I

Technische Universitat Minchen
Fakultat fir Medizin

Abteilung fir experimentelle Radioonkologie und Strahlenbiologie

Immunological Aspects of the major Heat-Shock Protein 70 and its Role as a Tumor
Biomarker in the NSCLC

Sophie Gunther

Vollstandiger Abdruck der von der Fakultat fiir Medizin der Technischen Universitat Minchen
zur Erlangung des akademischen Grades eines Doktors der Medizin (Dr. med.) genehmigten
Dissertation.

Vorsitzende(r): Prof. Dr. Jiirgen Schlegel
Prifer der Dissertation:

1. Prof. Dr. Gabriele Multhoff

2. apl. Prof. Dr. Philipp J. Jost

Die Dissertation wurde am 27.08.2019 bei der Technischen Universitat Mlinchen eingereicht
und durch die Fakultat fir Medizin am 01.01.2020 angenommen.



This dissertation is dedicated to the people who helped to initiate the lung cancer study
keeping in mind that behind every blood sample there is a human mind

who has to bear the diagnosis of cancer.



Contents

I.  List of Abbreviations 1
Il.  Abstract 2
1 INTRODUCTION 4
1.1 Lung Cancer 4
1.1.1 Clinical Symptoms and Diagnosis 6
1.1.2 Histopathological Classification of Lung Tumors 7
1.1.3 Localization, Metastasis and Staging 9
1.1.4 Therapy and Prognosis 15
1.1.5 Immune Checkpoint Inhibitors in the Therapy of Lung Cancer 17
1.2 Role of Hsp70 and Osteopontin as Tumor Biomarkers of Lung Cancer 18
1.2.1 Hsp70 Levels in Healthy Individuals and Tumor Patients 19
1.2.2 Physiological Function of Osteopontin and its prognostic Value in Carcinogenesis 21
1.2.3 Comparison of Hsp70 with the Hypoxia Induced Tumor Biomarker OPN 22
1.3 The Impact of the Immune System on Tumor Development 24
1.3.1 The Structure and Components of the Innate and Adaptive Immune System 24
1.3.2 The Role of Tumor Immunotherapy 27
1.33 Introduction to targeted NK cell based adaptive Immunotherapy for the Treatment of Patients with
NSCLC after Radio(chemo)therapy 28
1.4 Aim of the Dissertation 29
2 MATERIALS AND METHODS 31
2.1 Collection of Patient Databases 31
2.2 Detection of Hsp70 in the Blood with the lipHsp70 ELISA and immunohistochemical Staining 35
2.3 Detection of OPN Levels 37
2.4 Analysis of the Immune Phenotype with FACS 38
2.5 Radio(chemo)therapy and volumetric Parameters of Patient Collective #2 41
2.6 Statistical Analysis 41
3  RESULTS 43
3.1 Significant Correlation of Hsp70 in the Blood with the GTV 46
3.2 Differences of the Immune Phenotype between NSCLC Patients and Healthy Donors 47
3.3 Correlation of Hsp70 Serum Levels with Lymphocyte Subpopulations in NSCLC Patients 51
3.4 Impact of Radio(chemo)therapy on Hsp70 Blood Levels and its Correlation with Therapy Response 53
3.4.1 Correlation of Pre-Therapeutic (T1) OPN Levels with Hsp70 Plasma Levels in Patients with NSCLC 53
3.4.2 Drop of Hsp70 Plasma Levels after RT in Patients with NSCLC 56
3.4.3 Prediction of Clinical Response to RT by High Post-Therapeutic Hsp70 Plasma Levels 57
4  DISCUSSION 60
4.1 Role of Hsp70 in Tumor Detection and Prognosis 60

4.2 Hsp70 as a Biomarker of Vital Tumor Mass 61



4.3

4.4
441
4.4.2

7.1
7.2

7.3

Interpretation of immunological Phenotypes and Differences in NSCLC Patients in relation to Hsp70
Levels

Relevance of Hsp70 in Therapy Monitoring
Post-Therapeutic Hsp70 Plasma Levels as a Biomarker of Therapy Response
Role of Hypoxia in the Context of Tumor Metabolism and its Influence on Hsp70 and OPN
Expression

CONCLUSION
ACKNOWLEDGEMENTS

REFERENCES
Bibliography
Register of lllustrations

Register of Tables

APPENDIX

Publications with first Authorship

62

66
67

69

71

74

75
75
88
90

92
92



List of Abbreviations

I. List of Abbreviations

APC, allophycocyanin; AJCC, American Joint Committee on Cancer; AUC, area under the curve;
BD, Becton Dickinson Biosciences; BC, Beckmann; BSP-1, bone sialoprotein I; BNSP, bone
sialoprotein I; CA IX, carbonic anhydrase IX; CD, cluster of differentiation; COPD, chronic
obstructive pulmonary disease; CT, computed tomography; Ctrl, control; CYFRA 21-1,
cytokeratin-19 fragment; ELISA, Enzyme-linked Immunosorbent Assay; FITC, fluorescein
isothiocyanate; GM-CSF, granulocyte-macrophage colony stimulating factor; HLA-E, Hsp70,
heat shock protein 70; HIF1a, Hypoxia-inducible factor 1a; IASLC, International Association for
the Study of Lung Cancer; IL-1 B, interleukin-1pB; IL-2, interleukin 2; IL-10, interleukin 10; LDH,
lactate dehydrogenase; MHC, major histocompatibility complex; MIP-1a, macrophage
inflammatory protein-1 a; NK cells, natural killer cells; NSCLC, non-small-cell lung cancer; NSE,
neuron specific enolase; OPN, osteopontin; PBL, peripheral blood lymphocytes; pRb,
Retinoblastoma protein; PBS, phosphate buffered saline; PD-1, programmed cell death
protein 1; PD-L1, programmed death ligand 1; PET, positron emission tomography; PS,
phosphatidylserine; RANTES, regulated upon activation, normal T cell expressed and secreted;
RNA, Ribonucleic acid; RT, radio(chemo)therapy; ROC-curve, receiver operating characteristic;
SCC, squamous cell carcinoma; SCCHN, squamous cell carcinoma of the head and neck; TH2
cell, T helper cell; Treg, regulatory T cells; TNFa, tumor necrosis factor a; VDRE, vitamin D

response element; VEGF, vascular endothelial growth factor; WHO, world health organization;



Abstract

II. Abstract

The heat-shock protein 70 (Hsp70) is a physiologically conserved protein which maintains
protein homeostasis by preventing aggregation or misfolding. Apart from its overexpression
in the cytosol, Hsp70 is frequently found on the cell surface of many different tumor entities
and actively secreted into the blood circulation in exosomes by malignant cells. The expression
of Hsp70 on tumor cells represents an enhanced aggressiveness on the one hand, on the other
hand, this protein has great immunogenic potential and serves as an activator of NK cell-
mediated immunity after stimulation with Hsp70-peptide TKD plus low-dose interleukin-2.
Based on these findings, a current proof-of-concept phase Il clinical trial with
radiochemotherapy (RCT) following ex vivo stimulation of autologous NK cells in squamous
cell carcinoma of the lung with stage IlIA/IIIB has been initiated. In the context of this study,
blood samples of NSCLC patients were collected to determine the Hsp70 status in the plasma
using the lipHsp70 ELISA. The novel ELISA enables the quantification of both lipid bound and
free Hsp70 in the blood. A comparison of Hsp70 in NSCLC patients and healthy volunteers
confirmed significantly elevated levels in the blood of tumor patients. Further investigations
on Hsp70 which are based on a different patient collective of NSCLC patients revealed a
significant correlation with the gross tumor volume. The immune phenotype was evaluated
with fluorescence-activated cell sorting (FACS). Significantly elevated ratios of NK cells with
the activation markers CD69*/CD94* were associated with low serum Hsp70 levels in
squamous cell NSCLC patients. These findings might indicate that the adeno NSCLC is less

immunogenic than the squamous cell NSCLC.

Since the overall survival of lung cancer patients is unsatisfactory due to a lack of specific
symptoms leading to a delay of first diagnosis, the role of Hsp70 was investigated in the
therapy monitoring of tumor patients and compared to the tumor biomarker osteopontin.
Similar to Hsp70, osteopontin is physiologically expressed especially by osteoblasts and serves
as a component of the extracellular bone matrix. It has also been found to be enhanced in the
blood of tumor patients and indicates tumor hypoxia concomitant with a disadvantageous
prognosis. Hypoxia mediates resistance to radio(chemo)therapy by stimulating the
transcription of hypoxia-related genes, including the major stress-inducible Hsp70. With

respect to the opposing traits of Hsp70, its clinical role in the therapy monitoring of patients
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with advanced, non-metastasized non-small-cell lung cancer (NSCLC) was assessed. Plasma
levels before (T1) and 4-6 weeks after RT (T2) were compared and evaluated in relation to
OPN concerning its function as a tumor biomarker. Plasma levels of Hsp70 correlated with
those of OPN at T1, and high OPN levels were significantly associated with a decreased overall
survival (OS). Hsp70 plasma levels dropped significantly at T2 (p =0.016) when the tumor
volume decreased after RT. Nevertheless, with respect to the immunostimulatory capacity of
Hsp70 released by dying tumor cells, patients with higher post-therapeutic Hsp70 levels
showed a significantly better response to RT (p = 0.034) than those with lower levels at T2.

In summary, high OPN plasma levels at T1 are indicative of poor OS, whereas elevated post-
therapeutic Hsp70 plasma levels, together with a drop of Hsp70 between T1 and T2,
successfully predict favorable responses to RT. Monitoring the dynamics of Hsp70 in NSCLC
patients before and after RT can provide additional predictive information for clinical outcome

and therefore might allow a more rapid therapy adaptation.



INTRODUCTION

1 INTRODUCTION

Lung cancer is the tumor entity with the highest number of cancer-related deaths and the
second most common cancer among both men and women [141]. It is a growing concern
especially in countries like China, Asia and Africa [84]. According to the GLOBOCAN report
2000 [103], the incidence of lung cancer worldwide is 1,238,900 with a mortality of 1,103,100
and a 5-year prevalence of 1,394,400. Frequently, the patients already have an advanced stage
at the time of first diagnosis as the symptoms of lung tumors are unspecific and can be covered
by additional secondary pulmonal diseases like COPD (chronic obstructive pulmonary disease)
or pneumonia that are accompanied by clinical symptoms like dyspnea, coughing or chest pain
[142]. State of the art therapies, such as radical surgery, chemo- and/or radiotherapy, could
not improve the outcome of locally advanced tumor stages. Among all kinds of lung tumors,
the Non-Small Cell Lung Cancer (NSCLC) is the most common type with 80-85% [143]. The
progression-free and overall survival of NSCLC patients in stage IlIA and IlIB is often less than
16 months [98]. Consequentially, there is a high medical need to explore new treatment
modalities to increase life expectancy of NSCLC patients and to develop minimal invasive

methods for an early tumor detection.

1.1 Lung Cancer

Lung cancer is the most frequent tumor associated cause of death worldwide [144]. Regarding
mortality, it surpasses the mamma carcinoma, prostate cancer and the colon carcinoma. The
majority of the patients are male, although the number of female patients is constantly
growing [98] due to an increasing percentage of female smokers since the late 20t century.

The average age of onset is 70 years [145].
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cancers are smoking-related [147].
The reason for this is that tobacco smoke includes many different carcinogens like
nitrosamines and N-nitroso compounds, benzopyrene and mutagenic metallic substances
(e.g. cadmium hydroxide) [121]. However, not only the intentional consumption of cigarettes
evokes carcinogenic processes. Also the frequent exposition to second-hand smoking has
equal toxic effects [148]. The risk of developing lung cancer when living together in a
household with a smoker increases by 20 to 30% [106].

In most cases of non-smoking related cancers, the formation of tumor cells is genetically
determined. Alterations in oncogenes and tumor suppressor genes as well as genetical
polymorphisms, which are responsible for tumor metabolism and DNA repair, increase the
risk of developing lung cancer. Especially mutations in the genes of the epidermal growth
factors (EGFR) and anaplastic lymphoma kinase (ALK) have been detected predominantly in
never smokers and oligo-smokers [114], whereas KRAS mutations occur more often in current
or former smokers. Further, never-smokers frequently develop better-differentiated

adenocarcinomas with less mutations in the tumor suppressor gene p53 [119].

Professional exposition to matters like asbestos particles, coke oven gases, arsenic or wood
dust combined with tobacco consumption also increases the hazard of carcinogenesis [119].
Altogether, over 90% of work-related lung cancer incidences are caused by exposure to

asbestos [117].
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1.1.1 Clinical Symptoms and Diagnosis

Frequently, lung cancer is detected at advanced stages. The symptoms of this tumor entity are
very unspecific at an early stage and can be associated with other pulmonary disorders like
chronic obstructive pulmonary disease (COPD) or emphysemas that are mostly a result of
smoking or pneumonia. Moreover, many lung tumors occur simultaneously with pathological
tissue impairments like COPD and can be covered by them without reasonable diagnostic
analysis. The symptoms include coughing, hemoptysis, wheezing and dyspnea. Apart from
respiratory abnormalities, there can be systemic signs that are typical of malignant diseases
and are referred to as B-symptoms, which are fever, weight loss of over 10 % in a period of six
months and night sweats. In patients with an advanced stage, an infiltration of adjacent
structures with tumor tissue can lead to bone and chest pain or difficulties with swallowing
for example. Additionally, paraneoplastic syndromes can occur off the tumor sites or its
metastases. The associated symptoms include a broad range of metabolic and hormonal
changes. Electrolyte imbalance, osseous alterations like the hypertrophic pulmonary
osteoarthropathy, Cushing syndrome and different disorders of the neurological system are
only some of them [149]. Besides this, a formation of autoantibodies against autoantigens
expressed by tumors can lead to neuromuscular syndromes. At an age over forty years,
symptoms of asthma and bronchitis, recurring episodes with pneumonia and therapy-
resistant coughs and sneezes are always suspicious of a bronchial carcinoma [142].

To reinforce a suspicion, chest x-ray in two planes is mostly the initial imaging to get an
overview of potential alterations in a single area, of multifocal lesions or the enlargement of
pulmonary nodules, a widened mediastinum or tracheobronchial narrowing for example
[149]. The findings of CT imaging give a first hint on altered anatomic structures, but they are
not specific to lung cancer and implicate further diagnostic methods like a mediastinoscopy
with core needle biopsies of suspicious lesions followed by cytopathologic confirmation.
Additionally, PET (positron emission tomography), which is a nuclear imaging technique
mostly using fluorine-18 to detect high turnover metabolic processes in the body, can help to

differentiate between inflammatory and malignant processes.

A laboratory analysis of the blood can support a suspected diagnosis, although ordinary blood
values do not exclude the presence of a tumor. Possible variances might be found in the
hemogram, the electrolytes, the lactate dehydrogenase (LDH) and serum uric acid or in the
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liver parameters in the case of metastases for example. Additionally, there are tumor markers
which can be elevated in patients with lung cancer, such as the neuron specific enolase (NSE)
in the small cell lung cancer or CYFRA 21-1 (cytokeratin-19 fragment) especially in the NSCLC.
Nevertheless, the stated sensitivity and specificity of these biomarkers varies significantly
within the literature. They should not be used for diagnostic issues and rather play a role in

the tumorous progress evaluation.

Figure 2:

Affirmation of the diagnosis lung cancer (adenocarcinoma) with medical imaging, Duale Reihe Innere Medizin
2009 [5]

A) Posterior-anterior chest X-ray of a 72 year old woman; tumor location in the right superior lobe

B) The related thoracic CT cross section: peripheral tumor in the right superior lobe

1.1.2 Histopathological Classification of Lung Tumors

Lung tumors consist of malignant cells originating from the bronchi, bronchioles and alveoli.
They can be divided into different subgroups according to their histology. The two main types
of lung cancer are the Small-Cell Lung Carcinoma (SCLC) and Non-Small Cell Lung Carcinoma
(NSCLC). The latter is further classified into the adeno carcinoma, the squamous-cell

carcinoma and the large-cell carcinoma.

At present, adenocarcinomas are the most frequent lung cancer type in highly industrialized
countries with a rate of 50 % of all Non-Small Cell Lung Cancers [150]. As adenocarcinomas of
the lung are highly heterogenous in their genetic aberrations [150], further subgroups can be

distinguished. The acinar or papillary predominant adenocarcinoma, the solid predominant
7
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and the invasive mucinous adenocarcinoma are only some of them. Tumor cells of the adeno
carcinoma originate from glandular structures mostly in the peripheral lung tissue, whereas
the squamous cell carcinoma in situ has its origin in a metaplasia or dysplasia of the squamous

epithelium closer to the hilar centre of the lung (figure 4).

A) B)

Lung tumors NSCLC subtypes

Figure 3:

lllustration of proportional distribution of different lung cancer subtypes

A) Classification of lung tumors: 85% of all lung tumors are NSCLC and 15% are SCLC or other subtypes [150]; B)
Subdivision of the NSCLC into squamous cell carcinoma (30%), adeno-carcinoma (50%) and others including the
large cell carcinoma (20%) [150]

According to the WHO-classification of 2004, carcinomas that distinctly lack glandular, small-
cell like or squamous-cell like structures are defined as large cell carcinomas. Typical of this
NSCLC subgroup are big cell nuclei (> 26 um), prominent nucleoli and less cytoplasm. On the
contrary, the small cell carcinoma is a poorly differentiated and highly malignant carcinoma
with rather small cell nuclei and sparse cytoplasm. The tumor cells are barely cohesive which

results in multiple metastases after a short time period and a highly limited survival time.
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Figure 4:

Scheme of the structure of bronchial epithelium and lung cancer cells with different cellular origin along with
markers that represent the respective tumor subtype

Lung cancer cells of the SCC originate from basal cells of the trachea close to the hilus of the lung. The basal cells
as well as their metaplasia (in smokers) and cells of the SCC express p63, SRY-box 2 (SOX2) and keratin 5 (KRT5).
Adenocarcinomas of the lung derive from respiratory cells which are located peripheral from the hilus and
generate surfactant protein C (SPC), KRT7 and thyroid transcription factor 1 (TTF1). The markers KrasG12D,
KrasG12D expression and Trp53-null, and epidermal growth factor receptor (EGFR)T790M/L858R are
characteristic of adenocarcinomas of the lung.

AcTUB, acetylated tubulin; AT, alveolar epithelial type; CCSP, club cell secretory protein; CGRP, calcitonin gene-
related peptide.[23]

1.1.3 Localization, Metastasis and Staging

The localization of bronchial carcinomas is variable and mainly depends on the histological
subtype. With a percentage of 60-70%, tumors with a central position near the hilus are
predominant. Most squamous carcinomas grow in this manner as their cells derive from the
bronchial epithelium. The small cell carcinoma equally emanates from centrally located
neuroendocrine cells of the bronchial mucosa. The second most common localization is in the
periphery of the lung (30-40%) which is typical of the adenocarcinoma [86]. Diffuse infiltrating

pneumonic carcinomas are less frequent.
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The progression of the disease is crucially affected by metastasis. Mediastinal lymph nodes
are infested frequently and early, continuing with intrapulmonary lymph nodes. Single lymph
node stations can be skipped (skip lesion). The migrating tumor cells leave the lung passing
parabronchial and hilar lymph nodes. Further sites of metastases are predominantly found in
the brain, the suprarenal gland, the liver and the bone. In many cases, the symptoms of
metastases become apparent before the primary tumor is identified. In contrast to the NSCLC,
hematogenous spreading of the SCLC typically leads to the formation of metastases within a
shorter time frame. In these cases, medical imaging shows multiple smaller spots of
disseminated tumor tissue in the lung and the aforementioned locations.

For a better evaluation of prognosis and treatment adjustments, the bronchial carcinoma is
categorized by the TNM classification which was developed by the Union for International
Cancer Control (UICC). A similar classification was used by the American Joint Committee on
Cancer (AJCC). In 1987, the staging systems of these federations were unified to create
consensus on one international standard for classifying cancers regarding their spread. The
TNM staging system was revised according to the IASLC (International Association for the
Study of Lung Cancer)/UICC8 and is the present classification system since 1 January 2017. It
considers the size of the primary tumor (T), the lymph node involvement (N) and the presence

of distant metastases (M). The current staging is summarized in Table 1.

Table 1:

Summary of the staging system of the NSCLC according to the American Joint Committee on Cancer (AJCC)

A) Summary of the TNM staging system in the NSCLC and explanation of the short forms; each stage is a
combination of the factors tumor size (T), the affected lymph nodes (N) and the presence of metastasis (M).

B) The combination of different TNM compositions determines the tumor stage of the NSCLC [46]

1A)
Primary Tumor (T) Classification
X Primary tumor cannot be assessed or proven by the presence of malignant cells in sputum
or bronchial washings but not visualized by imaging or bronchoscopy
TO No evidence of primary tumor
Tis Carcinoma in situ
T1 Tumor 3 cm or less in greatest dimension
Tla Tumor 2cm or less in greatest dimension
Tib Tumor more than 2 cm but 3cm or less in greatest dimension

10
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T2

Tumor more than 3 cm but 7 cm or less or tumor with any of the following features (T2
tumors with these features are classified T2a if 5 cm or less): involves main bronchus, 2cm
or more distal to the carina; invades visceral pleura (PL1 or PL2); associated with atelectasis
or obstructive pneumonitis that extends to the hilar region but does not involve the entire
lung

T2a

Tumor more than 3 cm but 5 cm or less in greatest dimension

T2b

Tumor more than 5 cm but 7 cm or less in greatest dimension

T3

Tumor more than 7 cm or one that directly invades any of the following: parietal pleural
(PL3), chest wall (including superior sulcus tumors), diaphragm, phrenic nerve, mediastinal
pleura, parietal pericardium; or tumor in the main bronchus less than 2 cm distal to the
carina but without involvement of the carina; or associated atelectasis or obstructive
pneumonitis of the entire lung of separate tumor nodule(s) in the same lobe

T4

Tumor of any size that invades any of the following: mediastinum, heart, great vessels,
trachea, recurrent laryngeal nerve, esophagus, vertebral body, carina, separate tumor
nodule(s) in a different ipsilateral lobe

Distant Metastasis (M) Classification

MO No distant metastasis

M1 Distant metastasis

M1la Separate tumor nodule(s) in a contralateral lobe, tumor with pleural nodules or malignant
pleural (or pericardial) effusion

M1b Distant metastasis (in extrathoracic organs)

Regional Lymph Node (N) Classification

NX Regional lymph nodes cannot be assessed
NO No regional lymph node metastases
N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and
intrapulmonary nodes, including involvement by direct extension
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)
1B)
Anatomic stage/prognostic Groups
Occult Carcinoma TX NO MO
Stage 0 Tis NO MO
Stage IA Tla
Stage IB Tib NO MO
T2a
Stage IIA T2b NO MO
Tla
Tlb N1

11
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T2a
Stage 1B T2b N1 MO
T3 NO MO
Stage IlIA Tla N2 MO
Tib
T2a
T2b
T3 N1
T3 N2
T4 NO
T4 N1
Stage IlIB Tla N3 MO
Tib
T2a
T2b
T3
T4 N2
T4 N3
Stage IV Any T Any N M1la
M1b

Due to the vast spread of metastatic tumor tissue of the SCLC, a different more abstract

staging system is commonly used for this histological subtype (Table 1C). The SCLC is classified

into “very limited-stage”, “limited-stage” and “extensive-stage disease” according to the

Veterans Administration Lung Study. SCLC tumors with very limited-stage disease are confined

to the hemithorax without an involvement of mediastinal lymph nodes. In limited-stage

disease, tumor tissue is localized in one hemithorax and restricted to ipsilateral lymph nodes.

In extensive-stage disease, that occurs in more than 60% of all SCLC cases (17), malignant

tissue exceeds the hemithorax.

Table 1C): Classification of the SCLC according to the Veterans Administration Lung Study

SCLC stage Stage according to the TNM classification
Very limited-stage T1-2, NO-N1
Limited-stage T1-4, N2-3

Extensive-stage disease

M1 (every T, every N)

12
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The AJCC introduced prognostic stage groups in addition to the anatomical TNM staging
system (Table 2a+b) which consider further important factors. These stage groups are
abbreviated with prefix modifiers. The combination of the prefixes helps to shortly describe
and assess the circumstances of diagnoses, a potential relapse, residual tissue after tumor
therapy or the invasion of lymphatic vessels or veins. The tumor grading is a histological
assessment of the differentiation grade of tumor cells. It ranges from G1, which describes still
well differentiated, slowly growing tumor cells with equable epithelium but cellular atypia, to
G4 tumor cells, which have completely lost the characteristics of their cell of origin and are
characterized by a quick spread and necrosis or pseudocysts.

As an example, the combination pT4 pN1 M1 R1 G4 describes a tumor which has been
diagnosed by a pathologist after surgical removal, it has a large tumor volume with an
involvement of peribronchial or perihilar lymph nodes, it was not removed entirely, and the

tumor cells are completely degenerated.

Table 2A): Prognostic stage groups according to the AJCC

Symbol Term Explanation

C Clinical Stage determined with clinical information

P Pathologic Stage determined with pathologic investigations after surgical

resection

Y Restaging Reevaluation of the stage after therapy start
Recurrence Stage at the time of relapse

A Autopsy Stage determined with an autopsy

G (1-4) Grading of the malignant degeneration of cancer cells

S (0-3) Elevation of serum tumor markers

L (0-1) Invasion of lymphatic vessels

V (0-2) Invasion of veins

13
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Table 2B): Description of residual tumor tissue after treatment

Symbol Term Explanation

RX Residual questionable Tumor presence is not assessable

RO No residual No cancer cells at the resection margin

R1 Microscopic residual Microscopical presence of cancer cells at the margin

R2 Gross residual Macroscopic (visible/palpable) presence of tumor cells

R2a Macroscopic tumor without microscopic affirmation

R2b Macroscopic tumor with microscopic affirmation
Figure 5:

Schematic illustrations of the NSCLC stages IlIA and IlIB which are almost inoperable but still free from
metastases. Patients with stages IlIA and I1I1B were enrolled into a clinical phase Il trial dealing with NK cell
immunotherapy after RCTx (further descriptions of the study: see 1.3.3). [151]
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1.1.4 Therapy and Prognosis

The bronchial carcinoma is a very heterogenous kind of neoplasia that differs in genetic,
biological and clinical characteristics, such as therapy response for example. Therefore, the
basis of an optimized therapy management is the correct classification of the lung cancer
subtype and stage. The main difference between the two major groups NSCLC and SCLC is that
in contrast to the SCLC, the therapy of choice for NSCLC patients is surgery as they show poor
response to radio(chemo)therapy. On the contrary, the SCLC is more sensitive to
radio(chemo)therapy and at diagnosis, the concerned patients already have an extensive
stage with dispersed multifocal metastases making surgery abortive. The SCLC reaches double
volume in 10-50 days, whereas the NSCLC needs 180-300 days. In addition, there are further
patient factors that are independent from the tumor but nevertheless need to be considered
for the choice of an optimal treatment. Even though there might be the chance of a recovery,
impacting conditions like comorbidities (cytopenias or advanced psychiatric disorders e.g.), a
poor cardiac and pulmonary function, frailty or a very poor general condition may affect a
decision in the sense of preferring palliative care over curative treatment which would only

be possible with aggressive therapy [149].

In principle, the treatment options of the NSCLC involve surgery, chemotherapy and/or
radiotherapy and the decision for a type of treatment is tumor type- and stage-dependent.

The radio sensitivity of adeno carcinomas is generally lower than of squamous subtypes. At
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the early stages | and Il, radical surgery including the resection of a pulmonary lobe or even
pneumonectomy followed by a lymph node dissection. The extent of the surgical intervention
is subordinate to the individual lung function. Patients with a poorer pulmonary capacity
benefit from segmentectomy and wedge resections. At an early stage, neoadjuvant
chemotherapy with 4 cycles of cisplatin and a further chemotherapy drug is frequently taken
into consideration. Patients with the stages Il and Ill are treated with an adjuvant
chemotherapy after surgery consisting of cisplatin combined with a further chemotherapy
drug (vinorelbine, docetaxel, paclitaxel, etoposide, gemcitabine or pemetrexed). In general,
the treatment of stage Il disease is individual and affected by the expansion of malignant
tissue in the lung as well as comorbidities. In the case of an unresectable stage IlIA bronchial
carcinoma, the standard therapy is combined chemoradiotherapy. In the case of stage IlIB,
the patient is offered the same treatment as in stage IlIA. Further options are radio- or
chemotherapy solely. Radiation therapy is also the main therapy in the case of an invasion of
the mediastinum, the heart, great vessels or the spine.

In stage IV disease, therapy is limited to providing best palliative care with
radio(chemo)therapy, targeted drugs or smaller surgical interventions such as bronchoscopic
resection of tumor tissue constraining the airways or placement of stents and pleural drainage
catheters. An exception in stage IV disease is the TNM stage T4 NO MO (no lymph node
involvement or metastasis). In this case, a surgical removal with neo-adjuvant or adjuvant
concomitant chemoradiotherapy can be taken into consideration.

An alternative option (especially in advanced stages) is a targeted therapy, which focuses on
the inhibition of mutated, active genetic structures, such as tyrosine kinase inhibitors (e.g.
erlotinib, gefitinib) in the case of changes in the EGF-receptor. Nevertheless, a targeted
therapy is only possible in the presence of certain mutations.

The prognosis of the bronchial carcinoma is rather poor compared to other tumor entities. It
is the most frequent tumorous cause of death. Less than 20 % of all lung cancer patients are
still alive five years after diagnosis [24]. 30-40 % of all NSCLC cases are stage 1V, and 60 % of
SCLC are stage IV at diagnosis [23, 87]. Prognostic factors are the extension of the tumor tissue
defined by the tumor staging, together with age, gender (women have a higher five-year-
survival), immune response (a decreased lymphocyte number is associated with a worse
prognosis) and histological subtype [73]. Clinically, the small cell lung carcinoma is more

aggressive. It is characterized by a faster cell doubling time, an earlier dissemination and a
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bigger number of dispersed metastases, but quite small multiple areas of metastatic tissue.
With radiochemotherapy, a complete recovery is possible for 5 % of the patients with limited
disease. By contrast, a five-year survival of up to 60 % for NSCLC patients with complete

surgical resection of stage IA disease can be achieved [104].

1.1.5 Immune Checkpoint Inhibitors in the Therapy of Lung Cancer

The immune system has a major part in tumor combat and control. Nevertheless,
conventional therapy methods were unable to achieve a sustainable long-term anti-tumor
immune response. Therefore, the extension of molecularly targeted agents to the treatment
of NSCLC was a major breakthrough. This progress is based on the findings that malign cells
can circumvent immune defense by expressing the checkpoint molecule programmed death
ligand 1 (PD-L1, B7-H1), serving as a specific ligand to the surface molecule programmed cell
death protein 1 (PD-1) on surveilling lymphocytes and other immune cells [60, 122]. By
forming a complex, these two proteins act as an immune checkpoint and can activate or damp
the cellular adaptive immune response [18]. Like this, natural defense mechanisms can be
knocked out by tumor cells.

The molecules of the immune checkpoints have become the target structures of a new
therapeutic approach using monoclonal antibodies such as Nirvolumab, Pembrolizumab and
Durvalumab. They block the interaction between the checkpoint molecules PD-1 on immune
cells and PD-L1 on cancer cells. Recent studies represent a prolonged period of immunological
activity under therapy with immune checkpoint inhibitors [18, 68, 113]. Inmunohistochemical
analysis of tumor tissue showed a massive invasion with CD8* lymphocytes [18]. In the
peripheral blood, a redistribution of lymphocytes could be observed with an initial short drop
in T cells. In the long term, the number of T cells increased and remained elevated for about
one month.

In 2017, the New England Journal of Medicine published the PACIFIC study which
demonstrated a longer median progression-free survival of stage Ill NSCLC patients (16,8 vs.

5,6 months with placebo) after the addition of the PDI-1 inhibitor Durvalumab to radio-
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chemotherapy. In addition, the median overall survival could be improved (23.2 vs. 14.6
months) and the rate of brain metastases reduced [4].

So far, checkpoint inhibitors have been examined successfully and are taking final steps in
clinical testing. Adverse reactions were less frequent compared to common drugs used for
chemotherapy. They included mostly fatigue, immune-related endocrinopathies,
pneumonitis, nephritis, rash and colon and liver toxicities [45, 123].

But despite the promising results, there is a relevant number of patients who do not benefit
from blocking immune checkpoint inhibitors. A recent study on lung cancer and squamous
carcinoma of the head and neck revealed that therapies with PD-1 blockade are most
successful in tumors with many mutational aberrations [79, 111]. Shevtsov et al. achieved a
delay in tumor growth and an improved overall survival in a syngeneic glioblastoma and
xenograft lung cancer mouse model by combining the transfer of ex vivo activated NK cells
and PD-1 inhibition [113]. Further, long-term tumor control was observed in a patient with
stage lllb NSCLC after radiochemotherapy combined with mHsp70-targeting NK cell transfer
and second-line PD-1 inhibition [68]. Again, enhanced immunological activity with significantly
elevated activated NK cells, elevated CD8*/CD4" ratios and significantly reduced Tregs could
be observed in the peripheral blood.

Overall, combined immunological treatment approaches are well tolerated and have great

potential to control advanced tumors by complementing each other.

1.2 Role of Hsp70 and Osteopontin as Tumor Biomarkers of Lung Cancer

Tumor biomarkers are molecules or responses of the body which are specific of tumorous
processes. Biomarkers can be particles which may be released by tumor cells and are
physiologically not detectable or overexpressed by cancer cells. The impact of biomarkers is
constantly growing in clinical routine as they can be acquired easily in a non-invasive way. Two
of these biomarkers with a great potential are the heat-shock protein 70 (Hsp70) and
osteopontin, which both are measurable in the blood of healthy individuals and overexpressed
in tumor patients. The expression of Hsp70 is induced by cell stress, such as hypoxia or

radio(chemo)therapy. An elevation of Hsp70 levels or the presence of hypoxic conditions have
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been shown to affect therapy outcome adversely [54, 96]. Hsp70 further plays an important
role in the interaction with the immune system. Osteopontin equally correlates with hypoxia
and is indicative of the overall survival [99, 101]. Altogether, both biomarkers seem to have
outstanding characteristics which might be beneficial for tumor therapy. For this reason, the
investigations on Hsp70 regarding its function as a biomarker of vital tumor tissue were
extended in consideration of immunological aspects, dynamics during therapy and a potential

correlation with osteopontin.

1.2.1 Hsp70 Levels in Healthy Individuals and Tumor Patients

The Hsp70, also known as HSPA1A, Hsp70-1, Hsp72 or HspAl [64], is present in different
compartments of all eukaryotic cells. As a molecular chaperone, it interferes in cellular
networks such as transcriptional, membrane, organelle and signalling processes [115]. It
further maintains cellular homeostasis by refolding misfolded proteins. Under stress
conditions, mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK) together with stress-activated protein kinase (SAPK) signalling cascades that
stimulate heat shock factors (HSFs) are responsible for the induction of Hsp70 [1, 33, 88].
Elevated levels of Hsp70 in the blood can be observed in patients with inflammatory diseases
like hepatitis or COPD for example [40]. Nevertheless, it is exceptional that the levels in cells
of various cancer subtypes, such as head and neck, lung, colorectal, pancreas, glioblastoma
cells or cells of haematological malignancies [52, 105] are constitutively higher. The expression
of Hsp70 is additionally enforced by the exposure to cell stress in the tumor
microenvironment, such as nutrient and oxygen deprivation, acidosis or free radicals, which
create further mutant dysfunctional proteins.

Different to healthy cells, cancer cells contain Hsp70 not only in the cytosol, but also on their
plasma membrane. Regarding its localization on the cell surface, Hsp70 interacts with specific
components of the lipid bilayer, such as globoyltriaosylceramid [41] under physiological
circumstances and phosphatidylserine (PS) [6, 7] in case of stress like radio-(chemo)therapy.
As Hsp70 and phosphatidylserine are colocalized in the lipid membrane, it is likely that during

early apoptosis Hsp70 is inserted into the surface membrane by a flipping mechanism of
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Hsp70 together with PS. Hsp70 is transported with endosomal and lysosomal vesicles [70] and
not via a classical ER-Golgi transport pathway.

In addition, tumor cells with a membrane Hsp70-positive phenotype actively secrete
exosome-like vesicles with a diameter of 50-100 nm. In general, exosomes can be detected in
various bodily fluids like serum and plasma, milk, urine or broncho-alveolar lavages [108]. The
reason for this is that except of tumor cells, many different cells like hematopoietic cells,
neuronal cells, adipocytes, fibroblasts or intestinal epithelial cells can produce exosomes in a
physiological way [2, 108]. Formed by a double inversion of the plasma membrane, the protein
amount together with the orientation of proteins in the exosomal membrane mimick that of
the cell from which they originate [66]. In vitro experiments revealed that lipid vesicles with
Hsp70 in the plasma membrane also express high amounts of Hsp70 in their lumen [38].
Likewise, the protein composition inside exosomes is comparable to that of the cytosol.
Consequentially, Hsp70 membrane positive tumor cells release exosomes which exhibit Hsp70
on their surface [38] and additionally have high amounts of Hsp70 in their lumen. As a result,
the Hsp70 phenotype of tumor cells can be deducted from the amount of Hsp70 that
exosomes comprise [82].

In general, an overexpression of Hsp70 in tumors is associated with a more aggressive tumor
phenotype. Elevated levels are associated with lymph node metastases in breast cancer [67]
and with vascular invasion in gastric cancers [20]. Murakami et al. additionally have shown an
increased radio-resistance of Hsp70-positive tumor cells [96].

On the other hand, it has been demonstrated that Hsp70 has the potential to induce immune
response. The tumor biomarker serves as a recognition structure particularly for NK cells.
Moreover, not only the biomarker itself, but also the N-terminal 14-mer peptide
TKDNNLLGRFELSG (TKD, aa 450-463) which respresents the epitope of the monoclonal
antibody cmHsp70.1 is able to enhance proliferative and cytolytic activity of NK cells in
combination with low dose IL-2 (TKD/IL-2) [91]. This alternate recognition structure binds both
free as well as membrane-bound Hsp70. The results of in vitro stimulation have shown that,
after an incubation with Hsp70 protein or Hsp70 peptide plus IL-2, the density of activation
markers CD94/NKG2C, NKG2D as well as the cytolytic activity against Hsp70 membrane-
positive tumor cells were enhanced. The lysis of membrane Hsp70 positive tumor cells is

predominantly mediated by the pro-apoptotic enzyme granzyme B, while perforin is only
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moderately increased [47, 49] (Figure 6). Granzyme B has the capacity to enter tumor cells
via membrane bound Hsp70.

In summary, constitutive high Hsp70 levels are characteristic of a malignant transformation
and indicate a more aggressive tumor phenotype, but on the other hand membrane bound
Hsp70 serves as a recognition structure for NK cells and thereby can lead to a stimulation of

the innate immune system.

Schematic representation of the

ACAA granzyme B mediated lysis of

Granzyme B iﬁ Granzyme B membrane Hsp70 positive tumor cells
AAA A A i by NK cells (Multhoff et al., 2012).

A Aﬁ A 1 Perforin After binding of NK cells expressing the

A activation marker CD94/NKG2C and

AA A . NKG2D, granzyme B (yellow triangles) is

p7 —AS Perforin pore released either alone or accompanied by

perforin (red cubes). The uptake of
granzyme B into the tumor cell takes
place by direct endocytosis via
membrane-bound Hsp70 (red triangle).
In the presence of perforin, there is a co-
transport of perforin and granzyme B via
perforin pore formation. Subsequently,
the apoptosis of membrane Hsp70
positive tumor cells is induced.

(93]

1.2.2 Physiological Function of Osteopontin and its prognostic Value in Carcinogenesis

Similar to Hsp70, osteopontin (OPN) or bone sialoprotein | (BSP-1 or BNSP) is a physiologically
present protein which is mostly expressed in the bone by (pre)osteoblasts and osteocytes.
Located in extracellular structures, it serves as an organic component of bones. Apart from
osseous structures, osteopontin can be synthesized by a large range of other tissue types like
fibroblasts [8], endothelial and dendritic cells, macrophages [97], as well as smooth [56] and
skeletal muscle [124]. Calcitriol (1,25-dihydroxy-vitamin Ds) increases the OPN transcription
due to an incorporation of a specific vitamin D response element (VDRE) into its gene
promoter [22, 107]. There are still further mediators of OPN expression like molecules which
emerge in an inflammatory environment [50], such as tumor necrosis factor a (TNFa),

interleukin-1B (IL-1B) or angiotensin II, but also physical situations of stress like hypoxia or
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hyperglycemia. The main function of osteopontin is bone remodeling and biomineralization.
According to recent findings, it is involved in anchoring osteoclasts to the bone matrix [109].
Stimulated by cytokines, this protein interacts with the immune system by blocking the
synthesis of the TH2 cytokine IL-10. It further increases the production of immunoglobulins in
B cells [135] and contributes to the activation of macrophages. The latter process has been
demonstrated in a study that exhibited the ability of OPN-positive tumors to initiate
macrophage activation in contrast to OPN-deficient tumors [30]. Equally to Hsp70, OPN is
overexpressed in many different tumor types including lung, colorectal, stomach, breast,
ovarian cancer and the melanoma. Chambers et al. could show that OPN RNA and protein
were enhanced in most NSCLC tumor cells compared to physiological tissue, but OPN was
primarily detected in tumor-infiltrating macrophages and necrotic areas [21]. A significant
correlation between OPN-immuno-positivity of the tumor tissue and overall survival has been
found [21]. Osteopontin is of particular interest in the oncological field due to its association
with tumor hypoxia. In NSCLC, an inverse correlation between OPN plasma levels and intra-
tumoral p0O;, measured with polarographic needle electrodes, has been detected [71].
Elevated plasma levels are associated with poor prognosis in several tumor types [28, 58]. In
patients with head-and-neck cancer who received radiotherapy, the pre-therapeutic OPN
plasma levels were used as an indicator of tumor hypoxia and to distinguish patients who most
likely will profit from a treatment with the hypoxic radiosensitizer nimorazole [72, 102]. After
chemo- [58] and surgical [14] therapy of lung cancer, OPN plasma levels diminished following

resection of NSCLC.

1.2.3 Comparison of Hsp70 with the Hypoxia Induced Tumor Biomarker OPN

Both biomarkers, Hsp70 and OPN are physiologically present in many different cell types
where they fulfil different functions. Under physiological conditions, Hsp70 is predominantly
located in the cytosol where it maintains protein homeostasis. Osteopontin by contrast acts
as a component of the extracellular bone matrix by anchoring osteoclasts, but it is also present
in various other tissues and interacts with the immune system in healthy individuals. Both
biomarkers have been found to be overexpressed in a large variety of tumor entities. Whilst

Hsp70 is localized in the cytosol, on the plasma membrane and in secreted exosomes, OPN in
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the tumor microenvironment is a result of an increased release of tumor and non-malignant
cells, such as immune cells, fibroblasts or endothelial cells [3]. The release of OPN in tumor
cells has been found to be based on an upregulated transcription due to promoter
polymorphisms and dysregulated signaling pathways [76]. The released OPN can activate cells

in the tumor microenvironment via autocrine and paracrine mechanisms (Figure 7) [3].

Figure 7: The presence of OPN in the tumor microenvironment (Anborgh et al., 2010). OPN (solid circles) is

ECM secreted by tumor cells (TC) and non-tumor cells (*)
S~ including immune cells, fibroblasts, endothelial cells,
etc. _—'-_.——7' in the tumor microenvironment. The released OPN

’ affects either the secreting cell itself in an autocrine

manner or different cells with an integrin or CD 44
family cell surface receptor via paracrine
mechanisms. The secreted OPN may not only have
influence on the surrounding cells but can also be
absorbed by the extracellular matrix.

Increased Hsp70 and OPN levels in the plasma represent an aggressive tumor phenotype and
a poor overall survival. The expression of Hsp70 is also stimulated by hypoxia. OPN by contrast
serves as a predictor of tumor hypoxia as it correlates with intra-tumoral pO, which acts as a
prognostic marker in NSCLC. A co-detection of the markers OPN, VEGF and CA IX augments
the prognostic value of hypoxia and radio-resistance [99]. Tumor hypoxia is one of the major
risks for radio-resistance and leads to insufficient therapy outcome of lung cancer patients
after radiotherapy [10, 54, 129]. Poor intra-tumoral oxygenation evokes neo-angiogenesis and
creates an aggressive, resistant and rapidly progressing tumor phenotype [128]. As a result,
OPN seems to serve as a reliable tumor biomarker in the evaluation of tumor hypoxia. Due to
the aforementioned overlaps between Hsp70 and OPN, the following research aims to
investigate a possible correlation between these two markers and their potential function as

a prognostic maker for clinical outcome.
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13 The Impact of the Immune System on Tumor Development

The likelihood of developing malignant processes is affected by various factors. These involve
the exposition to carcinogenic risk factors such as radiation, nitrosamines, polycyclic aromatic
hydrocarbons or just an unfavourable genetic predisposition which is characterised by
mutations in DNA regions of oncogenes. Different endogenous mechanisms control the
transformation of normal tissues into malignant cells. Apart from tumor suppressing proteins
like p53 or the Retinoblastoma protein (pRb) which act at the DNA level, the immune system
represents another essential part in the combat against tumor cells. Therefore, the immune

system and its functions in fighting cancer will be presented in the following chapter.

1.3.1 The Structure and Components of the Innate and Adaptive Immune System

The innate response is particularly attracted by pattern recognition receptors which are
conserved among a broad group of microorganisms. This immune defense is unspecific in the
manner of a generic reaction to pathogens [95]. It is a short-acting response against foreign
antigens and the dominant system in most organisms. Innate immune cells include basophils,
dendritic cells, eosinophils, Langerhans cells, mast cells, monocytes and macrophages,
neutrophils and natural killer cells (NK cells) (Figure 9). In the context of Hsp70 recognition,
especially NK cells are involved. Generally, they provide rapid responses against tumor cells
and pathogen (bacterial, viral) infected cells and are independent from antigen presenting
MHC (major histocompatibility complex) proteins or antibodies, resulting in a rapid immune
reaction. They are activated by the proinflammatory cytokines such as IL-2, IL-12, IL-15, IL-
15/IL-15RA complex and IL-1. Different from other immune cells, a subtype of NK cells detects
and destroys harmful cells that lack an MHC class | expression (“missing self”) [133]. NK cells
secrete cytotoxic granules containing perforin and granzymes which are taken up by target
cells which in turn induce apoptotic death [74]. NK cytotoxicity is further mediated by
members of the tumor necrosis factor (TNF) receptor superfamily like Fas/CD95, TRAIL
receptors and TNFR1 [134, 138]. Additionally, NK cells have the capacity to secrete various
cytokines and chemokines. Apart from interferon-y (IFN-y) which is crucial for the priming of

a T helper 1 (Th1)-based T-cell responses [81, 85], the chemokines GM-CSF (granulocyte-
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macrophage colony stimulating factor), MIP-1a (macrophage inflammatory protein-1a) and
RANTES (regulated upon activation, normal T cell expressed and secreted) [12] derived from
NK cells can contribute to the modulation of the immune response. A large variety of receptors
are expressed on the surface of NK cells which mediate NK cell activation or suppression. The
Natural Cytotoxicity Receptors including NKp30, NKp44 and NKp46 are important
representatives of NK mediators and deliver signals to NK cells to secrete inflammatory
cytokines and kill target cells. The CD94/NKG2C/A heterodimeric C-type lectin receptors on
NK cells and a subset of CD8* T-lymphocytes [15, 26] have dual functions, transmitting

activating or inhibitory signals [15].

Different from the innate immune system, cells of the adaptive or acquired immune system
are responsible for an MHC mediated immune response and develop an immunological
memory that recognizes pathogenic surface structures after exposition and leads to a faster
elimination of “non-self” antigens. T lymphocytes originate from a common multipotent
hematopoietic stem cell. T progenitor cells migrate from the bone marrow to the thymus
where they undergo a selection to differentiate into mature T lymphocytes. Cells that are
targeting endogenous “self” antigens are eliminated to accomplish peripheral tolerance
whereas cells directed against “non-self” antigens mediate protective immunity. A minor
subset of T lymphocytes develop into regulatory T cells (Tregs) that are capable of immune
modulation. They are immunosuppressive and generally dampen the activity of effector T
cells. Generally, lymphocytes are mostly found in lymphatic tissue like lymph nodes, the spleen

or in the mucosa of the gastrointestinal system, but also in the blood circulation.
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Figure 9: Representative image of the components of the immune system and the interaction between cells of
the innate and adaptive immune system. [32]

Investigating tumor immunology, the 14-mer amino acid sequence (aa4d50-463)
TKDNNLLGRFELSG (TKD) of Hsp70 emerged as a tumor-selective recognition structure for NK
cells which are part of the innate immune system [136]. Therefore, a clinical phase | trial [69]
was initiated to induce a requested positive effect in tumor patients by an increase of the

interaction of this special peptide with NK cells.

1.3.2 The Role of Tumor Immunotherapy

In the therapy of cancer, the impact of tumorimmunotherapy is constantly growing, especially
as it is a treatment with less side effects compared to standard chemo- or radiotherapy,
enforcing the endogenous fight against the tumor cells in a more natural way. Immunotherapy
was elected as the “breakthrough of the year” for cancer treatment by the journal “Science”
in 2013 [29]. New therapeutic approaches are enabled by the increase of knowledge in the

detection of tumor-associated antigens which serve as tumor-specific targets for a specialized
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therapy and by the development of immune checkpoint inhibitor therapies for which the
Nobelprize was awarded in 2018.

Tumor immunotherapies can be categorized as active, passive or combined.

Active immunotherapy induces the immune system to fight tumor cells by recognizing tumor
associated antigens which help to launch the recognition of tumor cells by the native immune
cells.

Passive Immunotherapy involves the use of monoclonal antibodies, cytokines and
lymphocytes. Antibodies can be adapted to antigens on the tumor surface very specifically

which results in a wide range of treatment options for different tumors.

1.3.3 Introduction to targeted NK cell based adaptive Immunotherapy for the Treatment
of Patients with NSCLC after Radio(chemo)therapy

Since NK but not T cells have been found to play a major role in killing membrane Hsp70-
positive tumor cells [91] after activation with a 14-mer peptide (TKDNNLLGRFELSG, aa 450-
463) combined with low dose IL-2 (TKD/IL-2), a phase | clinical trial with patients suffering from
metastasized colorectal cancer and NSCLC had been set up to test safety and tolerability of ex
vivo TKD/IL-2 stimulated, autologous NK cells [69]. As explained earlier, the 14-mer peptide is
an extension of the epitope of the antibody cmHsp70.1. Different from previous monoclonal
antibodies, cmHsp70.1 has the capability to detect both membrane bound and free Hsp70
[91, 118]. In vitro experiments revealed that an incubation of NK cells with Hsp70 or the 14-
mer peptide combined with IL-2 could increase the surface density of CD94 together with the
cytolytic activity against Hsp70 positive tumor cells [47, 49] and lead to an upregulated
granzyme B production|[69].

A mouse model with immunodeficient SCID/beige mice bearing Hsp70 positive colon
carcinoma cells illustrated the success of the immunotherapy. A single injection of activated
NK cells could provoke a significant reduction of the tumor weight in the mice [89].

When finally treating patients with confirmed metastatic colorectal cancer (N=11) and NSCLC
(N=1) who had not responded to standard therapies with intravenous injections of ex vivo pre-
activated NK cells in the range of 0.1 up to 1.5 x 10° cells in up to six cycles using complete

leukapheresis products, no severe toxic side effects could be observed [69]. The amount of
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CD94 on NK cells of the tumor patients, who had been treated with radio- and/or
chemotherapy before, increased. After the fourth reinfusion cycle, the cytolytic activity of
peripheral blood lymphocytes was enhanced significantly.

Based on these findings in the proof-of-concept study, a phase Il randomized clinical study
funded by BMBF-Innovative therapies was initiated to test the efficiency of autologous in vitro
stimulated NK-cells regarding the reduction of tumor cells in humans [116]. The preparation
and cultivation of the lymphocytes is currently done in the GMP laboratory of TUMCells. The
regulatories of the study were accepted in 2015 and the results of this dissertation are based

on the blood of patients which was collected within the frame of this clinical trial.

Figure 10:
Representative image of the recognition of
v Q‘Q‘ liposomal Hsp7o Membrane Hsp70 positive tumor ceIIs.by
autologous NK cells after ex vivo stimulation
vY free Hsp70 121 Q‘ with Hsp70-peptide TKD combined with low
< ¢ dose IL-2 (large red triangles). Due to the
v stimulation, activation markers (black

symbols on NK cell) like CD94, NKG2C or
NKG2D are overexpressed on NK cells. The
Hsp7 he cell i h
Recognition of Hsp70" transport O;{ 55) 0 from t Z ce lnnker oflt e
tumor cells by TKD/IL-2 tumor to the plasma membrane takes place
activated NK cells via a non-ER/golgi transport pathway. The
small circles with the red triangles
demonstrate the active release of Hsp70 in
vesicles by Hsp70 membrane positive tumor cells. Free Hsp70 (small red triangles) originates from dying cells.
[92]

1.4 Aim of the Dissertation

Since lung cancer is among the three most frequent tumor entities [141] with poor overall
survival, combined therapeutic options were tested, consisting of a standard
radio(chemo)therapy followed by Hsp70-targeting, autologous NK cells to stimulate the
body’s own defense mechanisms against cancer. With the targeted NK cell based adaptive
immunotherapy, the aim was improving the progression-free and overall survival of these

patients.

This work aims to expand knowledge about the interaction between immune cells and the

tumor-target Hsp70 and osteopontin in the circulation. Hsp70 serum levels were studied
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comparatively in lung cancer and healthy human individuals. The values of lung cancer
patients were also assessed during the course of disease and associated with modulations in
the immune phenotype. In addition, Hsp70 and osteopontin were contrasted concerning their

function as tumor biomarkers and their relevance in tumor therapy.
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2 MATERIALS AND METHODS

2.1 Collection of Patient Databases

In the context of our research, two patient collectives were analyzed.

The blood of donors of the patient collective #1 were 43 patients who had a bronchial
carcinoma. When fulfilling the criteria which are summarized in Table 3, the patients were
admitted to the clinical phase Il study that has been outlined priorly. Patients with lung
metastases of a tumor with non-pulmonary origin were excluded.

The data of the patient collective #2, consisting of 55 NSCLC patients, are based on a
collaboration with the Martin Luther University Hospital of Halle-Wittenberg. Initially, the
blood was used for a pilot study to investigate potential plasma hypoxia markers in the
radiotherapy of non-small cell lung cancer in the working group of Prof. Dr. D. Vordermark at
the Martin-Luther University Hospital [99]. Further on, the Hsp70 status of these patients was
determined at the Klinikum Rechts der Isar and connected to the data which has been

gathered in relation to the hypoxia marker osteopontin.

Table 3

Selection criteria of the phase Il clinical trial: targeted NK cell based adoptive immunotherapy for the treatment
of patients with non-small cell lung cancer (NSCLC) after radiochemotherapy. The assortment of patients for the
phase Il trial was essential to create the patient collective #1 on which the subsequent results are based on. [116]

Inclusion criteria

First diagnose of histologically and/or cytologically
proven and unresectable NSCLC with clinical stage IlI
Aand Il B

Completion of radiochemotherapy no longer than 8
weeks ago

Progression free according to RECIST 1.1 criteria at
the first assessment after completion of
radiochemotherapy

Confirmed presence of Hsp70 on the patient’s tumor

Female or male, age 18 to 75 years
ECOG status <2

Exclusion criteria

Prior treatment with any other investigational drug
within 4 weeks prior to first dose of study medication

Any severe heart disease or any severe concomitant
disease (ECOG status > 2)

NSCLC patients (stage IlIA/B) eligible for initial
surgery with a confirmed consent of an
interdisciplinary tumor board

Patients that show ALK positivity or an activating
mutation of the EGFR-TK domain (assessment of ALK

or EGFR status not mandatory)

Patients with locally advanced or metastatic NSCLC
other than predominantly squamous cell histology
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Neutrophil count = 1.5 x 10 ° /I after completion of
radiochemotherapy

White blood cell (WBC) > 2.5 x 10° /I after completion
of radiochemotherapy

Hemoglobin > 8 g /I after completion of
radiochemotherapy

Platelet count > 100 x 10 ° /I after completion of
radiochemotherapy

Normal renal function (creatinine < 150% ULN)

Normal liver function (bilirubin < 150% ULN; G-GT,
GPT and GOT < 250% ULN)

Normal blood coagulation (PTT 25-40s)

Measurable disease according to immune related
RECIST criteria

Female patients of childbearing potential must have
negative pregnancy test performed during screening
period (< 14 days before initiation of study dosing)
Postmenopausal women must be amenorrhoeal for
at least 12 months to be considered of non-
childbearing  potential. Female patients of
reproductive potential must agree to employ an
effective method of birth control throughout the
study and for 6 months following discontinuation of
study drug.

Written (signed) Informed Consent document
indicating that the patient of all pertinent aspects of
the trial prior to enrolment and to participate in the

study

Ability to comply with the study

Patient Collectives

Any disease (including psychotic disorders, drug
abuse, active infection, uncontrolled hypertension,
unstable angina, congestive heart failure, myocardial
infarction within the previous year, serious cardiac
arrhythmia requiring medication, hepatic, renal or
metabolic disease), metabolic dysfunction, physical
examination finding, or clinical laboratory finding
likely (in the investigator’s opinion) to affect the
evaluation of the study or place the patient at risk
whilst on treatment

Any serious infection or sepsis
Any active autoimmune disease
Any immunodeficiency syndrome

Surgery or immunotherapy within 4 weeks before
study entry

Patients with a known hypersensitivity to any of the
administered substances should be excluded from
the clinical trial

Patients with a known positive HIV test should be
excluded from the clinical trial as well as patients
with positive Hepatitis A, B, C tests (assessment not
mandatory)

Receipt of immunosuppressive drugs including
systemic corticosteroids within 3 weeks before study
entry. Low dose corticosteroids as they are a
common treatment option for patients suffering
from COPD are not an exclusion criterium

Radio- cytostatic- and immunotherapy in parallel or
within 2 weeks prior study start

Women who are pregnant or breast feeding

Female patients of reproductive potential unwilling
to practice a highly effective method of birth control

History of noncompliance with medical regimes

Patients unwilling to or unable to comply with the
protocol

Between 2011 and 2015, blood samples (9 ml) were taken from patients with suspicion of or

confirmed lung cancer on condition of informed consent. Among these, most of the diagnoses

were squamous cell (n=25) and adeno carcinomas of the lung (n=18). Patient characteristics

are described in Table 4a. The blood samples were mostly supplied by the Klinikum Rechts der
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Isar. Support was provided by other hospitals like the Klinikum Bogenhausen, the Ludwig
Maximilian’s university hospital in Munich, the Asklepios Fachklinik in Gauting, the university
hospitals in Regensburg, Frankfurt and Erlangen.

Additionally, within the framework of a collaboration with Christian Ostheimer from the
Hospital for Radiotherapy of the University Hospital in Halle, our work group received plasma
samples of patients with NSCLC and SCLC which had been treated with radio-chemotherapy

or chemo-therapy only.

Table 4: patient databases

Table 4a: Patient collective #1. Clinico-pathological characteristics of 43 patients with NSCLC (median age 64
years, range 23 to 95 years) who received a treatment at the Klinikum rechts der Isar, TU Miinchen, Munich,
Germany.

Gender Female 11
Male 32

Histology Squamous cell 25
Adeno 18

UICC stage la 1
Ib 1
Ila 0
b 0
llla 13
b 13
v 15

Table 4b: Patient collective #2. Clinico-pathological characteristics of 55 patients with NSCLC (median age 63
years, range 47 to 86 years) who received a treatment at the Martin-Luther University Hospital, Halle-
Wittenberg.

Gender Female 8
Male 47

Histology Squamous cell 28
Adeno 24
Large cell 1
Other 1
no histology 1
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UICC stage la 1
Ib 0
Ila 2
b 0
Illa 18
b 34
v 0

Blood was collected in two EDTA KE tubes and one serum separator tube (S-Monovette,
Sarstedt, Nimbrecht, Germany) and mixed by gently inverting the tube. For plasma
separation, EDTA blood was centrifuged at 1,500 g for 15 min. For serum collection, blood
clotted for 15 min at room temperature and serum was separated by centrifugation at 750 g
for 10 min.

Serum and plasma were stored in 150 pl aliquots at -80°C. 1.4 ml of EDTA blood was used for
FACS analysis and the remaining blood in the anticoagulant tube served for lymphocyte
separation with Ficoll. The cells were frozen at -80°C and then stored in liquid nitrogen for
further experiments.

Approval of the study was obtained by the Ethics Committees of the universities that are
involved in the study (ethical review committees of the TUM medical faculty and Martin-
Luther-University Halle-Wittenberg, approval numbers: 2428/09, EudraCT Nr. 2008-002130-
30) and all procedures were in accordance with the Helsinki Declaration of 1975 as revised in

2008.

Table 5:

Summary of all samples which derive from the blood of the patient and control groups
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Material

Source

Material derives from

Serum

Control group

Healthy donors

1,4 ml EDTA whole blood

Control group

Healthy donors

1,4 ml EDTA whole blood

Hospitals being involved
in the phase Il trial

Patients with pulmonary
diseases

Serum Hospitals being involved Patients with pulmonary
in the phase Il lung study | diseases
Plasma University Hospital Halle | Patients with NSCLC and

SCLC
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2.2 Detection of Hsp70 in the Blood with the lipHsp70 ELISA and immunohistochemical
Staining

With the help of former commercial ELISAs, it had only been possible to detect the free
unbound form of Hsp70 which excluded the quantification of Hsp70 that is integrated in the
tumor cell membrane. In order to determine the amount of Hsp70 in the blood more precisely,
our research group developed the novel lipHsp70 ELISA [152]. In general, an ELISA (enzyme-
linked immunosorbent assay) is a laboratory technique to identify molecular substances with
the help of antibodies and color changes. Antigens of the material for analyzing are applied
on a surface and covered with an antibody which is specific for the antigen. At least one
antibody is used for an ELISA. A second antibody which binds to the first one can be added,
carrying an enzyme which provokes a detectable signal such as a color change when adding a
certain substrate. The intensity of the visible signal helps to quantify the antigen in the sample.

Subsequently, the procedures of the novel lipHsp70 ELISA are going to be described.

2 ug/ml rabbit polyclonal antibody (Davids, Biotechnologie, Regensburg, Germany) directed
against human recombinant Hsp70 was applied on 96-well MaxiSorp Nunc-Immuno plates
(Thermo, Rochester, NY) in sodium carbonate buffer (0.1 M sodium carbonate, 0.1 M sodium
hydrogen carbonate, pH 9.6). After incubation overnight, the plates were washed three times
with phosphate buffered saline (PBS, Life Technologies, Carlsbad, CA, USA) with 0.05% Tween-
20 (Calbiochem, Merck, Darmstadt, Germany) and then blocked with 2% milk powder (Carl
Roth, Karlsruhe, Germany) in PBS for 1.5 h at 27°C. Following a further washing step, serum
samples diluted 1:5 in CrossDown Buffer (Applichem, Chicago, IL, USA) were added to the
wells for 2 h at 27°C. The wells were washed again and coated with 4 pg/ml of the biotinylated
mouse monoclonal antibody cmHsp70.1 (multimmune, Munich, Germany) in 2% milk powder
in PBS for 2 h at 27°C. After this, the wells were washed again before application of 0.2 pg/ml
horseradish peroxidase-conjugated streptavidin (Pierce, Thermo, Rockford, IL, USA) in 1%
bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 27°C. By adding 50 pl
sulfuric acid per well, the reaction was stopped. Binding was determined after application of
substrate reagent (R&D Systems, Minneapolis, MN, USA) for 30 min at 27°C and absorbance

was read at 450 nm, corrected by absorbance at 570 nm, in a Microplate Reader (BioTek,
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Winooski, VT, USA). Each ELISA test contained an Hsp70 eight-point standard using 0-50 ng/ml

recombinant Hsp70 diluted in CrossDown Buffer.

Immunohistochemical staining was done by Stefan Stangl (AG Multhoff) who kindly provided
the images for Figure 13. The immunohistochemical staining is presented in order to confirm
the localization of Hsp70 in the tumor cell membrane but not in the surrounding tissue.
Formalin-fixed and paraffin-embedded specimen of lung tumors (n = 9) were used for
immunohistochemical staining. They were cut into sections, dewaxed and hydrated, heated
for 30 min in a microwave oven in 600 ml DAKO retrieval buffer, then washed for 5 min in
H20. After this, the specimens were washed with T-PBS buffer twice. 10% rabbit serum in PBS
containing 1% BSA were applied for one hour. Immunohistochemistry was performed with
streptavidine—biotin complex (StreptABC) using mouse mAb cmHsp70.1 (multimmune,

Munich Germany) at a dilution of 1:200 overnight 2 h at 4°C.

Table 6:

Antibodies, chemicals, plastic material and devices of the lipHsp70 ELISA

A) Antibodies and proteins
Description Concentration Producer
Mouse monoclonal antibody 4 pg/ml Multimmune, Munich, Germany
cmHsp70.1
Rabbit polyclonal antibody 2 pg/ml Davids, biotechnology, Regensburg,

Germany

B) Chemicals
Description Concentration Producer
Albumine, bovine serum, 1% Sigma-Aldrich, St. Louis, MO,
BSA USA
CrossDown Buffer Applichem, Chicago, IL, USA
Horseradish peroxidase- 0.2 ug/ml Pierce, Thermo, Rockford, IL, USA
conjugated streptavidin
Milk powder 2% Carl Roth, Karlsruhe, Germany
Phosphate buffered saline 0.05 %; 0,05 % Tween®20 Life Technologies, Carlsbad, CA, USA)
(PBS) in PBS; pH=7.2-7.4
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Sodium carbonate buffer

0.1 M sodium carbonate,
0.1 M sodium hydrogen

carbonate, pH 9.6

Merck, Darmstadt, Germany

substrate reagent

R&D Systems, Minneapolis, MN, USA

Sulfuric acid 5,6ml 100 % H2S04 in Sigma, MO, USA
100ml sterile water
Tween 20 0,05 % Calbiochem, Merck, Darmstadt, Germany
Q) Plastic material

96-well MaxiSorp Nunc-Immuno plates

Thermo, Rochester, NY

Disposable gloves

Sempermed, Vienna, A

Disposable pipette 1ml/2ml/5ml/10ml/25ml/50ml

Sarstedt, Niirnbrecht, D

Disposable pipette tips 10ul/200ul/300ul/1000ul

Eppendorf AG, Hamburg, D

Falcontubes 15ml

TPP

Falcontubes 50ml

Sarstedt, NUmbrecht, D

Fluid reservoirs 200ml

Roth, Karlsruhe, D

Reaction vessel 1.5ml/2ml

Eppendorf AG, Hamburg, D

SealPlate

Roth, Karlsruhe, D

D) Devices

Microplate Reader

BioTek, Winooski, VT, USA

Incubator

Heraeus, Hanau, D

Pipette 10ml/20ml/100ml/1000ml

Eppendorf, Hamburg, D

8-channel pipette

Roth, Karlsruhe, D

Table centrifuge

Heraeus, Hanau, D

2.3 Detection of OPN Levels

OPN levels were quantified with the “Human Osteopontin Assay” ELISA (IBL Ltd., Japan) and

optical density was measured blinded in duplicates. The OPN concentration was provided with

the standard curve which was supplied by the kit and OPN plasma concentration was recorded

in ng/ml (1 SD). Age- and/or gender-related associations could be found for neither of the

two biomarkers. OPN detection had been performed and the results kindly provided by the

research group of Prof. Dr. med. Dirk Vordermark (Martin-Luther university Halle-Wittenberg)

for further research.
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2.4 Analysis of the Immune Phenotype with FACS

An efficient immune system is essential for long-term tumor control and in the prevention of
distant metastasis (74). For this reason, differences in the immune composition of healthy
human donors (n=10) and NSCLC patients (patient collective #1; n=43; Table 1A) were
investigated using EDTA blood at diagnosis and multi-color FACS (fluorescence activated cell
sorting) analysis (FACS Calibur flow cytometer, BD Biosciences). Flow cytometry is a
biotechnological method utilizing laser to count and differentiate between cell subtypes after
suspending them in fluids (e.g. fluorescence marked antibodies) and analyzing them with an
electronic detection device. FACS allows to differentiate between physical and chemical traits
of many hundreds of small particles in few seconds.

To determine the amount as well as the receptor density of the different lymphocyte
subpopulations in the tumor patients, FACS analysis was immediately done with 1.4 ml EDTA
blood after receiving the sample.

The blood was transferred into 14 test tubes with 100 pl each to add fluorescent-marked
antibodies as a next step. The panel of fluorescence-labeled antibodies and antibody
combinations which were used for the study are summarized in Table 7.

At the end of an incubation time of 15 min without exposition to light, the tubes were washed
with 2 ml 10% FCS in PBS for 5 min at 500 g at room temperature. In order to eliminate
erythrocytes, the blood cells were incubated with a lysing buffer (1:9 dilution of BD Lysing
Solution Cat. 3490202 with millipore H20) for ten minutes at room temperature in the dark,
following a further washing step with FACS buffer under remaining conditions. Finally, the
pellets of tube one to eleven were resuspended with 500 ul FACS buffer and the phenotype
of 5 x 10* cells was determined by flow cytometry within an hour. In the meantime, special
staining for the characterization of regulatory T-cells was in preparation. The cells in the three
remaining tubes twelve to fourteen were treated with a special buffer A (1:10 dilution of
component A with H20), then washed two times with FACS-buffer and permeabilized with
buffer C (1:50 dilution of buffer A with component B) for 30 min without light exposition.
Following two washing steps with FACS buffer, a PE-conjugated antibody matching the Treg
transcription factor FoxP3 (Forkhead box P3) or an isotype IgG1-antibody serving as a negative

control were added for another 30 min of incubation period in the dark. Before measurement
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of 5 x 10* cells, the remaining cells were washed with FACS buffer two times and finally

resuspended with 500 ul FACS buffer per tube.

Table 7:

List of antibodies and 14 antibody combinations which were used for FACS analysis of the lymphocyte
subpopulations in NSCLC patients and healthy donors;

APC, allophycocyanin; BD, Becton Dickinson Biosciences; BC, Beckman Coulter; CD, cluster of differentiation;
Ctrl, control; FITC, fluorescein isothiocyanate; PE, phycoerythrin

Specificity Antibody Clone Company Cat No. Volume

Ctrl IgG1-FITC X40 BD 345815 5
IgG1-PE X40 BD 345816 5
IgG1-PerCP X40 BD 345817 5
IgG1-APC X40 Caltag/Invitrogen MG 105 1

T/NK CD94-FITC HP-3D9 BD 555888 5
CD56-PE  NCAM16.2 BD 345811 5
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1

B/T/NK CD56-FITC NCAM16.2 BD 345811 5
CD19-PE  HIB19 BD 555413 20
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1

T/NK CD56-FITC NCAM16.2 BD 345811 5
CD16-PE  3G8 BD 555407 10
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1

T/NK CD56-FITC NCAM16.2 BD 555518 5
NKG2D-PE 149810 R&D FAB139P 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560

T/NK CD56-FITC NCAM16.2 BD 345811
NKp30-PE IM3709 BC PN 3709 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560

T/NK CD56-FITC NCAM16.2 BD 345811
NKp46-PE IM3711 BC PN 3711 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560

T/NK CD94-FITC HP-3D9 BD 555888
NKG2D-PE 149810 R&D FAB139P 10
CD3-PerCP SK7 BD 345766 10
CD56-APC B159 BD 555518 10

T/NK CD94-FITC HP-3D9 BD 555888 5
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Specificity Antibody

Clone

NKp30-PE [IM3709
CD3-PerCP SK7
CD56-APC B159
T/NK CD94-FITC HP-3D9
NKp46-PE 1M3711
CD3-PerCP SK7
CD56-APC B159

CD4/CD8 T CD4-FITC
CD8-PE

RPA-T4
RPA-TS

CD3-PerCP SK7
CD45-APC HI30

Ctrl IgG1-FITC X40
IgG1-PE X40
IgG1-PerCP X40
IgG1-APC  X40

CD4 Treg CDA4-PE RPA-T4

FoxP3-FITC 259/C7
CD3-PerCP SK7
CD25-APC 2A3

CD8 Treg

CD8-PE

RPA-T8

FoxP3-FITC 259/C7
CD3-PerCP SK7
CD25-APC 2A3

Company Cat No. Volume
BC PN 3709 10
BD 345766 10
BD 555518 10
BD 555888 5
BC PN 3711 10
BD 345766 10
BD 555518 10
BD 555346 20
BD 555366 20
BD 345766 10
Caltag/Invitrogen MHCD 4505 1
BD 345815 5
BD 345816 5
BD 345817 5
Caltag/Invitrogen MG 105 1
BD 555346 20
BD 560046 20
BD 345766 10
BD 340907 5
BD 555366 20
BD 560046 20
BD 345766 10
BD 340907 5

Table 8: Chemicals, plastic materials and devices used for FACS-analysis

A) Chemicals

Description

Concentration

Producer

Buffer A (BD Human FoxP3
Buffer A)

BD Biosciences, USA

Buffer C

1:50 diluted BD Human FoxP3
Buffer B in diluted Buffer A

FACS Buffer

10%, FCS in PBS

FoxP3-PE antibody

BD Biosciences, USA

Lysing Solution

BD Biosciences, USA

B) Plastic material

Blood tube, EDTA S-Monovette

Sarstedt, NUmbrecht, Germany

Disposable gloves

Sempermed, Vienna, Austria

Disposable pipette 1ml/2ml/5ml/10ml/25ml/50ml

Sarstedt, Nimbrecht, Germany
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Disposable pipette tips 10ul/200ul/300ul/1000ul Eppendorf AG, Hamburg, Germany
Test tubes Sarstedt, Nimbrecht, Germany
Q) Devices
FACS Calibur flow cytometer BD Biosciences
Pipet Aid Pipetboy Integra Biosciences, USA
Table centrifuge Heraeus, Hanau, Germany

Miscellaneous materials and devices that are not mentioned were obtained by corresponding
companies, such as Carl Roth GmbH (Karlsruhe, Germany), and were verified for the use of
scientific work.

The devices were sterilized and maintained regularly.

2.5 Radio(chemo)therapy and volumetric Parameters of Patient Collective #2

The patients received a normofractionated three-dimensional RT (3D-RT, 5 fractions/week)
which was CT based (66 Gy total dose, 2 Gy single dose; Siemens Primus, Germany). Before
RT, a PET-scan (Philips Accel, USA) was done. Regarding chemotherapy, two courses with
cisplatin (20 mg/m? body surface on day 1-5) and vinorelbine (25 mg/m? body surface on day
1) in treatment week one and five were established. GTV was defined as the primary tumor
and involved nodes (pathologic confirmed, highly suspicious by CT and PET) and determined
by a radiation oncologist at the university hospital in Halle with the help of CT and PET images.
The medical imaging data was registered in the Oncentra Masterplan external beam planning

software (Nucletron, USA) used for RT plan calculation.

2.6  Statistical Analysis

Statistical analysis was done using the IBM SPSS 20.0 software package for Windows (SPSS
Inc., USA). Two-sided p-values (p < 0.05) determined statistical significance. Median Hsp70
plasma levels were used as cutoff values. Non-parametric tests (Mann-Whitney U test, Kruskal
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Wallis H test) were used to determine statistically significant differences between Hsp70 levels
of patients with high and low GTV and high and low CD94 expression, lymphocyte
subpopulations of healthy donors, patients with squamous cell and adenocarcinoma as well
as between the percentage of all ymphocytes of patients with high and low Hsp70 expression
with and without response. Spearman’s Rank Correlation Coefficient helped to analyze a
correlation between serum Hsp70 levels and GTV. Wilcoxon Rank-Sum Test was used to
evaluate potential differences in Hsp70 serum levels in NSCLC patients before and after RCT.
The Kruskal-Wallis test with a Dunn multiple comparison test helped to compare Hsp70 levels
in the serum of two patient groups (squamous cell and adeno NSCLC) with a group of healthy
donors. Differences in Hsp70 levels in patients with and without therapy response were
investigated using Pearson’s chi-squared test. Coherences between Hsp70 and OPN as a
hypoxia-related marker were evaluated using Pearson’s rank correlation coefficient and
paired samples test assessed potential differences in plasma Hsp70 levels before and after RT.
Survival analysis was performed with the Kaplan—Meier product limit method with the log-
rank test. Local citizen registration offices helped to follow up the survival status of the
patients. Overall survival (OS) was involved the start of radiotherapy until death or last seen
in follow-up. The primary endpoint was therapy response which was devided into responding
responding (complete or partial remission (decrease of 30% in the lesion with the largest
diameter) after RT) vs. non-responding patients (progressive or stable disease after RT). The
Cox proportional hazard regression model was used to calculate the relative risk and hazard
ratio and its 95% confidence interval (Cl) for univariate and multivariate analysis. Receiver
operating characteristic (ROC) curves illustrate the performance of Hsp70 plasma levels as a

binary classifier system in the prediction of therapy response after RT.
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3 RESULTS

Tumor patients have elevated Hsp70 levels in their blood [52, 105] as tumor cells secrete
exosomes actively [80], carry this molecule in the cytosol and expose it on their lipid
membrane [38]. Hsp70 levels can also be detected in healthy humans. Physiologically, Hsp70
levels originate from apoptotic or necrotic cells. Until recently, commercial ELISAs were able
to detect only free but not lipid-bound Hsp70 in aqueous solutions. Therefore, our research
group developed a new ELISA using the monoclonal cmHsp70.1 antibody as a detection

reagent [152] to determine lipid bound Hsp70 in the blood of patients.

The cmHsp70.1 antibody is able to capture both, free and lipid bound Hsp70, on tumor cells
in vitro and in vivo (Figure 11). Consequently, the quantification of the overall Hsp70 with the
lipHsp70 ELISA is more precise and detects higher concentrations compared to values

determined by commercial Hsp70 ELISA kits [152].

Figure 11:
Lipid-association of Hsp70 in
Lod e exosomes and in the plasma
“.... membrane of living tumor cells.

An incomplete dissolution of lipid
vesicles such as exosomes with

Lysi .
o > detergents used in ELISA tests can
T ’ induce the formation of Hsp70-

' lipid complexes.
%

Membrane
Hsp70 [ 15 2]

An Hsp70 overexpression could be confirmed in our present analysis with serum samples of
25 squamous cell and 18 adeno NSCLC patients (patient collective #1), using a control group
of 126 age- and gender-matched healthy donors (Figure 12A). Squamous cell and adeno NSCLC
patients (NSCLC; n=43) had significantly higher serum Hsp70 levels at diagnosis (p <0.001)
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compared to the control group (healthy; n=126). The cut-off value to differentiate between
healthy and pathological levels was 7.7 ng/ml [152].

Using the healthy control group as a reference, the present research did not reveal any
significant difference between the mean or median serum Hsp70 levels of squamous cell and
adeno NSCLC (16.69 2.7 ng/ml and 14.51 + 2.49; median 12.15 vs. 12.20 ng/ml; p=0.825)
(Figure 12B). It was remarkable that serum levels of both tumor types showed significant
differences (p <0.001) compared to the mean of healthy controls (7.0 ng/ml) as shown in

Figure 12B.

Figure 12:
Hsp70 serum levels (nanogram per milliliter) of healthy human individuals contrasted with levels of NSCLC
patients at diagnosis.
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B) Serum Hsp70 levels of healthy donors
(healthy; n=126) and patients with
squamous cell (squamous; n = 25; median

ol Hsp70 level: 12.10 ng/ml; 95th percentile:
* %k % 40.50 ng/ml) and adeno (adeno; n=18;
60- R median Hsp70 level: 12.38 ng/ml; 95th
percentile: 40.20 ng/ml) NSCLC (patient
collective #1) at diagnosis measured with
501 the lipHsp70  ELISA;  ***p<0.001
:E: (Kruskal-Wallis test with Dunn’s multiple
comparison test).
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To determine Hsp70 not only in the peripheral blood but also in tumor tissues, 9 tumor
sections of squamous and adeno NSCLCs of patient collective #1 (three in stage Il and six in
stage IV) were analyzed. Representative results of NSCLC patients with squamous cell and
adeno carcinomas are shown in Figure 13. Hsp70 staining was predominant in the tumor cells

of all tumor sections, as opposed to the surrounding tissue.

Figure 13:

Representative  immunohistochemical
images of a squamous cell and adeno
NSCLC section stained with cmHsp70.1
antibody;, 20x magnification (patient
collective #1). The upper graph shows a
squamous cell NSCLC and the lower graph
an adeno NSCLC section. Only the tumor
tissue but not the surrounding tissue
shows an Hsp70 staining.
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3.1 Significant Correlation of Hsp70 in the Blood with the GTV

The major part of Hsp70 in the blood circulation is bound to lipid-vesicles (exosomes), being
actively secreted and localized in the cytosol and on the surface of exosomes and viable tumor
cells [38, 132]. As a result, a potential correlation of Hsp70 in the blood with the gross tumor
volume (GTV) in 55 NSCLC patients (patient collective #2; Table 4b) was investigated. Hsp70
levels were quantified with the lipHsp70 ELISA and the GTV was detected by PET-imaging
before start of the therapy. The average tumor size was 219.9 + 32.3 ml and the mean Hsp70
level was 11.2 +1.7 ng/ml which was increased compared to the cut-off value of healthy
donors (7.7 ng/ml). A statistically significant correlation (p=0.03) between Hsp70 in the blood
and the GTV using Spearman’s Rank Correlation Coefficient was detected. Additionally, the
patient group was subdivided into a group with low (£143.6 ml) and high (>143.6 ml) median
GTV according to the median GTV of 143.6 ml. Figure 14 demonstrates that patients with
higher Hsp70 levels had a significantly higher tumor volume than patients of the group with

less Hsp70 (p<0.05).
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Figure 14:
1500

* Hsp70 serum levels in association with
* the gross tumor volume (GTV) in NSCLC
patients.
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percentile: 688.00 ml) depending on their
500 median Hsp70 levels; *p <0.05 (Mann—
Whitney U-test).
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3.2 Differences of the Immune Phenotype between NSCLC Patients and Healthy Donors

The conditions which contribute to the formation of tumor cells are complex and
multifactorial. It is well accepted that the immune system takes over a major part in the
control of carcinogenesis and metastatic spread [34]. The composition of immune cells and
immunological processes are unique in every individual, they have an enormous potential of
adaptability and depend on life-long exposition to antigens. As a result, the immune
phenotype determined with multi-color FACS analysis of lymphocyte subpopulations in the
EDTA blood of healthy donors (n=10) and NSCLC patients of patient collective #1 (n=43) was
compared before therapy start. The fluorescence-labeled antibodies used in the study are
represented in Table 7.

A representative image of the gating strategy for the determination of lymphocyte subsets is
illustrated in Figure 15. Gate R1 represents the lymphocytes, whereas gate R2 illustrates the

population of granulocytes. The CD14* monocytes is localized between the gates R1 and R2.
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Patients with squamous cell (n=25) and adeno (n=18) carcinoma of the lung showed
significantly lower lymphocyte numbers (p=0.001 vs p=0.008, Mann—Whitney U-test)
compared to healthy donors, although the percentage of lymphocytes within the NSCLC
subtypes was similar (22.4 £1.6% for squamous cell and 21.8 £ 2.4% for adenocarcinoma
patients vs. 34.5 + 1.77% in healthy controls) (Figure 16A).

Regarding CD19* B cells, patients with squamous cell carcinoma exhibited significantly lower
amounts than the healthy control groups (p = 0.001) and adenocarcinoma patients (p =0.02,
Mann—-Whitney U-test) (Figure 16B). A comparison of different CD3* T cell subpopulations,
such as CD4*, CD8*, CD4*/CD25" regulatory, NKG2D*, and CD94"* T cells revealed no major
differences in patients with adeno lung carcinomas compared to healthy controls (p = 0.038),
apart from a significant increase in the subpopulation of CD3*/CD56* NKT cells (Figure 16C).

The activation marker CD69 appeared to be slightly elevated on CD3* T cells of patients with
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squamous cell (p=0.81) and adenocarcinoma (p=0.197) patients compared to healthy

controls (Figure 16C).

Different from the T cell populations, CD3" NK cells presented alterations regarding the

activation marker CD69 and the C-type lectin receptor CD94. The concentration of CD3"
/CD56%/CD69* (p=0.016) and CD37/CD56*/CD94* (p=0.028) NK cells was significantly

elevated in squamous cell carcinoma patients compared to healthy controls (Figure 16D).

Additionally, squamous cell NSCLC had elevated ratios of CD37/CD56" NK cells and CD3"

/NKG2D* NK cells, but the difference was not significant (p = 0.053) (Figure 16D).

Figure 16: Representation of the immune phenotype of squamous cell and adeno NSCLC patients and

healthy donors, as determined by FACS analysis.
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3.3 Correlation of Hsp70 Serum Levels with Lymphocyte Subpopulations in NSCLC
Patients

The analysis of the immune phenotype revealed significantly elevated ratios of CD3/CD94* NK
cells in squamous cell NSCLC (Figure 16D). As it could be shown that the C-type lectin receptor
CD94 plays a key role in the recognition of Hsp70 on the tumor cell membrane by NK cells, |
further investigated a potential correlation of Hsp70 with the percentage of CD37/CD94* NK
cells. Patients with squamous cell (n =25) and adenocarcinoma (n =18) were divided into
groups with high (28.5% in squamous cell and 26.5% in adenocarcinoma, percentage of all
lymphocytes) and low (<8.5% in squamous cell and <6.5% in adenocarcinoma, percentage of
all lymphocytes) median percentages of CD3/CD94* NK cells. Squamous cell NSCLC patients
with a high CD37/CD94* NK cell ratio showed significantly lower serum Hsp70 levels than the
corresponding group with a low ratio of CD37/CD94* NK cells (p = 0.048) (Figure 17B). The co-
expression of CD94* and CD69* on the NK cell population documents the activity of these NK
cells. Patients with high percentages of CD94"/CD69* NK cells had low Hsp70 serum levels and
a smaller GTV. It seems probable that these NK cells can control the growth of mHsp70-
positive tumor cells. Patients with adenocarcinoma by contrast did not have a significant
correlation between CD37/CD94* NK cells and serum Hsp70 levels (p = 0.908) (Figure 17A).

These results might be a hint that the NSCLC of the squamous cell subtype has a higher

immunogenicity than the adeno NSCLC.
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Figure 17:

CD94 immune phenotype in association with Hsp70 serum levels in squamous cell and adeno NSCLC patients.
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CD94 expression and serum Hsp70 levels in adeno
NSCLC patients (n=18) (patient collective #1).
Division of adeno NSCLC patients into a group
with low (<£6.5% CD37/CD94* NK cells; median
Hsp70 level: 12.15ng/ml; 95th percentile:
40.20 ng/ml) and high (>6.5% CD37/CD94* NK
cells; median Hsp70 level: 12.35ng/ml; 95th
percentile: ~ 22.50ng/ml)  percentage  of
CD37/CD94* NK cells; p > 0.05 (Mann—Whitney U-
test).

Association of CD94 expression and serum
Hsp70 levels in squamous cell NSCLC patients
(n=25) (patient collective #1). Division of
patients with squamous cell NSCLC into a
group with low (£8.5% CD3-/CD94+ NK cells;
median Hsp70 level: 17.45ng/ml; 95th
percentile: 59.00 ng/ml) and high (>8.5%
CD3-/CD94+ NK cells; median Hsp70 level:
10.45 ng/ml; 95th percentile: 17.70 ng/ml)
percentage of CD3-/CD94+ NK cells; p* < 0.05
(Mann—-Whitney U-test).
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3.4 Impact of Radio(chemo)therapy on Hsp70 Blood Levels and its Correlation with
Therapy Response

During the first part of my research work, a significant correlation of Hsp70 levels with the
GTV in NSCLC patients was detected. This result confirms that the origin of the elevated serum
and plasma Hsp70 are predominantly exosome-secreting vital tumor cells that carry Hsp70 in
their lipid membrane.

Our investigations concerning lymphocyte compositions in NSCLC patients revealed higher
percentages of activated CD69* and CD94* positive NK cell subpopulations in SCC NSCLC
patients compared to healthy donors and high ratios of CD94* positive NK cells were
associated with lower Hsp70 levels.

Apart from its interaction with the immune system, a potential correlation of Hsp70 with the
biomarker osteopontin was investigated. Elevated levels of the latter molecule are an
indicator of hypoxia and poor overall survival [99]. Hypoxic conditions affect therapy response
adversely and constitute cell stress which stimulates the expression of Hsp70. Earlier on, our
work group was able to demonstrate an enhanced hypoxia mediated radio-resistance of
malign cells [96]. A further significant correlation was detected between high OPN levels and
reduced lung function and weight loss [99].

In relation to radio(chemo)therapy, pre- and post-therapeutic Hsp70 levels were compared to
figure out if the therapy had any impact on peripheral Hsp70 in the blood. Moreover, although
enhanced osteopontin is associated with a worse survival time, there was no correlation with
the therapy response. Therefore, | explored if Hsp70 had a predictive function in this particular

field.

3.4.1 Correlation of Pre-Therapeutic (T1) OPN Levels with Hsp70 Plasma Levels in Patients
with NSCLC

Results were obtained in a patient collective of 44 NSCLC patients (6 females, 38 males)
without metastasis (MO0). Table 9A represents the clinico-pathological characteristics of all 44
patients, Table 9B compares the characteristics of responding and non-responding patients.

With respect to tumor volume (p=0.086), age (p=0.114), gender (p=0.306), histology
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(p=0.158), and UICC stage (p = 0.175), no statistically significant differences were determined

in non-responding and responding patients.

Table 9: Clinicopathological characteristics of 44 patients of collective #2

Counts
Gender Female 6 14%
Male 38 86%
Histological type Squamous cell carcinoma 23 52%
Adeno ca 19 43%
Other 2 5%
UICC stage Sl 2 5%
E 16 36%
b 26 59%

9A)

Description of all non-
small-cell lung  cancer
patients (n=44) at MO
(Martin Luther University
Hospital, Halle-
Wittenberg).

9B) Description of non-responding and responding non-small-cell lung cancer patients without metastases

(MO) (Martin Luther University Hospital, Halle-Wittenberg).

Non-responder Responder
Counts Counts
Gender Female 0 6 17.6%
Male 10 100% 28 82.4%
Histological type Squamous cell ca 7 70% 16 47%
Adeno ca 2 20% 17 50%
Other 1 10% 1 3%
UICC stage Il 1 10% 1 2.9%
lla 4 40% 12 35.3%
b 5 50% 21 61.8%

The two biomarkers OPN and Hsp70 were measured in the plasma of all patients (Table 9A)

before therapy start (T1, before RT). It has been demonstrated that high pre-therapeutic OPN

plasma levels (above median, n = 22) significantly correlated with inferior OS compared to low
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(below median, n = 22) levels (13 [5-66] vs. 23 [5-61]; p < 0.05) in larger NSCLC patient groups

with and without metastatic spread [99]. A positive correlation according to the Pearson’s

correlation coefficient between the two biomarkers OPN and Hsp70 (r=0.422, p = 0.005) was

found at T1 (Table 10). Furthermore, the patient collective was divided into patients with high

and low Hsp70 expression according to the median Hsp70 value of 9.30 ng/ml within the

patient collective. According to the Mann—Whitney U test (Figure 18), patients whose Hsp70

values were above the median of 9.30 ng/ml showed a significantly higher OPN expression

compared to those with median Hsp70 values below 9.30 ng/ml (n =43, p=0.021).

Table 10:

OPN T1 (ng/ml) lipHsp70 T1
N (missing) 44 (0) 43 (1)
Mean 872.14 12.13
SEM 71.63 2.02
Median 752.45 9.30
SD 475.11 13.26
Maximum 2441.00 67.50
Minimum 299.30 0.20

Paired samples test (OS)  p<0.05
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Comparison of pre-therapeutic (T1)
osteopontin (OPN) and heat shock
protein 70 (Hsp70) plasma levels in
non-small-cell lung cancer patients
(MO; n=44) in relation to overall
survival.

Figure 18:

Pre-therapeutic (T1) osteopontin (OPN) levels in
non-small-cell lung cancer patients (MO0) in
dependence of high and low median heat shock
protein 70 (Hsp70) plasma levels.  The patient
cohort (n=43) was divided into two subgroups
with median Hsp70 plasma levels below (low) or
above 9.30 ng/ml (high) according to the median
Hsp70 plasma level of 9.30ng/ml; Mann-
Whitney U test, p =0.021.
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3.4.2 Drop of Hsp70 Plasma Levels after RT in Patients with NSCLC

Apart from the comparison with the biomarker osteopontin, the impact of RT on Hsp70
plasma levels was investigated. First investigations regarding this subject have been
performed earlier in a small patient subgroup consisting of 6 patients. Their blood was drawn
before start and shortly after termination of therapy. Throughout this time period, Hsp70
levels remained significantly upregulated in comparison with those of healthy human
individuals. Nevertheless, a small drop which failed to achieve statistical significance (p=0.463;
Wilcoxon Rank-Sum Test) in this small patient group could be observed after completion of

therapy (Figure 19).

50 1 Figure 19:
40 | Dynamics of serum Hsp70 levels
of NSCLC patients (n = 6; patient
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Repeating these investigations in a larger patient collective #2, | contrasted pre- (T1) and post-
(T2) therapeutic Hsp70 plasma levels of 26 patients from whom blood was received before
and after therapy. Table 11 demonstrates a significant drop from 10.35 ng/ml before RT to
6.05 ng/ml after RT (paired samples test, p = 0.016) in median Hsp70 levels. According to the
Pearson’s correlation coefficient, a significant positive correlation was determined (r = 0.659,

p < 0.0001).
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Hsp70 T1 Hsp70 T2 (ng/ml) Table 11: pynamics of heat shock
(ng/ml) protein 70 (Hsp70) plasma levels
N 26 26 before (T1) and 4-6 weeks after (T2)
radio(chemo)therapy in patients with
Mean 14.94 9.02 NSCLC (/VIO)
SEM 3.02 1.81
Median 10.35 6.05
SD 15.41 9.24
Maximum 67.50 46.20
Minimum 0.20 0.80
Paired samples test p=0.016

A similar drop in peripheral Hsp70 after RT could be observed by mean Hsp70 levels (T1 vs.
T2:14.94 ng/ml vs. 9.02 ng/ml). Nevertheless, Hsp70 levels were still significantly upregulated
before (T1) as well as after (T2) RT (p<0.05) compared to the levels of a control group of 114
healthy donors (7.8 ng/ml) [152].

3.4.3 Prediction of Clinical Response to RT by High Post-Therapeutic Hsp70 Plasma Levels

First investigations with a small group of NSCLC patients showed a drop in Hsp70 levels after
RT (Figure 19), although the levels were still elevated compared to those of healthy donors. |
repeated this experiment with a larger patient collective and investigated if Hsp70 levels did
reflect the therapy response. | could confirm that responding patients had a significantly
improved OS in contrast to non-responding patients (23 vs. 9 months, p =0.026, log-rank
Mantel Cox) who had an increased risk of death (r=2.11, C/ [0.94-4.57], p=0.58). A
comparison of Hsp70 plasma levels before (T1) and 4—6 weeks after RT (T2) in non-responding
(n=7, 9.76 ng/ml vs. 4.03ng/ml) and responding patients (n=19, 16.85 ng/ml vs.
10.87 ng/ml) demonstrated that in both patient subgroups, mean and median Hsp70 plasma
levels declined after RT (Figure 20). The median post-therapeutic plasma Hsp70 levels at T2
(median 8.6 ng/ml, range 0.8—46.2) of patients with therapy response were significantly
higher in comparison with those without response (median 2.8, range 1.5-12.2) (Mann—

Whitney U test, p=0.013) (Figure 21). The mean Hsp70 values revealed similar results with
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respect to both time-points in responding (11.10 ng/ml at T1 vs. 8.60 ng/ml at T2) and non-

responding (5.30 ng/ml at T1 vs. 2.80 ng/ml at T2) patients (paired samples test p = 0.034).
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Figure 20:

Comparison of mean pre- (T1) and
post- (T2) therapeutic heat shock
protein 70 (Hsp70) plasma levels in
non-responding and responding non-
small-cell lung cancer patients (MO).
Non-responder: 7, responder: 19.
Mann—Whitney U test, *p < 0.05.

Figure 21:

Comparison of median post (T2)
therapeutic heat shock protein 70
(Hsp70) plasma levels in NSCLC
patients (MQ0) with different
therapy response. Non-responder:
7, responder: 19. Mann—Whitney U
test, asterisks above the box plots
indicate outliers; *p = 0.013.

Additionally, the patient cohort was subdivided into a group with Hsp70 plasma levels above

and below the median plasma Hsp70 of 5.0 ng/ml at T2. The patients above the threshold

showed significantly higher response rates than those below the threshold (92.9 vs. 50%,
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Pearson Chi-Square p =0.02) (Table 12). In line with these findings, | studied the potential of

post-therapeutic Hsp70 levels to predict therapy response. A ROC curve analysis was created

(Figure 22) which could affirm a significant predictive function (p =0.014) of plasma Hsp70

levels for therapy response with an area under the curve (AUC) of 0.82. The optimal cutoff

value to differentiate between positive and negative therapy response was a value of

<4.35 ng/ml with a sensitivity of 0.895 and a false positive rate of 0.143. The same analysis

was conducted with plasma Hsp70 before therapy start (T1) but failed to be statistically

significant.

Therapy response (T2) Median Hsp70
above 5 ng/ml

Median Hsp70
below 5 ng/ml

N 14 12
Non-responder 1(7%) 6 (50%)
Responder 13 (93%) 6 (50%)
Pearson chi-square p=0.02
1.0 - Source of the Curve
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Table 12:

Posttherapeutic (T2) heat shock
protein 70 (Hsp70) plasma levels
in dependence of the therapy
response in NSCLC patients (MO).

Figure 22:

Prediction of therapy response
using a receiver operating
characteristic ~ (ROC)  curve
analysis of heat shock protein
70 (Hsp70) plasma levels of
non-small-cell lung cancer
(NSCLC) patients (MO). Area
under the curve =0.82,
p=0.014. The optimal cutoff
value for the identification of
responders and non-responders
was an Hsp70 plasma level of
4.35 ng/ml with a sensitivity of
0.895 and a false positive rate
of 0.143.
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4 DISCUSSION

4.1 Role of Hsp70 in Tumor Detection and Prognosis

Frequently, lung cancer is diagnosed in a late tumor stage. The reason for this is that patients
with lung cancer suffer from unspecific symptoms like coughing, dyspnea or fever that are
most frequently seen in inflammatory diseases of the lung, such as chronic obstructive
pulmonary disease (COPD) or pneumonia. The consequence of a diagnosis in a late stage is a
reduced access to curative-intent treatment as the tumor has progressed. Furthermore, COPD
patients who mostly share a history of smoking have a higher risk of developing lung cancer.
As a result, there is an urgent need to explore novel tumor biomarkers to differentiate
between malignant and benign diseases. One of these biomarkers is the major stress-inducible
Hsp70. Unlike normal cells, tumor cells exhibit higher cytosolic Hsp70 levels, frequently
present Hsp70 on their cell surface and actively release it in lipid vesicles as exosomes [53, 75,
105]. Exosomal Hsp70 contributes to enhanced Hsp70 levels which are easily detectable in the
blood using the novel lipHsp70 ELISA [152]. A concentration of approximately 7.7 ng/ml is
detectable in the blood of healthy individuals (N=145) and therefore is considered as a cut-off
value which separates tumor patients from healthy donors. Physiologically the molecular
chaperone Hsp70 is residing in the cytosol of cells. Therefore, the presence of Hsp70 in the
blood circulation of healthy individuals is most likely a consequence of cell death. A high
cytosolic density of Hsp70 is responsible for the protection of cancer cells from apoptotic cell
death, an increased therapy resistance, it supports tumor cell proliferation and migration and
creates a cancer phenotype with enhanced aggressiveness. Elevated Hsp70 levels have not
only been found in lung tumors, but also in hematological malignancies, breast, prostate,
colon, brain, and lung cancer [52, 105]. Hence, Hsp70 is suitable as a tumor biomarker for a
large variety of different tumor entities. This research showed significantly elevated levels of
Hsp70 in the blood of squamous cell and adeno NSCLC patients compared to a group of
healthy volunteers. Nevertheless, Hsp70 is not only enhanced in the blood of tumor patients
like patients with hepatocellular carcinoma, but also in patients who have inflammatory

diseases like chronic hepatitis or liver cirrhosis [40]. It was noticeable though that tumor
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patients still had the highest Hsp70 levels compared to patients with chronic inflammation. In
line with these findings, another study demonstrated that NSCLC patients have more Hsp70
in the blood than COPD patients [139]. The fact that cancer can arise from diseases with
chronic inflammation and that this transition goes along with an increase in exosomal Hsp70,
makes this marker valuable to monitor malignant transformation by the lipHsp70 ELISA. Since
blood samples are easy accessibility with minimal invasive methods, the detection of the
tumor-specific biomarker Hsp70 seems to be suitable to differentiate between inflammatory

and malignant diseases of various tissue types.

4.2 Hsp70 as a Biomarker of Vital Tumor Mass

Since Hsp70 is present on the surface of tumor cells and is actively released in exosomes,
elevated Hsp70 levels in the blood represent the activity of the vital tumor mass. In tumor
patients, the major part of circulating Hsp70 originates from exosomes. The remnant Hsp70
originates from membrane-positive tumor cells which have been released into the blood
circulation, from dying tumor cells and from the physiological base line levels which are even
present in healthy individuals, set free by apoptotic and necrotic cells. Along this line, |
investigated if there was a potential connection between the peripheral Hsp70 measured in
the blood and the size of the tumor tissue which had been measured by PET-imaging in NSCLC
patients (n=55; collective #2). A direct correlation between serum Hsp70 and the GTV could
be determined (Figure 14). Lower Hsp70 levels were associated with a smaller GTV, and higher
levels were accompanied by a larger viable tumor mass. Furthermore, the statistical
Spearman’s Rank Order Correlation analysis could show a significant correlation between
serum Hsp70 levels and PET-based tumor volume. Also Kokowski et al. could show that a
decrease in tumor size was accompanied by a drop in Hsp70 concentrations [68].

More investigations on a potential correlation of Hsp70 with the UICC stage need to be
performed in larger patient cohorts with a more balanced distribution of different UICC stages.
Moreover, Zimmermann et al. [139] were able to show an association of Hsp27 and Hsp70
serum levels with clinical stages in NSCLC and Bauer et al. [9] argue that both HSPs are

beneficial in the risk stratification of UICC stage I/l colon cancer. Future studies will deal with
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the combined acquisition and evaluation of serial GTV and serum Hsp70 registrations at
various time points before, during and after RT. Apart from this, it is still not clear if the Hsp70
membrane expression within one tumor or in tumors of different patients is homogenous.
More knowledge about the processes of Hsp70 secretion might help to analyze the correlation
of Hsp70 levels and viable tumor mass.

To confirm that tumor tissue is Hsp70 positive different from the surrounding healthy tissue,
immunohistochemistry was performed. Figure 13 demonstrates a clear separation of tumor
and normal tissue based on the Hsp70 positivity. In patients with squamous cell carcinoma of
the head and neck it also has been shown that a high Hsp70 expression was associated with
high serum Hsp70 levels [44]. Yet it remains unknown which circumstances might affect the
guantity of actively released Hsp70 positive vesicles by malignant cells. More research is still
pending concerning the Hsp70 secretion behavior of tumor cells, just as well as concerning
the exact functions of Hsp70 secretion in vesicles. Salamuta S. Mambula for example described
a reinsertion of released Hsp70 into the cell membrane of prostate carcinoma cells after [78].
This phenomenon might have an influence on peripheral blood Hsp70 levels on the one hand,
and on the other hand increase the Hsp70 membrane positivity and therefore also radio-
resistance [96], tumor progression [62] and aggressivity of initially Hsp70 negative tumor

tissue.

4.3 Interpretation of immunological Phenotypes and Differences in NSCLC Patients in
relation to Hsp70 Levels

Besides all the negative facets of elevated Hsp70 levels in the blood, Hsp70 can serve as a
target structure for the innate immune system [17, 42, 43], particularly for pre-activated NK
cells. The reaction of immune cells to different antigens is highly individual and based on the
genetic constitution along with lifelong exposition to exogenous particles. Due to its control
function in the detection of “non-self” antigens, the immune system has a major role in the
formation and spread of malignantly transformed cells. Different tumor immune escape
mechanisms [13] are responsible for the fact that natural systems of defense can be evaded
and tumor patients are immunosuppressed in respect of immunological tumor recognition.

Based on these findings, particular differences between patients with NSCLC of different
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histology and healthy volunteers could be detected and therefore confirmed that the immune
system plays an important role in the tumor control. Regarding the relative number of
lymphocytes in the peripheral blood, healthy controls had significantly higher percentages of
lymphocytes compared to squamous cell and adenocarcinoma patients (Figure 16A). As it is
known that membrane Hsp70 is a recognition structure for Hsp70 pre-activated NK cells [17],
a potential influence of systemic Hsp70 on the cell subtype composition of peripheral blood
lymphocytes (PBL) was studied. Flow cytometric analysis of the blood of patients with
squamous cell carcinoma showed decreased percentages of B cells (Figure 16B), but elevated
percentages of activated NK cell subpopulations in patients with squamous cell NSCLC, unlike
in patients with adeno NSCLC (Figure 16D). Significantly increased percentages of
CD69*/CD94" NK cells were found in squamous cell carcinoma patients compared to the
healthy donors and adenocarcinoma patients. In the second patient collective, high serum
Hsp70 levels could be correlated with a larger tumor volume. High serum Hsp70 levels were
associated with a lower percentage of CD94*/CD69* activated NK cells in squamous cell NSCLC
(Figure 16D). As lower serum Hsp70 is associated with a smaller GTV (Figure 14) and a higher
percentage of CD94*/CD69* activated NK cells (Figure 17), it is assumable that CD94*/CD69*
activated NK cells are essential in the control of tumor growth and dispersal of Hsp70-positive
tumor cells. Kokowski et al. could likewise demonstrate that among NK cells with further
activation markers, CD94* NK cells were significantly elevated in a stage Illb NSCLC patient
with long-term tumor control who had received a combined therapy with radiochemotherapy,
NK cell transfer and PD-1 inhibition [68]. Also Gross et al. have shown that an increased

density of CD94/NKG2 and CD56 enables NK cells to kill mHsp70-positive tumor cells [47, 49].

The two major functions of Hsp70 are opponent and associated with the subcellular
localization of this protein. Being exposed on the outer membrane, lipid-bound Hsp70 acts as
a recognition structure for activated NK cells, whereas intracellular together with membrane-
bound Hsp70 can mediate protection from apoptotic cell death and therefore is responsible
for enhanced therapy resistance [96]. Tumor cells with an enhanced aggressiveness might be
able to circumvent immunological recognition and secrete larger amounts of Hsp70 as a result.
Therefore, | conclude that high Hsp70 levels combined with a larger GTV might be
accompanied by a functional loss of activated C-type lectin-positive NK cells. A positive

correlation between CD94*/ CD69* NK cells and serum Hsp70 levels could only be detected in
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squamous cell NSCLC, but not in adenocarcinomas of the lung. This corresponds with the fact
that adenocarcinomas are considered to have a decreased immunogenicity. Our results
further match with previous findings which demonstrate an increase of the cell surface density
of the C-type lectin receptor CD94 on NK cells following stimulation with Hsp70-peptide TKD
(2a450-463) and low-dose IL-2 [69]. This receptor additionally interacts with non-classical
HLA-E molecules [19] and it fulfills either an activating or inhibitory function depending on the
NKG2C or NKG2A co-receptor [77]. Hsp70 membrane-positive SCCHN (squamous cell
carcinoma of the head and neck) patients, too, exhibited an up-regulation of the CD94 and
NKG2D density on NK cells, even 2 years after surgery and radiation therapy.

An augmented expression of the receptor CD69 on NK cells indicates enhanced cytotoxic
activity, proliferation, TNF-a production and the induction of further activation markers, such
as CD25 and ICAM-1 [16]. The density of both the receptors CD69 and CD94 was only
enhanced in the blood of squamous cell carcinoma patients but not of adeno NSCLC patients
according to our present research. Equally, a significant correlation of the CD94 expression
with serum Hsp70 was only detectable in squamous cell NSCLC patients which is presented in
Figure 17. These results reconfirm that patients with squamous carcinoma are more receptive
to immunological recognition and expression control of Hsp70.

In general, NSCLC of the adeno-subtype are highly heterogenous depending on their gene
expression patterns (Figure 23) which can have an influence on tumor aggressiveness and
immune-escape. Because of this, the outcome in overall survival can differ between the

different subgroups [37].
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Figure 23: Percentage distribution of NSCLC subtypes and mutation analysis in the squamous cell and adeno
carcinoma; although both subtypes of lung cancer partially show similar mutations, the diversity of mutations in
the gene pool of the adenocarcinoma is larger [150]

A reinforcement of the body’s own defense mechanisms would be an ideal way in the combat
against tumor cells. Regarding physiological immune processes, especially NK cells of patients
with squamous cell carcinoma not only detect “missing self” on malignant cells [61], but can
be stimulated with circulating Hsp70 and recognize membrane Hsp70 on the tumor cell
surface [90]. Because of the lower radio-sensitivity of adeno carcinomas, this effect might be

a good supplement to increase the success of therapy in this NSCLC subtype.

But tumor detection and combat are not the only functions of NK cells. The interaction and
stimulation of the adaptive immune system is equally important. Experimental mouse models
demonstrate that the initiation of CD8* cytotoxic T cell activity is based on IFN-y which is
secreted by NK cells in the elimination of tumor cells [31, 65]. The cytokines IFN-y and TNF
further activate macrophages and dendritic cells which belong to the innate immune system.
Vice versa, an 11-year follow-up epidemiologic survey demonstrated that a lack in activated
NK cells increases the risk of developing cancer [57]. A reduced immunological activity can be

the result of tumor immune escape, for example in the case of tumor cells with a broad range
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of genetic mutations, such as certain adeno carcinoma subtypes. In the case of immune escape
against tumor cells [35, 51, 120, 137], new therapeutic approaches have to be explored and
improved, such as a reactivation of the patient’s immune defense by inhibiting tumor-induced
immune checkpoints that circumvent the induction of immune response against tumor cells
[4, 27, 55]. This seems especially promising in lung cancer subtypes with high mutational load
[4]. Benson et al. demonstrated that different from NK cells of healthy persons, NK cells in
multiple myeloma express the immune checkpoint molecule PD-1 which dampens
immunological defense by forming a complex with the PD-L1 on malignant cells [11]. A therapy
with the anti-PD-1 antibody Pidilizumab could enhance NK cell toxicity towards the tumor.
Using immune checkpoint inhibitors, long-term tumor control and an advanced overall
survival in lung cancer patients were observed in further studies [4, 68]. Therefore, the
combination of PD-1 inhibition with the transfer of ex vivo-stimulated NK cells might
synergistically enforce the cytolytic activity of NK cells and is the matter of current research

(68, 113].

Finally, our findings imply that among all immune cells, NK cells play a central role in the
surveillance and combat against tumor cells. The immunological defense can be re-inforced in
the presence of the stress molecule Hsp70 and pro-inflammatory cytokines, such as IL-2. Long-
term outcomes in respect of a correlation between immunological phenotypes, the presence
of immune cell activation markers and the overall survival of tumor patients are still pending.
Future research will also have to deal with the prognostic value of activated cells and their
correlation with Hsp70 with a special focus on survival time, and recent studies concerning

this matter seemed could achieve promising results [68, 113].

4.4 Relevance of Hsp70 in Therapy Monitoring

In the field of cancer management, tumor biomarkers are also essential to monitor therapy
response and tumor progression in order to optimize a patient’s treatment. Especially because
of changes in tumor biology and in the sensitivity to a certain therapy, there is an urgent need
for biomarkers which can serially give information about the current status of tumor response

to R(C)T or other medications. In most cases, drugs that are used for chemo-therapy are toxic
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and have a broad range of side effects on healthy cells, clinically leading to nausea, vomiting
or hair loss for example. With the help of tumor biomarkers, it is possible to adapt tumor

therapy more precise and shorten the toxic therapy cycles to a minimum.

Relating to the tumor biomarker Hsp70, it could be shown that high pre-therapeutic levels of
Hsp70 positively correlate with the gross tumor volume and can additionally lead to increased
radio-resistance. High intracellular Hsp70 levels imply protection against stress-inducible
programmed cell death by hampering apoptotic pathways (123). In contrast, previous findings
demonstrated that Hsp70 is a highly immunogenic molecule and stimulates NK cell mediated
immune response [39, 48, 69, 116] which is crucial in tumor control. Because of its dual
functions and the tumor-specific overexpression of this molecule, | had a look at the dynamics

of Hsp70 levels and compared it to the tumor biomarker osteopontin.

4.4.1 Post-Therapeutic Hsp70 Plasma Levels as a Biomarker of Therapy Response

Prior experiments demonstrated that enhanced cytosolic Hsp70 in tumor cells can mediate
resistance against RT by compensating RT-induced cell stress [96]. Therefore, | investigated
how Hsp70 levels were changed by radiochemotherapy and if the dynamics were coherent
with a favorable therapy effect. Therapy response was defined as a complete remission
(disappearance of all target lesions) and partial remission (decrease of 30% in the lesion with
the largest diameter).

Comparing Hsp70 levels at different time points, there was a drop from pre- to post-
therapeutic Hsp70. Responding patients had significantly higher Hsp70 levels than non-
responders after therapy. Nevertheless, Hsp70 levels were elevated compared to healthy
donors at both time points.

As demonstrated, high pre-therapeutic Hsp70 levels are associated with a higher tumor
volume (Figure 14). | attribute these findings to vital tumor cells actively secreting exosomes
and therefore contributing to an enhanced circulation of Hsp70 in the blood stream.
Radio(chemo)therapy evokes a major change in tumor biology and also in healthy cells with a

high mitotic activity. Some chemotherapy drugs have a direct effect on DNA by inserting
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artificial molecules or agglutinating the DNA strands for example. Radiotherapy harms cancer
cells by exposing them to high energy radiation. This leads to ionization processes that can
directly impair cellular components or damage tissue via the formation of free radicals. The
aim of radio(chemo)therapy is to provoke a mainly organized cell death by the induction of
apoptosis and necrosis. Subsequently, there is a huge depletion and release of cellular danger
associated molecular patterns (DAMPs), including Hsp70. The lipHsp70 ELISA detects
particularly the membrane bound form of Hsp70 which is integrated in the tumorous cell
membrane but cannot be found in the membrane of healthy cells. As higher post-therapeutic
levels in patients with therapy response could be observed, | assume that there is a larger
tumor cell decay in responders. The release of Hsp70 in the form of impaired tumor cell
components might then stimulate immunological activity, comparable to the effects of
vaccination.

In some cases, tumor cells withstand therapy even though the gross tumor volume has been
reduced. It is still unclear how the exosomal secretion behavior of the remaining tumor cells
after radio(chemo)therapy is affected.

As radiotherapy induces cell decay, thereby affecting Hsp70 release decisively and lowering
tumor cell activity, | quantified post-therapeutic Hsp70 levels and investigated whether it is
possible to predict therapy outcome on the basis of serum Hsp70. A ROC analysis which was
created for this purpose turned out to have an AUC of 0.82 (p = 0.014) which reflects a high
capability of Hsp70 in the prediction of therapy response. Identical analysis with pre-
therapeutic Hsp70 plasma levels showed a similar trend, but the results missed statistical
significance. Nevertheless, further research on pre- and post-therapeutic Hsp70 with
measurements at serial time-points and its correlation with clinical response in larger patient
cohorts are necessary to gather more detailed knowledge about the exact dynamics and the

prognostic relevance of circulating Hsp70.
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4.4.2 Role of Hypoxia in the Context of Tumor Metabolism and its Influence on Hsp70
and OPN Expression

Various factors can have an influence on prognosis and overall survival. Apart from
immunological defense, the tumor microenvironment after therapy affects different

parameters and thus a patient’s overall survival decisively.

The presence of hypoxic stress for example has a negative influence on prognosis and therapy
response to radiotherapy. Schilling et al. demonstrated that an exposition to hypoxic stress
decreased the membrane expression of Hsp70 and the major histocompatibility class | chain-
related proteins A and B (MICA/B) on H1339 and MDA-MB-231-cells [112]. Since Hsp70 and
MICA/B serve as potent ligands for NK cells, hypoxia consequently leads to reduced
immunological recognition and NK cell-mediated lysis. Further on, knockdown experiments of
the molecule HIF-1a which promotes tumor cell survival and impairs membrane Hsp70
expression indicated that there might additionally be an inhibition of transport to the
membrane under hypoxia which is still unknown and protects tumor cells from NK cell-

mediated lysis [112].

Usually, hypoxic conditions are a result of a limited oxygen supply in the case of an
enlargement of solid tumor tissue which increases interstitial transport distances and lowers
hydrostatic pressure gradients between blood vessels and the interstitium [94]. To
compensate an adequate delivery of oxygen and nutrients, new microvessels are formed
reactively in solid tumor tissue. Nevertheless, the morphology of these adjuvant microvessels
differs from the structure of vessels in healthy tissue [125]. The poor quality of the vascular
wall can contribute to aggravated transport conditions for oxygen and also for the delivery of
antitumor immune therapies via blood circulation.

Consequently, the tumor metabolism is characterized by hypoxia, a shortage of nutrients,
elevated lactate levels as well as adenosine and acidosis [94, 125, 127]. Hypoxia further leads
to several effects on the tumor that have a negative influence on the prognosis such as genetic
instability and heterogeneity, therapy resistance, tumor progression and continuous
angiogenesis [83, 126, 130]. Moreover, hypoxic conditions can result in an activation and
extension of stromal cell populations which have an immune-suppressive character and

therefore interfere with tumor immunotherapy [131].
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A shortage in oxygen supply additionally results in an overexpression of OPN which is a
physiologically present molecule. Normally, it contributes to the process of bone remodeling
[25]. It is remarkable though that tumor patients have shown an overexpression [110] which
has turned out to be an indicator of increased tumor aggression. In NSCLC, the height of OPN
plasma levels correlated significantly with the hypoxic extent in the microenvironment [71].
Ostheimer et al. detected that high pre-therapeutic OPN levels and rising levels after RT pass
into poor survival in NSCLC after radical radiotherapy [99, 101]. The statistical significance of
these findings could be improved when combined with the biomarkers VEGF and CAIX [99].

Apart from OPN overexpression, hypoxic stress enforces the secretion of exosomes [63] by
tumor cells which carry high amounts of Hsp70. Due to the overexpression of both biomarkers
in a hypoxic environment, | compared the prognostic and predictive value of Hsp70 levels with
OPN in the patient collectives #1 and #2. In both groups, Hsp70 and OPN showed a significant
positive correlation at diagnosis. As previously demonstrated with a larger, more
heterogenous NSCLC patient collective [100], high OPN concentrations at T1 were associated
with decreased OS on significant levels in non-metastasized NSCLC patients. Although a direct
significant correlation between Hsp70 and the overall survival was not detectable, | speculate
that the correlation between OPN and Hsp70 might be a hint that in a larger more balanced
patient cohort, Hsp70 might likewise be an indicator of overall survival. Finally, the expression
of both markers shows great potential for an individual therapy monitoring, but nevertheless

represents a highly aggressive tumor phenotype with a worse outcome.
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5 CONCLUSION

Hsp70 is a molecule which is overexpressed in the cytosol and gets released into the blood of
patients with various tumor types [20, 67, 69]. Different from normal cells, Hsp70 is integrated
in the lipid membrane of tumor cells which have the capability to secrete Hsp70-positive
exosomes actively [2, 66, 108]. Therefore, the stress protein Hsp70 serves as a biomarker for
the detection of tumor metabolism. Apart from malignant processes, it is additionally elevated
in diseases with chronic inflammation, such as COPD or liver cirrhosis. However, the serum
levels of tumor patients surpass those of patients with inflammatory diseases. Hsp70 will take
on greater importance especially in tumor types that lack symptoms or are covered by
unspecific symptoms. This is frequently the case in tumors of the lung, of which the NSCLC is
the most common type. Our investigations revealed that the gross tumor volume in the NSCLC
is positively correlated with Hsp70 levels in the blood circulation. Consequentially, Hsp70
might serve as a biomarker of viable tumor mass and therefore mirrors the overall tumor
burden. Changes in tumor volume during radiotherapy in NSCLC patients have potential
prognostic and predictive value [36, 59] and might also be reflected by the dynamics of Hsp70
during therapy. Nevertheless, a certain interval of radiotherapy-induced inflammation and cell

death must be considered with care in future studies.

As a result of its high immunogenic character, the presence of Hsp70 can affect the prognosis
in a beneficial way on the one hand, although its expression is in association with increased
aggressiveness on the other hand. Since Hsp70 is known to serve as a target structure of NK
cells, the exact lymphocyte compositions in the blood of NSCLC patients with different
histological subtype were analyzed. NSCLC patients had decreased lymphocyte counts
compared to the healthy control group which is indicative of a suppression in immunological
activity. Elevated percentages of CD69*/CD94* NK cells were found in squamous cell, but not
in adeno NSCLC. This might display a higher immunogenicity of the squamous cell NSCLC
compared to the adeno carcinoma which is already known for its vast range of gene expression
patterns [150]. As lower Hsp70 levels were associated with a smaller GTV as well as a higher
percentage of CD69*/CD94* positive NK cells, activated NK cells might be able to control and

oppose mHsp70-positive malignant cells especially in squamous cell NSCLC patients.
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Nevertheless, if tumor escape mechanisms interfere with NK cell activation, tumor cells
cannot be killed. Here, combined therapies with ex vivo activated NK cell transfer and immune
checkpoint inhibition have shown to be successful by synergistically enhancing the cytolytic
activity of NK cells and prolonging tumor control and overall survival in lung cancer patients

[68].

Besides its negative facets, Hsp70 expression can affect prognosis in a beneficial manner by
inducing immune response. But since many tumor patients are immunosuppressed, exhibiting
reduced counts of lymphocytes for example, radiotherapy is still an important basis of disease
control. The requested effect of radiotherapy is the impairment and eradication of tumor cell
activity and therefore, radiotherapy is stress for tumor cells and affects the expression and
the release of Hsp70. An overexpression of Hsp70 is associated with higher aggressiveness,
similarly to osteopontin which also serves as a tumor biomarker and is enhanced in the case
of a hypoxic tumor microenvironment, equally to Hsp70. Ostheimer et al. have shown that
osteopontin overexpression represents a poor survival [99]. Since both biomarkers are
stimulated under similar conditions, | searched for a potential correlation between them.
Before therapy at the timepoint T1, | found that high Hsp70 levels were accompanied by
higher osteopontin levels. | further examined the dynamics of Hsp70 levels during the run of
radiotherapy in NSCLC patients and investigated if they were indicative of therapy response.
Generally, the point in time of the determination of Hsp70 levels has to be considered. Pre-
therapeutic Hsp70 (T1) is most likely to be an indicator of viable tumor mass as it is released
by tumor cells whereas a post-therapeutic overexpression is rather a consequence of cell
decay which includes the death of malign cells. Although pre- and post-therapeutic Hsp70
levels were enhanced compared to physiological levels, a drop in Hsp70 4-6 weeks after
therapy in both responding and non-responding patients could be observed. A subdivision of
the patient group according to their Hsp70 levels demonstrated that patients with higher post-
therapeutic Hsp70 expression showed significantly higher response rates than those below
the threshold. A ROC curve analysis which was performed to estimate the prognostic function
of Hsp70 concerning therapy response revealed a significant predictive function for post-
therapeutic Hsp70 levels. The comparison of the two biomarkers Hsp70 and OPN revealed
different functions of the two molecules. Whereas elevated OPN levels significantly correlate
with decreased OS, reduced lung function and weight loss [99], Hsp70 can be used for the

detection of especially asymptomatic tumors and the differentiation from inflammatory
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diseases which malign cells can originate from, it reflects the height of the Hsp70 positive
tumor burden and post-therapeutic levels predict therapy outcome. The co-detection of both
biomarkers in the run of radiotherapy joins prognostic (OPN) and predictive (Hsp70)
information for therapy response which can result in a more rapid therapy adaptation to
improve clinical outcome of tumor patients. Further research concerning Hsp70 and its
correlation with overall survival in larger patient cohorts will have to be performed as present
investigations using patient collectives with a limited patient number revealed a trend but
failed to be significant. It is still a matter of debate how cytosolic Hsp70 is transported to the
plasma membrane, how exactly they are anchored in the plasma membrane and if lipid-bound
Hsp70 takes over chaperoning functions for adjacent proteins like receptors residing in lipid
rafts.

Due to its high immunogenicity and interaction with NK cells, Hsp70 additionally has a great
potential in the development of new therapeutic approaches that deal with tumor immune
therapy. The present research including the current targeted NK cell based adaptive
immunotherapy for the treatment of NSCLC patients initiated a phase Il clinical trial with the
aim to prolong overall survival in patients with advanced NSCLC after radiochemotherapy and

constitute the basis of future combined immunological therapy approaches.
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Heat-shock protein 70 (Hsp70) is frequently found on the plasma membrane of a large
number of malignant tumors including non-small cell lung cancer (NSCLC) and gets
released into the blood circulation in lipid vesicles. On the one hand, a membrane (m)
Hsp70-positive phenotype correlates with a high aggressiveness of the tumor; on the other
hand, mHsp70 serves as a target for natural killer (NK) cells that had been pre-stimulated
with Hsp70-peptide TKD plus low-dose interleukin-2 (TKD/IL-2). Following activation,
NK cells show an up-regulated expression of activatory C-type lectin receptors, such
as CD94/NKG2C, NKG2D, and natural cytotoxicity receptors (NCRs; NKp44, NKp46,
and NKp30) and thereby gain the capacity to kill mHsp70-positive tumor cells. With
respect to these results, the efficacy of ex vivo TKD/IL-2 stimulated, autologous NK cells
is currently tested in a proof-of-concept phase Il clinical trial in patients with squamous
cell NSCLC after radiochemotherapy (RCT) at the TUM. Inclusion criteria are histolog-
ical proven, non-resectable NSCLC in stage IIIA/IIIB, clinical responses to RCT and a
mHsp70-positive tumor phenotype. The mHsp70 status is determined in the serum of
patients using the lipHsp70 ELISA test, which enables the quantification of liposomal and
free Hsp70. Squamous cell and adeno NSCLC patients had significantly higher serum
Hsp70 levels than healthy controls. A significant correlation of serum Hsp70 levels with
the gross tumor volume was shown for adeno and squamous cell NSCLC. However,
significantly elevated ratios of activated CD69+/CD94+ NK cells that are associated with
low serum Hsp70 levels were observed only in patients with squamous cell lung cancer.
These data might provide a first hint that squamous cell NSCLC is more immunogenic
than adeno NSCLC.

Keywords: biomarker, tumor markers, biological, heat-shock protein 70, NSCLC, gross tumor volume,
lymphocytes, immune responses
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INTRODUCTION

According to recent statistics, lung cancer is still among the most
frequent causes of cancer-related deaths and the second most
common cancer in both men and women in Western societies
(1). The numbers of new cases are further increasing especially in
Asia and Africa (2). According to the GLOBOCAN report 2000
(3), the incidence of lung cancer worldwide is 1,238,900 with a
mortality of 1,103,100 and a 5-year prevalence of 1,394,400. One
reason for this high mortality is that patients with lung cancer
are frequently diagnosed in advanced tumor stages since the
symptoms, such as dyspnea, coughing, or chest pain, are quite
unspecific for a long period of time (4). Even after radical sur-
gery, chemo-, and/or radiotherapy using up-to-date therapeutic
approaches could not improve the outcome of locally advanced
tumor stages. The progression-free and overall survival of non-
small cell lung cancer (NSCLC) patients in stage ITIA and IIB is
often <16 months (5). Therefore, there is a high medical need to
explore new treatment modalities to increase life expectancy and
to develop minimal invasive methods for an earlier detection of
NSCLC.

In 2013, immunotherapy was elected as the “breakthrough of
the year” for the treatment of cancer by the journal “Science” (6).
The basis for this was the increase in knowledge in the detec-
tion of tumor-specific traits that have the potential to serve as
tumor-specific targets for immunotherapeutic approaches.
Along this line, our laboratory investigated the potential of the
major stress-inducible heat-shock protein 70 (Hsp70, HSPA1A)
as a tumor-specific target. Hsp70 is frequently overexpressed in
many different tumor types like hematological malignancies,
breast, prostate, colon, brain, and lung cancer (7, 8). Hsp70 assists
protein folding, prevents protein aggregation and apoptotic cell
death under physiological conditions and following stress (9,
10). Tumor cells compared to normal cells not only express
significantly higher levels of Hsp70 in the cytosol (7, 8), but also
exhibit an unusual plasma membrane localization of Hsp70 (11).
Therefore, mHsp70 has the potential as a tumor-specific target
for immunological approaches. Additionally, we have shown
recently that mHsp70 positive tumor cells actively secrete Hsp70
in lipid vesicles, most likely exosomes, that mirror the membrane
orientation of the cell from which they are derived (12). Based on
these findings, liposomal Hsp70 which is found in the peripheral
blood circulation can reflect the mHsp70 status of the tumor.
We have established the lipHsp70 ELISA (13), which enables the
detection of Hsp70 in the serum and plasma of patients. The use
of the monoclonal antibody (mAb) cmHsp70.1 (14, 15) in this
ELISA allows a quantitative determination of free and liposomal
Hsp70 in the blood, whereas other commercially available Hsp70
ELISA tests only detect free Hsp70.

A mHsp70-positive tumor phenotype exerts dual functions,
on the one hand, a high mHsp70 density is associated with a high
aggressiveness of the tumor (16) and the potential of metastatic
spread; on the other hand, mHsp70 on tumor cells serves as a
target for activated natural killer (NK) cells, which have been
incubated either with Hsp70 protein or TKD a 14mer peptide
derived from Hsp70 in combination with low-dose IL-2 (TKD/
IL-2) (12, 17, 18). Following activation, these NK cells regain the

capacity to kill mHsp70-positive tumor cells in vitro (19) and
in vivo (15, 20) via granzyme B-mediated apoptosis (21).

For a better understanding of this duality of mHsp70, we
addressed the question whether serum Hsp70 levels are associ-
ated with clinical parameters, such as gross tumor volume (GTV)
at diagnosis and after radiochemotherapy (RCT), and whether
serum Hsp70 levels can have impact on the immune phenotype
of squamous cell and adeno NSCLC (18).

MATERIALS AND METHODS

Patient Material

Blood samples of healthy human donors and NSCLC patients of
the Klinikum rechts der Isar, TUM (patient collective #1; Table 1)
and the Martin Luther University Hospital Halle-Wittenberg
(patient collective #2, Table 2) were collected between 2008 and
2015. In patient collective #1, blood was taken from patients with
squamous cell (n = 25) and adenocarcinoma (n = 18) of the lung
at diagnosis and directly after RCT (n = 6), and from age- and
gender-matched healthy human volunteers (# = 126) as a control
group. Tumor biopsies were obtained from nine NSCLC patients,
six in stage IV, and three in stage 3 (patient collective #1). The

TABLE 1 | Patient collective #1.

Number
Gender Female ihl
Male 32
Histology Squamous cell 25
Adeno 18
UICC stage la 1
o] 1
lla 0
llb 0
llla 13
lllb 13
\% 15

Clinico-pathological characteristics of 43 NSCLC patients treated at the Klinikum rechts
der Isar, TU Mtnchen, Munich, Germany.

TABLE 2 | Patient collective #2.

Number
Gender Female 8
Male 47
Histology Squamous cell 28
Adeno 24
Large cell 1
Other 1
No histology 1
UICC stage la 1
Ib 0
lla 2
Ile] 0
llla 18
llo 34
IV 0

Clinico-pathological characteristics of 556 NSCLC patients treated at the Martin-Luther
University Hospital, Halle-Wittenberg.
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median age of all patients of patient collective #1 was 64 years and
ranged from 23 to 95 years. In a screening study, NSCLC patients
are stratified for their tumor stage and Hsp70 phenotype to enter
aphase Il clinical trial at the TUM, which is entitled “Targeted NK
cell based adoptive immunotherapy for the treatment of patients
with NSCLC after radiochemotherapy (RCT)” (18). In patient col-
lective #2, blood was taken from 55 patients (median age 63 years,
range 47-86 years) with advanced stage, inoperable NSCLC with
an indication for primary RCT. These patients were recruited into
a pilot study entitled “Potential plasma hypoxia markers in the
radiotherapy of non-small cell lung cancer” (22). Characteristics
of both patient collectives are summarized in Tables 1 and 2.
Briefly, blood was collected in two EDTA KE/9 ml tubes and one
Serum Z/9 ml separator tube (S-Monovette, Sarstedt, Niimbrecht,
Germany). For the serum, blood was allowed to clot for 15 min at
room temperature. After collecting 1.4 ml of EDTA blood for flow
cytometry, plasma and serum were obtained by centrifugation at
750 g for 10 min. Aliquots of 100-300 pl were stored at —80°C for
further analysis. The studies were approved by the local Ethics
Committee of the Medical Faculties of both Universities (TUM,
Halle-Wittenberg) and written informed consent was obtained
from all patients before entering the trial. All procedures were
performed in accordance to the Declaration of Helsinki, 1975, as
revised in 2008. Clinical stage was determined according to the
UICC TNM classification, seventh edition.

Radiochemotherapy and Volumetric

Parameters

Three-dimensional conformal RT (3D-RT) was given normofrac-
tionated (5 fractions/week) with curative intent (66 Gy total dose,
2 Gy single dose; Siemens Primus, Germany). Chemotherapy
consisted of cisplatin (20 mg/m?* body surface on days 1-5) and
vinorelbine (25 mg/m?* body surface on day 1) in treatment week
1 and 5 (2 courses). RT was CT based (Siemens Lightspeed RT,
Germany) and all patients received a PET-scan (Philips Accel,
USA) before RT. CT and PET images were merged and GTV
was defined as the primary tumor and involved nodes (patho-
logic confirmed, highly suspicious by CT and PET). GTV was
delineated by an experienced radiation oncologist at planning
CT before RT and all image data were registered in the Oncentra
Masterplan external beam planning software (Nucletron, USA)
used for RT plan calculation.

Detection of Hsp70 in Serum/Plasma

Using the lipHsp70 ELISA

The Hsp70 content in the blood of NSCLC patients and healthy
donors was determined using the lipHsp70 ELISA, which is
equally suitable for serum and plasma samples (13). Using the
monoclonal cmHsp70.1 antibody as a detection reagent (15), it
is possible to detect both, soluble-free and lipid-bound Hsp70
in the serum/plasma of patients and healthy human individuals.
This ELISA allows a quantitative analysis of the total amount of
Hsp70 in the circulation blood (13). Briefly, 96-well MaxiSorp
Nunc-Immuno plates (Thermo, Rochester, NY, USA) were coated
overnight with 2 pg/ml rabbit polyclonal antibody (Davids,
Biotechnologie, Regensburg, Germany), directed against human

Hsp70 in sodium carbonate buffer (0.1 M sodium carbonate,
0.1 M sodium hydrogen carbonate, pH 9.6). After washing three
times with phosphate-buffered saline (PBS, Life Technologies,
Carlsbad, CA, USA) with 0.05% Tween-20 (Calbiochem, Merck,
Darmstadt, Germany), wells were blocked with 2% milk pow-
der (Carl Roth, Karlsruhe, Germany) in PBS for 1.5 h at 27°C.
Following another washing step, serum samples diluted 1:5 in
CrossDown Buffer (AppliChem, Chicago, IL, USA) were added
to the wells for 2 h at 27°C. Then, the wells were washed again
and incubated with 4 pg/ml of the biotinylated mouse mAb
cmHsp70.1 (multimmune, Munich, Germany) in 2% milk
powder in PBS for 2 h at 27°C. Finally, after another washing
step, 0.2 pg/ml horseradish peroxidase-conjugated streptavidin
(Pierce, Thermo, Rockford, IL, USA) in 1% bovine serum albu-
min (Sigma-Aldrich, St. Louis, MO, USA) was added for 1 h at
27°C. Binding was quantified by adding substrate reagent (R&D
Systems, Minneapolis, MN, USA) for 30 min at 27°C and absorb-
ance was read at 450 nm, corrected by absorbance at 570 nm,
in a Microplate Reader (BioTek, Winooski, VT, USA). An eight-
point standard curve was determined for each ELISA test using
0-50 ng/ml recombinant Hsp70 diluted in CrossDown Buffer.
Each sample was measured in triplicates.

Immunohistochemical Staining
Immunohistochemical staining was performed on formalin-
fixed and paraffin-embedded specimen of lung tumors (n = 9).
Sections were cut, dewaxed and hydrated, heated for 30 min
in a microwave oven in 600 ml DAKO retrieval buffer, then
washed for 5 min in H,O. After washing twice with T-PBS
buffer, specimens were blocked for 1 h in 10% rabbit serum in
PBS containing 1% BSA. Immunohistochemistry was done with
streptavidine-biotin complex (StreptABC) using mouse mAb
cmHsp70.1 (multimmune, Munich Germany) at a dilution of
1:200 overnight 2 h at 4°C.

Analysis of the Lymphocyte
Subpopulations with Flow Cytometry

In order to determine the proportion of different lymphocyte
subpopulations, flow cytometric (FACS) analysis was performed
using freshly collected EDTA blood (1.4 ml). Therefore, blood
(100 pl) was transferred into 14 test tubes and then fluorescently
labeled antibodies were added. The antibody combinations that
were used for the FACS analysis are summarized in Table 3.
After an incubation time of 15 min in the dark, the tubes were
centrifuged for 5 min at 500 g at room temperature after adding
2 ml of PBS/10% FCS washing buffer. In order to eliminate eryth-
rocytes, cells were incubated with lysing buffer (1:9 dilution of BD
Lysing Solution Cat. 3490202 with millipore H,O) for 10 min at
the room temperature in the dark. The respective percentages of
B, T, and NK cell subpopulations are defined as the proportion
of cells within the lymphocyte gate R1 (see Figure 3). For the
determination of regulatory T cells, buffer A (1:10 dilution of
component A with H,O) was added to the respective tubes. After
two washing steps, cells were permeabilized with buffer C (1:50
dilution of buffer A with component B) for 30 min in the dark.
Following another two washing steps, a PE-conjugated antibody
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TABLE 3 | Panel of antibodies and 14 antibody combinations used in the study.

Specificity Antibody Clone Company Cat No. Volume
Ctrl IgG1-FITC X40 BD 345815 5
IgG1-PE X40 BD 345816 5
IgG1-PerCP X40 BD 345817 5
IgG1-APC X40 Caltag/Invitrogen MG 105 1
T/NK CD94-FITC HP-3D9 BD 555888 5
CD56-PE NCAM16.2 BD 345811 5
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1
B/T/NK CD56-FITC NCAM16.2 BD 345811 5
CD19-PE HIB19 BD 555413 20
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1
T/NK CD56-FITC NCAM16.2 BD 345811 5
CD16-PE 3G8 BD 555407 10
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1
T/NK CD56-FITC NCAM16.2 BD 555518 5
NKG2D-PE 149810 R&D FAB139P 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560 5
T/NK CD56-FITC NCAM16.2 BD 345811 5
NKp30-PE IM3709 BC PN 3709 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560 5
T/NK CD56-FITC NCAM16.2 BD 345811 5
NKp46-PE IM3711 BC PN 3711 10
CD3-PerCP SK7 BD 345766 10
CD69-APC L78 BD 340560 5
T/NK CD94-FITC HP-3D9 BD 555888 5
NKG2D-PE 149810 R&D FAB139P 10
CD3-PerCP SK7 BD 345766 10
CD56-APC B159 BD 555518 10
T/NK CD94-FITC HP-3D9 BD 555888 5
NKp30-PE IM3709 BC PN 3709 10
CD3-PerCP SK7 BD 345766 10
CD56-APC B159 BD 555518 10
T/NK CD94-FITC HP-3D9 BD 555888 5
NKp46-PE IM3711 BC PN 3711 10
CD3-PerCP SK7 BD 345766 10
CD56-APC B159 BD 555518 10
CD4/CD8 T CD4-FITC RPA-T4 BD 555346 20
CD8-PE RPA-T8 BD 555366 20
CD3-PerCP SK7 BD 345766 10
CD45-APC HI30 Caltag/Invitrogen MHCD 4505 1
Ctrl IgG1-FITC X40 BD 345815 5
IgG1-PE X40 BD 345816 5
IgG1-PerCP X40 BD 345817 5
IgG1-APC X40 Caltag/Invitrogen MG 105 1
CD4 Treg CD4-PE RPA-T4 BD 555346 20
FoxP3-FITC 259/C7 BD 560046 20
CD3-PerCP SK7 BD 345766 10
CD25-APC 2A3 BD 340907 5
CD8 Treg CD8-PE RPA-T8 BD 555366 20
FoxP3-FITC 259/C7 BD 560046 20
CD3-PerCP SK7 BD 345766 10
CD25-APC 2A3 BD 340907 5

APC, allophycocyanin; B, B lymphocyte; BD, Becton Dickinson Biosciences; BC, Beckman Coulter; CD, cluster of differentiation; COPD, chronic obstructive pulmonary disease;
Citrl, control; FITC, fluorescein isothiocyanate;, NK, natural killer cell; PE, phycoerythrin; T, T lymphocyte; Treg, regulatory T cells.
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directed against the intracellular transcription factor forkhead
box P3 (FoxP3) was added for another 30 min. After another
two washing steps, 5 X 10* cells were analyzed on a FACScalibur
instrument (Becton Dickinson, Heidelberg, Germany).

Statistical Analysis

Statistical analysis was performed using the IBM SPSS 20.0
software package for windows (SPSS Inc., USA). Statistically
significant differences between Hsp70 levels of patients with high
and low GTV and high and low CD94 expression, lymphocyte
subpopulations of healthy donors, patients with squamous cell
and adenocarcinoma as well as between the percentage of all lym-
phocytes of patients with high and low Hsp70 expression were
determined with Mann-Whitney’s U-test. Correlation between
serum Hsp70 levels and GTV was evaluated using Spearman’s
Rank Correlation Coeflicient. Potential differences in Hsp70
serum levels in NSCLC patients before and after RCT were
determined with the Wilcoxon Rank-Sum Test. Comparison
of Hsp70 levels in the serum of two patient groups (squamous
cell and adeno NSCLC) and a group of healthy donors was also
performed using the Kruskal-Wallis test with a Dunn multiple
comparison test. A value of p < 0.05 was considered as statisti-
cally significant.

RESULTS

Comparison of Hsp70 Levels in Patients
with Squamous Cell, Adeno NSCLC, and
Healthy Human Individuals
Serum samples derived from 25 squamous cell and 18 adeno
NSCLC patients (patient collective #1), and 126 age- and gender-
matched healthy donors were analyzed to determine the Hsp70
levels in the peripheral blood. As shown in Figure 1A, patients
with squamous cell and adeno NSCLC (NSCLC; n = 43) have
significantly higher serum Hsp70 levels (p < 0.001) compared to
healthy control controls (healthy; n = 126), as determined with
the lipHsp70 ELISA, at diagnosis. The mean serum Hsp70 levels
of patients with squamous cell and adeno NSCLC, 16.69 + 2.7 ng/
ml and 14.51 + 2.49 (median 12.15 vs. 12.20 ng/ml), respectively,
did not differ significantly from each other (p = 0.825), but both
tumor types differed significantly (p < 0.001) from that of healthy
controls (7.0 ng/ml) as shown in Figure 1B. A representative
image of an Hsp70 positive tumor section of a squamous cell
(upper graph) and an adeno (lower graph) NSCLC in stage IV
is illustrated in Figure 1C. All nine tumor sections of NSCLC
patients (six in stage IV and three in stage III) had elevated Hsp70
serum levels and exhibited a strong Hsp70 staining in the tumor
cells but not in the connective tissue. Studies are ongoing that aim
to analyze a potential correlation between cytosolic and serum
Hsp70 levels in a larger panel of patients.

To investigate whether RCT impacts on serum Hsp70 levels in
a small subgroup of patients (n = 6), blood was collected before
start of therapy and directly after completion of therapy. Although
Hsp70 levels after RCT remained significantly higher compared
to those of healthy human individuals, a slight drop, which did
not reach statistical significance (p = 0.463; Wilcoxon Rank-Sum

Test), was detectable in the serum Hsp70 levels after completion
of RCT (Figure 1D).

Correlation of Hsp70 Levels at Diagnosis
with Tumor Volume in NSCLC Patients

A comparison of free and lipid-bound Hsp70 in the circula-
tion of tumor patients revealed that a major part of Hsp70 is
bound to lipid vesicles, most likely exosomes, which are actively
secreted by viable tumor cells carrying Hsp70 on their cell
surface (12, 23). Therefore, we studied a potential correlation
of the detected serum Hsp70 levels with the GTV of 55 NSCLC
patients (patient collective #2; Table 2) that was determined
by PET-imaging before start of RCT. The average tumor size
of these patients was 219.9 + 32.3 ml and the mean Hsp70
level was 11.2 + 1.7 ng/ml. The Spearman’s Rank Correlation
Coeflicient revealed a significant correlation (p = 0.03) between
these two metric parameters. Regarding the median GTV of
143.6 ml, these patients were subdivided into a group with low
(<143.6 ml) and high (>143.6 ml) median GTV. As shown in
Figure 2, patients in the high GTV group had significantly
higher serum Hsp70 levels than patients with a low tumor
volume (p < 0.05).

Differences in the Immune Phenotype of
Healthy Human Donors, Patients with
Squamous Cell and Adenocarcinoma of
the Lung

Nowadays, it is well accepted that an intact immune system plays
akey role in long-term tumor control and in prevention of distant
metastasis (24). Therefore, we comparatively investigated differ-
ences in the relative amount of lymphocytes and lymphocyte
subpopulations, such as B, T, and NK cells, in the EDTA blood
of healthy human donors (#n = 10) and NSCLC patients (patient
collective #1; n = 43; Table 1) at diagnosis, using multi-color
FACS analysis. The panel of fluorescence-labeled antibodies and
antibody combinations that were used in the study, is summa-
rized in Table 3. Compared to blood of healthy human donors,
the relative number of lymphocytes was significantly lower in
patients with squamous cell (n = 25; p=0.001) and adeno (n =18;
p = 0.008) NSCLC, although the percentage of lymphocytes in
patients with different histology was very similar (22.4 + 1.6% for
squamous cell and 21.8 + 2.4% for adenocarcinoma patients vs.
34.5 + 1.77% in healthy controls) (Figure 3). The gating strategy
of the lymphocytes is exemplified in the lower part of Figure 3.
Gate R1 refers to the gated population of lymphocytes, whereas
gate R2 represents granulocytes. The population of CD14* mono-
cytes is localized between the gates R1 and R2.

With respect to CD19* B cells, patients with squamous
cell carcinoma had significantly lower percentages of B cells
than healthy donors (p = 0.001) and adenocarcinoma patients
(p = 0.02) (Figure 4A). A comparison of different CD3* T cell
subpopulations, such as CD4*, CD8*, CD4*/CD25* regulatory,
NKG2D*, and CD94* T cells revealed no major differences, apart
from a significant increase in the subpopulation of CD3*/CD56*
NKT cells in patients with adeno lung carcinomas compared to
healthy controls (p = 0.038) (Figure 4B). The activation marker
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FIGURE 1 | Hsp70 serum levels (nanogram per milliliter) in healthy human individuals and patients with squamous cell and adeno NSCLC at
diagnosis and directly after RCT therapy. (A) Serum Hsp70 levels of healthy donors (healthy; n = 126; median Hsp70 level: 7.03 ng/ml, 95th percentile:

18.84 ng/ml) and NSCLC patients (NSCLC; n = 43; median Hsp70 level: 12.15 ng/ml, 95th percentile = 40.20 ng/mli) (patient collective #1) at diagnosis measured
with the lipHsp70 ELISA; ***p < 0.001 (Mann-Whitney U-Test). (B) Serum Hsp70 levels of healthy donors (healthy; n = 126) and patients with squamous cell
(squamous; n = 25; median Hsp70 level: 12.10 ng/ml; 95th percentile: 40.50 ng/ml) and adeno (adeno; n = 18; median Hsp70 level: 12.38 ng/ml; 95th percentile:
40.20 ng/ml) NSCLC (patient collective #1) at diagnosis measured with the lipHsp70 ELISA; **p < 0.001 (Kruskal-Wallis test with Dunn’s multiple comparison test).
(C) Representative immunohistochemical images of a squamous cell and adeno NSCLC section stained with cmHsp70.1 antibody; 20x magnification (patient
collective #1). The upper graph shows a squamous cell NSCLC and the lower graph an adeno NSCLC section. Only the tumor tissue but not the surrounding tissue
shows an Hsp70 staining. (D) Serum Hsp70 levels of NSCLC patients (n = 6; patient collective #1) at diagnosis (before) and directly after RCT (after).

CD69 appeared to be slightly, but not significantly, elevated on
CD3* T cells of patients with squamous cell (p = 0.81) and adeno-
carcinoma (p = 0.197) patients compared to healthy controls
(Figure 4B). A representative picture of the strategy to analyze
CD3*/CD4* T cells is illustrated in the inset of Figure 4B. In
contrast to the T cell subpopulations, significant differences were

observed with respect to CD3~ NK cell subpopulations regard-
ing the activation marker CD69 and the C-type lectin receptor
CD94. Patients with squamous cell NSCLC had significantly
higher percentages of CD37/CD56*/CD69* (p = 0.016) and
CD37/CD56%/CD9%4" (p = 0.028) NK cells than healthy controls
(Figure 4C). Although not significantly different, it also appeared
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FIGURE 2 | Hsp70 serum levels and gross tumor volume (GTV) in
NSCLC patients. According to their median Hsp70 levels, NSCLC patients
(n = 55; patient collective #2) were divided into patients with low GTV
(<143.6 ml; median GTV: 109.40 ml; 95th percentile: 296.30 ml) and high
GTV (>143.6 ml; median GTV: 163.50 ml; 95th percentile: 688.00 ml);
*p < 0.05 (Mann-Whitney U-test).

that patients with squamous cell NSCLC had elevated ratios of
CD37/CD56" NK cells and CD37/NKG2D* NK cells in general,
compared to healthy controls (p = 0.053) and adenocarcinoma
patients (Figure 4C).

Correlation of Hsp70 Serum Levels with
Lymphocyte Subpopulations in Squamous

Cell and Adenocarcinoma Patients

CD37/CD94* NK cells were found to be significantly elevated in
squamous cell carcinoma of the lung (Figure 4C). Furthermore,
we have shown earlier that the C-type lectin receptor CD94
plays a key role in the recognition of Hsp70 by NK cells (17). To
investigate the influence of serum Hsp70 on the ratio of CD37/
CD94* NK cells, patients with squamous cell (n = 25) and
adenocarcinoma (n = 18) were divided into groups with high
(>8.5% in squamous cell and >6.5% in adenocarcinoma) and
low (<8.5% in squamous cell and <6.5% in adenocarcinoma)
median percentages of CD37/CD94* NK cells. It appeared that
patients with squamous cell NSCLC with a high CD3~/CD9%4*
NK cell ratio had significantly lower serum Hsp70 levels than
the corresponding group with a low ratio of CD3-/CD94* NK
cell ratio (p = 0.048) (Figure 5A). The CD94* NK cell popula-
tion was also found to be positive for CD69, which indicates
that these NK cells are active. Patients with high percentages of
CD94%/CD69" NK cells have low Hsp70 serum levels and also a
lower GTV, which indicates that these NK cells might be able to
control the growth of mHsp70-positive tumor cells. In contrast,
patients with adenocarcinoma showed no significant differences
with respect to the ratio of CD37/CD94* NK cells and serum
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FIGURE 3 | Relative amounts of lymphocytes (%) in healthy human
individuals and patients with squamous cell and adeno NSCLC.
Comparison of the percentage of peripheral blood lymphocytes (PBL) in
healthy human individuals (n = 10) and patients with squamous cell (n = 25)
and adeno (n = 18) NSCLC at diagnosis (patient collective #1); **p < 0.01,
***p < 0.001 (Mann-Whitney U-test). Graph below: gate R1 refers to the
population of PBL which is analyzed by FACS, G2 refers to the population of
granulocytes.

Hsp70 levels (p = 0.908) (Figure 5B). These findings might
indicate that squamous cell NSCLC is more immunogenic than
adeno NSCLC.

DISCUSSION

Many lung tumors are diagnosed at advanced stages, which often
restrict curative-intent treatment. In bronchial carcinoma, first
diagnosis can be delayed by unspecific symptoms like coughing
or dyspnea, which is also seen in inflammatory diseases of the
lung, such as chronic obstructive pulmonary disease (COPD) or
pneumonia. Apart from that, the majority of patients with the
diagnosis COPD are smokers who additionally have an increased
risk of developing lung cancer. Consequently, there is an urgent
need for novel tumor biomarkers that can distinguish malignant
from benign diseases. In contrast to normal cells, tumor cells
frequently present Hsp70 on their surface. Membrane Hsp70-
positive tumor cells have the capacity to actively secrete Hsp70
in lipid vesicles with molecular characteristics of exosomes (8,
9, 12). In a large variety of different malignant tumor entities,

Frontiers in Immunology | www.frontiersin.org

November 2015 | Volume 6 | Article 556


http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org

Gunther et al. Hsp70, GTV and lymphocyte composition

%k Xk 3k *

15

10

B cells [%]

healthy squamous adeno

w
S o

u healthy

-~
S
N

Bsquamous

Dadeno

T cell subpopulations (%)
S 8 8§ 8 8

-
o
L

B healthy

Bsquamous
15 1
adeno
*

10

NK cell subpopulations (%)

W

c"“g‘“’~

\S 0 0
W@ o

FIGURE 4 | Comparison of the immune phenotype of squamous cell and adeno NSCLC patients with healthy donors. (A) Relative amount of B cells in
the blood of healthy donors (n = 10), squamous cell (n = 25) and adeno (n = 18) NSCLC patients, as determined by FACS analysis (patient collective #1); *p < 0.05,
***p = 0.001 (Mann-Whitney U-test). (B) Percentage of T cell subpopulations in the blood of healthy donors (n = 10), squamous cell (n = 25) and adeno (n = 18)
NSCLC patients (patient collective #1); *p < 0.05 (Mann-Whitney U-test). A representative example of the analysis of CD3*/CD4* helper T cells by FACS analysis is
shown in the inset (percentages of positively stained cells are shown in each quadrant of the dot blot). (C) Percentage of NK cell subpopulations in the blood of
healthy donors (n = 10), squamous cell (n = 25) and adeno (n = 18) NSCLC patients (patient collective #1); *p < 0.05 (Mann-Whitney U-test).
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FIGURE 5 | Comparison of the CD94 immune phenotype and Hsp70
serum levels in squamous cell and adeno NSCLC patients.

(A) Correlation of the CD94 expression and serum Hsp70 levels in squamous
cell NSCLC patients (n = 25) (patient collective #1). NSCLC patients were
divided in a group with low (<8.5% CD3-/CD94+* NK cells; median Hsp70
level: 17.45 ng/ml; 95th percentile: 59.00 ng/ml) and high (>8.5% CD3~/
CD94+ NK cells; median Hsp70 level: 10.45 ng/ml; 95th percentile: 17.70 ng/
ml) percentage of CD3/CD94+ NK cells; *o < 0.05 (Mann-Whitney U-test).
(B) Correlation of the CD94 expression and serum Hsp70 levels in adeno
NSCLC patients (n = 18) (patient collective #1). NSCLC patients were divided
in a group with low (<6.5% CD3-/CD94+ NK cells; median Hsp70 level:
12.15 ng/ml; 95th percentile: 40.20 ng/ml) and high (>6.5% CD3-/CD94+ NK
cells; median Hsp70 level: 12.35 ng/ml; 95th percentile: 22.50 ng/ml)

percentage of CD3-/CD94* NK cells; “p < 0.05 (Mann-Whitney U-test).

elevated Hsp70 levels in the serum could be detected (4, 5) which
reflect a mHsp70-positive tumor phenotype. Herein, we could
show significantly elevated levels of Hsp70 in the peripheral blood
circulation of patients with squamous cell and adeno NSCLC
when compared to healthy individuals. Previous work of our
group has demonstrated that differences exist in Hsp70 serum
levels in patients with inflammatory diseases, such as chronic

hepatitis or liver cirrhosis and tumors, such as hepatocellular
carcinoma (HCC) (25). All patients exhibited elevated Hsp70
levels in the serum compared to healthy controls, but the highest
Hsp70 levels were detected in the group of tumor patients. In
line with these findings, it has been demonstrated that NSCLC
patients have higher Hsp70 levels in the blood than patients with
COPD (26). These findings might provide a first hint that Hsp70
could have the potential as a tumor-specific biomarker, which is
able to distinguish inflammatory and tumor diseases.

Since liposomal Hsp70, which can be quantified in the serum
and plasma of patients, is derived from viable tumor cells (13,
27), we were interested to study the impact of RCT on serum
Hsp70 levels in a small cohort of six NSCLC patients diagnosed
with NSCLC stage IIIA and IIIB from whom blood was taken at
diagnosis and after RCT. Despite a slight drop directly after com-
pletion of RCT, serum Hsp70 levels remained significantly higher
than those in healthy individuals. This means that it might be
possible to determine the Hsp70 tumor phenotype in the serum
of patients not only at diagnosis but also during RCT.

Tumor staging in the follow-up period (2-3 months after RCT)
revealed clinical responses, such as partial response or stable
disease in these patients. Future studies on a larger patient cohort
will elucidate whether clinical responses can be determined by a
drop in the serum Hsp70 levels since the major part of circulating
Hsp70 is actively released in a lipid-bound form by viable tumor
cells (13). In order to further test this hypothesis, the GTV was
compared to the serum Hsp70 levels. Herein, we could show that
asmall GTV was associated with low Hsp70 and alarge GTV with
high serum Hsp70 levels in NSCLC patients (n = 55; collective
#2). Furthermore, a significant correlation between serum Hsp70
levels and PET-based GTV was shown using Spearman’s Rank
Order Correlation. A potential correlation of the Hsp70 levels
with the UICC stage has to be performed in a patient cohort with
a more balanced distribution of different UICC stages. Studies
of Zimmermann et al. (26) have shown that the Hsp27 and
Hsp70 serum levels could discriminate clinical stages in NSCLC
and the group of Bauer et al. (28) has shown that the tumoral
expression of both HSPs might provide useful biomarkers for risk
stratification of UICC stage I/II colon cancer. Considering the
potential prognostic and predictive quality of tumor volume and
its changes during RT of cancer (29, 30), serial GT'V registrations
at different time points before, during and after RT by CT, MRI,
or PET will be determined together with serum Hsp70 levels in
ongoing studies.

Nevertheless, further research is necessary to assess in more
detail how homogeneously membrane Hsp70 is expressed in
tumor cells within one tumor or in tumors of different patients
in order to validate a direct correlation between serum Hsp70
levels and the viable tumor mass. Immunohistochemistry data
reveal that tumor cells, but not the surrounding normal tissue,
are Hsp70 positive. Equally important is to determine which
factors can influence the active secretion of Hsp70-containing
vesicles by tumor cells. In the tissue of patients with squamous
cell carcinoma of the head and neck, a high membrane Hsp70
expression on viable tumor cells was found to be associated with
high serum Hsp70 levels (31). Salamuta S. Mambula observed a
re-binding of extracellular Hsp70 to the cell surface of prostate
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carcinoma cells after its release (32). This phenomenon might
also have an impact on circulating levels of Hsp70.

Apart from the fact that high membrane Hsp70 expression
levels are associated with and aggressive tumor phenotype,
radioresistance (16), and tumor progression (33), Hsp70 can also
provide a target for the innate immune system (11, 34, 35). In gen-
eral, the immune system of each individual human blood donor
is highly individual, depending on the genetic constitution com-
bined with the exposition to various antigens during life. Patients
with solid tumors often show an immunosuppressed immune
phenotype due to a variety of tumor immune escape mechanisms
(36). In the present study, we intended to detect differences in the
immune phenotype of patients with NSCLC of different histol-
ogy and healthy human individuals. Considering that patients
with squamous cell and adenocarcinoma had significantly lower
percentages of lymphocytes in the peripheral blood than healthy
controls (Figure 4A), our findings confirm that the immune sys-
tem is essential for tumor control. Since membrane Hsp70 acts
as a recognition structure for Hsp70-peptide pre-activated NK
cells (35), we asked the question whether lipid-bound, circulat-
ing Hsp70 has an impact on the immune phenotype of peripheral
blood lymphocytes (PBL). Flow cytometric analysis of the blood
of patients with squamous cell carcinoma showed decreased
percentages of B cells but elevated percentages of activated NK
cell subpopulations in patients with squamous cell, but not adeno
NSCLC. Significantly increased percentages of CD69*/CD94*
NK cells were found in these patients compared to the healthy
donors and adenocarcinoma patients. We could show that high
serum Hsp70 levels are associated with a larger GT'V in squamous
cell but not adeno NSCLC. Regarding Figures 5A,B, patients
with alower percentage of CD94+/CD69* activated NK cells have
higher Hsp70 serum levels in squamous cell NSCLC. Since high
Hsp70 serum levels are associated with a larger GTV we specu-
late that CD94*/CD69" activated NK might be able to control
growth of membrane Hsp70-positive tumor cells. Depending on
its subcellular localization Hsp70 exerts dual functions. On the
one hand, high intracellular and membrane-bound Hsp70 levels
protect tumor cells from apoptotic cell death and thus mediate
therapy resistance; on the other hand, membrane Hsp70 acts as
a recognition structure for activated NK cells. Highly malignant
tumor cells that secrete large amounts of Hsp70 might escape
protective antitumor immunity by inducing tolerance, and
therefore high Hsp70 levels that are associated with a larger
GTV might be associated with a suppression of C-type lectin-
positive NK cells. Vice versa, high percentages of CD94*/CD69*
NK cells can control growth of mHsp70-positive squamous cell
carcinomas and thus serum levels of Hsp70 are lower. In case
of adeno NSCLC, no correlation of the percentage of CD94*/
CD69* NK cells and serum Hsp70 levels were observed. This
finding might be attributed to the fact that adenocarcinomas are
less immunogenic.

Previously, it has been demonstrated that the cell surface
density of the C-type lectin receptor CD94 was up-regulated on
NK cells after stimulation with Hsp70-peptide TKD (aauso-463) and
low-dose IL-2 (17). Apart from Hsp70, it is known that CD94
interacts with non-classical HLA-E molecules (37), and serves

either as an activating or inhibitory receptor depending on the
NKG2C or NKG2A co-receptor (38). In Hsp70 membrane-
positive SCCHN patients, even 2 years after surgery and radiation
therapy, the expression density of CD94 and NKG2D on NK cells
was found to be significantly up-regulated (31). An increased
expression of CD69 on NK cells is associated with an increased
cytotoxic activity, proliferation, TNF-a production and the induc-
tion of further activation markers, such as CD25 and ICAM-1
(39). Our present data indicate that an increased percentage of
CD69 and CDY%4 positive NK cells is only present in the blood
of patients with squamous cell but not of adeno NSCLC patients
and a significant association of the CD94 expression with serum
Hsp70 could be also only detected in the group of squamous cell
NSCLC patients (Figures 5A,B).

According to the diversity of their gene expression patterns,
adenocarcinoma can be divided into subgroups with different
outcome in overall survival (40). In squamous cell carcinoma
of the lung, a reinforcement of the innate immune response by
danger signals, such as circulating Hsp70, might be favorable.
NK cells are not only able to detect “missing self” on malignant
cells (41), but also can recognize membrane Hsp70 if expressed
in a tumor-specific manner (42). Experimental mouse models
indicate that the development of tumor-specific CD8* cytotoxic
T cell responses is highly dependent on the NK cell-mediated
elimination of tumor cells (43, 44) through the secretion of
IFN-y. Also macrophages and dendritic cells are activated by
IFN-y and TNE. An 11-year follow-up epidemiologic survey has
shown that the paucity of activated NK cells was associated with
an increased risk to develop cancer (45). Taken together our data
indicate that NK cells as the first line of defense might play a
major role in the control of squamous cell NSCLC. The danger
molecule Hsp70 in the presence of pro-inflammatory cytokines,
such as IL-2, might support the immune system to reinforce
immunity against cancer.

CONCLUSION

We could show that Hsp70 detected by the lipHsp70 ELISA can
serve as a tumor biomarker in liquid biopsies of patients with
squamous cell and adeno NSCLC. Due to the fact that vesicular,
lipid-bound Hsp70 predominantly originates from viable tumor
cells, a correlation of serum Hsp70 levels with GTV was found.
This finding is in accordance to the result that changes in tumor
volume during radiotherapy in NSCLC patients have potential
prognostic and predictive value (46, 47).

Compared to healthy individuals, NSCLC patients have
decreased lymphocyte counts in general. However, a com-
parison of lymphocyte subpopulations in NSCLC patients with
different histology revealed elevated percentages of CD69*/
CD94* NK cells in squamous cell but not adeno NSCLC
patients. This might provide a hint that squamous cell NSCLC
is more immunogenic than adeno NSCLC. High serum Hsp70
levels are associated with a larger GTV and lower percentage
of CD697/CD94* NK cells. This might indicate that activated
NK cells might be able to control growth of mHsp70-positive
tumors in squamous cell NSCLC patients. If tumor escape
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mechanism suppress NK cell activation mHsp70-positive
tumors cannot be killed.
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Oncology, Klinikum rechts der Isar, Technische Universitat Mdnchen (TUM), Munich, Germany

Hypoxia mediates resistance to radio(chemo)therapy (RT) by stimulating the synthesis
of hypoxia-related genes, such as osteopontin (OPN) and stress proteins, including
the major stress-inducible heat shock protein 70 (Hsp70). Apart from its intracellular
localization, Hsp70 is also present on the plasma membrane of viable tumor cells
that actively release it in lipid vesicles with biophysical characteristics of exosomes.
Exosomal Hsp70 contributes to radioresistance while Hsp70 derived from dying tumor
cells can serve as a stimulator of immune cells. Given these opposing traits of extracel-
lular Hsp70 and the unsatisfactory outcome of locally advanced lung tumors, we inves-
tigated the role of Hsp70 in the plasma of patients with advanced, non-metastasized
non-small-cell lung cancer (NSCLC) before (T1) and 4-6 weeks after RT (T2) in relation
to OPN as potential biomarkers for clinical response. Plasma levels of Hsp70 correlate
with those of OPN at T1, and high OPN levels are significantly associated with a
decreased overall survival (OS). Due to a therapy-induced reduction in viable tumor
mass after RT Hsp70 plasma levels dropped significantly at T2 (p = 0.016). However,
with respect to the immunostimulatory capacity of Hsp70 derived from dying tumor
cells, patients with higher post-therapeutic Hsp70 levels showed a significantly better
response to RT (p = 0.034) than those with lower levels at T2. In summary, high OPN
plasma levels at T1 are indicative for poor OS, whereas elevated post-therapeutic
Hsp70 plasma levels together with a drop of Hsp70 between T1 and T2, successfully
predict favorable responses to RT. Monitoring the dynamics of Hsp70 in NSCLC
patients before and after RT can provide additional predictive information for clinical
outcome and therefore might allow a more rapid therapy adaptation.

Keywords: heat shock protein 70, osteopontin, radio(chemo)therapy, non-small-cell lung cancer, therapy
response, overall survival
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Ostheimer et al.

Hsp70 for Prediction of Therapy Response in NSCLC

INTRODUCTION

Lung cancer is the second most common tumor type in the
Western world that accounts for the majority of cancer-related
deaths worldwide (1, 2). The lack of specific symptoms limits
the possibilities to diagnose lung cancer at an early stage when
radical surgery or stereotactic ablative radiotherapy can assure
long-term tumor control and cure (3). As a result, most patients
are diagnosed in advanced tumor stages where curative-intended
treatment options are limited (4, 5). Cure of locally advanced
(inoperable) NSCLC after definitive RT (4, 5), as the gold stand-
ard, have failed to improve survival significantly (6). Immune-
based therapies are in the scientific focus (7) for their remarkable
clinical responses that have been reported for some tumor types
(8-10). Particularly the treatment with immune checkpoint
inhibitors such as nivolumab (11-16) caused a paradigm shift in
the therapy of NSCLC. Despite promising remission rates, over-
all survival (OS) still remains dismal at only 10-20% in almost
all patients. This emphasizes the medical need for integration
of immune-oncologic approaches into other treatment concepts
that are based on an improved patient stratification (17, 18).
Evidence is accumulating that apart from direct cytotoxic
effects, RT can elicit systemic antitumor immune responses
(19, 20) by modulating the tumor and its microenvironment
(21-24). However, the patient’s individual immune competence
and immune escape mechanisms often hamper radio(chemo)
therapy (RT)-induced abscopal effects (25). These findings
further accentuate the necessity of a pretreatment patient
stratification (26, 27), and a continuous monitoring of immune
responses during therapy (28). Presently, circulating proteins,
exosomes, microRNAs and immune cell subpopulations are dis-
cussed as potential prognostic and predictive markers (29-33).
We studied the dynamics of extracellular heat shock protein 70
(Hsp70) levels and correlated it with osteopontin (OPN) plasma
levels at diagnosis (T1) as predictors for outcome. Elevated levels
of these biomarkers are generally associated with an aggressive
tumor phenotype (34, 35). OPN is reported to be associated
with reduced intratumoral pO, levels, which is prognostic for
NSCLC patients (36-38). In a randomized double-blinded
trial, elevated OPN plasma levels were able to identify patients
with head and neck cancer who showed clinical benefit from a
hypoxia sensitizer after RT (39). For NSCLC patients, an addi-
tive prognostic value after radical RT could be determined for
the co-detection of hypoxia- and angiogenesis-related markers
OPN, vascular endothelial growth factor (VEGF), and carbonic
anhydrase IX (CAIX) (30). Furthermore, the serial detection of
circulating OPN plasma levels provided additional prognostic

Abbreviations: AUC, area under the curve; CAIX, carbonic anhydrase IX; CD,
cluster of differentiation; CT, computed tomography; ELISA, enzyme-linked
immunosorbent assay; Hsp70, heat shock protein 70; HIF1a, hypoxia-inducible
factor 1a; IL-2, interleukin 2; NK cells, natural killer cells; NSCLC, non-small-cell
lung cancer; OPN, osteopontin, PAI-1, plasminogen activator inhibitor type 1; PBS,
phosphate buffered saline; PET, positron emission tomography; RT, radio(chemo)
therapy; ROC curve, receiver operating characteristic; SCC, squamous cell carci-
noma; uPAR, urokinase type plasminogen activator receptor; WHO, World Health
Organization; VEGE, vascular endothelial growth factor.

information for NSCLC patients in stage III with respect to the
risk to relapse (31).

Heat shock protein 70 fulfils different tasks, depending on
its associated partners and its sub- or extracellular localization.
Vaccination with Hsp70-peptide complexes isolated from tumor
cells can elicit CD8* T cell specific antitumor immune responses
(40, 41), membrane-bound Hsp70 serves as a tumor-specific
target for Hsp70-activated natural killer (NK) cells (42-45), and
circulating Hsp70 can act as a biomarker for monitoring outcome
in patients with head and neck cancer (46). Extracellular Hsp70
can originate from two major sources, exosomal Hsp70 which
is actively released by viable, membrane Hsp70-positive tumor
cells and free Hsp70 which most likely originates from dying
cells (47, 48). By using lipHsp70 enzyme-linked immunosorb-
ent assay (ELISA), it is possible to detect both forms of Hsp70
quantitatively in serum and plasma (49). Recent data of our group
demonstrated a significant correlation of Hsp70 levels and vital
tumor mass, but also provided evidence that free extracellular
Hsp70 in a pro-inflammatory cytokine milieu can activate innate
immunity in NSCLC patients (50).

In this prospective clinical trial, we evaluated the predictive
quality of circulating pre- and post-therapeutic Hsp70 and OPN
levels at T1 in patients with non-metastasized advanced NSCLC.

PATIENTS AND METHODS

Patients and Treatment

A total of 44 patients with advanced NSCLC (MO0) were pro-
spectively recruited into a clinical study at the hospital of Martin
Luther University Halle-Wittenberg. The inclusion criteria were
(i) age > 18 years, (ii) histologically confirmed, nonoperable
NSCLC, (iii) no prior treatment, and (iv) indication for RT, as
determined by the interdisciplinary tumor board. The Ethics
Committee ofthe Medical Faculty of the Martin Luther University
Halle-Wittenberg approved the study protocol. Written informed
consent was obtained from all patients before start of the study.
All procedures were in accordance with the Helsinki Declaration
of 1975 (as revised in 2008). Staging was based on the TNM
classification of malignant tumors (7th edition) and treatment
was carried out at the Department of Radiation Oncology of
the Medical Faculty of the Martin Luther University Halle-
Wittenberg. Depending on the World Health Organization
performance status and comorbidities, treatment consisted of
a three-dimensional conformal, normofractionated (5 Fx/week)
definite RT (single dose 2 Gy, total dose 66 Gy, Siemens Primus,
Germany) + double-agent based chemotherapy (cisplatin 20 mg/m?
body surface, day 1-5 and 29-33; vinorelbine 25 mg/m?
body surface, used on day 1 and 29) in treatment week one
and five (2 courses). RT was computed tomography-based (GE
Healthcare) and all patients received a FDG positron emission
tomography-scan prior to RT which was used for target volume
delineation (Oncentra Masterplan External Beam software,
Nucletron, Elekta, USA). The first follow-up of the patients
was performed 4-6 weeks after end of RT to evaluate their
post-radiotherapeutic response at the Department of Radiation
Oncology, University Hospital Halle-Wittenberg. Thereafter,
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patients were followed up regularly every 3 months for a period
of 5 years according to RT guidelines. The mean follow-up
period in patients alive was 34 (22-48) months. The survival
status of patients was continuously monitored in cooperation
with local citizen registration offices.

A positive therapy response was defined as complete remis-
sion, implying a disappearance of all target lesions, or partial
remission which commonly signifies a decrease of at least 30% in
the lesion with the largest diameter. A negative therapy response
is defined by stable or progressive disease.

Plasma Samples

Blood samples of NSCLC patients were collected by peripheral
venous puncture before start of RT (T1) and 4-6 weeks after the
end of RT (T2). Briefly, blood was collected in two S-Monovette
EDTA KA/9 ml tubes (Sarstedt, Niimbrecht, Germany). Blood
was anti-coagulated and centrifuged at 4°C for 10 min with
4,000 rpm. Aliquots of 150-300 pl were prepared and directly
stored at —80°C for further analysis.

Detection of Hsp70 and OPN

Heat shock protein 70 concentrations were determined using the
lipHsp70 ELISA, which is capable to detect both, lipid-bound
and free Hsp70 in serum and plasma. The use of cmHsp70.1 as
detection antibody (49, 51) allows quantitative analysis of total
content of circulating Hsp70 in the blood. 96-well MaxiSorp
Nunc-Immuno plates (Thermo, Rochester, NY, USA) were coated
overnight with 2 pg/ml rabbit polyclonal antibody (Davids,
Biotechnologie, Regensburg, Germany) directed against human
Hsp70 in sodium carbonate buffer (0.1 M sodium carbonate,
0.1 M sodium hydrogen carbonate, pH 9.6). After three washing
steps with phosphate buffered saline (PBS, Life Technologies,
Carlsbad, CA, USA) with 0.05% Tween 20 (Calbiochem, Merck,
Darmstadt, Germany), wells were blocked with 2% milk powder
(Carl Roth, Karlsruhe, Germany) in PBS for 1.5 h at 27°C. After
another washing step, samples diluted 1:5 in CrossDown Buffer
(Applichem, Chicago, IL, USA) were added to the wells for
2 h at 27°C. After another washing, wells were incubated with
4 ug/ml of the biotinylated mouse-anti-human monoclonal
antibody cmHsp70.1 (multimmune, Munich, Germany) in
2% milk powder in PBS for 2 h at 27°C. After a last washing
step, 0.2 pg/ml horseradish peroxidase-conjugated streptavidin
(Pierce, Thermo, Rockford, IL, USA) in 1% bovine serum
albumin (Sigma-Aldrich, St. Louis, MO, USA) was added for
1 h at 27°C. Binding was quantified by adding substrate reagent
(R&D Systems, Minneapolis, MN, USA) for 30 min at 27°C
and absorbance was read at 450 nm, corrected by absorbance at
570 nm, in a Microplate Reader (BioTek, Winooski, VT, USA).
Each sample was measured in duplicates in three independent
experiments. An eight-point standard curve using recombinant
Hsp70 diluted in CrossDown Buffer at concentrations ranging
from 0 to 50 ng/ml, as well as reference plasma samples were
used as internal controls for each individual assay.

For OPN, the “Human Osteopontin Assay” ELISA (IBL Ltd.,
Japan) was performed and optical density was measured blinded
and in duplicate according to manufacturer’s instructions. To
determine the OPN concentration, the standard curve supplied

by the kit was used and OPN plasma concentration is reported in
ng/ml (+1 SD). None of the two markers shows an age- and/or
gender-related association.

Statistical Analysis
All statistical analyses were performed using the SPSS PASW
software package for windows (SPSS Inc., USA, version 19.0)
and statistical significance was accepted with two-sided p-values
(p < 0.05). Median Hsp70 plasma levels were used as cutoft values.
Non-parametric tests (Mann-Whitney U test, Kruskal-Wallis
H test) were used to determine statistically significant differences
in patient subgroups with low and high Hsp70 concentration
with and without response. Differences in Hsp70 levels in
patients with and without therapy response were investigated
using Pearson’s chi-squared test. Coherences between Hsp70 and
OPN as a hypoxia-related marker were evaluated using Pearson’s
rank correlation coefficient and paired samples test assessed
potential differences in plasma Hsp70 levels before and after RT.
Survival analysis was performed using the Kaplan-Meier product
limit method with the log-rank test. The survival status of the
patients was monitored and determined with the help of local
citizen registration offices. Overall survival (OS) was calculated
from start of radiotherapy until death or last seen in follow-up.
Therapy response was the primary endpoint, classified in
responding (complete or partial remission after RT) vs. non-
responding patients (progressive or stable disease after RT).
For univariate and multivariate analysis, the Cox proportional
hazard regression model was used to calculate the relative risk
and hazard ratio and its 95% confidence interval (CI). Receiver
operating characteristic (ROC) curves illustrate the perfor-
mance of Hsp70 plasma levels as a binary classifier system in
the prediction of therapy response after RT.

RESULTS

Pre-Therapeutic (T1) OPN Levels Correlate
with Hsp70 Plasma Levels in Patients

with NSCLC

A total of 44 NSCLC patients (6 females, 38 males) with NSCLC
(MO) were enrolled into the study for T1. The clinico-pathological
characteristics of all patients (n = 44) are summarized in Table 1
and that of non-responding and responding patients is shown
in Table 2. With respect to tumor volume (p = 0.086), age
(p=0.114), gender (p = 0.306), histology (p = 0.158), and UICC

TABLE 1 | Clinico-pathological characteristics of all non-small-cell lung cancer
patients (n = 44) at MO (Martin Luther University Hospital, Halle-Wittenberg).

Counts
Gender Female 6 14%
Male 38 86%
Histological type Squamous cell carcinoma 23 52%
Adeno ca 19 43%
Other 2 5%
UICC stage =1l 2 5%
llla 16 36%
lllb 26 59%
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stage (p = 0.175), no statistically significant differences have been
determined in non-responding and responding patients.

Plasma levels of OPN and Hsp70 were determined pre-
therapeutically (T1, before RT) in all patients (Table 3). As
already shown for a larger patient cohort (30), also in a subgroup
of non-metastasized NSCLC patients, high pre-therapeutic OPN
plasma levels (above median, n = 22) significantly correlated
with inferior OS compared to low (below median, n = 22) levels
(13 [5-66] vs. 23 [5-61]; p < 0.05). Both biomarkers, OPN and
Hsp70, revealed a positive correlation according to the Pearson’s
correlation coefficient (r = 0.422, p = 0.005) for T1. According
to the Mann-Whitney U test (Figure 1), patients whose median
Hsp70 values were above 9.30 ng/ml showed significantly higher
OPN values, compared to those with median Hsp70 values below
9.30 ng/ml (n = 43, p = 0.021). A direct comparison of the OPN
and Hsp70 values also revealed a correlation (r = 0.42), as shown
in the Supplementary material (Figure S1 in Supplementary
Material).

Hsp70 Plasma Levels Drop after RT

in Patients with NSCLC

To investigate the impact of RT on Hsp70 plasma levels, pre- (T1)
and post- (T2) therapeutic Hsp70 plasma levels were compared
in 26 patients from whom plasma samples were available at both
time-points. As summarized in Table 4, median Hsp70 levels
dropped significantly from 10.35 before RT to 6.05 ng/ml after
RT (paired samples test, p = 0.016). According to the Pearson’s

TABLE 2 | Clinico-pathological characteristics of non-responding and
responding non-small-cell lung cancer patients at MO (Martin Luther University
Hospital, Halle-Wittenberg).

Non-responder Responder
Counts Counts
Gender Female 0 6 17.6%
Male 10 100% 28 82.4%
Histological type Squamous cell 7 70% 16 47%
carcinoma
Adeno ca 2 20% 17 50%
Other 1 10% 1 3%
UICC stage -l 1 10% 1 2.9%
llla 4 40% 12 35.3%
b 5 50% 21 61.8%

correlation coefficient, a significant positive correlation was
determined (r = 0.659, p < 0.0001).

The drop in circulating Hsp70 after RT was also detected by
mean Hsp70 levels (T1 vs. T2: 14.94 vs. 9.02 ng/ml). However,
compared to a cohort of 114 healthy donors (7.8 ng/ml) which
was published previously (49), mean Hsp70 values in NSCLC
patients remained to be significantly upregulated before (T1) and
after (T2) RT (p < 0.05).

High Post-Therapeutic Hsp70 Plasma

Levels Predict Clinical Response to RT

To address the question whether Hsp70 might be predictive for clini-
cal response, pre- (T1) and post- (T2) therapeutic Hsp70 plasma
levels were associated with response to RT. As expected, patients
who responded to therapy showed a significantly improved OS
compared to non-responding patients (23 vs. 9 months, p = 0.026,
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FIGURE 1 | Comparison of pre-therapeutic (T1) osteopontin (OPN) levels in
non-small-cell lung cancer patients (MO) with high and low median heat
shock protein 70 (Hsp70) plasma levels. According to the median Hsp70
plasma level of 9.30 ng/ml the patient cohort (n = 43) was divided into two
subgroups with median Hsp70 plasma levels below or above 9.30 ng/ml;
Mann-Whitney U test, p = 0.021.

TABLE 3 | Comparison of pre-therapeutic (T1) osteopontin (OPN) and heat
shock protein 70 (Hsp70) plasma levels in non-small-cell lung cancer patients
(MO; n = 44) in relation to overall survival.

TABLE 4 | Comparison of heat shock protein 70 (Hsp70) plasma levels before
(T1) and 4-6 weeks after (T2) radio(chemo)therapy in non-small-cell lung cancer
patients (MO).

OPN T1 (ng/ml) Hsp70 T1 (ng/ml) Hsp70 T1 (ng/ml) Hsp70 T2 (ng/ml)

N (missing) 44 (0) 43 (1) N 26 26

Mean 872.14 1213 Mean 14.94 9.02

SEM 71.63 2.02 SEM 3.02 1.81
Median 752.45 9.30 Median 10.35 6.05

SD 47511 13.26 SD 15.41 9.24
Maximum 2441.00 67.50 Maximum 67.50 46.20
Minimum 299.30 0.20 Minimum 0.20 0.80
Paired samples test (overall survival) p < 0.05 Paired samples test p=0.016
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log-rank Mantel Cox) who had an increased risk of death (r=2.11,
CI [0.94-4.57], p = 0.58).

A comparison of Hsp70 plasma levels before (T1) and
4-6 weeks after RT (T2) in non-responding (n = 7, 9.76 vs.
4.03 ng/ml) and responding patients (n = 19, 16.85 vs. 10.87 ng/
ml) demonstrated that in both patient subgroups, mean and
median Hsp70 plasma levels declined after RT (Figure 2). In gen-
eral, responding patients had significantly higher (mean/median)
Hsp70 plasma levels compared to non-responding patients at T1
and T2 (Figure 2).

As depicted in Figure 3, all patients who responded to
therapy had significantly higher median Hsp70 plasma levels
at T2 (median 8.6 ng/ml, range 0.8-46.2) after RT compared
to those who showed no response (median 2.8, range 1.5-12.2)
4-6 weeks after therapy (T2) (Mann-Whitney U test, p = 0.013).
The median Hsp70 values, revealed similar results with respect to
both time-points in responding (11.10 ng/ml at T1 vs. 8.60 ng/ml
at T2) and non-responding (5.30 ng/ml at T1 vs. 2.80 ng/ml at T2)
patients (paired samples test p = 0.034).

In line with these findings, a subdivision of the patient cohort
into subgroups with median Hsp70 plasma levels above and
below 5.0 ng/ml at T2 revealed that patients with Hsp70 plasma
levels above the threshold had significantly higher response rates
than those below the threshold (92.9 vs. 50%, Pearson Chi-Square
p =0.02) (Table 5). Based on these findings, plasma Hsp70 levels
were analyzed for their potential to predict therapy response
after RT. The related ROC curve analysis (Figure 4) showed a
significant predictive function (p = 0.014) of plasma Hsp70 levels
for therapy response with an area under the curve (AUC) of 0.82.
The optimal cutoft value which determines a positive therapy
response is a value of <4.35 ng/ml with a sensitivity of 0.895 and a
false positive rate of 0.143. Plasma Hsp70 levels which were taken
before start of therapy (T1) showed a similar trend, but failed
statistical significance.
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FIGURE 2 | Comparison of mean pre- (T1) and post- (T2) therapeutic heat
shock protein 70 (Hsp70) plasma levels in non-responding and responding
non-small-cell lung cancer patients (M0). Non-responder: 7, responder: 19.
Mann-Whitney U test, *p < 0.05.

DISCUSSION

Post-Therapeutic Hsp70 Plasma Levels As

a Biomarker for Therapy Response

The patient’s endogenous immune defense is able to attack
tumor cells. However, tumors as well as its microenvironment
have developed mechanisms that allow immune escape against
tumor cells (52-55). Therefore, novel therapeutic approaches aim
to reactivate the patient’s immune defense by inhibiting tumor-
induced immune checkpoints that impair immune responses
against malignantly transformed cells (56, 57). Another strategy
to reinforce the patient’s immune system is based on the activa-
tion of immune effector cells against tumor-specific targets that
are overexpressed in tumor cells, presented on the cell surface
and released in a tumor-selective manner (58). Tumor cells of
different types including NSCLC (34) frequently overexpress
Hsp70, present it on their plasma membrane, and actively release
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FIGURE 3 | Comparison of median post- (T2) therapeutic heat shock protein
70 (Hsp70) plasma levels in non-responding and responding non-small-cell
lung cancer patients (M0). Non-responder: 7, responder: 19. Mann-Whitney
U test, asterisks above the box plots indicate outliers; “o = 0.013.

TABLE 5 | Comparison of post- (T2) therapeutic heat shock protein 70 (Hsp70)
plasma levels in non-responding and responding non-small-cell lung cancer
patients (MO).

Therapy response (T2) Median Hsp70 above Median Hsp70 below

5 ng/ml 5 ng/ml
N 14 12
Non-responder 1(7%) 6 (50%)
Responder 13 (93%) 6 (50%)
Pearson chi-square p=0.02

Patients were divided into two subgroups with high and low median Hsp70 levels.
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FIGURE 4 | Receiver operating characteristic (ROC) curve analysis of heat
shock protein 70 (Hsp70) plasma levels of non-small-cell lung cancer
(NSCLCQ) patients (MO) to predict therapy response. Area under the
curve = 0.82, p = 0.014. The optimal cutoff value for distinction of
responders and non-responders was an Hsp70 plasma level of 4.35 ng/ml
with a sensitivity of 0.895 and a false positive rate of 0.143.

it in tumor exosomes (46, 58-60). However, dying tumor cells
also release Hsp70, most likely as a free protein (47, 48). High
intracellular Hsp70 levels have been found to interfere with
apoptotic pathways and thereby protect tumor cells from pro-
grammed cell death following stress (61). Hence, we assume that
therapy-resistant tumor cells with high cytosolic Hsp70 levels can
better compensate RT-induced damage and thus mediate tumor
cell survival.

Murakami et al. showed that in addition to cytosolic also
membrane-bound Hsp70 supports protection of tumor cells
against RT-induced cell death (62), although the expression den-
sity of cytosolic and membrane-bound Hsp70 are not associated.
Therefore, membrane Hsp70 fulfils dual roles, on the one hand,
it acts as a tumor-specific target for Hsp70-activated NK cells
(43, 44, 50, 63), on the other hand it mediates therapy resistance.
An ongoing phase II clinical trial using ex vivo Hsp70-activated
NK cells for the treatment of patients with NSCLC after RT is
presently testing whether the immunostimulatory capacity of
NK cells can overrule therapy resistance of membrane Hsp70-
positive NSCLC (44).

In the present trial, we investigated the role of circulating Hsp70
as a prognostic marker to predict outcome of RT in patients with
NSCLC (MO0) at different time-points. A comparison of pre- and
post-therapeutic plasma levels revealed significantly elevated
Hsp70levels in responding compared to non-responding patients.

The lipHsp70 ELISA (52) detects both, lipid-bound and free
Hsp70. We hypothesize that high Hsp70 levels at diagnosis pre-
dominantly originate from exosomal Hsp70 released by viable

tumor cells. This is in line with our finding that Hsp70 plasma
levels before start of therapy reflect vital gross tumor volume
(50). In contrast, elevated post-therapeutic Hsp70 plasma levels
rather originate from dying tumor cells (47, 48) that might be
able to stimulate the immune system. Analysis of the concentra-
tion of cytosolic proteins in the exosomal versus non-exosomal
plasma fraction after ultracentrifugation of responding non-
metastasized NSCLC patients in stage IIla/b (N = 4) before
(T1) and after RT (T2) showed a significant (p < 0.05) protein
drop in the exosomal fraction and an increase in the non-
exosomal fraction after therapy (data not shown) which reflects
the reduction in viable tumor mass after therapy. In summary,
pre- and post-treatment Hsp70 levels are indicative for different
tumor characteristics such as vital tumor mass, intrinsic tumor
aggressiveness, and RT-induced tumor cell death that can cause
immunostimulation.

Previous work of our group demonstrated that membrane
Hsp70 serves as a target for NK cells that have been pre-stimulated
with an Hsp70-peptide plus low-dose interleukin 2 (42). The
stimulation of NK cells is associated with an upregulated expres-
sion of activatory NK receptors, including the C-type lectin recep-
tor CD94/NKG2C (64) that in turn induces the production of the
pro-apoptotic enzyme granzyme B (63). With respect to these
findings, we speculate that high post-therapeutic Hsp70 plasma
levels derived from dying tumor cells in a pro-inflammotory
environment after RT might be able to stimulate Hsp70-reactive
NK cells that mediate favorable therapeutic outcome. Elevated
pre-therapeutic exosomal Hsp70 plasma levels might be predic-
tive for a superior outcome because they reflect an aggressive,
but yet immunogenic tumor type. This is in accordance with the
finding that Hsp70-bearing exosomes isolated from membrane
Hsp70-positive tumor cells, but not from their Hsp70-negative
counterparts, can induce the migratory and cytolytic activity of
NK cells (65).

The high predictive value of post-therapeutic Hsp70 plasma
levels for the response of an individual patient could be dem-
onstrated by ROC analysis with an AUC of 0.82 (p = 0.014).
Identical analyses have been performed for Hsp70 plasma levels
before start of therapy. Although a similar trend was observed,
pre-therapeutic levels failed to show statistical significance as a
biomarker for clinical response. This might be explained by the
fact that pre-therapeutic Hsp70 plasma levels predominantly
originate from viable tumor cells and thus represent vital tumor
mass rather than therapy response.

To obtain a better view on the exact dynamics and prognostic
relevance of circulating Hsp70 levels, further pre- and post-
therapeutic measurements of Hsp70 at different time-points have
to be correlated with clinical response in larger patient cohorts.

Role of Hsp70 in the Context of Hypoxia-
Related Markers of the Tumor
Microenvironment

Another parameter that co-determines OS of patients after
RT is the tumor microenvironment. The presence of hypoxic
stress impacts prognosis and therapy response to RT adversely.
The molecular effects induced by RT involve the production of
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DNA radicals which are normally fixed by oxygen. Hence, DNA
damage decreased under hypoxic stress and hypoxia-inducible
factor 1o (HIF1a) is stabilized which in turn leads to promotion
of tumor cell survival. HIFla also has been shown to impair
membrane Hsp70 expression on tumor cells, and therefore might
negatively affect NK cell recognition (66).

Tumor hypoxia is also associated with an overexpression of
OPN. Physiologically, OPN is involved in the process of bone
remodeling (67); however, many tumor cells show an overexpres-
sion of this protein (68) as an aggression marker. Plasma levels of
OPN correlate with tumor hypoxia in NSCLC (38), and previously
we demonstrated that high OPN levels before RT and increasing
OPN levels after RT translate into poor OS in NSCLC after radical
RT (30, 31). With respect to the prediction of therapy response,
OPN as a single marker failed to show significance. Only in com-
bination with VEGF and CAIX, the prognostic impact of OPN
could be augmented (30). Hypoxic stress also has been shown to
increase the release of exosomes (69) that contain large amounts
Hsp70. Therefore, the present study evaluated the prognostic
and predictive value of Hsp70 levels in relation to OPN. Due to a
positive correlation of Hsp70 and OPN plasma levels at diagnosis,
the association of OPN and OS was re-evaluated in the subgroup
of non-metastasized NSCLC patients (n = 44) that was also
analyzed for Hsp70. In line with previous results of a larger, more
heterogenous NSCLC patient cohort (31), non-metastastized
NSCLC patients also revealed a significant correlation of high
OPN values at T1 with a decreased OS.

CONCLUSION

Our findings illustrate the differential prognostic and predictive
relevance of pre- and post-treatment Hsp70 levels in NSCLC
patients after RT. Being actively released by viable tumor cells
in exosomes, high pre-therapeutic Hsp70 levels (T1) are most
likely be indicative for viable tumor mass. Therapy response
that was associated with a reduction in tumor size results in a
significant drop in exosomal Hsp70 plasma levels from 21.7 + 2.8
to 15.6 + 1.3 ng/ml (p < 0.05, data not shown), as determined by
lipHsp70 ELISA in 4 responding patients who were not included
into the trial. However, with respect to the immunostimulatory
capacity of Hsp70 derived from dying tumor cells, elevated
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