NK cells were 
more excluded from the tumor area. On the transcriptomic level, tumors with 
high infiltration of MARCO+ cells demonstrated enhanced expression of 
genes linked to immunosuppression. 
   We also demonstrated that healthy human myeloid cells can be polarized 
into immunosuppressive TAM like cells with a high MARCO expression by 
treatment with IL10 in combination with IL4. This polarization was also 
achieved by soluble factors from several NSCLC cell lines. A subsequent 
analysis revealed that the cell lines produce high levels of IL10, IL37 and 
TGFb. IL37 had a strong association to the expression of MARCO and block-
ing of the IL37 receptor during polarization resulted in TAMs with a decreased 
MARCO expression. In addition, we observed that MARCO+ myeloid cells, 
either induced by IL10 and IL4 or by co-culture with NSCLC cell lines, could 
suppress the cytolytic ability of T cells and NK cells (Figure 11). 
   By targeting the MARCO+ myeloid cells with a human-anti MARCO anti-
body, the cells were repolarized into a pro-inflammatory phenotype, and their 
inhibitory effect on the cytolytic ability of NK cells and T cells was reversed. 

 
Figure 11. The cytolytic ability of T cells (left panel) and NK cells (right panel) after 
co-culture with macrophages previously polarized either by IFNg and LPS (M1), IL4 
and IL10 (M2) or co-culture with the NSCLC cell lines H1299 or H1975. 

B)

+IF
Ng

)

M (IL
4+

IL-
10

)

p£0.003

MARCO (MFI)

%
C

el
lT

ra
ce

0
2×

10
3

4×
10

3

6×
10

3

8×
10

3

1×
10

4
0

20
40
60
80

100
R2=0.5
p=0.01

MARCO (MFI)

IF
N
g 

(T
 c

el
ls

)

0
2×

10
3

4×
10

3

6×
10

3

8×
10

3

1×
10

4
0

20

40

60

80
R2=0.6

p<0.0001

D)

+IF
Ng

)

M (IL
4+

IL1
0)

p£0.02

M1 M2

H12
99

 

H19
75

0

20

40

60

80

%
ki

llin
g 

(T
 c

el
ls

)

M1 M2

H12
99

 

H19
75

0
10
20
30
40
50

%
ki

llin
g 

(N
K 

ce
lls

)



 52 

Concluding remarks and future perspectives  

NSCLC is a complex disease where vast differences can be observed between 
tumors both with regard to genetic background and tumor immune-environ-
ment. Although progress has been made in the form of new therapy options 
for this patient group, the prognosis still remains poor. This thesis brings in-
sight into the landscape of genetic aberrations and immune reaction patterns 
in a large population-based Swedish NSCLC cohort. 
   The two major histologic subsets of NSCLC, adenocarcinoma and squa-
mous cell carcinoma, belong to the top three of malignancies with the highest 
prevalence of genetic alterations. This is mainly due to smoking, which is the 
foremost risk factor for developing lung cancer. Tobacco smoke contains nu-
merous carcinogens which will give rise to specific mutation patterns. In pa-
per I, the mutational status of 82 genes frequently altered in NSCLC was eval-
uated in the Uppsala II NSCLC cohort. This work adds valuable information 
on impact of co-mutation patterns and the mutation dataset creates a genetic 
reference for previous and future studies on the Uppsala II cohort. Certain 
findings from this study that are of interest to follow up is for example the 
prognostic impact of CSMD3 in squamous cell carcinoma patients. Not much 
is known about this gene, therefor it would be of interest to utilize the RNA 
seq data to compare the CSMD3 mutated patients to patients with a wildtype 
CSMD3. 
   The latest addition to the treatment regimen of NSCLC is immune check-
point inhibitors. However, the majority of patients do not respond to this treat-
ment. Hence, there is a need for a deeper knowledge regarding the role of the 
immune system in the tumor microenvironment. More pieces of the puzzle are 
needed before we can have a full picture and hopefully know why immune 
checkpoint therapy works in some patients but fails in others. In paper II, the 
infiltration of different immune cells was evaluated in the Uppsala II NSCLC 
cohort. We identified a novel immune class, resembling the previously defined 
immune-desert, except for a distinct infiltration of NK cells and plasma cells 
and a better overall survival. Due to the favorable prognosis, this immune class 
was designated as “oasis”. Further studies are needed to evaluate this new im-
mune class. Specifically, this immune class implicates a favorable hitherto 
unknown interplay between NK cells and plasma cells in an otherwise “cold” 
TME. The impact of the oasis response pattern on immunotherapy response is 
another interesting research challenge. 
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   Macrophages are abundant within the majority of lung tumors. There they 
often adopt a pro-tumor phenotype, aiding the tumor by immunosuppression 
and stimulating angiogenesis and metastasis. Their immunosuppressive abili-
ties might be one of the reasons why immune checkpoint therapies fail in 
many patients and targeting these macrophages could be a possible way to 
improve the response rates of available immune-modulatory drugs. So far, 
studies in murine models have shown that targeting macrophages by a mono-
clonal antibody directed against the scavenger receptor MARCO results in re-
programming of macrophages from a pro-tumor to an anti-tumor phenotype 
and a reduction in tumor growth and inhibition of metastasis. In paper III, the 
presence of MARCO expressing macrophages was evaluated in the Uppsala 
II NSCLC cohort. We could detect MARCO expression on a distinct subset 
of macrophages preferably in close proximity to or within the tumor cell nests. 
Further evaluation of the expression of MARCO in a human NSCLC setting 
was carried out in paper IV. Here, we could determine that human monocytes 
could be polarized into TAM-like myeloid cells, with a high expression of 
MARCO and an immunosuppressive phenotype, by soluble factors secreted 
from NSCLC cell lines. By targeting these MARCO expressing cells with an 
anti-MARCO antibody, they repolarized and lost their immunosuppressive 
abilities. The results from both paper III and paper IV, highlights the pro-
spect of MARCO as a new target for anti-TAM treatment in a subset of 
NSCLC patients. Further studies are needed to investigate the therapeutic ef-
fect of anti-MARCO treatment in human NSCLC, especially examining the 
effect of anti-MARCO in combination with immune checkpoint inhibitors. 
   NSCLC is a complex disease with challenging heterogeneity with regard to 
both mutation and immune landscapes. Other studies have shown distinct as-
sociations where mutations in certain genes are linked to higher or lower den-
sity of infiltrating T lymphocytes and tumor PD-L1 expression. STK11 muta-
tions have been associated to decreased immune cell infiltration and lower 
PD-L1 expression, whereas tumors with TP53 mutations have a higher density 
of CD8+ T cells and often elevated PD-L1 expression. Thus, mutant driver and 
tumor suppressor genes are directly effecting the cell types that have impact 
on tumor responses to immunotherapy.125, 126 This, together with our discovery 
of the suppressive effect of MARCO+ TAMs on cytotoxic T cells and NK 
cells, highlights the complexity of immune-tumor cell interactions and 
stresses the importance of combinatory treatments to achieve durable treat-
ment benefit in a larger fraction of NSCLC patients. 
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