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Abstract
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Despite recent treatment advancements, the survival outcome remains poor for the majority
of patients with non-small cell lung cancer (NSCLC). The aim of this thesis was to evaluate
protein expression to predict prognosis and identify biomarkers that can be used as targets for
immunotherapy or for early detection of NSCLC.
In Paper I an optimized immunohistochemistry (IHC)-based prognostic model was
developed for NSCLC. The prognostic performance of the model was compared to the
clinicopathological parameters that are used in the clinical setting to predict outcome. The
protein model failed to outperform clinicopathological parameters in predicting survival
outcome questioning the potential of IHC-based assessment of prognostic markers in NSCLC.
In Paper II the human testis-specific proteome was profiled using RNA-sequencing (RNAseq) data from testis and 26 other organs. More than 1000 genes demonstrated a testis-enriched
expression pattern which makes testis the tissue with the most tissue-specific genes. The
majority of the testis-enriched genes were previously poorly described and were further profiled
by IHC. This analysis provides a starting point to increase the molecular understanding of
testicular biology.
In Paper III the profiling of cancer-testis antigens (CTAs) was performed in NSCLC by
using RNA-seq data from 32 normal organs and NSCLC. Ninety genes showed CTA expression
profiles. The transcriptomic data were validated by IHC for several CTAs. The comprehensive
analysis of CTAs can guide biomarker studies or help to identify targets for immunotherapeutic
strategies.
In Paper IV the reactivity of CTAs was evaluated by measuring the abundance of
autoantibodies in plasma from patients with NSCLC and benign lung diseases. Twenty-nine
CTAs demonstrated exclusive reactivity in NSCLC and six of them were reactive in an
independent NSCLC cohort. These findings suggest that some CTAs are immunogenic and
could be utilized in immunotherapy.
In Paper V an immunoassay was used on lung adenocarcinoma plasma samples and samples
from benign lung diseases. The plasma levels of 92 cancer related proteins were used to build a
model that discriminated lung adenocarcinoma from benign controls with a sensitivity of 93%
and a specificity of 64%. The results indicate that this assay is promising for the early detection
of NSCLC.
In summary, this thesis presents an integrative analysis of lung cancer tissue and blood
samples to characterize NSCLC on the transcriptomic and proteomic level and to identify cancer
specific proteins.
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All cancers are alike but they are alike in a unique way.
~ Siddhartha Mukherjee
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Introduction

Lung cancer is a global health problem that annually accounts for one fifth of
all cancer related deaths (1). Based on histology, lung cancers are divided into
two main entities, small-cell lung cancer and non-small cell lung cancer
(NSCLC). The work presented in this thesis focuses on NSCLC, the histological subtype that comprises more than 80% of all lung cancer diagnoses (2).
During the last two decades major treatment advances have been made, with
the identification of several targetable genomic aberrations and the more recent introduction of immunotherapy for treatment of a subset of NSCLC patients (3). Despite these improvements, the outcome for NSCLC patients remains poor across all stages and histological subgroups. Over half of patients
die within one year from the time of diagnosis and only 15% of patients are
still alive five-years after diagnosis. The dismal outcome can partly be explained by delayed diagnosis and insufficient treatment options (4).
The work in this thesis aims to evaluate protein expression to predict prognosis. Tissue and plasma-based assays were applied to identify molecules that
can be used as biomarkers or targets for immunotherapy. Finally, a multiplexed-protein based analysis was used for the early detection of cancer.
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Lung Cancer

Risk Factors
At the beginning of the 20th century lung cancer was a rare disease, however
today it is the most commonly diagnosed cancer around the world (1, 5). The
main reason for the dramatic increase in lung cancer incidence is attributed to
the widespread usage of cigarettes that began towards the end of the 19th century (5). Cigarette smoke contains at least 70 different carcinogens that have
the ability to induce changes in the genomic DNA (6). If not repaired, somatic
mutations can occur in oncogenes and tumor suppressor genes, which can result in loss of normal cellular growth and the development of cancer. Nine out
of ten lung cancers are estimated to be caused by smoking (7). Compared to
non-smokers, the relative risk of lung cancer in long-term smokers is 10-30
times higher and the risk increases with the duration of smoking and the number of smoked cigarettes per day (8). Smoking cessation reduces lung cancer
risk and is beneficial at all stages (9). Non-smokers constitute around ten percent of all lung cancer diagnoses (5). Exposure to second-hand smoke is also
a risk factor with the strongest correlation evident for spousal and workplacerelated exposure (10). After cigarette smoking, radon – a naturally occurring
radioactive gas - is the main risk factor (11). When radon breaks down, ionizing radiation is formed, which can induce carcinogenesis by a variety of genetic changes (12). Other causes of lung cancer include exposure to asbestos,
arsenic, indoor and outdoor air pollution as well as other acquired lung diseases (9, 13). Hereditary factors play a minor role in the development of lung
cancer. Multiple genetic polymorphisms have been identified underlying lung
cancer risk, in particular three susceptibility loci, 15q25, 6p21 and 5p1, have
been associated with lung cancer in multiple populations (14). The variation
in cancer susceptibility is most likely influenced by both genetic and environmental components (15).

Diagnosis and Staging
Symptoms of lung cancer may include cough, dyspnea, chest pain and hemoptysis. Unfortunately, lung cancer is often asymptomatic in its early stages
and the majority of cases are diagnosed after the cancer has metastasized (16).
Patients with suspected lung cancer are initially subjected to a chest x-ray. If
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any abnormalities are found more detailed imaging techniques such as a computed tomography (CT) scan and positron emission tomography follow. To
make a final diagnosis, a histological evaluation is required. A biopsy is obtained by a bronchoscopy for localized tumors and a transthoracic puncture
biopsy for peripheral tumors. Further, molecular analysis of the tumor tissue
is performed to guide treatment decisions by testing for epidermal growth factor receptor (EGFR) mutations and rearrangements of anaplastic lymphoma
kinase (ALK) or ROS proto-oncogene 1, receptor tyrosine kinase (ROS1) (17,
18). The diagnostic procedure is closely linked to the staging procedure. Staging, which describes the size and the spread of the tumor, is an important guide
for treatment decisions and is the most important prognostic factor in NSCLC
(19). The staging of NSCLC uses the tumor-node-metastasis (TNM) classification system. First proposed in 1946, the TNM staging system has since undergone several revisions to the current 8th edition (20). The T in TNM describes the size and the locoregional invasion of the primary tumor, the N indicates whether the tumor is present in nearby lymph nodes and the M refers
to presence or absence of intrathoracic or distant metastases (21). Each of the
three descriptors is individually assigned with a number that provides more
detailed information where a higher number is indicative of more severe disease (Table 1). Once the TNM categories have been scored, an overall stage
for the tumor is assigned ranging from I-IV (Table 2). Staging is primarily
performed before treatment mainly based on clinical imaging techniques and
is therefore regarded as clinical TNM (cTNM). The tumor extent and the presence of lymph node metastasis can only be determined histologically by a
pathologist in patients who undergo surgery. This type of TNM is termed
pathological TNM (pTNM) (22).
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Table 1. TNM classification of carcinomas of the lung. Reproduced from (23)
Primary tumor (T)

Description

T1

Tumor ≤ 3 cm in diameter, no invasion more proximal than the lobar
bronchus
T1a: Tumor ≤ 2 cm in diameter
T1b: Tumor > 2 cm but ≤ 3 cm in diameter
Tumor > 3 cm but ≤ 7 cm in diameter or with the presence of any
following features:
- Involvement of the main bronchus, ≥ 2 cm distal to the carina
- Invasion of the visceral pleura
- Atelectasis or obstructive pneumonitis, extended to the hilar
region but not involving the entire lung
T2a: Tumor > 3 cm but ≤ 5 cm in diameter
T2b: Tumor > 5 cm but ≤ 7 cm in diameter
Tumor > 7 cm or of any size with any of the following:
- Direct invasion of the chest wall, diaphragm, phrenic nerve,
mediastinal pleura, parietal pericardium
- Tumor in the main bronchus < 2 cm distal to the carina
- Atelectasis or obstructive pneumonitis of the entire lung
- Separate tumor nodule(s) in the same lobe
Tumor of any size with any of the following:
- Invasion of the mediastinum, heart, great vessels, trachea,
recurrent laryngeal nerve, esophagus, vertebral body or carina
- Separate tumor nodule(s) in a different ipsilateral lobe

T2

T3

T4

Lymph nodes (N)
N0
N1
N2
N3

No regional lymph node metastasis
Metastasis in ipsilateral hilar or peribronchial nodes
Metastasis in ipsilateral mediastinal or subcarinal lymph node(s)
Metastasis in contralateral mediastinal, contralateral hilar,
ipsilateral or contralateral scalene, or supraclavicular lymph node(s)

Distant metastasis (M)
M0
M1
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No distant metastasis
Distant metastasis
M1a: Separate tumor nodule(s) in contralateral lobe or tumor with
pleural nodules or malignant pleural effusion
M1b: Distant metastasis

Table 2. Stage grouping. Reproduced from (23)
Stage I

IA

IB

T1a N0 M0

T2a N0 M0

T1b N0 M0
Stage II

IIA
T1a N1 M0
T1b N1 M0
T2a N1 M0
T2b N0 M0

IIB
T2b N1 M0
T3 N0 M0

Stage III

IIIA
T1 N2 M0
T2 N2 M0
T3 N1 M0
T3 N2 M0
T4 N0 M0
T4 N1 M0

IIIB
Any T N3 M0
T4 N2 M0

Stage IV

IV
Any T Any N M1a
Any T Any N M1b

Histology
Based on the microscopic growth pattern, NSCLC is further divided into different histological subtypes. The predominant subtypes, comprising more
than 95% of cases, are adenocarcinoma, squamous cell carcinoma and large
cell carcinoma (2). Less common subtypes include large cell neuroendocrine
carcinomas, adenosquamous carcinoma and sarcomatoid carcinomas (24).
Adenocarcinoma is the largest histological subtype of NSCLC, comprising
almost half of all lung cancers (8). In younger men (< 50 years old), women
of all ages and in former and never smokers, adenocarcinoma is the most common histology (25). Adenocarcinoma is considered to arise from small bronchi, bronchioles or alveolar epithelial cells, and is typically located in the periphery of the lung (26). Histologically, this subtype is characterized by the
formation of glands, the production of mucin and the expression of protein
markers such as thyroid transcription factor-1 and/or napsin-A (24). The
growth pattern of adenocarcinoma demonstrates a high variability which has
led to attempts of further morphological classification, including solid, acinic,
lepidic, papillary and micropapillary forms and their combinations (27).
Squamous cell carcinoma is the second largest subtype of NSCLC accounting for 25-30% of all lung cancers. Squamous cell carcinoma is strongly
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associated with cigarette smoking and almost all patients with this histology
are or have been smokers (28). Historically, this has been the most common
subtype of NSCLC, but the incidence has decreased over the past few decades
due to changing smoking habits and possibly due to changes in cigarette composition and filtering (29). Squamous cell carcinoma is considered to originate
in the central part of the lung from metaplastic bronchial epithelium (30). Histologically, well-differentiated squamous cell carcinoma is characterized by
keratinization, intracellular bridges and pearl formation (30). For poorly differentiated tumors, immunohistochemical staining of cytokeratin 5/6, p40
and/or p63 should be used to confirm diagnosis (27). Squamous cell carcinomas exhibit complex genomic aberrations with a high frequency of mutations,
as is expected from tobacco-associated carcinogenesis (28, 31, 32).
Large cell carcinoma presents an undifferentiated histological pattern with
no microscopic evidence of squamous, adenocarcinoma or neuroendocrine
differentiation (27). Since molecular markers that assist in further characterization of this morphologically undifferentiated subtype have been established,
most cases previously annotated as large cell carcinomas are now classified
into the adenocarcinoma or squamous cell carcinoma subtypes (33). If a thorough morphological assessment cannot be performed, for example when only
small biopsies and cytological samples are available, the histological classification NSCLC-NOS (not otherwise specified) is typically used (34).
Until recently, the histological classification of NSCLC did not have any major impact on therapy decisions. Today, however, it is evident that certain cytotoxic drugs are more effective in cases with non-squamous histology. Furthermore, various histological subtypes harbor distinct mutations that can be
exploited for targeted therapy (35, 36).

Treatment
Depending on tumor stage, histological subtype and presence of molecular
aberrations, NSCLC patients are eligible for different treatment options.

Conventional Therapies
Surgery is the only type of treatment that gives the possibility to cure NSCLC.
However, only 25% of NSCLC diagnoses are stage I-II and therefore qualify
for surgery with curative intent (37). Patients with stage IIIA who are in good
physical condition can also be operated. Despite curative intention, 30-55%
will experience recurrence (38). To decrease the risk of recurrence, adjuvant
chemotherapy is recommended for stage II-IIIA and is also considered for
selected patients with stage IB (39, 40). For those with stage I-IIA where surgery is not a suitable option, e.g. due to comorbidities, curative radiation is an
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effective alternative (41). Unresectable stage III patients are typically treated
with a combination of radiotherapy and chemotherapy (42). Stage IV patients
usually receive chemotherapy to reduce the symptoms and prolong survival.
For a smaller subset of these patients, targeted therapy is an option.

Targeted Therapy
The two main targetable genetic aberrations in NSCLC are mutations in
EGFR and rearrangements of ALK, both of which predominantly occur in adenocarcinomas (43). EGFR is a cell-surface tyrosine kinase receptor that upon
activating mutations initiates several pathways involved in cell proliferation,
survival, invasion and angiogenesis. Activating mutations in EGFR are present in approximately 15% of Caucasian patients and 40-50% of Asian patients (43). For patients with activating EGFR mutations there are four small
molecule tyrosine kinase inhibitors currently approved by the Food and Drug
Administration (FDA) (gefitinib, erlotinib, afatinib and osimertinib) (35, 44).
ALK, also a tyrosine kinase receptor, acquires oncogenic properties upon fusion with other proteins. The most common fusion partner is echinoderm microtubule associated protein-like 4 (EML4) gene. The fusion protein EML4 ALK is detected in 2-5% of NSCLC patients predominantly with adenocarcinoma histology, younger age and no or rare smoking habits (45, 46). Four
ALK inhibitors are approved by the FDA for ALK positive patients (crizotinib, ceritinib, alectinib and brigatinib) (3, 47). Similar to ALK, two other
tyrosine kinase receptors, ROS proto-oncogene 1, receptor tyrosine kinase
(ROS1) and ret proto-oncogene (RET), can become constitutively activated
upon rearrangement with their respective gene partners. Both rearranged
ROS1 and RET are present in 1-2 % of NSCLC (48, 49). Due to the high
similarity between the kinase domains in tyrosine kinase receptors, the ALK
inhibitor crizotinib can be used to treat ROS1 positive tumors. Several other
inhibitors are in clinical studies for the treatment of ROS1 and RET positive
tumors (50, 51).
Although impressive response rates are observed with tyrosine kinase inhibitors, the effect is only temporary. Resistance frequently occurs within one year
of starting treatment due to additional mutations in the targeted genes, which
affects the efficiency of these drugs (52, 53).

Immunotherapy
It is well recognized that tumorigenesis is accompanied by immune cell infiltration and an anti-tumor immune response is connected to a specific T-cell
activation. This has been observed in several types of cancer, including
NSCLC (54). Utilizing the immune system as an anti-cancer treatment has
historically only had modest effect in solid cancers. However, recent
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developments targeting T-cell regulatory elements, so called immune checkpoints, have profoundly altered this view (55).
Immune checkpoints are molecules that regulate T-cell activation and
maintain self-tolerance during an immunological response to pathogens. A
feature of tumor cells is that they are able to deregulate immune regulatory
mechanisms and escape T-cell surveillance. Checkpoint inhibitors interfere
with this pathway and are able to restore the natural anti-tumor immunity. One
of the checkpoint molecules is the cytotoxic T-lymphocyte antigen 4 (CTLA4), which is involved in the early stages of T-cell activation. Ipilimumab,
which targets CTLA-4, was the first checkpoint inhibitor approved by FDA
for treatment of metastatic melanoma in 2011 (56). Another checkpoint molecule is the programmed cell death protein 1 (PD-1) that participates in the
later stages of T-cell activation. Monoclonal antibodies, nivolumab and pembrolizumab, both targeting PD-1, are approved for the treatment of advanced
NSCLC. In addition, antibodies targeting the programmed cell death ligand 1
(PD-L1) are approved (atezolizumab) or are in development (durvalumab and
avelumab) for NSCLC treatment (3). The treatment with these checkpoint inhibitors as second line therapy results in a long-term response in approximately 20% of patients (57, 58). On the other hand, most patients are inherently resistant or become resistant to checkpoint inhibition. Current challenges include understanding the resistance mechanisms, developing predictive biomarkers to select for patients that most likely will benefit from
checkpoint inhibition and combining immunotherapy with other treatment
modalities for an optimal outcome (55).

Prognostic Factors
Prognostication is an important aspect of the diagnostic work-up for NSCLC
patients. Both patient-and tumor-related parameters provide prognostic information that can guide therapy decisions (59). The most important prognostic
factor is tumor stage (60) and all three individual parameters of staging; T, N,
M, are prognostic in themselves (61). Another important prognostic factor is
the individual performance status (PS), which attempts to describe a patient´s
overall well-being. The most frequently used PS score in NSCLC is the Eastern Cooperative Oncology Group (ECOG) score (also referred to as Zubrod
score or World Health Organization score), which spans from grade 0 = full
activity to grade 5 = dead (62). Age can also be used to aid prognostication in
NSCLC (63-65). A number of other characteristics, such as gender and smoking status have been shown to influence prognosis, although their impact is
modest and therefore these factors are usually not considered for treatment
decisions. In addition, several histological parameters, such as tumor subtype,
vascular invasion, necrosis and grade of differentiation provide prognostic information, but are also generally not employed in routine clinical practice
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(66). Therefore, only stage, PS and age are consistently used to stratify patients in clinical trials. However, even with similar stage, age and PS, patients
can develop very different disease courses. In particular, among those patients
with localized tumors, accurate prognostication would help to determine
which patients are likely to develop recurrence after radical tumor resection.
Since adjuvant chemotherapy is recommended to reduce the risk of recurrence, patients with an overall good prognostic profile could potentially be
saved from the demanding treatment regime (39, 40). On the other hand, patients with very small tumors but with high-risk profiles may benefit from an
intensified therapy. Thus, the quest for prognostic markers has been an area
of extensive research in NSCLC. Protein expression, evaluated by immunohistochemistry (IHC), is among the most commonly studied type of biomarker
on the molecular level (67). Several single proteins have shown promising
results and have been validated in larger cohorts e.g. excision repair crosscomplementing rodent repair deficiency, complementation group 1 (ERCC1)
and ribonucleoside-diphosphate reductase (RRM1) (59, 68). Despite such numerous studies, none of the proteins have demonstrated sufficient power to be
introduced in the clinical setting (67). Compared to single markers, the combination of several markers may improve the prognostic performance. This
approach has mainly been applied in studies based on mRNA expression profiling, which have identified gene signatures associated with better or worse
clinical outcomes (69, 70). Also, DNA methylation profiles and microRNA
signatures have shown to have prognostic impact in NSCLC (71, 72). Currently, however, none of the proposed molecular markers have been employed
in routine clinical diagnostic practice.

Early Detection
The majority of lung cancer cases are detected at late stages when only treatment with life-prolonging and palliative intention can be offered (16). Thus,
to improve the dismal prognosis of lung cancer cases, earlier detection is crucial. Several large trials for screening for lung cancer have been conducted
since the 1970s. However, these early trials did not demonstrate a reduction
in lung cancer mortality in comparison to conventional radiograph screening
(73-75). In the more recent screening programs, the development of low-dose
CT (LDCT) has enabled better sensitivity for small nodules at acceptable levels of radiation exposure. In 2011 the National Lung Screening Trial (NLST)
presented positive results regarding LDCT. The NLST included more than
50000 participants that were randomized to three annual LDCT scans or a
plain chest radiograph. This study reported a significant reduction in lung cancer mortality in the participants who received LDCT scans (76). Screening of
high risk individuals was recommended in the U.S, primarily based on the
positive outcome of NLST (77). Implementation of screening with LDCT is
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still under evaluation in Europe (78). The high number of false positives observed, the high cost, as well as the potential harmful side effects have raised
concern for widespread implementation of LDCT, and thus other screening
methods are needed. Blood-based screening tests represent attractive alternatives as they are minimally invasive and relatively cost-efficient. However, no
such test has yet reached implementation in the clinical setting.
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Testis

The testes produce haploid germ cells necessary for sexual reproduction and
androgens that are required for male sex characteristics. The majority of testicular tissue is made up by seminiferous tubules where the production of haploid germ cells occurs in a stepwise and highly coordinated series of events
through the process of spermatogenesis. The Leydig cells that are responsible
for the production of androgens, mainly testosterone, are localized between
the seminiferous tubules. At the basal region of the seminiferous tubules, spermatogonial stem cells divide by mitosis into spermatogonia. After several
rounds of mitosis, the spermatogonia develop into primary and secondary
spermatocytes, which divide via meiosis to form spermatids. The final differentiation of spermatids into sperm takes place in the luminal region of the
tubules. The various phases of spermatogenesis can be distinguished due to
the morphologically different cell types present at each stage (Figure 1) (79).
In addition to germ cells, the Sertoli cells are interspersed throughout the tubules. They have numerous important functions, including regulation and the
development as well as the number and quality of spermatogenic cells (80).
   

 !

 ! 
  
!!
!!

!


   

Figure 1. A schematic representation of the various steps of spermatogenesis.
Adapted from https://www.proteinatlas.org/humanproteome/testis
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During spermatogenesis, the germ cells are subjected to a number of specific
events such as the reduction of the number of chromosomes, condensation of
the nucleus and removal of excess cytoplasm within the sperm. The sperm
cells acquire unique morphological features and structures such as the flagellum and the acrosome which enable sperm motility and fertilization of the
egg. The functions of testis involve complex processes and endow a uniqueness to this organ. This has been reflected in several studies that have analyzed
the testis transcriptome. Compared to other organs, a particularly high number
of genes are expressed in testis and testis is the tissue with the highest number
of tissue-specific genes (81, 82).
The immune system in testis is tightly regulated to protect gametes from
any kind of exogenous alteration and to avoid host immune responses as germ
cells could be regarded as non-self (83). The downregulated immune system
is of importance for the exploitation of cancer-testis antigens (CTAs) which
are further presented below.

Cancer-Testis Antigens
CTAs are a group of proteins that are expressed in various types of cancers,
but not in normal tissues with the exception of testis and placenta (84). The
first CTA was identified in 1991 when tumor cells and normal cells from a
melanoma patient were used as a “tool” to analyze immune recognition by the
patient´s own immune cells (85). A target antigen for a cytotoxic T-lymphocyte clone was identified and termed melanoma-associated antigen 1
(MAGE1, later MAGE-A1) (85). Identification of MAGE-A1 represented a
major advancement in tumor immunology as it was the first immunogenic
tumor antigen described to have elicited autologous cytotoxic T-lymphocyte
responses in a cancer patient (84). The autologous typing approach used to
identify MAGE-A1 was later used to identify other tumor antigens MAGEA3 and members of the BAGE (B melanoma antigen) and GAGE (G antigen)
gene families (86-88). A few years after the identification of MAGE-A1, a
serology-based approach was developed to analyze immune responses against
tumor antigens referred to as the serological analysis of recombinant tumor
cDNA expression libraries (SEREX) (89). SEREX identified additional tumor
antigens, e.g. synovial sarcoma, X breakpoint 2 (SSX2) and New York esophageal squamous cell carcinoma-1 (NY-ESO-1), which have elicited high-titer
immunoglobulin G (IgG) humoral responses in cancer patients (90, 91). Further studies of the tumor antigens identified by these two methods demonstrated their expression in various cancers of different histological origin, in
testis and placenta, but not in other normal tissues and therefore they were
named cancer-testis antigens (91). Although several CTAs have shown to
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elicit T-cell and/or B-cell responses in cancer patients (e.g. MAGE, BAGE,
NY-ESO-1, SSX2, SCP1 and SLCO6A1) (85-87, 90-93), more recent expression studies on cancer and a range of normal tissues have expanded the group
of CTAs based on their gene expression patterns and not their antigenic ability
(94, 95). Thus, today more than 200 genes are now categorized as CTAs in
the Cancer Testis database (CTdatabase) (96). In testis, CTAs are expressed
in both early and late stages of the spermatogenesis. Their biological role in
both germline tissue and tumors is in general poorly understood. Nonetheless,
their ability to induce immunogenic responses along with an almost cancerspecific expression pattern and the downregulated immune component in testis has rendered CTAs attractive targets for immunotherapy, mainly in the
form of therapeutic cancer vaccines (97). The most evaluated CTAs for vaccination strategies are the members of the MAGE-A family and NY-ESO-1
(97). The largest vaccination study performed in NSCLC, MAGRIT, evaluated the efficacy and safety of a MAGE-A3 vaccine as adjuvant treatment in
more than 2000 completely resected NSCLC patients (98). However, the trial
was ended when the vaccine did not significantly improve the overall survival
compared to placebo. Numerous clinical trials are currently ongoing in patients with NSCLC and other cancer types with the aim of evaluating NYESO-1 and other members of the MAGE families as immunotherapeutic targets.
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Present Investigations

Aim
The overall aim of this thesis was to develop and evaluate the prognostic performance of a protein panel and to identify tumor markers in NSCLC as potential targets for immunotherapy or as biomarkers for early detection. More
specifically the aims were as follows:

I

Develop and optimize an IHC-based prognostic model for NSCLC
and to compare its performance to the clinicopathological parameters
that are currently used in the clinical setting to predict patient outcome.

II

Describe the human testis-specific proteome by using RNA-sequencing (RNA-seq) data from normal human testicular tissue and other
normal human tissue types.

III

Profile CTAs in NSCLC by using RNA-seq data from NSCLC patients and normal tissue sites.

IV

Analyze reactivity of CTAs by measuring the abundance of autoantibodies in plasma from patients with NSCLC and patients with nonmalignant lung diseases.

V

Analyze the plasma levels of cancer related proteins in NSCLC and
non-malignant lung diseases and build a discriminatory model for
early detection of lung adenocarcinoma.
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Methodological Background
Immunohistochemistry
IHC is a routinely used technique in clinical pathology and life science research that enables visualization and distribution of proteins in tissue. Histopathological tissue samples are usually fixed in formalin to preserve tissue
morphology. After fixation, the tissue is dehydrated in graded alcohols and
embedded in paraffin blocks resulting in formalin fixed paraffin embedded
(FFPE) tissue. A section of the FFPE tissue is placed on a glass slide and can
be used for staining. Fixation with formalin generates methylene bridges that
crosslink proteins in tissue samples and modifies the structure of many protein
epitopes. To break the cross-links and unmask hidden epitopes, antigen-retrieval is performed prior to immunohistochemical staining (99). Thereafter,
an antibody directed towards the protein of interest can be added. To visualize
the antibody-antigen interaction, a detection method that produces a visible
signal is necessary. In the direct detection method only one antibody is used,
whereas in the more common indirect detection method, a primary and a secondary antibody are used. The secondary antibody (or the primary antibody
in the direct method) is coupled to a reporter molecule that can either be an
enzyme or a fluorophore. In the enzymatic reaction, which is the most common, the secondary antibody is linked to e.g. horseradish peroxidase (HRP)
that in presence of the chromogen 3,3'-diaminobenzidine (DAB) and hydrogen peroxide produces a brown precipitate at the site of the enzymatic activity,
which is subsequently observable by light-microscopy (Figure 2) (100).
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Figure 2. The basic principle of immunohistochemistry using the indirect detection
method. A primary antibody targeting the antigen is recognized by a secondary antibody that is linked to horseradish peroxidase (HRP). A brown precipitate is produced in the presence of 3,3´-diaminobenzidine (DAB) and hydrogen peroxide.
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In Paper I automated IHC was performed on FFPE tissue that was assembled
in tissue microarrays (TMAs) for visualization and distribution of proteins.
The staining of tumor cells was manually evaluated on scanned slides. An
IHC score was obtained by multiplying the staining intensity with the fraction
of stained tumor cells and this score was used for further analyses. The use of
IHC in Paper II and Paper III was to complement the transcriptomics data
and to provide compartment specific localization of the protein. The Human
Protein Atlas (HPA) database was used to search for availability of reliable
antibodies. Antibodies were chosen if the staining pattern was in accordance
with the expected subcellular and histological localization in the scientific literature.

Tissue Microarrays
TMAs are arrays of small tissue samples, usually between 0.6-1 mm in diameter, which enable numerous tissue samples from different donors to be contained in a single tissue block, and after sectioning, on a single glass slide. For
construction, the area of interest of the donor sample is selected by visual delineation on a hematoxylin and eosin (HE) stained slide. From this area a cylindrical tissue core is punched out from the donor block and placed in a recipient paraffin block at defined positions. This procedure is repeated from
different donor blocks until all wanted tissues are placed in a final TMA that
usually comprises up to 100 samples per block (Figure 3). Since the cylindrical core only represents a small part of the original tissue, usually two cores
are taken from the same donor block to increase coverage of tissue heterogeneity (101-103). Sections of 4-5 μm are cut from the TMA block to generate
TMA slides for analysis (104). With the TMA technique, a large number of
tissues can simultaneously be studied at different molecular levels. DNA can
be analyzed with fluorescence in situ hybridization and RNA with mRNA in
situ hybridization, but the most common application is the detection of protein
antigens using IHC. In research, the TMA technique is widely used for biomarker studies (104).
A potential drawback with the TMA technique is that only small parts of
the whole tumor are evaluated. The TMAs used in Paper I include two cores
from the same patient in order to increase the coverage of tissue heterogeneity.
Several studies have shown that two or three cores of the original tissue gives
a reliable representation of the whole tumor (101, 102).
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Figure 3. Basic steps in the production of a tissue microarray (TMA). Tissue cores
from formalin-fixed paraffin embedded (FFPE) tissue are assembled in a recipient
block. The recipient block is sectioned and the resulting TMA can be immunohistochemically stained for visualization of a protein in tissues from multiple donors.

RNA-Sequencing
RNA-seq is a deep-sequencing technique that has become the method of
choice for transcriptome analysis. RNA-seq data can be used to determine
gene expression levels of each transcript in a sample and compared to previous gene expression methods with microarrays, RNA-seq provides higher resolution, is not limited to detection of known transcripts, and can be used as an
exploratory tool for identification of novel transcripts (105). Transcripts can
be analyzed at a single base-pair resolution, thus RNA-seq can be used to
study the expression of disease-associated single-nucleotide polymorphisms,
mutations, fusion genes and isoforms (106-108).
Depending on sequencing purposes and the type of RNA analyzed, different
techniques are utilized to select the RNA class of interest. For analysis of gene
expression, alternative splicing and genetic variation detection, where the protein-coding RNA is of interest, an enrichment for mRNA using poly(A)+RNA
selection is performed prior to sequencing library preparation. As most RNAseq platforms only are able to sequence relatively short sequences the RNA is
fragmented into shorter pieces. The vast majority of RNA-seq experiments
are carried out on instruments that sequence DNA molecules, therefore the
RNA is typically converted to cDNA library in the library preparation. Adaptors are added to the cDNA fragments and thereafter amplified by polymerase
chain reaction (PCR). In the sequencing reaction, all cDNA fragments are
simultaneously sequenced generating so called “reads”, comprising nucleotide sequences usually of 30 to 400 base pairs in length. The resulting reads
are either aligned to a reference genome or if identification of novel transcripts
is desired, the transcripts can be reconstructed from these reads, which is referred to as a de novo assembly (105) (Figure 4).
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In Paper II and Paper III, RNA-seq was used for gene expression analysis.
For RNA-seq data of normal tissues, used in both Paper II and Paper III,
RNA was extracted from fresh-frozen tissue obtained from histologically normal surgical specimens. One cut of the fresh-frozen tissue was stained with
HE to ensure accurate tissue morphology by a pathologist. All samples had
high-quality RNA of  7.5 RIN (RNA integrity number). For RNA-seq analysis of NSCLC samples used in Paper III, one cut of the fresh-frozen tissue
was stained with HE and the tumor cell content was evaluated by a
pathologist. Only samples with at least 10% of tumor were included. Five sections from each patient were used for RNA extraction and the majority of
cases (188/199) were of high-quality RNA with RIN values  7.5. The samples that had less RIN values than 7.5 did not show any deviance in the subsequent analyses and were therefore kept. Samples were prepared for sequencing using poly(A) selection and sequenced with a read length of 2 x 100 bases.
The raw reads from 20050 transcripts obtained from the sequencing were processed and mapped to the human genome. Quantification for all human genes
were obtained by calculating fragments per kilobase of exon model per million mapped reads (FPKM).
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Figure 4. Simplified overview of the various steps in RNA-seq experiments performed in this thesis to determine gene expression. In brief, RNA is extracted and an
enrichment for mRNA is performed using poly(A) selection. The RNA is converted
to cDNA and a library is prepared that is used for sequencing. The resulting sequences
are mapped to a reference genome and can be quantified to determine gene expression
levels.
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Suspension Bead Array
The suspension bead array technique allows multiplex analysis of up to 500
analytes in hundreds of samples in parallel. This method uses magnetic beads
(denoted microspheres) with a surface presenting functional groups that enable different capture molecules e.g. antibodies or proteins to be coupled covalently. Depending on the molecule coupled onto the beads, various types of
target analytes e.g. proteins or (auto)antibodies can be detected in body fluids.
Each target molecule is coupled to unique bead sets that are color-coded with
a mixture of different fluorescent intensities of three dyes. Each set of beads,
usually hundred-thousand to a million being prepared per coupling batch, is
modified by with a particular capture molecule which is then represented by
the beads’ unique color-codes (109). Since each bead set can be distinguished,
combining the different bead sets (ranging from 1-500) into a so called “suspension bead array” allows a multiplexed analysis in up to 384 samples per
experiment. After incubation with sample, washing buffer and a reporter molecule, the beads are analyzed in a flow cytometer-like instrument developed
by Luminex (110). In the instrument, each individual bead is subjected to two
lasers, one to determine the bead identity based on its specific color-code and
the second to define the magnitude of the reporter molecule (Figure 5). The
latter then collects the reported signals from 50 or more beads per bead set to
then given rise to the relative quantification of the bound target analyte in the
sample, commonly referred to median fluorescence intensity (MFI) (109).

A.

1

B.

2

C.

500

Figure 5. Simplified overview of the suspension bead array technique using detection
of autoantibodies as an example. Antigens (red) are coupled to unique bead sets (A).
If present, autoantibodies in the sample will bind to the bead-antigen complex (B). A
reporter molecule (green), coupled to anti-human IgG, is added and will bind to present autoantibodies. A flow-cytometer instrument identifies the antigen and measures
the signal from the reporter molecule (C).

In Paper IV, plasma samples from patients with NSCLC and benign lung
diagnoses were used for the detection of potential autoantibodies against
CTAs. The detection of autoantibodies was performed using the suspension
bead array technique. Protein fragments produced within the HPA project
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were used as antigens and were covalently coupled to magnetic beads (111).
The protein fragments were selected from unique or low homology regions to
other proteins and produced in Escherichia coli with an affinity tag consisting
of six histidines and albumin binding domain from streptococcal protein G
(111). The length of the protein fragments varied between 20 to 148 amino
acids. Binding of the autoantibodies was defined by the intensity of the reporter molecule measured on each bead by the Luminex instrument as MFI
values. The MFI values were binned and the binned values were used in further analysis.

Proximity Extension Assay
The proximity extension assay (PEA) uses pairs of antibodies that are directed
towards different epitopes on the same target, and each antibody is conjugated
to a unique DNA oligonucleotide. The DNA oligonucleotides on each pair of
antibodies have complementary sequences. When the antibodies bind their
target, the oligonucleotides are brought in proximity and are allowed to hybridize. After hybridization, the oligonucleotides are extended by DNA polymerase and the newly formed DNA molecule acts as a surrogate marker for
the specific target protein (Figure 6). This sequence can be amplified and
quantified by quantitative real-time PCR, where the number of PCR templates
formed is proportional to the initial concentration of the target in the sample
(112, 113). With this assay it is possible to simultaneously measure 92 proteins and four controls in 90 samples such as serum, plasma and other types
of biological fluids, using a microfluidic real-time PCR instrument (112).
A.

B.

C.

D.

Figure 6. Overview of the proximity extension assay. Pairs of antibodies are directed
towards the same protein (A). When in proximity, the oligonucleotides linked to each
antibody hybridize (B) and can be extended (C) resulting in newly formed DNA molecules that can be measured and quantified (D).

In Paper V, PEA was used to assess plasma levels of cancer-related proteins
that are included in an oncology panel which is commercially available from
Olink Bioscience, Uppsala, Sweden. PEA is based by the use of two antibodies directed towards one target. Only when both antibodies from each pair
have bound its target, the oligonucleotides that are linked to the antibodies are
allowed to hybridize and get extended by a polymerase reaction. Since both
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antibodies are required to recognize the same target in order for a polymerase
reaction to start, this assay offers a high level of specificity but also a high
level of sensitivity from the use of a DNA polymerase which degrades nonproximal DNA strands resulting in a reduced background noise (114). The
extended DNA molecule is amplified and quantified by real-time PCR and
obtained Cq-values are normalized against extension controls, inter plate control and a correction error. For data analyses, normalized protein expression
values on a log2 scale were used where a high value corresponds to a high
protein concentration.

Statistics
Overall survival was calculated from the date of diagnosis to the date of death.
Survival was analyzed by univariate and multivariate Cox models. For univariate analyses, IHC scores were used in Paper I and mRNA values in Paper
III. Multivariate analyses were performed with the inclusion of clinicopathological variables, stage, PS and age. The Cox models in Paper I were visualized by Kaplan-Meier plots, based on dichotomized IHC and clinicopathological variables that were dichotomized as follows: stage I vs stage II-IV, PS 0
vs PS I-IV and age at diagnosis ≤ 70 vs > 70 years.
The performance of the prognostic models constructed in Paper I was assessed by the concordance-index (C-index). C-index is a rank-based method
that compares the predicted survival times with the observed survival times
of a model to estimate the survival probability. A model with a C-index of 1
implies perfect prediction whereas a model with a C-index of 0.5 or less has
no predictive ability.
The Fisher´s exact test was used to assess the correlation between methylation
status and CTAs in Paper III and an association between reactivity and clinical characteristics in Paper IV. The comparative analysis of plasma protein
levels between different patient groups was performed using the Wilcoxon
test. Correction for multiple testing was performed on all tests using the Benjamini -Hochberg method or with Bonferroni correction. P values less than
0.05 were considered significant.
For the development of the classifier in Paper V, the TreeBagger function
was used which is based on a random forest algorithm. A classifier was developed using 80% of the data set and the algorithm based on thousands of
decision trees, evaluated on the remaining 20%. The performance of the classifier was calculated by obtaining values for sensitivity and specificity. To
evaluate and visualize the performance, primarily sensitivity and specificity
of the classifier, a receiver operating characteristic curve and confusion matrix
were developed.
All analyses were performed in Matlab or with the R statistical software.
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Patient Material
The Uppsala I cohort includes patients with primary NSCLC that were reported to the Uppsala-Örebro Regional Lung Cancer Registry between 19952005 and operated at the Uppsala University Hospital during these years. Histological confirmation was done by a pathologist. Patients who received neoadjuvant treatment were excluded. FFPE tissues were available for 354 patients and were included in a TMA with duplicate tissue cores from each patient sample (Paper I) (115, 116).
The Uppsala II cohort includes patients with primary NSCLC that were
reported to the Uppsala-Örebro Regional Lung Cancer Registry between
2006-2010 and operated at the Uppsala University during these years. Histological confirmation was done by a pathologist. Patients who received neoadjuvant treatment were excluded. FFPE tissues were available for 357 patients
and were included in a TMA with duplicate tissue cores from each patient
sample (Paper I) (117, 118). Fresh-frozen tissue was available for 199 of
these 357 patients and extracted RNA was used for RNA-seq analysis (Paper
III) (119). EDTA-plasma samples were available for 133 patients (Paper IV).
The Uppsala cohorts represented the main study material in this thesis. The
material from the two cohorts is illustrated in Figure 7 and the patient´s characteristics are shown in Table 3.
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Figure 7. Overview of the main study material – the Uppsala cohorts I and II. The
number of cases (n) in this figure represents the cases that were analyzed in Paper I,
Paper III or Paper IV.
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Table 3. Clinical characteristics of the patients included in the Uppsala cohorts I and
II.
Uppsala I
TMA I
n (%)
326 (100.0)

Uppsala II
TMA II
n (%)
345 (100.0)

Uppsala II
RNA-seq
n (%)
199 (100.0)

Uppsala II
Plasma
n (%)
133 (100.0)

150 (46.0)
176 (54.0)

176 (51.0)
169 (49.0)

103 (51.8)
96 (48.2)

70 (52.6)
63 (47.4)

Age
≤ 70 years
> 70 years

226 (69.3)
100 (30.7)

229 (66.4)
116 (33.6)

120 (60.3)
79 (39.7)

82 (61.7)
51 (38.3)

Smoking history
Ever
Never
Missing data

296 (90.8)
28 (8.6)
2 (0.6)

305 (88.4)
40 (11.6)
0 (0.0)

180 (90.5)
19 (9.5)
0 (0.0)

121 (91.0)
12 (9.0)
0 (0.0)

Stage
IA
IB
IIA
IIB
IIIA
IIIB
IV

80 (24.5)
137 (42.0)
10 (3.1)
43 (13.2)
33 (10.1)
15 (4.6)
8 (2.5)

141 (40.9)
74 (21.4)
40 (11.6)
34 (9.9)
46 (13.3)
0 (0.0)
10 (2.9)

70 (35.2)
45 (22.6)
25 (12.6)
23 (11.5)
33 (16.6)
0 (0.0)
3 (1.5)

48 (36.1)
27 (20.3)
20 (15.0)
15 (11.3)
22 (16.5)
0 (0.0)
1 (0.7)

Histology
Adenocarcinoma
177 (54.3)
Squamous cell carcinoma 113 (34.7)
Large cell ca. / NOS
36 (11.0)

205 (59.4)
102 (29.6)
38 (11.0)

108 (54.3)
67 (33.7)
24 (12.0)

74 (55.6)
46 (34.6)
13 (10.0)

Performance status
0
1
2
3
4

207 (60.0)
133 (38.6)
5 (1.4)
0 (0.0)
0 (0.0)

120 (60.3)
77 (38.7)
2 (1.0)
0 (0.0)
0 (0.0)

84 (63.2)
48 (36.0)
1 (0.7)
0 (0.0)
0 (0.0)

All patients
Gender
Female
Male

172 (52.8)
121 (37.1)
27 (8.3)
5 (1.5)
1 (0.3)

The original NSCLC Uppsala I and II cohorts included 354 and 357 patients, respectively.
The number of patients in this table represents the cases that were analyzed in Paper I, Paper
III or Paper IV.
NOS = Not otherwise specified.
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In addition to these two cohorts, EDTA-plasma samples were obtained from
34 patients with NSCLC that were treated with radiotherapy at the Uppsala
University Hospital between 1983-1996 and were used in Paper IV. In Paper
V, plasma samples from 50 of the patients included in Uppsala cohort II were
analyzed and additionally 94 plasma samples obtained from patients with
NSCLC, diagnosed during the same time period. Samples used as benign controls in Paper IV (n = 57) and Paper V (n = 68) were obtained from patients
that were admitted to Uppsala University Hospital during 2006-2013 and diagnosed with various benign lung diseases. Plasma samples from 83 patients
diagnosed with colorectal cancer that had metastasized to lung and 48 patients
diagnosed with typical carcinoid were also used in Paper V.
The histological diagnosis was reviewed by a trained pathologist. The patients` clinical characteristics were obtained from the records of the Uppsala
- Örebro Regional Lung Cancer Registry and by review of the patient’s charts.

Paper I - Reaching the Limits with Prognostication in
NSCLC
NSCLC patients bear a high risk of cancer recurrence even after radical surgical resection. Prognostic factors could provide useful information for this
patient group and may help distinguish patients with a high risk of recurrence
from those with low risk and thus refine therapy decision making. Currently
there are no sufficiently good prognostic factors to do this and prognostic
studies in NSCLC have been an area of intense research over the years.
In Paper I we developed an IHC-based prognostic panel and evaluated its
prognostic performance in comparison to the clinicopathological parameters
(stage, PS and age) that currently are used to predict outcome. Five proteins
(MKI67, EZH2, SLC2A1, CADM1 and TTF1) were included in the panel and
chosen based on their prognostic association in the published literature, prognostic association in gene-expression data sets, the availability of reliable antibodies and the representation of diverse biological processes. The protein
expression in tumor cells was analysed by IHC on a training cohort (n = 326)
where all five proteins demonstrated independent prognostic value. Based on
the staining of the tumor cells, an IHC score was obtained ranging from 0 –
24 for each tumor and each protein. All the different scores were evaluated
for each protein and the score that best predicted survival was used together
with other proteins` optimized scores and in combination with the clinical parameters to develop an optimized prognostic model. When the optimized
prognostic model was applied on an independent NSCLC cohort (n = 345), it
did not predict survival better than the combination of clinicopathological parameters. These results put into question the potential of IHC-based assessment of protein biomarkers for prognostication in NSCLC.
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Paper II - The Human Testis Specific Proteome
The main function of the testes is to produce haploid germ cells necessary for
sexual reproduction. Although the testis has been extensively studied, a large
fraction of the genes expressed in testis are not characterized. In Paper II we
performed a comprehensive analysis of the human testis-specific proteome by
using RNA-seq data of normal human testicular tissue from seven individuals
and 26 other normal human tissue types obtained from 88 individuals. All
20050 putative protein coding genes were classified into categories based on
their expression in testis. Of all putative coding genes, 77% were expressed in
testis, which was more than in any of the other analyzed tissues. More than
1000 genes showed a testis-enriched expression pattern which also makes testis the tissue with most tissue-specific genes in the human body. The majority
of the testis-enriched genes identified here were previously poorly characterized and were further profiled by IHC with respect to protein localization in
the specific cell types (Figure 8). This study provides a starting point to increase our molecular understanding of biology and pathology of the testicular
tissue.

Figure 8. Immunohistochemical staining of selected testis-specific genes. Protein localization is visualized in spermatogonia (a), spermatocytes (b), spermatids (c) and
sperm (d).
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Paper III - Profiling CTAs in NSCLC
CTAs are proteins specifically expressed in normal testis or placenta tissues
but are also expressed in a wide range of cancers, including lung cancer. Several CTAs have been shown to encode immunogenic proteins that can induce
antitumor immune responses in cancer patients. Because of their ability to induce an immune response and their almost cancer specific expression pattern,
CTAs are considered to be attractive targets for immunotherapy. In Paper III
we performed a comprehensive profiling of CTAs in NSCLC based on RNAseq data of 142 samples from 32 different normal human organs and 199
NSCLC samples. The expression of the 232 currently annotated CTAs in the
CTdatabase was evaluated. Ninety-six of these CTAs were confirmed to be
CTAs in NSCLC while the remaining 136 previously reported CTAs were
either not expressed in NSCLC or expressed at substantial levels in somatic
tissues. By applying stringent criteria to our RNA-seq dataset, we additionally
identified 55 CTAs that were previously not annotated in the CTdatabase, thus
representing potential new CTAs. The transcriptomic data were validated on
protein level by IHC for several CTAs where previously no data or only
mRNA data was available. Furthermore, we analysed the gene expression of
CTAs in relation to DNA methylation and confirmed the previously reported
regulatory mechanism by methylation. However, we could not confirm the
previously reported prognostic impact of CTAs in NSCLC, neither in our
RNA-seq cohort nor in an independent meta-analysis consisting of more than
1000 NSCLC cases. This study presents a detailed catalogue of CTAs that can
guide further studies on CTAs in NSCLC.

Paper IV - Detection of Autoantibodies against CTAs in
NSCLC
Several CTAs have been shown to encode immunogenic proteins that are able
to induce anti-tumor responses in cancer patients. A few of these CTAs have
been evaluated as targets in vaccination strategies. One approach to identify
other immunogenic CTAs that could be used for immunotherapy, is through
the detection of autoantibodies towards these proteins which can result from
B - and T - cell responses in the cancer patient. In Paper IV we used suspension-bead arrays to measure the abundance of circulating autoantibodies in
plasma from 133 NSCLC patients and 57 patients with benign lung diseases.
The analysis included 120 protein fragments representing 112 CTAs. Reactivity against 69 antigens, representing 81 CTAs, was demonstrated in at least
one of the analysed samples. Of these, 29 antigens demonstrated exclusive
reactivity in NSCLC. Reactivity against CT47A genes, PAGE3, VCX,
MAGEB1, LIN28B and C12orf54 were only found in NSCLC patients at a
frequency of 1-4% and the presence of autoantibodies towards these six
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antigens was confirmed in an independent group of 34 NSCLC patients. This
study identified autoantibodies against CTAs in plasma of NSCLC patients.
The reactivity suggests an immunogenic potential that might be utilized in
immunotherapeutic strategies.

Paper V - Plasma Protein Profiling to Discriminate
Patients with Lung Adenocarcinoma
Early detection of NSCLC is of high clinical relevance to provide curative
treatment options. Many efforts have been made to establish non-invasive approaches for screening purposes. In Paper V we used PEA to assess protein
levels of 92 cancer-related proteins in 144 lung adenocarcinomas and 68 patients with non-malignant lung disease and to build a discriminatory model
for the early detection of lung adenocarcinoma. Several proteins showed significantly different levels between the two groups; CEACAM5, CXL17,
VEGFR2 and ERBB3. Based on the difference in plasma protein levels between the two groups a multi-parameter classifier was developed built on a
decision tree algorithm. The classifier discriminated between lung adenocarcinoma and benign controls with a high sensitivity (93%) and acceptable
specificity (64%). The results indicate that this multiplex-immunoassay has
the potential as a screening assay for early lung cancer detection.
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Concluding Remarks
The numerous attempts to improve prognostication in NSCLC have resulted
in more than 500 reported proteins with prognostic impact (67). Nevertheless,
not a single protein marker has been implemented in the clinical practice and
overall survival is currently still best predicted by use of the clinicopathological parameters stage, PS and age (19). In Paper I we developed and evaluated
an optimized protein panel based on the prognostic information from a multitude of gene expression data sets and several IHC-based studies. The panel,
consisting of proteins representing different tumorigenic pathways, was optimized on a training cohort and was finally tested on a validation cohort where
its performance was compared to the traditionally used clinicopathological
parameters. Despite optimization of the protein panel, the clinicopathological
parameters remained superior for predicting survival outcome in NSCLC
cases. When the proteins were added to the clinicopathological parameters,
they only provided limited value, which is of minor relevance in clinical practice.
Although study 1 questions the use of IHC-based prognostic markers in
NSCLC, we believe that prognostic studies have a value, e.g. to indicate if a
protein has a clinical relevance. However, if a protein is suggested as a prognostic biomarker a head-to-head comparison to clinicopathological parameters should always be performed. Several guidelines for reporting of prognostic biomarker studies have been published (120, 121). However, most aspects
of these guidelines address the completeness of formal reporting, rather than
clinical significance. More specific recommendations in different cancer types
may be helpful to define reference factors (e.g. stage, PS, age) that the potential biomarkers are tested against. We believe that our study design can act as
a prototypic model for how prognostic biomarkers should be validated and
has the potential to be developed and implemented in guidelines for the evaluation of prognostic biomarkers in NSCLC.
The testis is an organ with highly specialized functions. Previous gene expression studies on testis have demonstrated an unusual and diverse set of genes
compared to other organs (81, 82). In Paper II we used a transcriptomic and
antibody-based approach to describe all protein-coding genes in the testis. Putative protein coding genes were categorized based on their expression in testis and other organs and more than 1000 genes demonstrated testis-specific
expression. The majority of the testis-specific genes were poorly characterized regarding their function and cell type specificity. The transcriptomic data
was complemented with IHC and we could demonstrate protein expression in
specific cell types and compartments for several of the previously uncharacterized proteins. This analysis demonstrates the power of combining RNAseq data with IHC to more deeply characterize the testis specific proteome.
The spatial information of protein expression will help to understand the basic
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biology and pathology of the testis. The complex transcriptome of the testis is
most likely affected by meiosis-specific events. Since testis was the only tissue harboring cell types that undergo meiosis in this study, it would be of
interest to also include oocytes in a similar analysis to discriminate spermatogenesis specific genes from genes generally involved in meiotic functions of
gametocytes.
A large number of the testis-specific genes belong to the group termed cancertestis antigens (CTAs) that are restricted to testis and placenta among normal
tissues but frequently expressed in cancers of various histological types. Several CTAs have been shown to encode immunogenic proteins and are therefore considered as attractive targets for immunotherapy (97). In Paper III we
performed a comprehensive characterization of the CTAs in NSCLC using
RNA-seq and IHC. Based on our extensive transcriptomic strategy, our study
provided a refinement of the currently reported CTAs. Several of the CTAs
included in the CTdatabase demonstrated expression in somatic tissues and
we believe that their classification as CTAs should be reconsidered. By using
our extensive transcriptomic data set of normal and NSCLC tissue, we identified genes with a CTA expression pattern in NSCLC that were previously
not reported as CTAs. For several of these genes, where previously only information on mRNA data was available, the protein localization was visualized using IHC. Most importantly, we confirmed the expression of a set of
CTAs in NSCLC that provides a starting point for more focused studies to
evaluate CTAs as immunotherapeutic targets in NSCLC. The combination
with novel T-cell activating agents give hope for vaccination strategies using
single CTAs or combinations of CTAs as antigens. Since not all CTAs will
demonstrate similar immunogenic competency, studies that help to identify
the most promising antigens are clearly of clinical value. An in vivo marker
of immunogenicity can be a measurement of T-cell reactivity or the occurrence of autoantibodies against CTAs, as analyzed in paper IV.
The presence of autoantibodies against CTAs was analyzed in Paper IV. By
using a multiplexed approach, we analyzed the reactivity of 120 CTAs
through the detection of autoantibodies in plasma from NSCLC patients and
patients with benign lung diseases. Six of the CTAs (CT47A, PAGE3, VCX,
MAGEB1, LIN28B and C12orf54) were exclusively reactive in NSCLC samples and their reactivity was confirmed in a second NSCLC cohort. Autoantibodies towards these six CTAs were detected in the range of 1 – 4% of
NSCLC patients. Despite the low frequency of reactivity these results confirm
that certain CTAs provoke an immune response in NSCLC patients and suggest that they should be further evaluated as immunotherapeutic targets. The
antigens selected for this study and the suspension-bead array technique are
mainly suitable for screening purposes. These results therefore need to be confirmed by another approach that has higher sensitivity and specificity. Besides
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indicating possible immune reactions towards tumor antigens presented on
cancer cells, autoantibodies hold the potential as diagnostic biomarkers as
they are stable over time and potentially detected before clinical manifestations. Therefore, the detected autoantibodies towards certain CTAs identified
here could also be evaluated in a discriminative model for use in early cancer
detection.
In Paper V we evaluated a multiplex PEA immunoassay as a screening
method for early detection of cancer. The levels of 92 proteins involved in
various tumorigenic processes were measured in samples obtained from lung
adenocarcinoma and benign lung diseases. Based on the difference in the protein levels between these two patient groups, a classifier was developed that
could discriminate between lung adenocarcinoma and benign controls with a
high sensitivity (93%) and acceptable specificity (64%). The performance of
the assay suggests a potential for its use as a screening assay for lung cancer.
However, the discriminatory model needs to be validated in plasma samples
of an independent cohort and should include even more controls. Also, the
analysis should not be restricted to adenocarcinoma only. All types of lung
cancer should be identifiable in the screening setting.
There is room for improvement. The proteins included in the assay were not
specifically developed for lung cancer, thus the assay could be modified by
including proteins with higher discriminatory power. Other immunoassays often use cytokeratins to identify epithelial tumors. Other markers could be
CTAs or autoantibodies against those proteins that are potentially more specific than general epithelial markers. Thus, we believe that the encouraging
performance of the PEA technique provides a multitude of possibilities to detect proteins for clinical diagnostics.
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