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1 Introduction 

1.1 Malignant tumors and the tumor microenvironment 

1.1.1 Malignant tumor biology 

Malignant neoplasms also named malignant tumors are the second leading cause 

of death after heart diseases in the US according to the U.S. Department of Health 

and Human Services [1]. Despite tremendous research efforts in the last decades 

and 16 out of 59 U.S. Food & Drug Administration (FDA) approved drugs in the 

field of oncology in 2018 [2], cancer remains a widespread and often deadly 

disease. 

Cancer is a complex and dynamic disease with several mutual influencing 

processes and various cell types that interact with each other. A holistic picture of 

the disease itself, risk factors, underlying molecular processes involved in 

carcinogenesis and tumor progression, diagnostics, response biomarkers, drugs 

with high treatment efficacy as well as longitudinal therapy monitoring, and 

readjustment remain elusive. 

The initial question that arises in this regard is how a normal, healthy mammalian 

cell transforms into a malignant cancer cell and how this transformation over time 

results in a solid malignant tumor. Vogelstein and Kinzler described it as a multistep 

process from the acquisition of several mutations via the succession of clonal 

expansion to the gradual increase in tumor mass [3, 4]. Hanahan and Weinberg 

comprehensively described the underlying processes and summarized the 

hallmarks of cancer in 2000, which were updated more than a decade later [4, 5]. 

In their first review, the authors described 6 main characteristics and capabilities 

that most cancers have in common. Amongst those alterations that characterize 

malignant cancers are self-sufficiency in growth signals, insensitivity to growth-

inhibitory signals, programmed cell death evasion, limitless replicative potential, 

sustained angiogenesis and tissue invasion and metastasis [5]. While normal 

mammalian cells depend on mitogenic growth signals, malignant cancer cells 

proliferate independent of these signals due to acquired mutations in oncogenes 

that are involved in growth factor signaling like the GTPase Ras (H-Ras, N-Ras, 

K-Ras) [6] or the kinase epidermal growth factor receptor (EGFR) [7]. Furthermore, 

overexpression of the oncogene Myc (c-Myc, N-Myc, and L-Myc) [8, 9] or 

mutations in tumor suppressor genes like p53 [10] result in sustained cancer cell 
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proliferation. In addition, cancer cells produce growth factors like platelet-derived 

growth factor (PDGF) or transforming growth factor-α (TGF-α) themselves to 

sustain cell growth [5, 11, 12]. Cancer cells are also characterized by an evasion 

of apoptosis via altered pro-apoptotic proteins like Bax, Bak, Bid and Bim or anti-

apoptotic proteins including Bcl-2, Bcl-XL or Bcl-W [5]. In contrast to healthy 

mammalian cells characterized by a finite replicative potential and the subsequent 

induction of a process named senescence, cancer cells circumvent the limited 

replication by mutated tumor suppressor proteins like retinoblastoma protein (pRb) 

and p53 [4, 5, 13]. These characteristics lead to an accumulation of cancer cells, 

clonal expansion, and ultimately an increase in tumor mass. Although being 

independent of external growth stimuli, proliferation and replication, cancer cells 

depend on adequate nutrient and oxygen supply. Sufficient vascularization of the 

tumor mass requires sustained angiogenesis mediated by vascular endothelial 

growth factor (VEGF) and fibroblast growth factors (FGF1/2) signaling [4, 5, 14, 

15]. With tumor mass expansion, cancer cells furthermore invade surrounding 

tissue, ultimately leading to cell liberalization, migration and distal metastasis [4, 

5].  

Due to a remarkable progress in the first decade of this century, Hanahan and 

Weinberg amended the hallmarks of cancer in 2011 to deregulating cellular 

energetics, genome instability and mutation as well as most noteworthy escaping 

immune destruction and tumor-promoting inflammation [4]. Cancer cells are 

characterized by a high energy demand and undergo several metabolic changes.  

In contrast to normal mammalian cells which oxidize glucose to CO2 during 

oxidative phosphorylation in the mitochondria, cancer cells favor limiting their 

energy metabolism to glycolysis even in the presence of oxygen. This effect was 

first discovered by Otto Warburg [16, 17]. Accordingly cancer cells are 

characterized by an enhanced glucose demand, which is covered by elevated 

glucose uptake via upregulation of glucose transporter 1 (GLUT1) expression [4]. 

This characteristic of cancer cells has been exploited for non-invasive in vivo 

identification of tumor lesions via positron emission tomography (PET) by detection 

of enhanced radioactive glucose analog [18F] 2-fluor-2-desoxy-D-glucose 

([18F]FDG) uptake. In recent years it became more evident that genomic instability 

and an increased mutational rate in cancer cells are key characteristics and drivers 

of carcinogenesis [4, 18, 19]. Genomic instability can result in the expression of 
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unique ‘non-self’ peptides so called neoantigens, which make a tumor 

recognizable by the immune system and improve checkpoint inhibitor therapies [4, 

20, 21]. In this context, the two emerging hallmarks immune destruction and tumor-

promoting inflammation point out the role of the lymphoid system as well as the 

tumor immune microenvironment (TIME) in tumor development, progression, and 

metastasis. Furthermore, these two hallmarks paved the way for recent 

progresses in immunotherapies, including immune checkpoint inhibitor and 

chimeric antigen receptor (CAR) T cell therapies. Malignant tumors consist of not 

only cancer cells, but also infiltrated immune cells (T cells, macrophages, 

neutrophils), which shape the TIME and are either tumor-antagonizing or tumor 

promoting [4]. Further cancer cells express checkpoint inhibitor proteins that 

mediate immune evasion and allow carcinogenesis in the first place.  

1.1.2 Tumor immunology 

Human beings encounter many different pathogens every day, from which some 

can be harmful. Respectively, the immune system developed different 

mechanisms of response, which can be grouped into three major phases. The first 

line of defense includes the anatomic barriers of human beings like skin or mucosa, 

with antimicrobial peptides and enzymes as well as the complement system that 

targets pathogens for lysis and phagocytosis by innate immune cells like 

macrophages. The second line of defense, the innate immune system specifically 

recognizes pathogen-associated molecular patterns (PAMPs), which are exclusive 

for pathogens and not shared by host cells. In the third phase of defense, the so-

called adaptive immune response, long-term immunity is obtained by the transport 

of antigens to the lymph nodes (LNs), T and B cell recognition, clonal expansion 

and differentiation into effector cells [22]. 

In contrast to external pathogens with antigens being clearly distinguishable from 

the host cells, malignant tumors consist of cancer cells that arose from normal, 

healthy cells and therefore they share most of the antigens which are recognized 

as self by the host immune system. Nevertheless, malignant tumors express 

tumor-specific antigens that can be recognized by T cells, finally resulting in the 

elimination of cancer cells by the host immune system. This principle was termed 

‘immune surveillance’ by Frank MacFarlane Burnet and Lewis Thomas in the 

1950s [22]. Although, the immune system can detect cancer cells by antigen 

recognition, transformation of normal cells to cancer cells does not necessarily 
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result in the presentation of neoantigens on the cancer cell surface. The host 

immune system also imposes a selection pressure on cancer cells promoting the 

generation of different cancer cell variants with different mutations conferring 

survival and growth advantages, a process termed cancer immunoediting [23]. The 

malignant tumor mass that escaped immune control, consists of cancer cells 

bearing various mutations as well as regulatory and immunosuppressive 

characteristics [22]. Experiments with immune compromised and syngeneic 

immune competent mice outline the importance of the host immune system for 

carcinogenesis and cancer progression.  

Noteworthy amongst these immune cells are macrophages, which are large, 

mononuclear phagocytic cells. These cells secrete pro-inflammatory cytokines, 

present antigens and are involved in the innate as well as humoral and cell-

mediated immunity [22]. Tumor-associated macrophages (TAMs) are key players 

in all stages of cancer development and furthermore mediate chronic cancer-

associated inflammation [24]. Macrophages are classified into pro-inflammatory, 

lipopolysaccharide (LPS) and interferon- (IFN-) driven M1 as well as anti-

inflammatory, interleukin-4 (IL-4) or IL-13 driven M2 macrophages [24]. Therefore, 

M1 macrophages play a prominent role during immune surveillance. In contrast, 

M2 macrophages have an important impact on tumor progression by promotion of 

angiogenesis, metastasis or suppression of the anti-tumor immune response [24, 

25]. Similarly, phagocytic neutrophils play an important role during inflammation 

and can either be pro-tumorigenic or anti-tumorigenic [22, 26]. Depending on the 

type of cancer, neutrophils are present in the TME and secrete various cytokines, 

including pro-tumor TGF-β [24, 26]. In some type of cancers, the activated 

neutrophils exert myeloid-derived suppressor cell (MDSC) activities and can 

suppress T cell proliferation [27, 28]. Natural killer (NK) cells, which eliminate virus 

infected as well as some cancer cells represent another cell type of the TME. In 

addition, NK cells play a key role in innate immunity and antibody-dependent cell-

mediated cytotoxicity (ADCC) [22]. NK cells exhibit their anti-tumor effect by 

presenting stimulatory cell surface receptors leading to release of perforin and 

granzyme [24]. Furthermore, NK cells produce tumor necrosis factor (TNF) and 

trigger apoptotic pathways in cancer cells [24]. In contrast, conventional dendritic 

cells (DCs) present tumor antigens to T cells in the tumor-draining lymph node 

(TDLN) and thereby induce anti-tumor immune response [22]. These antigen-



1. Introduction 

  - 17 -   

 

presenting cells (APCs) therefore represent the connection between innate and 

adaptive immunity and enable a tumor neoantigen specific T cell mediated 

response. T cells are antigen-specific lymphocytes and convey the cell-mediated 

adaptive immune response [22]. Specific antigens presented by major 

histocompatibility complexes (MHC) on the cell surface of APCs are recognized by 

the T cell receptor (TCR) of T cells. Based on highly variable TCRs two main T cell 

lineages are discriminated, namely α:β T cells and :δ T cells. In anti-tumor 

response, :δ tumor-infiltrating T lymphocytes (TIL) are the main source of IFN-, 

which mediates cancer cell elimination [22, 29]. T cells are grouped into 

CD4+ T cells and cytotoxic CD8+ T cells. Several subsets of CD4+ T cells, 

including T helper cells (Th cells) and regulatory T cells (Treg cells) that assist or 

inhibit other immune cells are described and discriminated based on their cytokine 

signature. Th1 cells are characterized by the production and secretion of IFN-, 

whereas Th2 cells secrete IL-4, IL-5 and IL-13 [22]. Thereby, Th1 cells for example 

activate macrophages. In contrast, CD8+ T cells engage with neoantigen-

presenting MHC class I complexes and release perforin as well as granzyme to 

induce apoptosis in target cells. Furthermore, CD8+ T cells also secrete IFN- and 

TNF shaping the TME by e.g. the induction of programmed death ligand-1 (PD-L1) 

expression, a molecule also known as cluster of differentiation 274 (CD274) [22, 

30, 31]. The second type of antigen-specific lymphocytes are B cells. Activation of 

naïve B cells requires an antigen as well as Th cells and results in the differentiation 

of B cells into antibody producing plasma and memory B cells. Therefore, B cells 

are essential for the humoral part of the adaptive immune response and convey 

long-term memory [22].  

Although human beings possess a complex and tightly regulated immune system, 

malignant tumors exhibit several immune evasion mechanisms. An anti-tumor 

immune response fails when malignant cells do not express neoantigens or in the 

absence of cellular adhesion or co-stimulatory molecules. Even if the host immune 

system develops cancer neoantigen-specific antibodies those antigens can be 

removed by endocytosis and degradation or changes of the antigens, termed 

antigenic modulation. Furthermore, cancer cells secrete cytokines like TGF-β, IL-

10 or indoleamine 2,3-dioxygenase (IDO), which inhibit CD8+ T cells and Th1 cells 

directly or via the action of Treg cells. Furthermore, expression of immune 

checkpoint proteins like PD-L1 prevents elimination of the tumor by the immune 
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system. Beside this tumor-induced immune suppression, tumors build up and 

maintain a privileged site with collagen creating a physical barrier preventing the 

infiltration of immune cells. Other factors including tumor acidosis or hypoxia 

contribute to the tumor immune cell exclusion (Figure 1) [22].  

 

 

Figure 1:   Malignant tumors evade immune recognition by various mechanisms. 

These immune evasion mechanisms include low tumor immunogenicity, tumors treated as self-

antigens, antigenic modulation, and tumor-induced immune suppression as well as tumor-induced 

privileged sites. Tumor-induced immune suppression can be induced by immune-modulatory 

molecules such as TGF-β, IL-10, IDO and PD-L1 [22]. Figure adapted from [22]. 

 

When tumors reach a volume, which is detectable by [18F]FDG-PET/magnetic 

resonance imaging (MRI) they already escaped immune recognition, via the 

various mechanisms described. Nevertheless, the immune system can be re-

activated by blockage of immune checkpoint proteins like PD-L1. Therefore, the 

interplay of tumors and the immune system is essential for anti-cancer therapies.  

 

1.1.3 Composition of the tumor microenvironment 

Malignant tumors consist of cancer cells, various stromal cells, extracellular 

material and immune modulatory factors like cytokines and chemokines that shape 

the TIME. These individual components of the TME interact, influence each other’s 

function, and often mutually depend on each other (Figure 2). The malignant as 

well as non-malignant cellular components of the TME feature key functions during 

cancer development, progression, invasion, metastasis, immune suppression, and 
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immune escape, representing promising targets for therapeutic intervention. 

 

 

Figure 2:   Cellular composition of the TME. 

The TME is complex and heterogeneous in terms of its cellular composition. It consists of malignant 

cancer cells with different characteristics depending on the location within the tumor. Malignant 

cancer cells in necrotic or hypoxic regions differ substantially from malignant cells in well perfused 

tumor regions or at the invasive front of a tumor. Furthermore, several cell types and cytokines 

within the TME together with mutational evolution trigger clonal heterogeneity within the tumor. 

Neoangiogenesis ensures sufficient nutrient and oxygen supply of the tumor, with blood vessels 

consisting of endothelial cells and pericytes. Growth factors like VEGFC and VEGFD produced by 

cancer cells promote lymphangiogenesis pioneering LN metastasis. Cancer-associated fibroblasts 

(CAFs) are present in various cancers and promote cancer invasion as well as interfere with 

immune cells. The immune cell populations within tumors include T cells, B cells, NK and NKT cells 

as well as myeloid cells like TAMs, MDSCs, TANs and terminally differentiated myeloid DCs [4, 32-

35]. Figure adopted from [32]. 

 

Tumors consist of malignant cells that constitute a heterogeneous population. 

Depending on the mutational evolution of cancer cells influenced by immune 

mediated clonal selection, distinct cancer cell clones evolve in certain tumor 

regions resulting in genetically diverse cancer cell subpopulations across the entire 

tumor [33, 36]. At the invasive front of tumors, cancer cells undergo a process 

termed epithelial-mesenchymal transition (EMT) and acquire a fibroblast-like 
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morphology resulting in cancer cell migration and metastasis [37]. Cancer stem-

like cells (CSCs) represent a small population within the malignant tumor mass 

and are closely related to EMT. CSCs have self-renewal abilities that lead to tumor 

relapse [38], as they are considered to be a distinct cancer cell population. Beside 

cancer cell heterogeneity within a primary or metastatic tumor, the TME also 

consists of non-transformed cells like angiogenic vascular endothelial cells. 

Malignant tumor expansion is accompanied by induction of angiogenesis via 

VEGFA secreted by hypoxic cancer cells [39], FGFs and PDGFs [32, 40]. 

Angiogenic vasculature comprises endothelial cells and pericytes that form blood 

vessels and ensure sufficient oxygenation and nutrient supply of the malignant 

tumor [33]. Besides neoangiogenesis, cancer cells together with other cells in the 

TME trigger the formation of new lymphatic vessels by the secretion of VEGFC 

and VEGFD and thus enable metastasis towards the lymphatic system [41]. 

Another prevailing cell population within the TME represents cancer-associated 

fibroblasts (CAFs), which are the activated fibroblasts. The majority of CAFs 

express alpha smooth muscle actin (αSMA) or fibroblast activation protein (FAP) 

[34]. In contrast to quiescent fibroblasts, CAFs contribute to build-up non-cellular 

components of the TME including collagen, fibrin and other extracellular matrix 

(ECM) components [34]. The ECM is a physical scaffold that determines tumor 

stiffness, contains growth and angiogenic factors and is subject to remodeling by 

matrix metalloproteinases (MMPs) secreted by cancer cells, TAMs and CAFs [32]. 

Furthermore, CAFs directly or indirectly modulate the recruitment and mediate 

suppression of immune cells, which represent another non-transformed cellular 

component of the TME [34, 35]. Besides promoting cancer cell proliferation and 

angiogenesis, CAF derived IL-6 contributes to immune suppression by restricting 

DC maturation and promoting monocyte differentiation into macrophages [34]. 

Interestingly, CAFs express PD-L1 as well as PD-L2 and therefore may contribute 

to immune suppression of T cells [42]. The presence of immune cells within 

malignant tumors often determines response to a cancer immunotherapy. The 

TME comprises T cells, B cells, NK and NKT cells as well as myeloid cells like 

TAMs, MDSCs, tumor-associated neutrophils (TANs) and terminally differentiated 

myeloid DCs. The presence of these immune cells can either be tumor-promoting 

or tumor-suppressive. Whereas cytotoxic CD8+ T cells, NK cells and M1 

macrophages [4, 43] contribute to cancer immune control, M2 macrophages, mast 
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cells, neutrophils and Treg cells might rather promote malignant tumor progression 

[4, 24, 25, 32].  

The TME along with the TIME are subject to temporal and spatial dynamics in 

terms of their cellular as well as non-cellular composition that contributes to the 

hallmarks of cancer [4, 33]. Therefore, beside cancer cells, different components 

of the TME are considered as promising targets for therapeutic intervention. In 

recent years, tyrosine kinase inhibitors targeting VEGF signaling, the VEGF-

neutralizing monoclonal antibody (mAb) bevacizumab as well as multiple immune 

checkpoint inhibitor therapies including anti-CTLA-4, anti-PD-1 and anti-PD-L1 

mAb have therefore been developed, FDA approved and are nowadays in clinical 

use for various cancers types [40, 44, 45]. 

1.1.4 Malignant tumor metabolism, acidosis, and hypoxia in immune suppression 

Cancer cells are characterized by a high metabolic turnover due to their enhanced 

proliferation rate. Rapid tumor progression results in inadequate vascularization, 

limited oxygen diffusion and poor perfusion in the context of high oxygen demand. 

Tumor hypoxia is defined by a partial oxygen pressure below 10 mm Hg O2 [46-

48]. Within the tumor mass, the degree of hypoxia and subsequently acidification 

of the TME varies. In response to hypoxia, the transcription factor hypoxia-

inducible factor 1 alpha (HIF-1α) induces the expression of a set of genes that 

contribute to malignant tumor progression [49-51] such as GLUT1 [52], the lactate 

dehydrogenase-A (LDH-A) [53] and the monocarboxylate transporter 4 (MCT4), 

which is a lactate/H+ symporter [54]. These hypoxia-inducible gene expression 

patterns increase the glycolytic flux and lead to an enhanced adenosine 

triphosphate (ATP) production and lactate export into the extracellular space. 

ATPase and kinase activity results in the production of H+ ions, acidifying the TME 

[55]. Under deep hypoxia ATP hydrolysis mainly contributes to H+ production, 

whereas lactate and H+ are produced independently [46]. Accumulation of H+ ions 

in the TME results in an extracellular pH (pHe) between 6.5 to 7.0 whereas the 

intracellular pH (pHi) slightly increases in cancer cells [56, 57]. In tumor regions of 

moderate hypoxia, glutamine (Gln), fatty acids (FA) and lactate feed the 

tricarboxylic acid (TCA) cycle and energy is generated by oxidative 

phosphorylation (OXPHOS) resulting in CO2 production. The hypoxia induced 

carbonic anhydrase IX (CAIX) and carbonic anhydrase XII (CAXII) convert CO2 in 

the presence of H2O into HCO3
- and H+ and therefore contribute to the pHe 
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acidification in tumor regions of moderate hypoxia [46, 58]. In well vascularized, 

well perfused, and therefore sufficiently oxygenated tumor regions, cancer cells 

generate ATP either by the Warburg effect or via full glycolysis followed by the TCA 

cycle and OXPHOS. In well vascularized tumor regions, H+ ions are not trapped in 

the TME, but removed by blood vessels and therefore acidification of the TME is 

prevented (Figure 3) [46]. 

 

 

Figure 3:   Relationship between tumor hypoxia and tumor acidosis development. 

In well-perfused and vascularized normoxic tumor regions, glycolysis takes place and at the same 

time lactate as well as H+ are generated and exported by cancer cells via MCT1 symporters. 

Furthermore, the H+-ATPase and the Na+/H+ exchanger 1 (NHE1), a membrane-bound antiporter, 

largely discharge H+ into the bloodstream resulting in near-neutral pHe in these tumor areas. In 

regions more distant from blood vessels, characterized by moderate hypoxia Gln, FAs and lactate 

fuel the TCA cycle resulting in CO2 generation by OXPHOS. Membrane diffused CO2 is converted 

to H+ and HCO3
- via carbonic anhydrase IX (CAIX) leading to acidification of the tumor pHe. The 

Na+/HCO3
- co-transporter NBC fuels intracellular HCO3

- which is then converted into CO2 by 

carbonic anhydrase II (CAII). Furthermore, MCT1 fuels intracellular lactate resulting in CO2 

generation via the TCA cycle and OXPHOS. Tumor regions of deep hypoxia are characterized by 

an acidic pHe facilitated by the dependency on glycolysis and lactate as well as H+ production and 

export into the extracellular space via MCT4.  Furthermore, H+ exported by NHE1 contributes to 

acidification of the TME [46].  Figure adapted from [46]. 
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Accumulation of H+ ions and subsequent acidification of the TME represents one 

of the main causes for cancer progression, invasion and metastatic spread, why 

substantial efforts are undertaken to counteract this phenomenon [46, 57, 59-62]. 

Genes induced by hypoxia or proteins involved in acidification of the TME are 

therefore studied as potential therapeutic targets. Amongst those, carbonic 

anhydrase inhibitors like imatinib (Gleevec®) [63] and nilotinib (Tasigna®) [64, 65] 

are in clinical use, whereas ATPase and MCT inhibitors like omeprazole (clinically 

approved for treatment of gastric ulcer gastritis) [66, 67] and AZD3965 [68-70] are 

currently applied in clinical oncology studies. Na+/H+ exchangers (NHEs) 

contribute to pHe acidification by the export of ions. The drug amiloride which 

blocks the antiporter NHE1 is currently in experimental pre-clinical studies [71-73]. 

Another strategy to counteract acidification of the TME in moderate hypoxic tumor 

regions is to inhibit the Na+/HCO3
- co-transporter (NBC) and therefore prevent 

HCO3
- titration of H+ by the intracellular carbonic anhydrase II (CAII) [74, 75]. 

Treatment with sodium bicarbonate has been evaluated pre-clinically [76-78] as 

well as in a clinical phase 0/1 study [79, 80]. In pre-clinical tumor models, oral 

administration of sodium bicarbonate raised pHe by increasing the buffer capacity 

of the tumor interstitial fluid and reversed the plasmalemmal pH gradient [81, 82]. 

Furthermore, sodium bicarbonate-treatment of mice resulted in an enhanced 

immune cell activity and reduced tumor volumes in selected tumor models [77, 83]. 

In contrast, oral or i.v. administration of sodium bicarbonate in humans slightly 

increased the blood pHe, whereas the tissue pHe remained unchanged [84].  

Independent of the therapeutic strategy to counteract tumor acidosis, the role of 

immune cell recruitment, immune cell activation and/or polarization is essential for 

an efficient antitumor response. Pharmacological inhibition of MCT1 caused 

intracellular lactate accumulation and increased tumor immune cell infiltration [85]. 

Furthermore, sodium bicarbonate-treatment increased T cell activity [77].  Both 

studies are targeting tumor acidosis and thus highlight the interplay between tumor 

pHe and the immune system [86]. Preventing acidification of the TME furthermore 

enhances the efficacy of immune checkpoint inhibitor therapies including anti-

CTLA-4 and anti-PD-1 [77]. The effect of lactate and acidosis on immune cells 

ranges from immune cell inhibition to a pro-tumor polarization, depending on the 

immune cell population. Tumor acidosis results in a pro-tumoral phenotype of IL-

4-driven M2 macrophages characterized by an increased expression of the 
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mannose receptor (CD206), arginase 1 and Reltna. Interestingly, buffering of the 

tumor pHe in vivo by sodium bicarbonate-treatment resulted in a pro-inflammatory 

M1 phenotype of TAMs [83]. Apart from acidosis, lactate secreted by cancer cells 

induces differentiation of macrophages into a M2 phenotype [87, 88]. NK cell 

function, survival and cytotoxic anti-tumor activity are impaired by increased 

lactate levels and tumor acidosis, both lowering the expression of granzyme, 

perforin and Nkp46 [89, 90]. Inhibition of the IFN- secretion by NK cells because 

of an acidic and lactate rich environment can be restored in a neutral micromilieu 

[91]. In contrast, the inhibition of the cytotoxicity of NK cells is permanent and 

irreversible [91, 92]. Another immune cell population of interest are DCs, which 

present tumor antigens to T cells. Acidosis activates immature DCs, enhances the 

presentation of MHC class I-restricted antigens and thereby induces a CD8+ T cell 

and B cell response [93]. Low pHe furthermore enhances the differentiation of 

monocytes into DCs, which is driven by a reduction of mammalian target 

of rapamycin complex 1 (mTORC1) activity thereby contributing to an 

inflammatory reaction [94, 95]. In addition, T cell-mediated tumor immunity is 

significantly impaired at low pHe. Elevated amounts of extracellular lactic acid 

impair T cell function and increase apoptosis via blocking MCT1-mediated lactate 

and +H export by cytotoxic CD8+ T cells [96]. An acidic TME with elevated lactate 

levels further inhibits IL-2, TNF, IFN-, granzyme B and perforin secretion of 

immune cells and therefore attenuates T cell proliferation and cytotoxicity [86, 96, 

97]. Acidosis-induced inhibition of IFN- production of T cells takes place at a post-

transcriptional level and is reversible [77, 86].  

In summary, tumor acidosis as well as lactate secretion by cancer cells significantly 

impair anti-tumor immune cell function and can even lead to a more pro-tumoral 

phenotype. Nevertheless, the effects of tumor acidosis on immune cells are mostly 

reversible and immune cell functions can be restored by buffering the pHe and thus 

increases the efficacy of immune checkpoint inhibitor therapies. 

1.2 Immune checkpoint inhibitors 

1.2.1 Types and mechanisms of immune checkpoint inhibitors 

The human immune system consists of several cell types that recognize and 

eliminate virally infected as well as neoplastic cells with abnormal cell growth. This 

process is commonly termed immune surveillance. Like checks and balances, a 

https://en.wikipedia.org/wiki/Sirolimus


1. Introduction 

  - 25 -   

 

principle of constitutional, tripartite governments, so called immune checkpoints 

keep the immune response against neoplastic cells under control. This mechanism 

is important to maintain self-tolerance as well as to fine tune and prevent excessive, 

life-threatening immune responses. Immune checkpoint proteins are generally 

grouped into co-stimulatory or inhibitory membrane-bound receptors or ligands as 

well as inhibitory metabolic enzymes [98]. The membrane bound immune 

checkpoints can either be targeted by agonistic or antagonistic antibodies. 

Activated T cells express OX40 (CD134), which transfers a co-stimulatory signal, 

resulting in an enhanced T cell division, survival and expansion of effector and 

memory subsets [99]. Amongst the most widely known inhibitory immune 

checkpoints are the cell surface proteins cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4, CD152), programmed death-1 (PD-1, CD279) and PD-L1 

(CD274). The immune checkpoint CTLA-4 discovered by Allison and Bluestone 

[100-102] is exclusively expressed on T cells and regulates the early stages of 

activation, via outcompeting the T cell co-stimulatory receptor CD28 by binding to 

CD80 and CD86 [98, 103-105]. It unfolds its effect by down-regulating the Th cell 

activity and mediates the development of forkhead box P3 (FOXP3) expressing 

Treg cells [98, 106-108]. In contrast, PD-1 is expressed upon T cell activation and 

confers an inhibitory signal dampening T cell activity in peripheral tissue [98, 109]. 

Upon engagement of PD-1 with the ligands PD-L1 or PD-L2, it regulates effector 

T cell activity within the tumor by inhibition of kinases involved in T cell activation 

[98]. Upon continuous antigen exposure, like in tumors, membranous T cell PD-1 

expression is induced, results in T cell exhaustion upon PD-1/PD-L1 interaction 

and finally leads to immune tolerance and tumor immune escape [98]. 

Ahmadzadeh et al. and others have shown that CD8+ TILs with elevated PD-1 

expression exhibit an exhausted and anergic phenotype with decreased cytokine 

production and poor clinical outcome [110, 111]. Similarly, PD-L1 expression is 

subject to intrinsic characteristics of cancer cells as well as various factors in the 

TME like hypoxia or IFN-. Beside cell surface immune checkpoints, metabolic 

enzymes also confer immune suppression. IDO expressed by cancer cells and 

tumor infiltrating myeloid cells catabolizes the essential amino acid tryptophan and 

thereby inhibit T cell proliferation and effector functions [112, 113]. Similarly, the 

inhibitory metabolic enzyme arginase suppresses T cell function via local depletion 

of the essential amino acid arginine [98, 114]. Beside the well described immune 
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checkpoint proteins, several others have been discovered in recent years including 

lymphocyte activation gene-3 (LAG-3, CD223), T cell immunoglobulin and mucin-

domain containing-3 (TIM-3, CD366), T cell immunoglobulin and ITIM domain 

(TIGIT), V-domain Ig suppressor of T cell activation (VISTA), B7 homolog 3 protein 

(B7-H3) as well as B and T cell lymphocyte attenuator (BTLA). 

Based on these basic research and pre-clinical studies, several mAb therapies 

have been developed and clinically tested in recent years. In 2011 the first 

candidate of immune checkpoint targeting drugs, ipilimumab a fully human anti-

CTLA-4 mAb was FDA approved for the treatment of advanced malignant 

melanoma [115]. In the following years several drugs targeting the immune 

checkpoints CTLA-4, PD-1 and PD-1 received FDA approval [116] or are subject 

of clinical trials [117] for several tumor entities. Notably, in humans anti-CTLA-4 

mAb therapies feature more severe immune toxicity including colitis, diarrhea, 

adrenal insufficiency, thyroiditis, and pneumonitis [45, 118] compared to anti-PD-1 

or anti-PD-L1 mAb therapies [98, 119]. These side effects were anticipated by pre-

clinical studies in CTLA-4 knockout mice experiencing massive lymphoproliferation 

and lethal systemic immune hyperactivation [120, 121]. In contrast, PD-L1 

knockout mice are viable and exhibit comparable numbers of various immune cells 

in wild type and knockout mice [122]. Similarly, PD-1 deficient mice developed as 

wild type mice but exhibited an increased number of lymphoid and myeloid cells 

and moderate splenomegaly [123]. Although several immune checkpoint inhibitors 

have been approved by the FDA, clinical response rates vary depending on the 

tumor entity. For treatment of NSCLC patients with the PD-1 inhibiting mAb 

pembrolizumab, Garon et al. reported an objective response rate of 19.4% among 

all patients [124]. A phase III study in metastatic melanoma patients revealed an 

objective response rate of 57.6% upon combined treatment with the anti-PD-1 

mAb nivolumab together with the anti-CTLA-4 mAb ipilimumab and revealed a 

significantly higher progression-free survival compared to ipilimumab 

monotherapy [125]. Limited response rates can be addressed and improved by 

identifying reliable biomarkers to predict response rates as well as counteracting 

resistance mechanisms to improve therapeutic responses. One of the biomarkers 

that predicts the efficacy of checkpoint inhibitor immunotherapy are immunogenic 

neoantigen peptides, which are generated by the tumor mutational burden [126]. 

In this regard Le et al. identified mismatch repair deficiency as a predictive 



1. Introduction 

  - 27 -   

 

biomarker for response to an anti-PD-1 mAb therapy in solid tumors [127, 128]. In 

addition to cancer cell intrinsic response biomarkers, several studies focus on the 

composition of the TME, in terms of TILs and dynamics of immune checkpoint 

protein expression on the individual cell types [126]. The current FDA approved 

clinical diagnostic for an anti-PD-1 therapy patient stratification is the PD-L1 

immunohistochemistry (IHC), although the total PD-L1 expression alone is an 

imperfect predictor of response [126]. 

The search for more predictive biomarkers highlights the role of resistance 

mechanisms to an immune checkpoint inhibitor therapy. Pardoll et al. distinguished 

two resistance mechanisms; the constitutive also named innate and the adaptive 

immune resistance. Whereas innate immune resistance occurs due to oncogenic 

pathways resulting in an increased immune checkpoint inhibitor expression on 

cancer cells, the adaptive immune resistance refers to the induction of immune 

checkpoint inhibitor expression in response to cytokines like IFN- in the TME [98]. 

In this regard, Havel et al. classified tumors into three tumor-immune phenotypes: 

1) Immune-inflamed tumors are characterized by the CD8+ and CD4+ T cell 

presence and therefore exhibit a pre-existing anti-tumor immune response making 

them sensitive to an immune checkpoint inhibitory therapy; 2) Immune excluded 

tumors are characterized by the absence of T cells, which can be overcome by e.g. 

inhibition of transforming growth factor-β (TGF-β); 3) Immune desert tumors which 

completely lack T cells do not respond to an immune checkpoint inhibitor therapy 

[126].  

This classification of the tumor immune phenotype together with the induction of 

immune checkpoint protein expression in particular of PD-L1 upon changes in the 

TME, currently represents the most promising approach to identify response 

biomarkers and to reveal the underlying mechanisms of acquired resistance. 

Therefore, a detailed understanding of the underlying mechanisms of PD-L1 

expression and signaling is essential. 

1.2.2 PD-L1 expression and signaling  

In 1992 Tasuku Honjo discovered the checkpoint inhibitor molecule PD-1, 

preventing immune cell engagement and activity. For this breakthrough, he was 

awarded with the Nobel Prize in physiology in 2018 [129, 130]. A few years later 

Gordon J. Freeman and Tasuku Honjo identified the ligand of the PD-1 protein and 

named it PD-L1 [131-133]. Since then the research institutions and the 



1. Introduction 

  - 28 -   

 

pharmaceutical industry have focused on the discovery and optimization of 

antibodies targeting these checkpoint inhibitor structures, resulting in the FDA 

approval of the first PD-1 inhibitor pembrolizumab (Keytruda®) in 2014 [44, 134] 

and the first PD-L1 inhibitor atezolizumab (Tecentriq®) in 2016 [135]. Despite the 

great success of immune checkpoint inhibitor therapies, the impact of PD-L1 

expression and signaling for response prediction of an anti-PD-1/anti-PD-L1 mAb 

therapy remains vague.  

Regulation of PD-L1 gene expression can be divided into cancer cell intrinsic and 

TME-mediated mechanisms. PD-L1 expression varies between tumor types due 

to their genetic and epigenetic characteristics. Amplification of the PD-L1 gene 

located on chromosome 9p24.1 increases PD-L1 expression in various cancers, 

including small-cell lung cancer (SCLC) [136] and gastric adenocarcinoma [137]. 

Furthermore, the extended 9p24.1 amplification region also induces the Janus 

kinase 2 (JAK2) loci in classical Hodgkin lymphomas (cHLs) and mediastinal large 

B-cell lymphoma (MLBCL) [138].  Amplification of JAK2 involved in IFN--mediated 

PD-L1 induction enhances PD-L1 transcription [138-141]. Patients with 

amplification of the PD-L1 gene in NSCLC revealed a worse prognosis compared 

to patients without the PD-L1 amplification [139]. Epigenetically, expression of PD-

L1 is inversely correlated with methylation of the PD-L1 promoter in various 

cancers, including advanced gastric cancer [142], malignant melanoma [143], 

NSCLC [144, 145] and prostate cancer [146]. Furthermore, PD-L1 expression is 

regulated by non-coding single-stranded microRNAs (miRNAs). Several miRNAs 

interfere with PD-L1 expression at different stages. For instance, the miRNA-197 

represses the cyclin-dependent kinases regulatory subunit 1 (CKS1B)/ signal 

transducer and activator of transcription 3 (STAT3) axis, and its expression is 

inversely correlated with PD-L1 expression in NSCLC [147]. Further downstream, 

several miRNAs such as miRNA-513, miRNA-34a and miRNA-200 negatively 

regulate PD-L1 gene and protein expression by targeting the Pd-l1 mRNA for 

degradation [148-154]. Besides genetic and epigenetic regulation, oncogenic 

signaling interferes with PD-L1 expression. Oncogenic Ras signaling through 

mitogen-activated protein kinase kinase (MEK) and the kinase MK2 leads to the 

phosphorylation and inhibition of the AU-rich element-binding protein tristetraprolin 

(TTP), a Pd-l1 mRNA destabiliser, and subsequently increases tumor PD-L1 

expression [155]. Murine lung cancers with mutant epidermal growth factor 
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receptor (EGFR) or mutant K-Ras demonstrated an increased activation of 

AKT/mammalian target of rapamycin (mTOR) and elevated PD-L1 expression 

[156]. Furthermore, the tumor suppressor gene phosphatase and tensin homolog 

(PTEN) negatively regulates PD-L1 expression and loss of PTEN results in 

increased PD-L1 levels [157, 158]. In summary genetic, epigenetic as well as 

oncogene induced perturbations of PD-L1 expression in cancer cells have been 

associated with fortunate as well as unfortunate prognosis [142, 146, 159].  

In addition to cancer cell intrinsic factors, certain TME characteristics like hypoxia 

as well as several immune cells-derived cytokines regulate PD-L1 protein 

expression. Malignant tumors are characterized by rapid growth, insufficient 

vascularization and oxygen deprivation due to disturbed microcirculation and 

deterioration of diffusion [160]. Under low tissue oxygen levels, the transcription 

factor HIF-1α is stabilized and binds to the hypoxia-response element (HRE) in the 

PD-L1 proximal promoter region [161]. It has been shown that hypoxia controls 

PD-L1 expression in MDSCs, macrophages and DCs [161]. In addition, hypoxia 

induces PD-L1 expression in cancer cells, including B16-F10 and lewis lung 

carcinoma (LLC) [161, 162]. These molecular findings were further substantiated 

by positive correlations between HIF-1α and PD-L1 protein expression in tumors 

with infiltrated immune cells [163, 164]. Beside hypoxia, lactate accumulates in the 

TME due to the Warburg effect [16, 165]. Extracellular lactate represents a new 

inducer of PD-L1 expression in cancer cells, which occurs via the lactate sensing 

G protein-coupled receptor 81 (GPR81) [166]. In an experimental tumor model, 

blockage of LDH-A and thus inhibition of lactate production improved the efficacy 

of an anti-PD-1 mAb therapy [167]. Besides cancer cells, the TME consists of 

infiltrated immune cells that significantly contribute to the cytokine milieu. Amongst 

those, IFN- is probably the most prominent inducer of PD-L1 expression [30, 168] 

and is secreted by CD8+ T cells, Th1, NK cells and innate lymphoid cells (ILCs) 

[169-171]. IFN- is a type II interferon and binds to the interferon-gamma receptor 

(IFNGR) 1 and 2. Upon receptor heterodimerization, the receptor-associated JAKs 

get activated, which leads to tyrosine residue phosphorylation in the IFNGR 

cytoplasmic domain and to the recruitment and phosphorylation of STAT1 

molecule. Phosphorylated STAT1 dimerizes and translocates to the nucleus, binds 

to its IFN- activation site (GAS) element in the promoter region and induces the 

expression of the interferon regulatory factor 1 (IRF1) [30, 170, 172-174]. Induction 

https://en.wikipedia.org/wiki/Sirolimus
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of PD-L1 expression is furthermore dependent on the IFN--mediated induction of 

STAT1 gene and protein expression. In this regard, the eukaryotic translation 

initiation complex (elF4F) binds the 5’ cap of Stat1 mRNA and thereby increases 

the STAT1 as well as PD-L1 protein expression [30]. Induction of PD-L1 via the 

IFN--JAK-elF4F-STAT1-IRF1 axis is of paramount importance, as it combines 

several factors that contribute to immune escape. Therefore several scientists 

recently proposed a combined assessment of PD-L1 and TIL by IHC to account 

for TIME-induced PD-L1 expression [175-179]. This approach is promising, as it 

considers the immune cell activity in the TME. Several factors like tumor acidosis 

shape the composition of the TIME and interfere with T cell infiltration and activity 

[77, 86, 96, 180] as well as macrophage polarization [83]. In this regard, the 

detection of inducible PD-L1 protein expression by factors of the TME is one of the 

most promising approaches for an anti-PD-1/anti-PD-L1 mAb therapy response 

prediction. 

Beside PD-L1 expression, signaling pathways upon PD-1/PD-L1 engagement are 

of great interest. Interaction of PD-1 with PD-L1 negatively regulates T cell activity 

by recruitment of the tyrosine phosphatase Src homology region 2 domain-

containing phosphatase-2 (SHP2) to the intracellular domain of the PD-1 molecule 

[109, 132, 181, 182]. PD-1 inhibits T cell function by down-regulating intracellular 

TCR signaling pathways. Furthermore, it reduces activation of transcription factors 

responsible for T cell activation, proliferation cytokine production and survival [109]. 

Interruption of the PD-1 and PD-L1 interaction by blocking antibodies can 

successfully restore cancer cell-specific T cell cytotoxicity [183]. Expression of PD-

L1 by cancer cells protects them from T cell-mediated cell death by interfering with 

pro-apoptotic signals or interfering with the activation of the AKT/mTOR pathway 

in T cells [184, 185]. 

1.3 Tumor models and characteristics 

The interplay of the immune system with malignant cancer cells is fairly complex, 

bidirectional, dynamic and dependent on various cancer cell and host immune 

system specific factors. Amongst these factors are the cancer cell intrinsic genetic 

and epigenetic alterations that influence gene expression of immune checkpoint 

inhibitor molecules including PD-L1. Furthermore, different tumors exhibit unique 

metabolic characteristics that shape vascularization, hypoxia, and acidification of 
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the tumor. Furthermore, the immune system itself varies between humans and 

adds another degree of complexity towards response prediction to a checkpoint 

inhibitor therapy. The complex immune system and malignant tumor interplay, led 

to the advancement of the concept of immune surveillance towards immune editing 

taking into account the mutual and bidirectional interactions [186-188]. To address 

the complexity of tumor immune biology, several murine and human cancer cell 

lines with different origin as well as genetic and epigenetic characteristics were 

studied. 

Colorectal cancer is one of the most commonly diagnosed cancers and a leading 

cause of cancer related death [189]. In 2020 the FDA approved the anti-PD-1 mAb 

pembrolizumab (Keytruda®) for first-line treatment of metastatic microsatellite 

instability-high (MSI-H) or mismatch repair deficient (dMMR) colorectal cancer 

[190]. Due to the similarity to human colorectal cancer, murine colon 

adenocarcinoma MC38wt cells were used to study the interplay between the tumor 

and the immune system. Originally, MC38wt cancer cells were generated in female 

C57BL/6 mice by s.c. injection of dimethylhydrazine. Then the mice developed 

adenocarcinomas, which were dissected and maintained as s.c. serial transplants. 

For cancer cell culture, adenocarcinomas were trypsinized and maintained in cell 

culture dishes [191-193]. Efremova et at. characterized the genome and 

transcriptome of MC38wt cancer cells in vitro as well as the transcriptome and 

immune cell composition of solid MC38wt tumors [194]. These studies revealed that 

MC38wt tumors are a model for hypermutated/MSI colorectal cancer, resembling 

grade III adenocarcinomas. A genome analysis revealed in total 5931 somatic 

mutations, including the transversion C>A/G>T similar to human hypermutated 

colorectal cancer [194, 195]. Furthermore, MC38wt tumors carry missense 

mutations in p53 and PTEN, mutations in the TGF-β pathway and in the BRAF 

gene [194]. The tumor model is considered to be fairly immunogenic qualifying it 

as an ideal responder model for anticancer immunotherapy studies [196, 197]. 

Nevertheless, when transplanted into immune competent wild type C57BL/6 mice, 

the host immune system failed to eradicate the MC38wt tumor due to 

immunosuppressive cells which are recruited to the tumor site. MC38wt tumors are 

characterized by infiltration of CD8+ T cells, NK cells and classically activated M1 

macrophages [194, 196]. Hos et al. reported a strong CD8+ T cell response 

towards neoepitopes in MC38wt tumors [198]. A strong CD8+ T cell infiltration was 
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furthermore correlated with a better prognosis and a superior checkpoint inhibitor 

therapy outcome in hypermutated/MSI colorectal cancer, which is most likely 

attributed to the high number of neoantigens [199]. Efremova et at. also studied 

the impact of immune cell recruitment and infiltration on gene expression induction 

of selected immune checkpoint proteins. During the course of MC38wt tumor 

development and progression in immune competent mice, the expression of PD-

1, CTLA-4, TIM-3 and LAG-3 was up-regulated [194]. The immune compromised, 

recombinant activating gene 2 (RAG2)-deficient mice, which lack mature 

T cells and B cells [200], exhibit only a marginal upregulation of PD-L1. In contrast 

to RAG2-deficient mice, MC38wt tumors transplanted into immune competent mice 

exhibit a more pronounced induction of PD-L1 gene expression [194]. This 

underlines the interplay between immune cell infiltration, cytokine secretion and 

immune checkpoint protein expression on cancer cells. MC38wt cancer cell 

exposure to IFN- secreted by different immune cells results in PD-L1 upregulation, 

which might be sufficient for tumor immune escape [30, 172, 201, 202]. These 

findings suggest an important role of PD-L1 induction and immune escape upon 

cancer-immune cell interaction. In contrast to MC38wt cells, CT26wt cancer cells 

are the murine counterpart of human non-hypermutated/MSI colorectal cancer 

[194]. CT26wt cells were generated by intrarectal administration of N-nitroso-N-

methylurethane in BALB/c mice. Animals subsequently developed grade IV 

carcinomas that were maintained by serial s.c. transplantation [203]. The 

adenocarcinomas carry an oncogenic K-Ras [204] and adenomatous polyposis 

coli (APC) mutation [205], whereas p53 is not mutated [206]. The CT26wt cell line 

also bears somatic mutations, predominantly C>T/G>A similar to human non-

hypermutated/MSI colorectal cancer and is characterized by high N-Ras, VEGF-α, 

p53, Myc, Mdm2 and HIF-α expression levels [207]. Interestingly, MC38wt and 

CT26wt cells, both generated from carcinogen induced murine colorectal 

carcinomas exhibited a high somatic nonsynonymous mutational burden [206]. 

Similar to MC38wt, CT26wt cells are also commonly applied in immune checkpoint 

inhibitor studies, as the resulting tumors respond to a wide range of immune 

checkpoint inhibitor mAb therapies including anti-CTLA-4, anti-PD-1 and anti-PD-

L1 [196, 206, 208].  

In tumor biology, genetic modifications of cells applying the CRISP/Cas 9 

technology are used to study the underlying mechanisms of immunological 
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surveillance and immune editing. The CRISP/Cas system was initially discovered 

and described as the adaptive immune system in vertebrates [209] and was 

awarded with the Nobel Prize in Chemistry in 2020 [210]. The technology was 

subsequently further refined to permanently knockout genes of interest in cancer 

cell lines. In this regard the CRISP/Cas 9 technology was e.g. applied by 

Kleinovink et al. to study the role of PD-L1 cancer cell expression for an anti-PD-

L1 mAb therapy [196].  

Amongst other human cell lines applied in this work, the human colon 

adenocarcinoma cell line HCA-7 colony 29 was chosen for in depth mechanistic 

studies, as it belongs to the identical tumor type as murine MC38wt and CT26wt 

cells. The HCA-7 cell line was established from a primary human colon 

adenocarcinoma of a 58-year old female [211, 212]. Colony 29 of the HCA-7 cell 

line is characterized by expression of the cyclooxygenase 2 (COX-2) [213] and 

also carries a p53 mutation [214]. Furthermore, Botti et al. reported a correlation 

between COX-2 and PD-L1 expression in human primary malignant melanomas 

[215]. Beside this correlation, inhibition of COX-2 reduced PD-L1 expression in 

melanoma cell lines [215]. Prima et al. proposed that inhibition of the bioactive lipid 

prostaglandin E2 (PGE2) forming enzyme COX-2 represents a promising approach 

to interfere with PD-L1 upregulation on macrophages and MDSCs in order to 

overcome immune evasion [216]. Therefore, HCA-7 colony 29 cells are an 

interesting human cancer cell model to study regulatory mechanisms of PD-L1 

expression.  

In contrast to MC38wt and CT26wt tumors, both responsive to anti-PD-1 and/or anti-

PD-L1 mAb checkpoint inhibitor therapies [196, 206, 208, 217], B16-F10wt and 

4T1wt tumors are classified as non-responsive or partially responsive [206, 217, 

218]. B16-F10wt is a murine malignant melanoma cell line derived from C57BL/6 

mice harboring a BRAF mutation [219-221]. B16-F10 cells exhibit elevated levels 

of proteases and glycosidases compared to B16-F1 cells [222]. In contrast, the 

mammary carcinoma 4T1wt cell line was generated from a spontaneously arising 

tumor in female BALB/BfC3H mice [223, 224]. 4T1wt tumors are characterized by 

a high tumorigenicity and invasiveness [225]. Mosely et al. performed 

transcriptome analysis of tumors established in syngeneic mice to elucidate the 

differential responsiveness to an immune checkpoint inhibitor therapy in the four 

mentioned syngeneic murine tumor models. For the anti-PD-L1 mAb therapy 
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responsive MC38wt tumor model, the authors reported low expression of genes 

involved in the MHC II pathway and a considerable tumor immune cell infiltrate 

consisting mainly of monocytic MDSCs (M-MDSCs), but also NK cells, NKT cells, 

macrophages and T cells [206]. CT26wt tumors were characterized by elevated 

numbers of NK cells, granzyme B+ NK cells and T cells. The relative number of 

T cells in CT26wt tumors was most pronounced amongst the four studied 

exogenous tumor models [206]. MC38wt as well as CT26wt tumors were also 

characterized by a strongly enhanced pro-inflammatory cytokine expression profile, 

including IL-2, IFN-, TNF and IL-1β [206]. In contrast to the responsive tumor 

models, Mosely et al. reported a moderate immune cell infiltration, a reduced 

activation of immune pathways accompanied by lower expression of 

MHC class I and II pathway genes for the non-responsive B16-F10wt tumor model 

[206]. The anti-PD-L1 mAb therapy non-responsive 4T1wt tumor model is 

characterized by a pronounced granulocytic MDSC (G-MDSC) infiltrate [206]. In 

addition, cytokine analysis revealed elevated levels of Th2-associated cytokines, 

including IL-4 and IL-10 in B16-F10wt, 4T1wt and surprisingly also MC38wt tumors 

[206]. These studies impressively illustrate the role of cancer cell intrinsic and host 

immune system specific characteristics. Furthermore, the authors outline the role 

of immune cell recruitment, infiltration, cytokine secretion and the induction of 

checkpoint inhibitor proteins on cancer as well as immune cells for immune 

evasion. According to literature, the two described murine tumor models MC38wt 

and CT26wt are therefore assigned to the anti-PD-L1 mAb therapy responsive 

group with strong endogenous anti-tumor immune response. In contrast, B16-

F10wt and 4T1wt tumors were classified as non-responsive due to a weak 

endogenous anti-tumor immune response (Figure 4). 
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Figure 4:   Implications of adaptive immune resistance on cancer immunotherapy. 

Proposed impact of the endogenous anti-tumor immune response and the TME-induced PD-L1 

upregulation on cancer and immune cells and the discrimination in responders and non-responders 

to a sodium bicarbonate or immune checkpoint inhibitor anti-PD-L1 mAb therapy in the mentioned 

tumor models. MC38wt and CT26wt are considered as anti-PD-L1 mAb therapy responder, whereas 

B16-F10wt and 4T1wt are considered as non-responder tumor models to an anti-PD-L1 mAb therapy. 

Schematic representation adapted from [98]. 

 

To address the complexity of the host immune system and its impact on the efficacy 

of immune checkpoint inhibitor therapies, different mouse strains varying in their 

immune cell composition and polarization were applied in this thesis. The mouse 

strains differ in their cytokine profiles and Th cell polarization. In vivo MC38wt and 

B16-F10wt tumor studies were carried out in C57BL/6J mice, which endogenously 

promote a Th1 cells polarization, characterized by elevated IFN- , IL-12 and TNF 

levels as well as low IL-4 and IL-13 production by CD4+ T cells [226, 227]. In vivo 

CT26wt and 4T1wt tumor studies were carried out in BALB/c mice which are rather 

Th2 prone and characterized by increased IL-4 cytokine expression levels [226, 

228]. This allows gaining a more holistic picture on TME-induced cancer cell PD-

L1 expression, independent of the applied mouse strain. 

In summary, the four mentioned tumor models and the two mouse strains allow 

studying the conserved underlying mechanisms of PD-L1 regulation as wells as 

the cancer-immune cell interplay within the TME. 
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1.4 Cancer Senescence 

Recent findings underline the importance of senescence for tumor immune control, 

rendering the induction of senescence a promising biomarker for response that 

can be detected by non-invasive in vivo imaging.  

1.4.1 Definition of senescence 

Cellular senescence is defined as a non-growing state of cells, characterized by a 

stable and permanent cell cycle arrest and non-response to growth and 

proliferation signals [229, 230]. Cellular senescence was first described by 

Leonard Hayflick and Paul Moorhead in 1961 and initially named replicative 

senescence [230-232]. Cell cycle progression is halted in senescent cells by 

increased expression of p16INK4A (hereinafter p16) and p21Cip1 (hereinafter p21) 

that inhibit the tightly regulated activity of cyclin-dependent kinases (CDKs), 

imposing a non-growing, senescent cell state [230, 233, 234]. P53, a tumor 

suppressor, also plays an important role in senescence, as demonstrated by a 

murine liver carcinoma model with controlled p53 expression, which forces cancer 

cells into an irreversible senescent state upon re-activation [230, 235, 236]. 

Senescent cells are characterized and identified by the absence of proliferative 

markers, the expression of tumor suppressor proteins like p53 and cell cycle 

inhibitors, including p16 and p21 [230, 237]. Further, senescent cells exhibit an 

increased senescence-associated β-galactosidase (SA-β-GAL) activity [230, 237]. 

1.4.2 Types of senescence and immune control 

Cellular senescence can be divided, based on their underlying induction 

mechanisms in: 1) replicative senescence, which is characterized by a proliferation 

arrest due to telomere shortening [238]; 2) stress-induced senescence upon 

exposure to reactive oxygen species (ROS) and subsequent DNA damage [239]; 

and 3) oncogene-induced senescence, like Ras [240]. Radiotherapy and 

chemotherapy can also induce cancer cell senescence by increasing genomic 

instability, inducing DNA damage, interfering with DNA synthesis or inhibiting 

topoisomerase I activity [241-243]. Cellular cancer immunotherapy with tumor-

antigen specific Th1 cells arrests cancer growth via induction of cancer cell 

senescence upon conjoint IFN-γ and TNF signaling [244]. The different types of 

senescence induction are commonly summarized as therapy-induced senescence 

and result in a tumor growth arrest [245, 246]. 
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Senescence induction in cancer cells leads to a cell cycle arrest, limiting tumor 

growth and therefore representing a tumor-antagonizing effect. But beside the 

absence of proliferation, senescent cells also possess a specific senescence 

associated secretory phenotype (SASP) that shapes the local cytokine and 

chemokine microenvironment and triggers autocrine and paracrine signaling in 

adjacent cancer as well as stromal cells. In this context, senescence can also elicit 

a tumor-promoting effect [245]. Some examples include oncogene-induced 

senescent cells secreting pro-inflammatory cytokines, including IL-6 and IL-8 [247]. 

In human fibrosarcoma HT1080 cells these cytokines synergistically enhance cell 

migration [248]. Similarly, in papillary thyroid carcinoma the chemokine C-X-C motif 

chemokine ligand 12 (CXCL12) secreted by senescent cancer cells governs a 

collective invasion [249]. Furthermore, MMP-3 secreted by senescent cells 

exhibits a tumor-promoting effect on pre-malignant epithelial cells through 

paracrine signaling [246]. In contrast to tumor-promotion, the SASP also mediates 

senescent cancer cell clearance by macrophages, neutrophils, NK cells [250] and, 

in some tumor models, by CD4+ Th cells [251]. In an H-Ras driven liver carcinoma 

mouse model, p53 restoration induces senescence, NK cell recruitment and 

subsequent tumor regression, which is mediated by the secretion of chemokines 

such as C-C motif chemokine 2 (CCL2) [235, 250]. Other immune supportive 

factors of the SASP include IL-6, IL-15, CXCL1 and colony- stimulating factor 1 

(CSF1) [252]. In contrast, cytokines that constitute the SASP can also exhibit 

immune suppressive functions by recruiting MDSCs and Treg cells or by inhibition 

of cytotoxic CD8+ T cells. These SASP related cytokines include CCL2, IL-6, 

granulocyte–macrophage colony-stimulating factor (GM-CSF), M-CSF or IL-10 

[252].  

Due to the dual role of senescence on tumors and the immune modulatory effect 

of the SASP, therapeutic compounds have been developed to eliminate senescent 

cancer cells. One of these so called senolytic drugs is navitoclax, a Bcl-2 inhibitor 

targeting exclusively senescent cells [253, 254]. To precisely treat patients with 

senolytic drugs and to avoid the negative effects of senescent cells on tumor 

growth and progression, non-invasive in vivo imaging biomarkers are needed to 

identify senescent cancer cells.  

1.4.3 Metabolism and senescence 

Although senescent cells have irreversibly lost the ability to proliferate, they remain 
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metabolically active [230]. Metabolic alterations of senescent cells were closely 

linked to the SASP. Nacarelli et al. reported that nicotinamide 

phosphoribosyltransferase (NAMPT) regulation of nicotinamide adenine 

dinucleotide (NAD+) biosynthesis regulates the pro-inflammatory SASP of 

senescent cells, including the expression of IL-1β, IL-6 and IL-8 [255]. During 

senescence, high mobility group A (HMGA) proteins regulate the expression of 

NAMPT and the strength of the pro-inflammatory SASP is governed via the HMGA-

NAMPT-NAD+-signaling pathway. This pathway enhances glycolysis and 

mitochondrial respiration, which is promoting cancer progression and increasing 

T cell (CD3) and macrophage (F4/80) infiltration [255]. Others described metabolic 

alterations during senescence in human lung fibroblasts include a decreased ratio 

of O-phosphocholine (PC) to sn-Glycero-3-phosphocholine (GPC) [256, 257]. This 

is important because cancer cells often exhibit altered choline metabolism, 

depicting increased PC and total choline-containing phospholipid metabolites 

compared to GPC [258, 259]. However, the mechanisms behind these changes 

are very different. In cancer, these metabolic alterations are due to an increased 

phosphatidylcholine (PtCho) catabolism and choline uptake [260]. In senescent 

cells, the increased GPC levels are most likely due to the elevated breakdown of 

PtCho by phospholipase A1 and/or A2 and lysophospholipase (Figure 5) [256]. 

Decreased PC and increased GPC levels were also described in two breast cancer 

cell lines upon drug-induced senescence [261]. 
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Figure 5:   Schematic representation of the choline metabolism in cancer and senescent 

cells. 

During tumor progression, proliferating cancer cells are characterized by increased O-

phosphocholine (PC) and reduced sn-Glycero-3-phosphocholine (GPC) levels. Elevated PC levels 

are fueled by increased choline uptake from the cell culture media and conversion into PC by 

choline kinase (ck) as well as increased phosphatidylcholine (PtCho) catabolism catalyzed by 

phospholipase C (plC) and phospholipase D (plD). Senescent cells are characterized by elevated 

GPC levels mediated by increased activity of phospholipase A (plA) and lysosphospholipase lpl 

and reduced glycerophosphocholine phosphodiesterase (pde) [256, 260]. Schematic 

representation adapted from [256]. 

 

Beside changes in choline metabolism (Figure 5) senescence is also associated 

with major alterations in lipid metabolism. In human HepG2 cells, senescence 

induction was accompanied by an accumulation of lipids [262]. A lipidomic study 

combined with a transcriptomic analysis of proliferating and senescent fibroblasts 

revealed changes in lipid-regulating gene expression and abundance of certain 

lipid families [263].  

As a result, senescent cancer cells will have a specific metabolic signature that 

could be used as a biomarker for identification of senescent tumor regions non-

invasively in vivo by magnetic resonance spectroscopy (MRS). 

1.5 Imaging and spectroscopy technologies 

Malignant tumor progression, the heterogeneity of the TME and cancer metastasis 

can only be addressed and studied longitudinally by non-invasive in vivo imaging 

methods. Furthermore, spectroscopy technologies allow monitoring of metabolic 

alterations that are specific for certain tumor types or progression stages. 
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Therefore, several modalities are applied pre-clinically and clinically, including 

Optical Imaging (OI), Positron Emission Tomography (PET) and Nuclear Magnetic 

Resonance (NMR) imaging and spectroscopy.  

1.5.1 Optical Imaging 

Optical Imaging (OI) is a powerful technology to study dynamic cellular processes, 

cell-cell interactions, and dynamic changes in the TME. Macroscopic OI is 

characterized by an imaging depth greater than a few hundred microns up to 

several centimeters for near-infrared (NIR) imaging [264].  

For macroscopic optical contrast three major modalities are described based on 

the contrast generation method: fluorescence, luminescence and photoacoustic 

imaging [264, 265]. Fluorescence and luminescence imaging are based on light 

emission, resulting from light absorbance and electron excitation or spontaneous 

photon emission respectively [264, 266]. For fluorescent imaging various 

fluorescent proteins are used pre-clinically including green fluorescent protein 

(GFP) and tandem dimer Tomato (tdTomato), a red shifted fluorescent protein 

allowing for imaging a greater depth with inducible or constitutive expression in 

cells of interest [266, 267]. Furthermore, small fluorophores like indocyanine green 

(ICG) are commonly used [268].  In fluorescent imaging, the sample is excited by 

an illumination light source at a wavelength close to the excitation maximum of the 

fluorophore absorbance spectrum [265, 266, 269]. Following an excitation/de-

excitation process, photons are emitted, albeit at a higher wavelength (with a lower 

energy) by the fluorophore [265, 266]. The emitted photons are then collected by 

a cooled charge-coupled device (CCD) camera for photon counting. The use of 

appropriate filters is important to obtain an image with low noise and high contrast 

[269, 270]. Classically, in vivo fluorescence imaging is performed using a planar 

approach with either trans- or epi-illumination (such as in an IVIS®), although 

tomographic systems have appeared in the last decade and provided a new 3D 

view of the fluorophore distribution in the sample. Therefore, the volume of interest 

(VOI) in vivo is reconstructed and therefore provides spatially resolved images 

[271, 272]. The advantage of 3D OI is that information about the emitted photon 

distribution within the tissue can be obtained [272, 273]. Therefore, this approach 

might lead to a more quantitative OI, which was already applied in a clinical setting 

for human breast imaging using ICG as a contrast agent [268]. A major 

disadvantage of fluorescence imaging is auto- or non-specific fluorescence by 
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animal tissue including skin, which reduces the signal to background ratio [265]. 

This limitation can be overcome by multispectral imaging and dedicated analysis 

tools, further enabling the simultaneous use of multiple fluorophores [274]. Besides 

fluorescence imaging, bioluminescence imaging (BLI) is commonly applied in pre-

clinical imaging to study regulation of gene expression [275, 276] or detect the 

activity of enzymes [277]. The principle of BLI is based on an enzymatic reaction 

catalyzed by a luciferase originating amongst others from the North American 

firefly (Photinus pyralis) with a size of approximately 61 kDa [265, 278, 279]. In 

nature, bioluminescence is used for communication and signaling in courtship of 

certain insects [280]. Upon cloning of the luciferase gene into vectors, it was 

accessible for reporter gene studies in vitro as well as in vivo. The firefly luciferase 

converts D-luciferin in the presence of oxygen, ATP and Mg2+ into oxyluciferin, 

adenosine monophosphate (AMP) and CO2. In this enzymatic reaction, photons of 

yellow to green light (550-570 nm) are emitted, which are then detected by a CCD 

camera in an IVIS® system [281]. The conversion of D-luciferin to oxyluciferin by 

the firefly luciferase is dependent on the pH and the polarity of the solvent [265, 

277]. In contrast to fluorescence imaging, BLI is commonly characterized by the 

absence of auto-bioluminescence, as only certain cells express the luciferase, 

resulting in a higher signal to background ratio [265]. 

Pure optical contrast imaging has several limitations including light absorbance of 

tissue, due to hemoglobin, melanin and fat, which strongly reduces the intensity of 

the emitted light in a depth-dependent manner [265, 266, 282]. Shifting fluorophore 

excitation and emission wavelengths to the near infra-red increases the in vivo 

imaging detection depth from a few hundred microns to several centimeters and 

decreases tissue absorbance [264]. Another limitation is scattering effects of 

photons yielding in a resolution loss [264, 266]. Together these limitations result in 

a low resolution and imaging depth.  

The third modality, optoacoustic or photoacoustic imaging is based on light 

absorption and subsequent sound emission, also known as the photoacoustic 

effect [265]. Photoacoustic imaging overcomes the scattering effects with only a 

marginal loss in signal to background ratio at increased penetration depth, 

conserving resolution performance several centimeters deep in tissue [265]. 

Furthermore, photoacoustic tomography allows the reconstruction of 3D images 

and provides information on the distribution of the optical energy absorption within 
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the tissue of interest [283, 284]. Briefly, tissue is exposed to a laser pulse leading 

to a temperature increase and therefore thermodynamic expansion, which causes 

the emission of pressure waves in the MHz range. The generated ultrasound 

waves are then recorded by a wideband ultrasonic transducer and images are 3D 

reconstructed [285]. 

Taken together, OI is a straightforward, cost- and time-effective technology and 

most of the contrast and imaging agents applied exhibit no or only low systemic or 

local toxicity [286]. Nevertheless, on a macroscopic level, the induction of 

Luciferase gene expression upon tumor hypoxia can be longitudinally monitored 

by whole-body non-invasive in vivo OI [267, 275]. Furthermore, cell migration 

dynamics and the homing sites of fluorescently labeled T cells or MDSCs are 

studied [287, 288]. When cancer cells stably express the gene luciferase, OI can 

be applied for longitudinal monitoring of the tumor burden [289]. On a microscopic 

level, OI is applied to study tumor growth dynamics, therapy response, cell division, 

apoptosis, cell-cell interactions or cell invasion by intravital microscopy [290-293].  

1.5.2 Positron Emission Tomography 

With the development of Positron Emission Tomography (PET) systems by 

Michael E. Phelps, Michael Ter-Pogossian and Edward J. Hoffman [294, 295] in 

1975, the field of nuclear imaging rapidly developed and found its way into the 

clinical diagnostic routine with [18F]FDG being the most commonly applied 

radiotracer utilized for oncological applications. In contrast to other imaging 

technologies, PET is characterized by a very high detection sensitivity in the 

picomolar range and allows longitudinal acquisitions of high-resolution spatial and 

temporal in vivo radiotracer biodistribution in a single imaging subject [296].  

The basic underlying feature of PET imaging is the decay of positron-emitting 

radionuclides, including 18F, 64Cu and 89Zr [297]. The positron emitting 

radionuclides differ in their half-life, which determines their suitability for tracing 

certain biomarkers or pathways. The most commonly applied tracer [18F]FDG, 

based on the isotope 18F, has a half-life of 109.8 min [296]. [18F]FDG is a glucose 

analog and is widely applied in oncology, as cancer cells, characterized by an 

enhanced glucose metabolism, exhibit elevated GLUT1 expression levels and 

therefore an enhanced [18F]FDG uptake. The radiotracer is phosphorylated by the 

hexokinase and thereby trapped within cells of high energy demand, leading to an 

increased [18F]FDG accumulation detectable by PET imaging [298]. Following the 
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decay of the isotope 18F, a positron is emitted from the nucleus of a radionuclide 

and travels until it reaches an electron within the nearby tissue and undergoes an 

annihilation reaction, resulting in the emission of two -rays with an energy of 

511 keV [296]. A ring of position-sensitive scintillation crystal detectors around the 

imaging subject subsequently registers the two -rays generated and released in 

the opposite direction at approximately 180 degree angle, which is also referred to 

as line of response [296, 299]. Within the scintillation detector, the -rays release 

energy under emission of visible light, which is collected by a photomultiplier tube, 

converted into electrons and the resulting electrical signal is amplified and 

processed [296]. The simultaneous detection of the two photons right opposite of 

each other by a detector in a ring PET scanner is also named “coincidence”. Upon 

reconstruction, it allows localization of the positron emitting radiotracer 

accumulation site within the imaging subject [299]. Since the first [18F]FDG-PET 

studies in the early 1980s [300, 301], the interest for the development of new 

radionuclide tracers as well as the production of new radioisotopes has increased 

ever since.  

When combined with MRI or X-ray computed tomography (CT) the PET image can 

be overlaid with the MRI or CT image to obtain additional anatomical information 

about the exact localization of the radiotracer uptake in vivo. In 2008, 

Judenhofer et al. reported the development of the first simultaneous small-animal 

three-dimensional PET/MRI scanner [302, 303]. Combined PET/MRI allows to 

obtain functional and anatomical information at the same physiological state and 

combines the benefits of both modalities, i.e. the high sensitivity of PET for 

biomarker tracking with the high soft-tissue contrast, as well as functional 

information provided by MRI [302]. High field MRI for pre-clinical studies is of 

paramount importance, as it increases spatial resolution or decreases acquisition 

time resulting in a higher signal to noise ratio in comparison to low-field pre-clinical 

MRI [304]. Combined PET/MRI measurements can be utilized to image and study 

tumor metabolism, heterogeneity as well as certain characteristics of the TME. In 

this regard, PET tracers, including [18F]fluoromisonidazole ([18F]FMISO) and 

[18F]fluoroazomycinarabinoside ([18F]FAZA) were applied to detect hypoxia non-

invasively in vivo [305, 306]. In the context of immune oncology, T cell imaging with 

CD4+ or CD8+ specific antibody fragments of different size was implemented for 

PET imaging [307-309]. Kristensen et al. studied different pre-clinical tumor 
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models and found that PET imaging of TILs can serve as a prognostic biomarker 

to predict response to an anti-PD-1 mAb therapy [309]. Notably, several studies 

suggest a combined assessment of PD-L1 and TILs by IHC to monitor PD-L1 

expression within the TIME [175, 176]. Therefore, visualization of PD-L1 together 

with TIL expression patterns within the tumor is considered to be a promising 

biomarker to forecast response to an immune checkpoint inhibitor therapy [177]. 

In NSCLC patients, Niemeijer et al. performed quantitative PD-1 and PD-L1 PET 

imaging focusing on the lung and reported heterogeneous radiotracer up-take 

signatures between patients and across tumor lesions [310]. Similarly, 

Stutvoet et al. were able to discriminate different PD-L1 expression levels in pre-

clinical tumor models [311]. Therefore, combined PET/MRI or PET/CT are 

synergizing imaging modalities to characterize the TME in terms of hypoxia or 

immune cell composition as well as immune checkpoint inhibitor expression 

patterns non-invasively and longitudinally in vivo. Multimodal PET/MRI and 

PET/CT imaging represents a promising tool for patient stratification for immune 

checkpoint inhibitor therapies.  

Furthermore, [18F]FDG has been widely applied to detect TDLN as well as 

lymphogenic metastatic spread [312, 313]. In this regard, within this thesis 

[18F]FDG-PET/MRI was applied to combine functional and anatomical TDLN 

imaging in an experimental MC38wt murine colon adenocarcinoma model.  

1.5.3 Nuclear Magnetic Resonance imaging and spectroscopy 

The Nuclear Magnetic Resonance (NMR) phenomenon is a quantum mechanical 

resonant effect that appears when a magnetic dipole is placed in a strong static 

magnetic field and is perturbed by an oscillating electromagnetic field [264]. 

Discovered independently by Felix Bloch [314] and Edward Purcell [315] in 1946, 

the Nobel Prize in Physics in 1952 was awarded for this discovery [316]. NMR led 

to the development of MRI by Paul C. Lauterbur and Sir Peter Mansfield, who were 

awarded with the Nobel Prize in Physiology or Medicine in 2003 [317]. 

MRI is a non-invasive imaging technique, which is applied to study morphological 

characteristics of tissues, obtain anatomical information and measure 

physiological parameters like water diffusion, blood vessel perfusion or changes in 

blood oxygenation levels [318]. MRI presents a high tissue contrast and is a non-

ionizing radiation method. MR Spectroscopy (MRS) is an analytical, non-

destructive technique applied in metabolomic studies to quantify metabolite levels 
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in vivo even in large-scale clinical studies [319]. However, MRS presents low 

sensitivity, limiting its application only to metabolites within the millimolar 

concentration range [318]. Nevertheless, MRI and MRS found its way into the 

clinical routine diagnostic supporting clinical decision making. 

The underlying principle of Magnetic Resonance (MR) is based on angular 

momentum quantum number (hereinafter referred to as spin), which depends on 

the ratio of protons to neutrons of the different nuclei. Only those nuclei with a non-

zero spin value, as e.g. 1H, 3He, 13C, 19F, 23Na or 31P, will result in an MR signal 

[264, 320, 321]. The MR phenomenon relies on the 1H nucleus, which possesses 

a spin of ½, as a small magnet. In the presence of a strong magnetic field (B0), this 

spin will align along the magnetic field with two possible orientations, parallel (i.e., 

the north pole of the spin pointing in the same direction of B0) and antiparallel. 

These two orientations represent different energy levels, with the parallel 

representing a low energy state and the antiparallel a high energy state [320]. The 

small magnets will experience a movement of precession around the direction of 

B0 at a frequency proportional to the strength of B0, a rate called the Larmor 

frequency. For a clinical magnet with a B0 of 1.5T, the Larmor frequency is  64 MHz 

[321]. When the spins inside a magnet are perturbed by an oscillating magnetic 

field, by utilizing radiofrequency (RF) coils, with a frequency close enough to the 

Larmor frequency, some of the spins will change from a low to a high energy state 

and the spins that are processing asynchronically around B0 will acquire phase 

coherence. Consequently, the macroscopic magnetization vector can be 

measured. When the RF pulse is switched off, the protons will return from the high 

to the low energy state over time and the magnetization vector will gradually 

increase. This process is called T1, transversal or spin-lattice relaxation. Further, 

the spins will gradually lose their phase coherence due to T1 relaxation, magnetic 

field inhomogeneity and subsequently the magnetization vector will decrease [321]. 

This process is known as T2, transversal or spin-spin relaxation [321]. This 

relaxation process will create an oscillating magnetic field that will induce a voltage 

change detected by a receiver coil and the signal is recorded as the free induction 

decay (FID) [320, 321]. Several RF pulses are applied and the respective FIDs are 

recorded, averaged and resolved by a Fourier transformation to obtain either an 

image (MRI) or a frequency spectra (MRS) [320]. 

A promising application represents in vivo MR measurements of tumor pHe values 
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by acido chemical exchange saturation transfer MRI (acidoCEST-MRI) [322-324]. 

Another application represents the MR-compatible cell perfusion system for 

longitudinal in vitro monitoring of metabolic alterations as well as ECM degradation 

and invasion characteristics of cells, which are cultured on microcarrier beads in a 

3D-like conformation [325, 326].  
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2 Aims and perspectives of this work 

In recent years the hallmarks of cancer have been extended to evading immune 

destruction and reprogramming of energy metabolism [4]. The TME is complex 

and consists of inflammatory immune cells, which are affected by acidification or 

hypoxia, but also determine the TME by secretion of mediators and can even 

promote tumor progression [327-331]. Cancer cells exhibit an altered metabolism 

characterized by an increased lactate production which affects immune cell activity 

and represents a mechanism of immune evasion [16, 17, 92, 165, 332]. Another 

mechanism of tumors to escape the immune system is the expression of immune 

checkpoint molecules representing a promising strategy for targeting this negative 

immune regulatory effect. The interplay between these metabolic changes in 

tumors, the temporal dynamics of tumor hypoxia and tumor acidosis as well as 

immune escape by PD-L1 expression of cancer and immune cells remains largely 

enigmatic and therefore is subject of this thesis. 

Immune checkpoint inhibitor therapies rely on the activation of the immune system 

against the cancer, with TDLNs being critical for the effectiveness of an anti-PD-

1/anti-PD-L1 therapy [208]. Therefore, within this dissertation different imaging 

agents and modalities have been evaluated for their suitability to detect TDLN. 

These results thereby provide the basis for further, more in-depth TDLN imaging 

studies. 

Beside immune cells in TDLNs, the mechanisms of action of immune checkpoint 

blockade are of great interest. A recent publication suggests that that the effect of 

an immune checkpoint inhibitor therapy depends on the induction of senescence 

[333]. In addition, various therapeutics can be applied to drive cancer cells into 

senescence, characterized by a stable cell cycle arrest [237]. Nevertheless, these 

senescent cells exhibit a SASP, which can also present a mechanism of tumor 

evasion. Furthermore, cytokines can drive tumors into senescence and therefore 

contribute to cancer immune control [237, 244, 333]. Nevertheless, to date there 

is no robust biomarker allowing identification of senescent cells by non-invasive 

in vivo imaging, enabling monitoring of senolytic treatment approaches as well as 

chemotherapy or immune checkpoint inhibitor therapy-induced senescence. 
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Therefore, metabolic alterations of senescent cancer cells were studied in this 

thesis, to identify a potential biomarker for senescence.  

In summary, the presented dissertation aims to answer the following questions: 

I. Does tumor acidosis modulate PD-L1 expression within the TME in the 

context of immune cell-derived IFN-? 

II. Does conjoint IFN-- and acidosis-induced membrane-bound PD-L1 

expression of cancer cells represent a novel mechanism of tumor immune 

escape? 

III. How does short-lived, acute tumor hypoxia develop, and does it affect PD-

L1 expression? 

IV. Are non-invasive in vivo OI and PET/MRI suitable to identify TDLN? 

V. Do senescent cancer cells exhibit reliable metabolic biomarkers, which are 

qualified for specific detection and identification of senescent cancer cells? 
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3 Materials and Methods 

The below listed Materials and Methods were used and applied in the present 

thesis. Parts of the experiments were performed in the laboratory of Prof. Dr. Zaver 

M. Bhujwalla at the Department of Radiology and Radiological Science, The Johns 

Hopkins University School of Medicine, Baltimore, MD, USA. Therefore, different 

reagents and methods were applied in the laboratory of Prof. Dr. Zaver M. 

Bhujwalla than in the laboratory of Prof. Dr. Bernd Pichler at the Department of 

Preclinical Imaging and Radiopharmacy, University of Tübingen, Germany, which 

is indicated at the respective position. If the location is not indicated, the 

experiment was performed at the University of Tübingen. This is important for in 

vivo animal studies, as different regulations might apply. 

Experiments performed by technical assistants or collaboration partners are 

indicated in the respective Method section. Although the experiment was 

performed by another person, the idea and experimental design comes from me, 

and I interpreted the data. If no name is mentioned in a Method section, the 

experiment was performed by me. 

3.1 Materials 

3.1.1 Equipment 

Equipment and devices used in this study are listed in Table 1 

 

Table 1: List of equipment and devices. 

equipment/ device item number company 

iCycler real-time PCR detection 

system 

170-8740 Bio-Rad, Hercules, 

CA, USA 

PowerPacTM HC Power Supply 1645052 Bio-Rad 

Mini Gel Holder Cassette 1703931 Bio-Rad 

Mini Trans-Blot Module 1703935 Bio-Rad 

Buffer Tank and Lid 1658040 Bio-Rad 

Mini-PROTEAN® Tetra Electrode 

Assembly 

1658037 Bio-Rad 

SevenCompact pH meter S220 30019028 Mettler-Toledo, 

Columbus, OH, USA 

Spacer Plates with 1.0 mm 

Integrated Spacers 

1653311 Bio-Rad 

Spacer Plates with 1.5 mm 1653312 Bio-Rad 
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Integrated Spacers 

Mini-PROTEAN® Short Plates 1653308 Bio-Rad 

Duomax 1030 (5° Neigungswinkel) 

Schüttel- & Mischgeräte 

543-32205-00 Heidolph Instruments, 

Schwabach, 

Germany 

Thermomixer Comfort 5355 Block 

24 x 1,5 ml Schüttler Mixer Shaker 

2984 Eppendorf, Hamburg, 

Germany 

Mixing Block MB-102 BYQ6008E-

1884 

Hangzhou Bioer 

Technology, 

Hangzhou, China 

Centrifuge MiniSpin® 5452000010 Eppendorf 

MIKRO 220 | 220 R 2200 | 2205 Hettich, Tuttlingen, 

Germany 

NanoDrop™ 1000 OH524 VWR International, 

Radnor, PA, USA 

Light Cycler® 1.5 1408154 Roche, Basel, 

Switzerland 

Herasafe™ KS18/KS12 biologische 

Sicherheitswerkbänke der Klasse II 

41091129/ 

40451721 

Thermo Fisher 

Scientific, Waltham, 

MA, USA 

Heraeus Megafuge 40R 

Universalzentrifuge 

75004518 Thermo Fisher 

Scientific 

Julabo® water baths Z615501 Merck, Darmstadt, 

Germany 

CO₂-Inkubatoren mit 

Heißluftsterilisation und 

hitzesterilisierbarem CO₂-Sensor 

CB150 

03-53643 Binder, Tuttlingen, 

Germany 

Leica Microsystems Microscope 090-135.001 Leica Camera, 

Wetzlar, Germany 

OdysseySA Infrared Imaging 

System 

 LI-COR Bioscience, 

Lincoln, NE, USA 

BD LSRFortessa flow cytometer 649225 BD Bioscience, San 

Jose, CA, USA 

Analytical Balance ME235S Sartorius, Göttingen, 

Germany 
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3.1.2 Biochemical assay kits 

Biochemical assay kits used in this study are listed in Table 2. 

 

Table 2: List of biochemical assay kits. 

biochemical assay kit item number company 

QIAshredder 79654 Qiagen, Hilden, Germany 

RNeasy Mini kit 74104 Qiagen 

iScript cDNA synthesis kit 1708890 Bio-Rad 

peqGOLD Total RNA Kit 12-6834-02 VWR International 

peqGOLD DNase I Digest Kit 12-1091-02 VWR International 

Micro BCATM Protein Assay Kit 23235 Thermo Fisher Scientific 

 

3.1.3 Consumables 

Consumables used in this study are listed in Table 3. 

 

Table 3: List of consumables. 

consumable item number company 

Immobilon-FL PVDF IPFL 00010 Merck 

Whatman® cellulose chromatography 

papers 

WHA3017915 Merck 

Falcon® 6-well Clear Flat Bottom TC-

treated Multiwell Cell Culture Plate 

353224 Corning, NY, USA 

CELLSTAR® CELL CULTURE 

FLASK, 250 ML, 75 CM² 

658170 Greiner Bio-One, 

Kremsmünster, 

Austria 

TC-Schale 100, Standard 83.3902 Sarstedt, Nümbrecht, 

Germany 

M-NZ Disposable Hemocytometer 

Chips 

2022.05.10 Kisker Biotech, 

Steinfurt, Germany 

CELLSTAR®, TUBE, 50 ml 227261 Greiner Bio-One 

Falcon® 5 mL Round Bottom 

Polystyrene Test Tube 

352008 Corning 

Titertube® Micro Test Tubes 2239391 Bio-Rad 

Stericup Quick Release-GP Sterile 

Vacuum Filtration System, 0.22 μm 

S2GPU05RE Merck 

 

  

https://www.google.com/search?biw=1920&bih=1094&q=Hilden&stick=H4sIAAAAAAAAAOPgE-LUz9U3sDQ2z7JQAjON401yk7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtY2Twyc1JS8wCsiLbOTQAAAA&sa=X&ved=2ahUKEwiVvfLpuMflAhXm1FkKHb6WCKsQmxMoATAcegQIDhAL
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3.1.4 Chemicals 

Chemicals used in this study are listed in Table 4. 

 

Table 4: List of chemicals. 

compound, buffer item number company 

DMEM - high glucose D5648 Merck 

DMEM 2098600 Thermo Fisher Scientific 

RPMI-1640 R6504 Merck 

fetal bovine serum (FBS) BCBV3645, 

BCBW7154, 

BCCC0665 

Sigma-Aldrich, St. Louis, 

MO, USA 

penicillin streptomycin A2212 Merck 

penicillin streptomycin 30001133 Corning 

HEPES L1613 Biochrom, Berlin, 

Germany 

sodium pyruvate L0473 Biochrom 

non-essential amino acids K0293 Biochrom 

doxycycline hyclate  BD Bioscience 

PBS 2085516 Thermo Fisher Scientific 

Trypsin L2143 Biochrom 

methanol 4595 Thermo Fisher Scientific 

MTBE 306975 Sigma-Aldrich 

 

3.2 In vitro methods 

3.2.1 Cell lines and cell culture 

Murine colon adenocarcinoma MC38wt, MC38PD-L1-/-, MC38STAT1-/- and MC38-HRE-

ODD-luc cell lines as well as human MCF-7, MIA-PaCa-2, SK-MEL-28, and 

U87 MG were maintained in Dulbecco's modified eagle's medium (DMEM) with 

3.7 g l-1 sodium bicarbonate supplemented with 10% fetal bovine serum (FBS), 

100 U ml-1 penicillin-streptomycin and 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES). Human HCA-7 colony 29 cells were 

maintained in DMEM with 3.7 g l-1 sodium bicarbonate supplemented with 10% 

FBS, 100 U ml-1 penicillin-streptomycin and 1 mM sodium pyruvate. Murine 

melanoma B16-F10wt, B16-F10-HRE-ODD-luc, human breast cancer MCF-7 and 

human glioma U87 MG cell lines were maintained in DMEM with 3.7 g l-1 sodium 

bicarbonate supplemented with 10% FBS and 1% penicillin-streptomycin. Murine 

CT26wt, CT26PD-L1-/-, CT26-HRE-ODD-luc, 4T1wt, 4T1-HRE-ODD-luc cell lines 
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were maintained in Roswell Park Memorial Institute (RPMI) 1640 culture media 

with 2.0 g l-1 sodium bicarbonate supplemented with 10% FBS and 1% penicillin-

streptomycin. Murine shp53;H-RasV12 hepatocellular carcinoma cells (H-Ras) 

were maintained in DMEM culture media containing 10% FBS, 100 U ml-

1 penicillin-streptomycin, 1% non-essential amino acids, 1 mM sodium pyruvate 

and 5 µg ml-1 doxycycline hyclate, which was refreshed in cell culture medium 

every second day. Oncogene-induced senescence was triggered by doxycycline 

hyclate withdrawal via p53 silencing within 72 h. The cell lines used in this study, 

the tumor type and their origin are indicated in Table 5. 

 

Table 5: List of cell lines. 

cell line tumor type origin reference 

MC38wt colon adenocarcinoma C57BL/6 gift from M. F. Fransen 

[196] 

MC38PD-L1-/- colon adenocarcinoma 

deficient in PD-L1 

C57BL/6 gift from M. F. Fransen 

[196] 

MC38STAT1-/- colon adenocarcinoma 

deficient in STAT1 

C57BL/6 generated in house 

MC38STAT2-/- colon adenocarcinoma 

deficient in STAT2 

C57BL/6 generated in house 

CT26wt colon carcinoma BALB/c gift from M. F. Fransen 

[196] 

CT26PD-L1-/- colon carcinoma 

deficient in PD-L1 

BALB/c gift from M. F. Fransen 

[196] 

B16-F10wt melanoma C57BL/6 ATCC (CRL-6475) 

4T1wt breast cancer BALB/c gift from M. A. Neveu 

H-Ras shp53;H-RasV12 liver 

carcinoma 

C57BL/6 gift from L. Zender 

HCA-7 

colony 29 

colon carcinoma human gifted from K. Fuchs 

MCF-7 breast cancer  human gifted from C. Calaminus 

U87 MG likely glioblastoma  human gift from S. Fulda 

SK-MEL-29 malignant melanoma human gifted from M. Krüger 

MIA-PaCa-2 pancreatic carcinoma human gifted from K. Fuchs 

 

For in vitro acidosis experiments, a cell culture media pHe of 6.8 was adjusted by 

supplementing unbuffered DMEM with 10% FBS, 100 U ml-1 penicillin-

streptomycin and 4 mM sodium bicarbonate (NaHCO3). The cell culture incubator 

with a 5% CO2 atmosphere allowed adjustment to pHe 6.8. Similarly, a pHe of 6.8 
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was achieved in unbuffered RPMI-1640 media supplemented with 10% FBS, 

100 U ml-1 penicillin-streptomycin and 1 mM NaHCO3. For lactic acidic cell culture 

condition, media with 4 mM NaHCO3 and 20 mM sodium L-lactate were prepared. 

For lactosis cell culture condition, media was supplemented with 44.05 mM 

NaHCO3 and 20 mM sodium L-lactate. 

3.2.2 siRNA transfections 

The short-interfering RNA (siRNA) technology is used to suppress the expression 

of genes. Briefly, the siRNA, argonaute 2 (AGO2) and the RNA interference-

induced silencing complex (RISC) assemble, recognize and cleave the target gene 

[334, 335]. To study the role of STAT1 and STAT2 in the IFN- signaling pathway 

siRNA-mediated knockdowns of the respective genes were performed. Therefore, 

murine MC38wt cells were seeded in a 6 well plate 24 h prior transient transfections 

with 50 nM siRNA against Stat1, Stat2 or a non-targeting siRNA (Table 6). A pool 

of four siRNAs against the individual target gene (Dharmacon, Lafayette, CO, USA) 

was used to increase potency and specificity of target gene silencing and therefore 

reduce off-target effects [336, 337]. At the day of transfection cells were 60-70% 

confluent. Per well of a 6 well plate, 2 µl lipofectamine were incubated with 48 µl 

Opti-MEM in a reaction tube for 5 min. Next this mixture was added to a 50 µl Opti-

MEM and siRNA mixture and incubated for 20 min at room temperature. During 

this incubation, the lipofectamine 2000-siRNA complex is formed. Culture media in 

the 6 well plates was changed with 900 µl fresh culture media without penicillin-

streptomycin. Then the lipofectamine 2000-siRNA mixture was added slowly and 

dropwise to the plate. After 24 h, cells were treated with IFN- (10 ng ml-1) and 

acidic media for another 24 h and then subjected either to Western Blot (WB), 

quantitative real-time polymerase chain reaction (qRT-PCR), or flow cytometry 

analysis. 

 

Table 6: List of siRNAs. 

siRNA catalog number 

murine Stat1 M-058881-02 

murine Stat2 M-049890-00 

human Stat1 M-003543-01 

non-targeting siRNA D-001206-13-20 

 

Experiments with human HCA-7 colony 29 cells using the lipofectamine 2000 
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transfection protocol, revealed only moderate siRNA-mediated STAT1 knockdown 

efficiencies. Therefore, siRNA-mediated STAT1 knockdowns (Table 6) in human 

HCA-7 colony 29 cells were performed by electroporation using the Cell Line 

NucleofectorTM Kit V (Lonza, Basel, Schweiz) and the Amaxa NucleofectorTM II 

device (Lonza, Basel, Schweiz). Electroporation was performed according to 

manufacturer’s instructions. First, the nucleofection solution was supplemented at 

room temperature and cells were harvested by trypsinization. Respective positive 

(pmaxGFP vector) and negative (pmaxGFP vector without electroporation) 

controls were performed to assess electroporation efficiency. Therefore, 100 µl cell 

suspensions (1*106 cells) were supplemented with 50 nM siRNA against STAT1, 

non-targeting siRNA or 1 µg pmaxGFP vector and exposed to electroporation 

using program T-020 according to the manufacturer’s instructions. After 

electroporation, cells were immediately transferred to 6 cm TC-dishes with 3.8 ml 

DMEM supplemented with 10% FBS and 1 mM sodium pyruvate in the absence 

of penicillin-streptomycin and maintained at 37 °C and 5% CO2. After 24 h, 90% of 

the HCA-7 colony 29 cells were GFP positive. Cells were treated with IFN- 

(10 ng ml-1) and acidic media 48 h post electroporation for another 24 h before 

harvesting the cells with trypsin for protein extraction. Samples were analyzed for 

total protein expression by WB analysis.  

 

3.2.3 CRISP/Cas9-mediated knockouts 

A nucleic-acid-based adaptive immune system named clustered regularly 

interspaced short palindromic repeats (CRISPR)-associated (Cas) protects 

bacteria and archaea from viruses by silencing their nucleic acid [338, 339]. Based 

on these findings in nature, the genetic engineering CRISP/Cas9 technology was 

developed as a genetic tool to silence target genes permanently in cells. In this 

regard, CRISP/Cas9 was used to generate MC38 cells with a stable knockout of 

either the Stat1 or the Stat2. Therefore, three guide RNAs (gRNAs) per gene were 

designed in silico by Dr. Omelyan Trompak using the online CRISPR Design Tool 

(www.benchling.com) [340] and are listed in Table 7. 
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Table 7: List of custom-designed gRNAs for CRISP/Cas9 genome editing. 

gRNA sequence (forward, reverse) 

#1 Stat1 CACCGGTACTGTCTGATTTCCATG 

aaacCATGGAAATCAGACAGTACC 

#2 Stat1 CACCGAACTGTCATCGTACAGCTGG 

aaacCCAGCTGTACGATGACAGTTC 

#3 Stat1 CACCGGACTCCAAGTTCCTGGAGC 

aaacGCTCCAGGAACTTGGAGTCC 

#1 Stat2 CACCGTTCCTGGACCAGTTACACC 

aaacGGTGTAACTGGTCCAGGAAC 

#2 Stat2 CACCGGTCCAGGAACAGGCTGTCA 

aaacTGACAGCCTGTTCCTGGACC 

#3 Stat2 CACCGCTGTCGAACGTCCATTGGC 

aaacGCCAATGGACGTTCGACAGC 

 

The day prior transfection, 300.000 MC38 cells were seeded in a 6 well plate. The 

next day, cells reached a confluence between 40% and 50%. Then, 10 µg gRNA 

against Stat1, Stat2 or the empty gRNA control vector px459.v2 were mixed with 

150 µl Opti-MEM and added to a mixture of 15 µl lipofectamine 2000 in 150 µl Opti-

MEM. After a five-minute incubation step at room temperature, the lipofectamine 

2000-gRNA mixture was added to the MC38 cells in the 6 well plate containing 

fresh culture media with 10% FBS. After 24 h, culture media was changed, and 

cells were selected with 1 µg ml-1 puromycin. Another 24 h later, cells were seeded 

in a 96 well plate using limiting dilution to obtain a monoclonal cell population. The 

following weeks, individual clones were expanded and transferred into larger cell 

culture flasks. During the dilution cloning process, cells were maintained in cell 

culture media without puromycin. MC38 cells transfected with an empty gRNA 

control vector px459.v2 were used as a pool as well as subjected to dilution cloning. 

Knockouts were confirmed by WB analysis detecting the total protein expression 

of the respective gene. Furthermore, the individual CRISP/Cas 9 knockout clones 

as well as the MC38control pool were tested in vivo for their ability to engraft and 

form tumors as well as their growth kinetics. 

3.2.4 Generation of the 5xHRE-ODD-luc cell lines 

Tumor hypoxia is an important characteristic of various tumors. Therefore, hypoxia 

reporter genes have been developed to image tumor hypoxia non-invasively 

in vivo using OI. Tumor hypoxia leads to the formation of the heterodimer HIF 

which consists of the HIF-1α and HIF-1β subunits [341]. Dr. Pierre Danhier and 
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Dr. Balaji Krishnamachary have previously generated a reporter gene system, 

where a luciferase is expressed under the control of five HREs. Under hypoxia, 

the heterodimer HIF is formed and binds to the HRE upstream of the Luciferase 

gene. Subsequently, the luciferase gene is transcribed, and the mRNA is translated 

into an active luciferase enzyme, which catalyzed the reaction from D-luciferin to 

oxyluciferin. In this process light is emitted, which can then be detected by OI 

(Figure 6) [267, 275].  

 

 

Figure 6:   Schematic representation of the HRE-ODD-luc reporter gene construct and the 

mechanism of luciferase expression upon hypoxia. 

(A) Schematic showing the hypoxia reporter pMA3211-5X-HRE-NLS-ODD-luciferase-puromycin 

plasmid. The plasmid contains five hypoxia response elements (HRE), a nuclear localization signal 

(NLS), an oxygen-dependent degradation domain (ODD), a luciferase gene and the puromycin 

resistance gene. (B) With increasing hypoxia characterized by low oxygen levels, the transcription 

factor HIF consisting of HIF-1α and HIF-1β is formed and stabilized. HIF binds to the 5xHRE region 

and initiates transcription and translation of the luciferase. The luciferase enzyme catalyzes the 

reaction from D-luciferin to oxyluciferin and light is emitted. Adapted from and modified according 

to [267, 275]. 

 

Murine MC38 and CT26 colon adenocarcinoma, 4T1 breast cancer and B16-F10 

melanoma cells containing the hypoxia reporter 5xHRE-ODD-luc construct were 

generated as previously described [267, 275]. Briefly, the pMA32II-HRE-ODD-luc 

plasmid was co-transfected in 293T cells with vesicular stomatitis virus G (VSVG) 

and ΔR8.2 plasmids to produce high-titer lentiviral particles using 

lipofectamine 2000. For virus production 293T cells were maintained in DMEM 

containing 1% FBS. Virus containing supernatant was harvested and transferred 
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together with 8 µg ml-1 polybrene triple to the respective cells cultured for 48 h 

(1*106 cells per 100 mm cell culture dish) prior to transduction. The pMA3211-5X-

HRE-NLS-ODD-luciferase-puromycin plasmid contains a puromycin resistance 

cassette. Cells successfully transduced with the plasmid were selected by 

puromycin. Selection pressure with puromycin was gradually increased, reaching 

concentrations of 6 µg ml-1 puromycin for MC38-HRE-ODD-luc, CT26-HRE-ODD-

luc and 4T1-HRE-ODD-luc cells and 0.2 µg ml-1 puromycin for B16-F10-HRE-

ODD-luc cells. 

The generated hypoxia reporter cells were validated in vitro for luciferase 

expression upon hypoxia (1% O2) on mRNA level by qRT-PCR and on a functional 

level using luciferase activity measurements. Furthermore, the induction of 

luciferase expression upon CoCl2 treatment was measured by OI. 

3.2.5 Quantitative real-time polymerase chain reaction 

Total mRNA was isolated from cells and cDNA was synthesized following standard 

protocols. Gene expression was evaluated from cDNA by using gene specific 

primers by qRT-PCR analysis.  

 

University of Tübingen: 

Cells cultured and treated with the indicated compounds and cell culture media 

in vitro were harvested by trypsinization. Cells were lysed by addition of 400 µl 

RNA lysis buffer and total RNA was isolated according to manufacturer’s 

instructions (RNA-Isolierung, Gesamt-RNA Kit, peqGOLD, VWR International) 

including genomic DNA digestion (DNase I Digest Kit, peqGOLD, VWR 

International).  

The cDNA was synthesized from 1 µg total RNA. First, RNA and oligo(dT) primer 

(Eurofins, Ebersberg, Germany) were incubated at 65 °C for 5 min. Then, 

nucleoside triphosphates (20 mM dNTPs, Amersham, UK), 5x buffer with reverse 

transcriptase (18064-014, Invitrogen, Carlsbad, CA, USA), SuperScript II Reverse 

Transcriptase (Invitrogen), β-mercaptoethanol (Carl Roth, Karlsruhe, Germany) 

and recombinant ribonuclease inhibitor (Promega, Madison, WI, USA) were added 

and the mixture was incubated at 37 °C for 55 min followed by a 5 min incubation 

at 95 °C. The synthesized cDNA was diluted with dH2O to a final concentration of 

10 ng µl-1. 

For gene expression analysis, gene specific, custom-designed primers were used. 

https://www.google.com/search?q=Carlsbad,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDNLKUxS4gAxi0zK87S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYRZwTi3KKkxJTdBScE3My0_KL8jITARf5WdBaAAAA&sa=X&ved=2ahUKEwiFjIjgtcflAhXFmeAKHXpjDJwQmxMoATAXegQIDRAH
https://www.google.com/search?q=Madison,+Wisconsin&stick=H4sIAAAAAAAAAOPgE-LUz9U3MKswKilR4gAx08qNKrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYhXwTUzKL8_N0FMIzi5Pz84oz8wC21Le6WAAAAA&sa=X&ved=2ahUKEwjn8cXQtsflAhUGd98KHXYCBCIQmxMoATAhegQICxAH
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Primers were designed using the Primer3web version 4.1.0 tool from the 

Whitehead Institute for Biomedical Research (Cambridge, MA, USA) [342-344] 

against the coding sequence (CDS) of the respective genes that  were curated by 

the National Center for Biotechnology Information (NCBI, U.S. National Library of 

Medicine, Bethesda, MD, USA). Primers were tested against mRNA from the 

NCBI’s Reference Sequence collection using Primer-BLAST (U.S. National Library 

of Medicine) [345]. This allows prediction of off-target binding, self-complementary 

and the primer melting temperature (Tm). Custom-designed primers were 

synthesized and purchased from Eurofins and are listed in Table 8. 

  

Table 8: Custom-designed primers for qRT-PCR - University of Tübingen. 

species primer sequence (5'->3') 

murine 

Aldolase 
TGGGCCTTGACTTTCTCCTAT 

TGTTGATGGAGCAGCCTTAGT 

β-actin 
CGGATGTCAACGTCACACTT 

GGCCAGGTCATCACTATTGG 

Gapdh 
ACACATTGGGGGTAGGAACA 

AACTTTGGCATTGTGGAAGG 

Pd-l1 
CGCCTGCAGATAGTTCCCAA 

ATCGTGACGTTGCTGCCATA 

Stat1 
TTGACGACCCTAAGCGAACT 

TCAAATTCGGGGCCCACTAT 

Stat2 
TCCTGTTTGAGCTCCAGAGG 

CGCTTCCTCTATCCCCGAAT 

Mmp-2 
CACACCAGGTGAAGGATGTG 

AGGGCTGCATTGCAAATATC 

Mmp-9 
CGTCGTGATCCCCACTTACT 

AACACACAGGGTTTGCCTTC 

human 

Aldolase 
AATGTTCTGGCCCGTTATGC 

CCAGGTAGATGTGGTGGTCA 

β-actin 
ACTCTTCCAGCCTTCCTTCC 

TCTCCTTCTGCATCCTGTCG 

Gapdh 
CCAGAACATCATCCCTGCCT 

CCTGCTTCACCACCTTCTTG 

Pd-l1 
GTGCCGACTACAAGCGAATT 

CTTGGAATTGGTGGTGGTGG 

Stat1 
GTGGTACGAACTTCAGCAGC 

CATGAAAACGGATGGTGGCA 

 

For qRT-PCR analysis, 10 ng cDNA, 5 pmol forward primer, 5 pmol reverse primer, 
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5 µl SYBR® Green PCR Master Mix (Qiagen) and 3 µl PCR grade water was mixed, 

and gene expression of duplicates was quantified in the LightCycler Real Time 

PCR system (Roche) using the program indicated in Table 9.  

 

Table 9: Protocol for qRT-PCR - University of Tübingen. 

step temperature time no. cycles 

activation 95 °C 15 min 1 

amplification 

95 °C 15 sec 

40 60 °C 45 sec 

72 °C 30 sec 

melting 65 °C 15 sec 1 

 

Gene expression levels of target genes were normalized to the mean of three 

reference genes (Aldolase, β-actin and glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh)) and analyzed using the ∆∆Ct method (Equation 1) [346]. 

 

2−∆∆𝐶𝑡 = 2−((𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡)−𝐶𝑡(𝑚𝑒𝑎𝑛 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝑡𝑟𝑒𝑎𝑡𝑒𝑑−(𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡)−𝐶𝑡(𝑚𝑒𝑎𝑛 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑)) 

Equation 1 

The mean of three reference genes was used to ensure robustness of the 

normalization and reduce the likelihood of genes being induced by one or the other 

condition in a double (acidosis and IFN-) or triple (acidosis, IFN- and silvestrol) 

treatment approach. 

 

Johns Hopkins University: 

For expression analysis of luciferase upon hypoxia, MC38-HRE-ODD-luc, CT26-

HRE-ODD-luc, B16-F10-HRE-ODD-luc and 4T1-HRE-ODD-luc cells were grown 

under normoxia or hypoxia at 80-90% confluence in 100 mm cell culture dishes. 

Total RNA was isolated using QIAshredder and RNeasy Mini kit (Venlo, 

Netherlands) according to the manufacturer’s protocol. The total RNA (1 µl) was 

transcribed into cDNA according to manufacturer’s instructions using the iScript 

cDNA synthesis kit (Bio-Rad). 

The primers used for gene expression analysis were designed by Dr. Balaji 

Krishnamachary using the Beacon designer software 7.8 (Premier Biosoft, Palo 

Alto, CA, USA) and are listed in Table 10. 
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Table 10: Custom-designed primers for qRT-PCR - Johns Hopkins University. 

primer sequence (5'->3') 

Pd-l1 
TTCAGATCACAGACGTCAAGCTG 

ATTCTCTGGTTGATTTTGCGGTA 

Luciferase 
TGGGCGCGTTATTTATCGGA 

GCTGCGAAATGCCCATACTG 

18S 
CGGCGACGACCCATTCGAAC 

GAATCGAACCCTGATTCCCCGTC 

 

For gene expression quantification, qRT-PCR was performed using diluted cDNA 

(1:10), 10 µM gene specific primers, 5 µl iTaqTM Universal SYBR® Green Supermix 

(Bio-Rad) and 3 µl PCR grade water in the iCycler Real Time PCR system (Bio-

Rad). The qRT-PCR analysis was performed in triplicates following the settings as 

indicated in Table 11. 

 

Table 11: Protocol for qRT-PCR analysis - Johns Hopkins University. 

step temperature time no. cycles 

activation 95 °C 3 min 1 

amplification 

95 °C 15 sec 

39 60 °C 30 sec 

72 °C 30 sec 

melting 55 °C 5 sec 1 

 

The expression of the luciferase or PD-L1 relative to the reference gene 18S was 

calculated based on the ∆∆Ct method (Equation 1).  

3.2.6 SDS-PAGE and Western Blot analysis 

WB analysis is an analytical tool in biochemistry to detect the total content of a 

certain protein of interest in cells by specific antibodies. Furthermore, WB analysis 

allows detection of protein modifications like phosphorylation and therefore allows 

differentiation between the active and the inactive form of proteins [347, 348]. First, 

proteins are separated according to their molecular weight by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Then they are transferred 

to a membrane and incubated with specific monoclonal or polyclonal primary 

antibodies against the protein of interest. After incubation with a secondary 

antibody, the total protein content can be assessed under different treatment 

conditions. 
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University of Tübingen: 

To elucidate the role of acidosis in the IFN--mediated PD-L1 regulation, cells were 

cultured in vitro, treated as indicated and harvested by trypsinization. The cell 

pellets were lysed by addition of radioimmunoprecipitation assay (RIPA) lysis 

buffer supplemented with protease inhibitor (cOmplete, Roche), phosphatase 

inhibitor cocktail 2 and 3 (Sigma-Aldrich). Importantly, protein lysates were stored 

on ice during the whole process. Then, protein lysates were sonicated (5 min), 

centrifuged (15 min) and protein concentration was measured by bicinchoninic 

acid (BCA) assay according to manufacturers’ instructions (Micro BCATM Protein 

Assay Kit, Thermo Scientific, Rockford, IL). Next, 60 µg protein lysate were 

separated using 10% SDS-PAGE. After semi-dry transfer on polyvinylidene 

difluoride (PVDF) membranes, washing with tris-buffered saline with 0.5% 

Tween in PBS (PBS-T) and blocking with intercept blocking buffer (927-70001, LI-

COR Bioscience), membranes were incubated with primary antibodies against the 

respective target protein listed in Table 12. 

  



3. Material and Methods 

  - 63 -   

 

Table 12: List of antibodies used for WB analysis - University of Tübingen. 

antibody target monoclonal polyclonal company item no. 

STAT1  X Cell Signaling 9172 

STAT1 X  Cell Signaling 14995 

STAT2 X  Cell Signaling 72604 

pSTAT1 (Y701) X  Cell Signaling 9167 

pSTAT1 (Y701) X  abcam 29045 

PD-L1  X R&D 

Systems 

AF1019 

elF4A1  X Cell Signaling 2490 

elF4E X  Cell Signaling 2067 

β-actin X  Cell Signaling 4970 

IRDye® 680RD 

Donkey anti-Mouse 

IgG (H + L) 

  LI-COR 

Bioscience 

926-

68072 

IRDye® 680RD 

Donkey anti-Rabbit 

IgG (H + L) 

  LI-COR 

Bioscience 

926-

68073 

IRDye® 800CW 

Donkey anti-Rabbit 

IgG (H + L) 

  LI-COR 

Bioscience 

925-

32213 

IRDye® 680RD 

Donkey anti-Goat IgG 

(H + L) 

  LI-COR 

Bioscience 

926-

68074 

 

Following washing with PBS-T, the membranes were incubated with the respective 

secondary antibodies listed in Table 12. After washing the membranes, proteins 

were detected using the OdysseySA Infrared Imaging System (LI-COR 

Bioscience). Induction of protein expression upon the respective treatment, was 

semi-quantified by densitometry analysis. Therefore, regions of interest (ROIs) 

were drawn around the WB bands. The signals were background subtracted and 

quantified using the software Image Studio Light Ver 5.2 (LI-COR Bioscience). The 

target protein signal was divided by the reference protein (β-actin) and the treated 

condition was normalized to the untreated condition. The data was represented as 

the relative target protein density. 

The SDS-PAGE, BCA-assay and WB were performed by Natalie Herrmann. The 

WB in Figure 21 B,D was performed by Valentina Bucher. Antibody selection, WB 

densitometry analysis and data interpretation were done by me.  

For the WB in Figure 18 A cells were lysed with lysis buffer containing 20 mM 
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TRIS-HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM Na2EDTA, 1 mM EGTA, 

1 mM -glycerophosphate, 2 M urea and 1x protease inhibitor cocktail (Roche) for 

10 min on ice. Next, protein lysates were sonicated for 10 min using a bioruptor, 

Laemmli buffer was added and the samples were separated by SDS-PAGE and 

transferred to a nitrocellulose membrane.  

The SDS-PAGE and BCA-assay for the WB in Figure 18 A was performed by 

Dr. Daniela Kramer. 

 

Johns Hopkins University: 

For immunoblotting, H-Ras cells were either harvested by trypsinization or direct 

addition of RIPA lysis buffer supplemented with protease inhibitor, 

phenylmethylsulfonylfluoride (PMSF), dithiothreitol (DTT), sodium fluoride (NaF) 

and sodium orthovanadate (Na3VO4). CT26-HRE-ODD-luc and 4T1-HRE-ODD-

luc tumors were grinded on liquid nitrogen and prepared in RIPA lysis buffer 

supplemented with protease inhibitor, PMSF, DTT, NaF and sodium Na3VO4. 

Importantly, protein lysates were stored on ice during the whole process. Next, 

protein extracts were centrifuged, and protein concentration was determined using 

the Bradford Bio-Rad protein assay kit (Bio-Rad). Proteins were sepaqrated by 

SDS-PAGE and transferred to a nitrocellulose membrane. Blots were incubated 

with primary antibodies (Table 13) against the respective target proteins after 

blocking with 5% non-fat milk. 
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Table 13: List of antibodies used for WB analysis - Johns Hopkins University. 

antibody target monoclonal polyclonal company item no. 

p53 X  Cell Signaling 2524 

Ki67  X Novus 

Biologicals 

NB500-170 

PD-L1  X R&D 

Systems 

AF1019 

GAPDH X  Sigma-

Aldrich 

G8795 

β-actin X  Sigma-

Aldrich 

A1978 

Donkey anti-

Goat IgG (H+L; 

HRP) 

 X Novus 

Biologicals 

NB7357 

Goat anti-mouse 

IgG (HRP) 

X  Perkin Elmer, 

Waltham, MA 

NEF822001EA 

 

Target and reference (GAPDH, β-actin) proteins were visualized by horseradish 

peroxidase (HRP)-conjugated secondary antibodies (Table 13) using the 

SuperSignal West Pico Chemiluminescent substrate kit (Thermo Scientific). 

SDS-PAGE, BCA-assay and WB were performed by Yelena Mironchik. Antibody 

selection and data interpretation were performed by me. 

3.2.7 Flow cytometry analysis  

Flow cytometry allows multi-parametric analysis of single cell characteristics, 

including e.g. size, granularity, viability as well as cell surface or intracellular 

protein expression levels [349]. In contrast to WB analysis where total protein 

levels in a cell are analyzed, flow cytometry allows detection of cell surface protein 

expression only. Therefore, target protein specific antibodies are labeled with a 

fluorochrome, which is then detected in the flow cytometry instrument. 

Cells cultured and treated in vitro were harvested by trypsinization. The cell pellet 

was suspended in PBS and passed through a 40 µm cell strainer cap (Corning) to 

singularize cells and exclude larger cell clusters. Single cell suspensions were 

stained with Zombie NIRTM Fixable Viability Kit (Biolegend, San Diego, CA, USA), 

anti-mouse PD-L1-BV605 (clone 10F.9G2, Biolegend) or anti-human PD-L1-

BV605 (clone 29E.2A3, Biolegend) for 45 min at 4 °C, washed three times with 

PBS supplemented with 1% FBS and analyzed using the BD LSRFortessa flow 

cytometer (BD Bioscience). Flow cytometry data was analyzed using the 
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FlowJo Flow Cytometry Analysis Software (BD Bioscience). 

3.2.8 Fluorescence microscopy 

Fluorescence microscopy is a powerful tool to study cell morphology and visualize 

the localization of individual cell populations within a tissue section. Furthermore, 

it allows to study the expression of certain proteins, including the immune 

checkpoint PD-L1 or the early activation marker CD69 expressed by 

T lymphocytes [350, 351] and macrophages [352]. Cellular structures are stained 

by fluorescent dies and proteins of interest are visualized by specific antibodies 

labeled with a fluorescent die [353].  

 

University of Tübingen: 

For fluorescence microscopy, MC38wt cells were grown and treated in chamber 

slides and fixed with periodate-lysine-paraformaldehyde. After permeabilization 

with 0.5% Triton X 100, cells were blocked with donkey serum and then incubated 

with the respective primary antibodies (Table 14).  

For dual CD4 and CD69 as well as dual CD8a and CD69 staining, paraffin-

embedded MC38wt tumor tissue sections were unmasked by citrate buffer (Thermo 

Scientific) at pH 6.0 in a steamer for in total 32 min. Samples were transferred into 

distilled water for 10 min at room temperature. For dual Iba1 and Ki67 staining, 

paraffin-embedded tumor tissue sections were unmasked by 1x EDTA buffer 

(Thermo Scientific) at pH 9.0 in a steamer for 20 min and transferred into distilled 

water for 10 min at room temperature. Then unmasked tumor tissue samples were 

washed with PBS as well as with PBS containing bovine serum albumin (BSA) and 

Tween. Tumor tissue samples were blocked with donkey serum and then 

incubated with the respective primary antibodies (Table 14). 

Target proteins were visualized with fluorochrome-conjugated secondary 

antibodies binding to primary antibodies (Table 14). To investigate the localization 

of the target proteins in the cell, nuclei were stained with either 4′,6-Diamidin-2-

phenylindol (DAPI) or YO-PRO®-1 iodide and F-actin was visualized using 

Phalloidin-Alexa 488.  
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Table 14: List of antibodies and dyes for fluorescence microscopy. 

antibody/dye monoclonal polyclonal company item no. 

PD-L1 X  Cell Signaling 13684 

Ki67 X  eBioscience 14-5698 

Iba1 X  abcam ab178846 

CD4 X  eBioscience 14-9766 

CD8a X  eBioscience 14-0808 

CD69  X GeneTex GTX37447 

donkey F(ab’)2 

anti-rabbit IgG 

(H+L)-Cy3 

 X Dianova 711-166-152 

donkey F(ab’)2 

anti-rat IgG 

(H+L)-Alexa 

Fluor 647 

 X Dianova 712-606-153 

donkey F(ab’)2 

anti-goat IgG 

(H+L)-Alexa 

Fluor 488 

 X Dianova 705-546-147 

nucleus (DAPI)   Sigma-Aldrich D9542 

nucleus (YO-

PRO®-1 iodide) 

  Molecular 

Probes 

Y3603-70 

F-actin 

(Phalloidin-Alexa 

488) 

  Molecular 

Probes 

A12379 

 

 

Fluorescent images obtained were analyzed with a Zeiss LSM 800 confocal laser 

scanning microscope, software-version ZEN 2.3 (blue edition). 

Furthermore, immunofluorescence of PD-L1 from MC38wt tumor tissue sections 

was quantified. Based on morphological characteristics and the expression of the 

proliferation marker Ki67, regions with proliferating and therefore Ki67 positive 

cancer cells as well as regions rich in non-proliferating, Ki67 negative immune cells 

were identified within the tumor tissue sections. Three representative images per 

tumor slide were obtained for cancer cell as well as immune cell enriched regions 

and three individual paraffin-embedded tumor tissue sections per treatment 

condition (control and sodium bicarbonate) were analyzed. Fluorescent images 

were obtained at a 250x magnification and YO-PRO®-1 iodide positive nuclei were 

counted in cancer cell (between 44 and 325 nuclei per image) and immune cell 

rich (between 223 and 674 nuclei per image) tumor tissue regions. For 

quantification of PD-L1, the area [µm2] of PD-L1 signal was measured and 
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normalized to the number of YO-PRO®-1 iodide positive nuclei within this tumor 

tissue region, to obtain the PD-L1 area per cancer cell [µm2 cell-1]. 

Staining, fluorescence microscopy and quantification of immunofluorescence were 

performed by Birgit Fehrenbacher and me.  

 

Johns Hopkins University: 

Fluorescence microscopy is also applied to visualize the expression of reporter 

genes like GFP. In murine shp53;H-RasV12 (H-Ras) liver carcinoma cells the 

expression of p53 is controlled by a small hairpin RNA (shRNA). In the presence 

of doxycycline hyclate (Dox) the shRNA and GFP are expressed, with the shRNA 

leading to p53 suppression. Under this condition, cells are proliferating (non-

senescent) indicated by high Ki67 expression. Upon doxycycline hyclate 

withdrawal, shRNA and GFP expression are repressed and p53 expression is 

induced leading to senescence induction and reduced proliferation indicated by 

reduced Ki67 expression. As shown in Figure 7, the expression of the reporter 

gene GFP indicates the presence of the shRNA against p53, whereas the absence 

of GFP indicates the downregulation of the shRNA. 

 

Figure 7:   Schematic representation of the underlying principle of senescence induction in 

murine shp53;H-RasV12 (H-Ras) liver carcinoma cells. 

In the presence of doxycycline hyclate (Dox) shp53;H-RasV12 (H-Ras) cells express a shRNA 

against p53. If the shRNA is expressed, cells also express GFP. Upon p53 repression, cells 

proliferate indicated by high Ki67 protein expression levels and low β-galactosidase activity. Upon 

doxycycline hyclate withdrawal, the expression of shRNA and GFP is repressed and p53 

expression is re-activated leading to reduced Ki67 protein expression levels and senescence 

induction characterized by increased SA-β-GAL activity. The schematic figure is partly based on 

the principle of senescence induction described by Xue et al. [235]. The fluorescent GFP image 

and the p53 and Ki67 WB images of H-Ras cells were generated by me. The SA-β-GAL image of 

H-Ras cells was kindly provided by Benyuan Zhou.  
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Murine H-Ras cells were plated either in a monolayer or on microcarrier beads in 

100 mm cell culture dishes. Before inducing senescence as before described, cells 

were photographed under bright field and fluorescence under 10x objective using 

a Nikon inverted microscope which was equipped with a Nikon Coolpix digital 

camera (Nikon Instruments, Melville, NY).  Exposure times used for bright field 

(70 ms) and fluorescence imaging (monolayer: 20 s, microcarrier beads: 4 s) at 

day 3 and day 5 post doxycycline hyclate withdrawal were kept constant for 

capturing images at later time points. 

3.2.9 Luciferase activity measurements 

The degree of luciferase induction and activity in hypoxia reporter cells upon 

hypoxia can be measured and quantified using a multilabel plate reader. 

 

Johns Hopkins University: 

To validate the hypoxia reporter cells in vitro, luciferase enzyme activity upon 

hypoxia was measured using luciferase activity measurements. Briefly, MC38-

HRE-ODD-luc, CT26-HRE-ODD-luc, B16-F10-HRE-ODD-luc and 4T1-HRE-ODD-

luc cells were maintained for 48 h in a modular incubator chamber (Billups-

Rothenberg, Del Mar, CA), flushed at 2 psi with a gas mixture (1% O2/ 5% CO2/ 

N2) for 3 min. Luciferase enzyme activity under hypoxia (1% O2) was compared to 

cells cultured under normoxia in a cell culture incubator with a 20% O2/ 5% CO2 

atmosphere. Cells were grown at 90% confluence in 6-well plates, washed with 

cold PBS and lysed in the plate with 100 µl 1x Passive Lysis Buffer (E19A4, 

Promega) on ice. Then the lysate was harvested with a cell scraper and 

centrifuged at 12.000 g and 4 °C for 2 min. For luciferase activity measurements 

the Luciferase Assay System (Promega) was applied, and the measurement was 

performed in a black flat bottom 96 well plate (Greiner Bio-One). The assay was 

performed by adding 20 µl cell lysate to 50 µl Luciferase Assay Reagent (E1501, 

Promega) using the injector. The luciferase activity was measured by a Victor 3V 

plate reader (Perkin Elmer). The results are presented as fold induction of 

luciferase activity upon hypoxia compared to normoxia. 

3.2.10 Optical Imaging  

OI is a powerful method to detect fluorescence and bioluminescence of phantoms 

or cells in vitro. In this regard, phantoms with Patent Blue V bound to BSA can be 
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measured by fluorescence imaging. Furthermore, the luciferase activity of hypoxia 

reporter cells treated with CoCL2, mimicking hypoxia in vitro was measured by BLI.  

The IVIS® Spectrum OI system (Perkin Elmer) was used for phantom and in vitro 

measurements and the images obtained were analyzed using Living Image 

Software 4 (Perkin Elmer). 

 

University of Tübingen: 

To determine the optimal excitation and emission wavelength of Patent Blue V 

(sodium salt) for in vivo experiments, fluorescent measurements with Patent 

Blue V bound to BSA were performed in vitro as previously described in a slightly 

modified set-up [354]. Therefore, the Patent Blue V sodium salt was diluted to a 

final concentration of 4 µmol l-1 in PBS containing 33 g l-1 BSA (Sigma-Aldrich). 

Different excitation (570 to 675 nm) and emission (620 to 780 nm) filters were 

selected (binning: medium, f-Stop: 2). The optimal excitation and emission 

wavelength were chosen based on the background signal as well as the excitation 

time automatically chosen by the IVIS® Spectrum OI system (Perkin Elmer). 

 

Johns Hopkins University: 

Validation and suitability of the generated hypoxia reporter cells for OI was first 

tested in vitro. OI was performed by seeding MC38-HRE-ODD-luc, CT26-HRE-

ODD-luc, B16-F10-HRE-ODD-luc and 4T1-HRE-ODD-luc cells (1x106 cells) in a 

T175 cell culture flask. The next day one set of flasks was treated with 200 µM 

CoCL2 for 48 h to mimic hypoxia while the other flask was not treated and served 

as the normoxia control. Then cells were harvested by trypsinization. Cells from 

both normoxic and hypoxic conditions were washed with PBS and trypsinized. The 

cells from the hypoxic condition were maintained with 200 µM CoCL2 even during 

the trypsinization process and until OI was performed. Then 1.5*106 cells were 

centrifuged, and luciferase activity of the cell pellet was measured 5 min after 

addition of 20 µl VivoGloTM Luciferin P1042 (150 µg ml-1, diluted in PBS, potassium 

salt of D-Luciferin, Promega). For in vitro BLI measurements, the IVIS® Spectrum 

OI system (Perkin Elmer) was used (F-Stop = 1, Binning = medium, 

exposure = 0.1 s). Images were analyzed and prepared using Living Image 

Software 4 (Perkin Elmer) and the photon radiance [photons/second/cm2/sr] is 

shown. 
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3.2.11 Nuclear Magnetic Resonance spectroscopy 

NMR was discovered by Felix Bloch [314] and Edward Purcell [315] and this 

pioneering discovery was granted the Nobel Prize in Physics in 1952 [316]. NMR 

is widely used in biomedical research to detect and quantify metabolic alterations 

in malignant cells or tissue. 

 

Johns Hopkins University: 

To study metabolic differences induced by senescence, the metabolome of control 

and senescent H-Ras cells was studied using high-resolution 1H NMR. The water-

soluble and the lipid fraction were both extracted from the H-Ras cells using a dual-

phase extraction.  Briefly, 0.5*106 cells (control) or 0.25*106 cells (senescence) 

were seeded in a T175 flask (Greiner Bio-One) in the presence of 5 µg ml-1 

doxycycline hyclate (BD Bioscience). After 24 h cells were washed with PBS to 

remove residual doxycycline hyclate for senescence induction. For control cells 

media was replaced with 5 µg ml-1 doxycycline hyclate supplemented media 

2 days after seeding (Figure 8).  

 

 

Figure 8: Schematic representation of senescence induction in H-Ras 2D monolayer cells 

subjected to 1H NMR analysis. 

Cells were seeded in a 100 mm TC-dish in the presence of 5 µg ml-1 doxycycline hyclate (Dox). 

Senescence was induced by doxycycline hyclate withdrawal by thoroughly washing the cells with 
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PBS at the indicated time point followed by a media change (MC). Cells were then cultured in the 

presence (control) or absence (senescence) of 5 µg ml-1 doxycycline hyclate and harvested for 

1H NMR analysis of cell extracts at day 3 (d3). 

 

Cells were harvested with a cell scraper and centrifuged in ice cold PBS 4 days 

after seeding, which is equivalent to 3 days post senescence induction. Water-

soluble and lipid fractions were extracted from the cells using a dual-phase 

extraction method. The pelleted cells were quenched by addition of 400 µl ice cold 

methanol (Thermo Scientific) and vigorously vortexed. Cells from 5 different T175 

cell culture flasks were combined and stored at -80 °C until further processing. 

Later, 3 ml methyl tert-butyl ether (MTBE, Sigma-Aldrich) were added, and the 

samples were sonicated (UltraSonic Heatsystem W-385). Finally, 3 ml water was 

added. All these steps were performed on ice. The dual-phase separation was 

performed by centrifugation at 8,000 x g at 4°C for 5 min. Then the water phase 

with the water-soluble metabolites was collected; methanol was evaporated using 

nitrogen gas and the remaining water was lyophilized (SP Scientific. Warminster, 

PA, USA). The lyophilized aqueous phase extracts were solved in NMR buffer 

(0.2 M KH2PO4, 0.2 mM NaN3 and 100 µM 3-(trimethylsilyl) propionic 2,2,3,3-d4 

acid sodium salt (TSP) in deuterated water (D2O); pH was adjusted to pH 7.4), 

centrifuged and the supernatant was used for 1H NMR analysis. As an internal 

standard TSP was dissolved in D2O. The lipid phase extracts were nitrogen gas 

dried and re-suspended in a 2:1 ratio in 0.6 mL deuterated chloroform and 

methanol containing tetramethylsilane (TMS) 0.05% v/v [355].  

For high-resolution 1H MR spectra acquisitions, a Bruker Biospin Avance-III 

750 MHz NMR (Bruker Biospin Billerica, MA, USA) spectrometer was used. For 

spectroscopy measurements a 5-mm broad band inverse (BBI) probe head with z-

gradient accessories was used. The spectrometer operates at a proton frequency 

of 750.21 MHz. Metabolites were quantified by determining the resonance 

integrals and normalizing them to the number of cells and comparing it to the TSP 

standard (water/aqueous phase) or TMS standard (lipid phase). Thereby relative 

concentrations are obtained. The NMR spectroscopy procedures are based on a 

protocol described in [355]. Heat maps were generated based on the normalized 

concentration of metabolites, mean-centered and divided by the standard 

deviation of each variable.  

NMR measurements were performed and analyzed by Dr. Jesus Pacheco Torres. 
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3.2.12 MR-compatible cell perfusion system 

Tumors are complex system with spatial and temporal heterogeneity in terms of 

extracellular pHe, oxygenation and metabolism. Thus, assessing the interaction of 

cancer cells with the ECM upon environmental stimuli in vivo is difficult, but this 

information is critical to design effective treatments for cancer. Bioreactors or 

perfusion systems, ensuring controlled oxygenation and pHe conditions, provide a 

stable environment for longitudinal investigations of cancer cells and their 

interaction with the ECM. Moreover, the development of MR-compatible cell 

perfusion systems enables continuous monitoring of cell metabolism and pHe [326, 

356, 357]. Oxygenation can also be measured using 19F MR relaxometry of 

perfluorocarbon (PFC) added to the MR-compatible cell perfusion system [358]. 

Finally, adding a chamber with a particular gel mimicking the ECM will allow studies 

about how cells interact with the different components of the extracellular space. 

The set-up of the MR-compatible cell perfusion system has been extensively 

described [325, 326, 359], and it is schematized in Figure 9 A. The whole set-up 

consists of a warmed media bottle with a continuous flow of media into the cell 

perfusion tube. Media oxygenation and pHe are controlled by flowing a gas with 

the desired oxygen and CO2 concentration into a gas exchanger where it 

exchanges with the media. Media passed through the cell perfusion system is re-

cycled into the media bottle and again enriched with oxygen. Temperature in the 

cell perfusion system is maintained by a continuous flow of warm water through a 

heat sheathing surrounding the glass tube. Cells are seeded and grown on 

microcarrier beads that allow the intact transfer of cells to the cell perfusion system. 

Additional elements of the cell perfusion system include PFC alginate beads and 

filters, as illustrated in Figure 9 B. Briefly, the cell perfusion tube is composed of a 

porous filter material (polyethylene; Small Parts, Miami Lakes, FL) placed at the 

bottom so that the media can pass through but not the cells grown on the 

microcarrier beads. Then, a first (bottom) layer of control or senescent H-Ras cells 

grown on microcarrier beads (Solohill Engineering, Ann Arbor, MI) is loaded into 

the cell perfusion tube, with a layer of PFC alginate beads interspersed. Then a 

second filter is placed into the cell perfusion tube, and above that a custom-made 

ECM chamber is inserted, consisting of a polycarbonate membrane (Millipore, 

Bedford, MA) conjoined to a Delrin ring (McMater-Carr Supply Company, Chicago, 

IL) filled with ECM Matrigel (Sigma-Aldrich) at a concentration of 8.8 mg ml-1. On 
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top of the ECM chamber, a second (top) layer of H-Ras cells grown on microcarrier 

beads and a layer of PFC alginate beads is added. Finally, a third filter is placed 

on top.  

 

 

Figure 9: Schematic representation of the MR-compatible cell perfusion system set-up. 

(A) Representation of the individual components of the MR-compatible cell perfusion system. The 

set-up consists of a (B) glass tube loaded with cells coated on microcarrier beads, perfluorocarbon 

(PFC) alginate beads and an extracellular matrix (ECM) Matrigel chamber as well as a top and 

bottom filter. The glass tube containing the cells on microcarrier beads is warmed and continuously 

perfused from top to bottom, with oxygen enriched, warm (37°C) cell culture media. The schematic 

representation is based on [325, 359] with minor modifications. 

 

In the present study, metabolic changes and ECM degradation of control and 

senescent H-Ras cells was monitored using a MR-compatible cell perfusion 

system. For control experiments, 2×106 H-Ras cells were seeded on 0.5 ml packed 
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Plastic Plus microcarrier beads (Solohill Engineering) and cultured in the presence 

of 5 µg ml-1 doxycycline hyclate in petri-dishes (Labtec, Nunc, Denmark) for 4 days 

(Figure 10). For senescence experiments, 2×106 H-Ras cells were seeded as 

before on microcarrier beads at day -3, and senescence was induced by 

doxycycline hyclate withdrawal at day 0. Cells were maintained in senescence 

conditions for 3 extra days. Cells were loaded into the MR-compatible cell 

perfusion system 4 days (control) or 6 days (senescence) after being seeded on 

the microcarrier beads and were maintained in a continuous media flow with 

(control) or without (senescence) 5 µg ml-1 doxycycline hyclate for another 2 days 

(Figure 10). During the experiment, the media pHe in the MR-compatible cell 

perfusion system was kept between 7.4 and 7.7 and the temperature was 

maintained at 37°C for all experiments. Oxygen levels were kept constant by a 

continuous flow of a mixture of 95% O2 and 5% CO2 into the system.  

 

 

Figure 10: Schematic representation of senescence induction in H-Ras cells cultured in a 

3D-like setting on microcarrier beads subjected to MRI and MRS analysis. 

H-Ras cells were seeded on microcarrier beads in a 100 mm TC-dish in the presence of 5 µg ml-1 

doxycycline hyclate (Dox). Senescence was induced by doxycycline hyclate withdrawal via 

thoroughly washing the cells with PBS at the indicated time point followed by a media change (MC). 
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Cells were then cultured in the presence (control) or absence (senescence) of 5 µg ml-1 doxycycline 

hyclate and loaded into the MR-compatible cell perfusion system at day 3 (d3) and subjected to 

longitudinal MRI and MRS measurements until day 5 (d5). 

 

The MR acquisitions were obtained on a 9.4 T MR spectrometer (Bruker) every 

12 h over a period of 2 days (till day 5; Figure 10), as also previously described 

[325, 360]. Proton MRI was performed to image the ECM gel geometry and to 

determine the degree of ECM gel degradation by control or senescent H-Ras 

cancer cells. For two‐dimensional (2D) images from a 2 mm central slice, a spin‐

echo imaging sequence with a 40 mm field of view (FOV), a Repetition Time (TR) 

of 1 s, and an Echo Time (TE) of 30 ms were used. Degradation of ECM was 

determined by drawing region of interest (ROI) around the ECM gel region in the 

T1-weighted images at the respective time points using ImageJ 1.4.9v software 

(National Institutes of Health, Bethesda, MA, USA). The degradation index (DI) 

was calculated based on Equation 2. 

  

𝐷𝐼 = − (
𝑅𝑂𝐼𝑡=𝑥−𝑅𝑂𝐼𝑡=0

𝑅𝑂𝐼𝑡=0
) ∗ 10     Equation 2 

 

Where ROIt=x is the ROI area at the time point x (d3, d3.5, d4, d4.5 and d5) and 

ROIt=0 is the ROI area at the initial time point.  

As described by Shah et al. intracellular total choline (tCho) , total creatine as well 

as lactate and lipid (Lac/lipid) levels were obtained from global, diffusion weighted 

(DW) 1H MR spectra [360]. The represented tCho levels comprise 

PC, GPC and free choline, whereas the total creatine levels shown comprise the 

signals from creatine and phosphocreatine [360]. Similar settings for 1D 1H spectra 

acquisitions were used as described by Shah et al. Briefly, for a 1D 1H spectra 

acquisition, a DW stimulated echo pulse sequence with a CHESS water 

suppression with TR 2 s, 4 kHz sweep width, 2 k data points, and 128 scans that 

were processed with a 5 Hz line broadening was applied. DW water suppressed 

1D 1H MR spectra with TR 2 s, 4 kHz sweep width, 2 k data points, 256 averages, 

and 8 Hz line broadening were acquired using lactate editing [361] to determine 

changes in intracellular lactate. The H-Ras cell proliferation was indirectly 

measured by acquiring DW 1D 1H MR spectra with eight averages and without 

water suppression. Subsequently, the measured metabolite signals were 
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normalized to the number of H-Ras cells in the MR-compatible cell perfusion 

system. Phosphor containing metabolites including PC and GPC were determined  

by performing global 1D 31P MR spectra measurements [362]. The 31P spectra 

were obtained by acquiring 4000 scans with a 45° RF pulse and TR 1 s, 10 kHz 

sweep width, 2 k data points, and 15 Hz line broadening. Each experiment was 

carried out at least 3 times. All MR data were processed using XsOs MR Software 

[363]. 

MRI and MRS measurements were performed and analyzed by me and approved 

by Dr. Jesus Pacheco Torres. 

3.3 In silico analysis of The Cancer Genome Atlas dataset 

Regulation of gene expression varies across different cancer types as well as 

between individual cancer patients and therefore represents a unique fingerprint 

of a malignant tumor. Transcription levels and alterations of certain key proteins 

like e.g., p53 or PD-L1 can contribute to cancer progression and can represent a 

prognostic biomarker for clinical outcome. In this regard, the Pd-l1 expression 

levels across different human cancer types were evaluated and Pd-l1 expression 

was assessed for being a prognostic biomarker. Furthermore, the question was 

raised, whether colorectal cancers high in Ifn- and Stat1 expression also show 

elevated Pd-l1 expression levels, which would be an indication for IFN--induced 

Pd-l1 mRNA expression. Colorectal cancer samples were used for this correlation 

analysis, as the studied murine MC38wt and CT26wt cell lines in this thesis are both 

colon carcinomas. 

To answer the addressed questions, RNA-sequencing (RNA-seq) data of The 

Cancer Genome Atlas (TCGA) project (https://www.cancer.gov/tcga) of the 

Genomic Data Commons (GDC) curated by The Human Protein Atlas was used. 

The RNA-seq data set comprises of 17 major cancer types ranging from 102 

patients’ samples for melanoma up to 1075 patients’ samples for breast cancer 

and allows a genome-wide transcriptional analysis. For the RNA-seq data analysis 

a detection threshold of 1 number Fragments Per Kilobase of exon per Million 

reads (FPKM) was applied and the data were analyzed in a system-level analysis 

as described by Uhlen et al. [364] to generate The Human Pathology Atlas 

(https://www.proteinatlas.org/humanproteome/pathology).  Some major cancer 

types comprise of subtypes, like colorectal cancer includes colon and rectum 
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adenocarcinomas [205, 364]. The Human Protein Atlas provides clinical meta data 

including age, gender, race, or stage of cancer. Clinical outcome analysis for the 

expression levels of certain proteins of interest using Kaplan-Meier survival plots 

were performed by Uhlen et al. as described in [364]. For Ifn- vs. Pd-l1 and Stat1 

vs. Pd-l1 correlation analysis in malignant tumor tissue, the RNA-seq data for the 

respective protein was extracted from The Human Pathology Atlas for colorectal 

cancer (438 patients with colon adenocarcinoma and 159 patients with rectum 

adenocarcinoma). The individual tumor samples for the respective gene 

transcripts (Ifn-, Stat1, Pd-l1) were matched according to their TCGA sample ID. 

Next a nonparametric Spearman correlation was computed, and a two-tailed 

P value was computed (*P<0.05). In addition, a linear regression analysis was 

performed, and presented in the respective graph. 

3.4 In vivo methods 

3.4.1 Animal experiment licenses 

Animal experiments were performed at two institutions and the local guidelines 

were followed for all animal handling, housing, and intervention procedures at the 

respective institution. 

 

University of Tübingen: 

All animal experiments conducted at the Werner Siemens Imaging Center 

(Tübingen, Germany) were approved by the Regierungspräsidium Tübingen 

(R 10/17, R 03/18, R 01/19 G, R 11/19 G) and were in concordance with German 

federal regulations. The veterinarians at the University of Tübingen were consulted 

for planning and conducting in vivo animal experiments. 

 

Johns Hopkins University: 

All animal experiments conducted at the Johns Hopkins School of Medicine 

(Baltimore, MD, USA) were in accordance with experimental protocols approved 

by the Institutional Animal Care and Use Committee of the Johns Hopkins 

University School of Medicine and conform with the Guide for the Care and Use of 

Laboratory Animals published by the National Institutes of Health.  
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3.4.2 Mouse strains, breeding and husbandry conditions, interventions 

Animal experiments were performed at two institutions. Mice were purchased from 

local vendors and husbandry conditions vary between institutions. 

 

University of Tübingen: 

Female C57BL/6J and BALB/c mice were purchased from Charles River 

Laboratories (Sulzfeld, Germany) at the age of 6-7 weeks. For the studies relating 

to the identification of tumor-draining LNs of s.c. MC38wt colon adenocarcinomas 

in chapter 4.3, female as well as male C57BL/6J mice bred at the animal facility 

Tübingen were used. Animals were kept in type 2 long individually ventilated cages 

under low-germ conditions at the Werner Siemens Imaging Center. A maximum of 

5 animals were kept in a cage. Animals were provided with enrichment like timber 

houses and cellulose. Water as well as standard rodent pellet food was provided 

ad libitum. Animals were used for experiments 2 weeks after delivery. B6.129S7-

Ifngtm1Ts/J mice [365] were purchased from The Jackson Laboratory and bred in 

the animal facility Tübingen. For direct comparison and in consideration of the 

animal facility specific microbiome, C57BL/6J mice bred in the same animal facility 

were used for the respective experiments as control animals. Animals used for the 

studies were at the age of 8 to 10 weeks and maintained in individually ventilated 

cages at the animal facility of the Werner Siemens Imaging Center.  

For experiments animals either received regular drinking water or drinking water 

enriched with 200 mM sodium bicarbonate (3 days prior to cancer cell inoculation) 

[77] ad libitum. Tumors were inoculated by subcutaneous (s.c.) injection of 500.000 

MC38wt, 500.000 MC38PD-L1-/-, 500.000 MC38STAT1-/-, 100.000 CT26wt or 100.000 

CT26PD-L1-/- cells in PBS into the right shoulder. B16-F10wt cancer cells were 

inoculated by intracutaneous (i.c.) injection of 125.000 cells in PBS into the right 

shoulder. 4T1wt cancer cells were inoculated by injection of 200.000 cells in PBS 

into the fourth mammary fat pad. Tumor outgrowth was measured in two 

dimensions (length and width) and tumor volume was calculated using the 

Equation 3. 

 

𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 =
(𝑙𝑒𝑛𝑔𝑡ℎ∗𝑤𝑖𝑑𝑡ℎ∗𝑤𝑖𝑑𝑡ℎ)

2
   Equation 3 

 

Tumor-bearing mice were treated intraperitoneally (i.p.) every third day with 200 µg 
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of a PD-L1 blocking antibody (anti-PD-L1 mAb, clone 10F.9G2, Bio X Cell, West 

Lebanon, NH, USA) or IgG2b isotype antibody (control, clone LTF-2, Bio X Cell) 

starting from day 4 (MC38wt, CT26wt, B16-F10) or day 5 (4T1) post cancer cell 

inoculation. Mice were sacrificed due to tumor burden or weight loss according to 

the local guidelines and regulations or at a pre-defined time point.  

 

Johns Hopkins University: 

For in vivo experiments, 5-7-week-old female BALB/c mice were purchased from 

Charles River Laboratories (Wilmington, MA, USA). Animals were kept in 

individually ventilated cages at the animal facility at Johns Hopkins School of 

Medicine.  

For in vivo hypoxia measurements 2*106 CT26-HRE-ODD-luc cells were injected 

s.c. on the right shoulder of the animal and 2*106 4T1-HRE-ODD-luc cells were 

injected in the second mammary fat pad. The tumor dimensions length, width and 

height were taken, and the tumor volume was calculated using the Equation 4. 

 

𝑡𝑢𝑚𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 = (𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑤𝑖𝑑𝑡ℎ ∗ ℎ𝑖𝑔ℎ𝑡) ∗ 0.52  Equation 4 

 

Mice were sacrificed due to tumor burden according to the local guidelines and 

regulations or at a pre-defined time point.  

3.4.3 Optical Imaging 

OI is a non-invasive imaging technology used for in vivo diagnostics and therapy 

monitoring, both pre-clinical as well as clinical. Planar imaging, a subcategory of 

OI allows in vivo fluorescence as well as bioluminescence imaging. Fluorescence 

imaging can be applied to detect TDLN by either using Patent Blue V [354] or the 

near-infrared dye IRDye® 800CW PEG [366]. The characteristics of the applied 

imaging agents and their application in previous studies are listed in Table 15. 

 

Table 15: Comparison of imaging agents for LN identification. 

imaging agent imaging 

modality 

excitation/ emission 

wavelength 

molecular 

weight 

literature 

Patent Blue V 

(sodium salt) 

OI 675 nm / 720 nm 582.7 g mol-1 

[367] 

[354] 

IRDye® 800CW 

PEG 

OI 745 nm / 800 nm 

 

25-60 kDa 

[368] 

[366, 369, 

370] 
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On the other hand, hypoxia reporter cell lines expressing the luciferase enzyme 

upon hypoxia exposure are one example for functional BLI [267, 275]. The enzyme 

luciferase oxidizes the substrate luciferin in the presence of ATP and Mg2+ under 

the emission of light at a wavelength between 530 to 640 nm [265, 371]. Therefore, 

OI is used to monitor tumor hypoxia longitudinally.  

At both institutions, OI experiments were performed using an IVIS® Spectrum OI 

system (Perkin Elmer). Mice were anesthetized with 1.5% isoflurane (CP Pharma, 

Burgdorf, Germany) in 100% oxygen in a temperature-controlled anesthesia 

chamber. In the IVIS® Spectrum OI system, mice were continuously warmed. 

Images were analyzed using Living Image Software 4. 

 

University of Tübingen: 

For TDLN imaging using Patent Blue V (Guerbet, Roissy CdG Cedex, France) and 

IRDye® 800CW PEG (LI-COR Bioscience), mice were anesthetized with 1.5% 

isoflurane in 100% oxygen and depilated prior to OI. For TDLN imaging using FDA 

approved Patent Blue V, 12.5 µl of the dye (25 mg ml-1) were injected s.c. near the 

MC38wt tumor (day 7 post cancer cell injection) on the right shoulder of the animal. 

Following a 5 min uptake, fluorescence imaging was performed using a 1 s 

exposure time, f-Stop 2, an excitation wavelength of 675 nm and an emission 

wavelength of 720 nm. 

For near infrared fluorescence imaging of TDLN, 25 µl IRDye® 800CW PEG 

reconstituted in PBS (0.1 nmol) were injected s.c. near the MC38wt tumor (day 7 

post cancer cell injection) on the right shoulder of the animal. Following a 30 min 

contrast agent uptake, fluorescence imaging was performed using auto exposure, 

f-Stop 2, medium binning, a FOV of 14 cm, an excitation wavelength of 745 nm 

and an emission wavelength of 800 nm. Twenty-five segments with a delay of 

1 min were acquired. Ex vivo imaging of the relevant LNs was performed with the 

settings used for the respective contrast agent. 

 

Johns Hopkins University: 

For longitudinal in vivo tumor hypoxia imaging of CT26-HRE-ODD-luc tumors, 

150 mg kg-1 VivoGloTM Luciferin P1042 were injected i.p. in a volume of 100 µl 

PBS. Following a 15 min uptake, BLI was performed using an exposure time of 

30 s, f-Stop 1, medium binning and a FOV of 12.8 cm as previously described 
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[267].  

3.4.4 Positron Emission Tomography/Magnetic Resonance Imaging 

Combined PET and MRI is a powerful method to visualize in particular deep-tissue 

TDLN [372]. Therefore, the PET tracer [18F]FDG with a molecular weight of 

181.2 g mol-1 can be applied [373, 374]. 

For [18F]FDG-PET measurements, a small-animal Inveon microPET scanner 

(Siemens Healthineers, Knoxville, TN) was applied. For anatomical information, 

[18F]FDG-PET images were merged with MR images acquired at a small-animal 

7T MRI system (Bruker) using a 3D T2-TurboRARE (TE 4,763 ms, TR 1800 ms, 

matrix 256x256x64, FOV 76.8x34.8x22.8 mm³, resolution 0.3x0.3x0.3 µm³, total 

acquisition time 9 min 7 s 200 ms) without a breathing trigger. At day 7 post MC38wt 

cancer cell injection, mice were anesthetized 5 min to 10 min prior [18F]FDG tracer 

injection with 1.5% isoflurane in 100% oxygen in a temperature-controlled 

anesthesia chamber. Blood glucose concentration was measured prior PET tracer 

injection and ranged from 126-161 mg dl-1. Mice were s.c. injected 3.3 – 4.0 MBq 

[18F]FDG in proximity to the MC38wt tumor on the right shoulder of the mouse. 

Dynamic PET scans were acquired 2 min post tracer injection for 60 min with 13 

frames and an image size of 128. Images were reconstructed using OSEM 3D 

without maps and the last frame between 50 min and 60 min is shown. PET 

images were processed and smoothed using a Gaussian filter with the Inveon 

Research Workplace (Siemens Healthineers). For ex vivo biodistribution analysis 

TDLN and NTDLN were exposed to -counting analysis. Counts were radioactive 

decay corrected and represented as % injected dose (ID). Furthermore, 

autoradiography of the respective TDLN and NTDLN was performed. 

3.4.5 acido Chemical Exchange Saturation Transfer-MRI 

In recent years, acido chemical exchange saturation transfer MRI (acidoCEST-

MRI) measurements were developed and continuously improved to non-invasively 

measure tumor pHe in the range of 6.2 to 7.4 in vivo [322-324]. Therefore, the FDA-

approved CT contrast agent iopamidol (Isovue®, Bracco Diagnostics, Milan, Italy) 

is commonly applied. This external contrast agent consists of three labile amide 

protons, whose exchange rate with water is markedly pHe dependent. These amid 

protons generate two CEST signals after saturation at 4.2 and 5.6 ppm. Upon 

selective irradiation of the two resonances, saturation transfer effects are induced 
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and compared to determine the tumor pHe [375-378]. 

In vivo MR imaging was performed on a pre-clinical 7 T BioSpec 70/30 MR scanner 

with a 1H volume coil (inner diameter: 86 mm; Bruker). Experimental animals were 

anesthetized with 1.5% isoflurane in compressed air as carrier gas (flow rate: 0.8 L 

min-1). For contrast agent infusion, a catheter was placed into a lateral tail vein. 

Correct positioning of the animals was achieved with the aid of a short T1-weighted 

FLASH sequence (Table 16). MC38wt tumors on the right shoulder were localized 

using a standard axial 2D T2-weighted TurboRARE protocol (Table 16). Body 

temperature was monitored with a rectal probe and maintained between 35.0-37.8 

°C with water-heating systems (Medres, Cologne, Germany). While respiration 

was monitored and breathing rate was kept between 30-50 breaths per minute, 

respiratory gating was not performed. Single-slide acidoCEST-MRI was performed 

using a previously established protocol combining saturation pulses with a fast 

imaging with steady-state precession (FISP) acquisition [322, 323], cestFISP 

sequence details are given in Table 16.  

Resulting spectra were fit in MATLAB (MATLAB R2017b, MathWorks, Inc., Natick, 

MA) with a previously described Bloch fitting analysis method to generate pHe 

maps [324, 375, 376]. Briefly, the pre-injection and post-injections images, 

respectively, were averaged at each saturation frequency and smoothed with a 

Gaussian spatial smoothing algorithm. The resulting averaged and smoothed pre-

injection image was subtracted from the post-injection image at each saturation 

frequency to correct for endogenous CEST signals. CEST spectra for each pixel 

were fitted with the Bloch-McConnell equations for the CEST effects from 

iopamidol at 4.2 and 5.6 ppm as well as the water peak; pixels with insufficient 

contrast (defined as std_noise*2√2/mean_signal) were excluded. Additionally, 

pixels with pHe values below pH 6.2 and above pH 7.4 were excluded from the 

analysis. The calculated pHe map was overlaid on the anatomical reference and 

data is given as average pHe value derived from the sum of individual pixels.  

  



3. Material and Methods 

  - 84 -   

 

Table 16: Acquisition parameters for MR imaging. 

 T1 FLASH T2 TurboRARE cestFISP 

TE 2.670 ms 33.580 ms 1.435 

TR 100 ms 5551.773 ms 2.870 

Flip Angle 30.0° - 30.0° 

Spatial Resolution 0.43x0.43 0.3x0.3 mm² 0.6x0.6 mm² 

Matrix Size 256x256 128x128 64x64 

FOV  110x100 mm² 38.4x38.4 mm² 38.4x38.4 mm² 

Slice thickness 1 mm 1 mm 1 mm 

Number of averages 1 1  

Number of 

repetitions 

1 1  

Number of CEST 

spectra 

- - 4 pre-injection,  

6 post-injection 

Saturation power - - 3 µT 

Saturation pulses 

(pulse duration) 

- - 60 (100 ms) 

Number of 

saturation 

frequencies 

- - 40 

Saturation frequency 

range (increments), 

Hz 

- - -30000 

-4500 to -3600 (900) 

-3600 to 0 (600) 

0 to 2100 (75) 

2100 to 2700 (600) 

2700 to 4500 (900) 

Total acquisition 

time 

12 s 800 ms 1 min 28 s 828 

ms 

44 min 22 s 

 

AcidoCEST-MR measurements were performed by Dr. Sabrina Hoffmann and 

analyzed by Dr. Sanhita Sinharay and Prof. Dr. Mark D. Pagel. 

3.4.6 Histology and Immunohistochemistry 

Histology is a widely applied method to assess the composition, structure, and 

characteristics of healthy and pathologic tissue to provide diagnostic information 

and allow physicians to make adequate treatment decisions. Therefore, tissue is 

formalin-fixed, and paraffin-embedded before staining with e.g., hematoxylin and 

eosin (H&E). Nucleic acids and nuclei are stained blue by hematoxylin, whereas 

eosin non-specifically stains proteins pink and therefore visualizes the ECM and 

the cytoplasm of cells [379]. Therefore, tumor tissue stained with H&E allows the 

identification of necrotic tumor tissue. To study the expression of certain markers 
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on different cellular subsets within the tumor, immunohistochemistry (IHC) is a 

powerful tool. In this regard IHC is applied to stain for tumor tissue PD-L1 

expression and therefore select patients based on the expression of this predictive 

biomarker of response to a PD-1 inhibitor therapy with pembrolizumab. Expression 

analysis of PD-L1 by IHC allows the identification of NSCLC patients with an 

increased response prognosis to pembrolizumab [380]. Furthermore, IHC is 

applied to quantify and visualize the distribution of tumor infiltrating immune cells 

like T cells (CD3) or macrophages (Iba1) and therefore allows the characterization 

of the TME cellular composition [381]. Taken together, histology and IHC was 

applied to detect tumor necrosis, characterize the immune cell composition, and 

determine PD-L1 expression in murine tumor tissue samples.  

Tumors extracted from mice were halved and fixed in 4.5% neutral buffered 

formalin (SAV Liquid Production, Flintsbach am Inn, Germany) for at least 24 h. 

Next, tumor tissue was dehydrated using a Leica TP1020 dehydrator (Leica 

Biosystems, Nussloch, Germany). First the tissue was fixed twice for 1 h in 4.5% 

formalin followed by increasing ethanol (SAV Liquid Production) concentrations 

(70% ethanol for 45 min, twice 96% ethanol for 45 min each, three times in 99% 

ethanol for 45 min and 1 h). Then the tumor tissue was transferred in xylol (45 min 

and 1 h, Thermo Scientific) followed by two steps in paraffin (1.5 h and 2 h, Leica 

Biosystems). Tumor tissue was embedded in paraffin using the Leica EG1150C 

(Leica Biosystems) embedding machine. The morphological and 

immunohistochemical features were analyzed on formalin-fixed and paraffin-

embedded tissue sections. For histology 3-5 µm-thick sections were cut and 

stained with H&E.  

Necrosis was evaluated and measured in H&E-stained tumor tissue sections. The 

entire tumor area was photographed at 12.5x magnification. The images were 

acquired with an Axioskop 2 plus Zeiss microscope equipped with a Jenoptik 

(Laser Optik System, Jena, Germany) ProgRes C10 plus camera and the 

respective software. The total area of the tumor and necrosis has been measured 

with the IMS Client Software. The areas are given as mm2 and necrosis with an 

area smaller than 0.01 mm2 were not considered. 

IHC was performed on an automated immunostainer (Ventana Medical Systems, 

Inc., Oro Valley, AZ) according to the manufacturer’s instructions for open 

procedures with slight modifications [382]. The antibody panel used included CD3 



3. Material and Methods 

  - 86 -   

 

(1:50, clone SP7), PD-L1 (1:50), Iba1 (1:3000) and HIF-1α (1:12000, clone ESEE 

122). Detailed information is provided in Table 17. Appropriate positive and 

negative controls (without primary antibody) were used to confirm the adequacy of 

the staining. For validation of CD3 and Iba1 staining, splenic tissue served as a 

positive control. Brain infarct tissue was used for validation of HIF-1α staining. 

Splenic tissue as well as MC38PD-L1-/- and CT26PD-/- tumor tissue with no PD-L1 

expression on cancer cells, but PD-L1 expression on macrophages served as a 

positive control for PD-L1 staining. 

 

Table 17: List of antibodies used for IHC analysis. 

antibody monoclonal polyclonal company item no. 

CD3 X  DCS Innovative 

Diagnostik-Systeme 

C1597C01 

PD-L1 X  Cell Signaling 13684 

Iba1 X  abcam ab178846 

HIF-1α X  abcam ab8366 

 

Tumor tissue samples for histology and IHC were prepared by me. Histology and 

IHC were performed, and tumor tissue slides were assessed by Dr. Irene 

Gonzalez-Menendez and Prof. Dr. Leticia Quintanilla-Martinez. The reported 

results were interpreted by me, Dr. Irene Gonzalez-Menendez, Prof. Dr. Leticia 

Quintanilla-Martinez, and Dr. Manfred Kneilling. 

 

3.5 Statistical analyses 

Graphs were generated and the respective statistical analysis was performed 

using the software GraphPad Prism (Version 7.03, GraphPad Software, Inc., USA). 

If not indicated differently, the mean was calculated and presented with the 

standard error of the mean (SEM). The number of independent experiments as 

well as the total number of replicates (n) is indicated in the respective figure legend. 

Statistical significance was either determined by Tukey`s multiple comparison, 

Sidak`s multiple comparison or Mann Whitney test (one-tailed or two-tailed) with a 

confidence level of 95%. Statistical difference of tumor pHe determined by 

acidoCEST-MRI between the sodium bicarbonate-treated neutralIFN- and the 

untreated acidosisIFN- group was determined by a one-tailed Mann Whitney test, 

as only the increase of tumor pHe upon sodium bicarbonate treatment was tested 
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for statistical significance. For correlation analysis between two parameters, 

nonparametric Spearman correlations were computed. The statistical test applied 

is indicated in the respective figure legend. 

To identify outliers within a dataset, a two-sided Grubbs' test was performed. 

Hierarchical clustering heatmaps of metabolomics data were generated with 

MetaboAnalyst 4.0 (http://metaboanalyst.ca) [383]. The concentrations of 

individual metabolites were mean-centered and divided by the standard deviation 

of each variable for representation. Statistical significance was determined by 

Fisher’s Least Significant Difference (LSD) test, which does not correct for multiple 

comparisons. Statistical significance of MR data acquired from the MR-compatible 

cell perfusion system was determined by multiple t-tests without correction for 

multiple comparisons. Extreme Studentized Deviate (ESD) method was performed. 

This test is applied to identify one outlier within each set of data, which is by far 

larger or smaller than the rest [384, 385]. It is indicated in the respective figure 

legend when a data point has been removed based on a two-sided Grubbs' test. 

The in vivo experiments were not randomized, and the investigators were not 

blinded to allocation during the experiments or outcome assessment. For 

significance level determination, the commonly used notation (*** corresponds to 

0.0001≤ P-value <0.001, ** corresponds to 0.001≤ P-value <0.01, * corresponds 

to 0.01≤ P-value <0.05, ns corresponds to a P-value ≤ 0.05) was applied. 
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4 Results 

4.1 Tumor immune escape by IFN-- and acidosis-induced PD-L1 expression via 

the elF4F-STAT1-PD-L1 axis 

Beside the cellular composition of the TME, acidosis and hypoxia are two main 

features that determine tumor progression and restrict immune surveillance. 

Therefore, the role of acidosis and hypoxia attracted great attention in recent years. 

Nevertheless, the role of tumor acidosis on immune escape and the interplay 

between hypoxia, acidosis as well as immune cell recruitment and activation are 

insufficiently studied. Furthermore, it remains elusive, how acidosis contributes to 

immune escape by affecting the expression of immune checkpoint proteins in the 

context of immune cell secreted cytokines like IFN-.  

4.1.1 Establishment of acidic cell culture media for in vitro experiments 

The pHe of tumors is acidic due to the high demand and turnover of energy 

metabolites like glucose by cancer cells. Upon conversion of glucose into pyruvate, 

lactate is subsequently generated in a well-described process termed the Warburg 

effect. Lactate together with H+ is exported by MCT1 or MCT4 symporters and 

acidifies the tumor pHe. Furthermore, energy which is required for tumor 

progression is generated by ATPase activity, leading to an increase in extracellular 

H+ [46, 55]. 

In order to study the effect of acidic pHe on membrane-bound PD-L1 expression 

by cancer cells in vitro, the pHe of the cell culture media was adjusted by either 

lowering the NaHCO3 concentration or by adding an acid like HCl [386, 387]. In 

the first place, unbuffered DMEM media was supplemented with 10% FBS, 

100 U ml-1 penicillin-streptomycin and different concentrations of NaHCO3 ranging 

from 0 mM to 44.05 mM. The cell culture media was incubated at 37 °C and a 5% 

CO2 atmosphere to allow pHe adjustment. The pHe was measured with a pHe 

electrode after 5 h and 24 h and no significant difference in pHe was observed 

between both time points. This indicates a 5% CO2 atmosphere-related pHe 

adjustment and stabilization as early as after 5 h. A moderate acidic pHe of 6.8 was 

measured at a concentration of 4 mM NaHCO3 in DMEM cell culture media 

(Figure 11 A). A change of pHe in the cell culture media upon varying NaHCO3 

concentrations could further be visualized by a change in color from red (pHe 7.4) 
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to orange (pHe 6.8) and to yellow (pHe 6.4) due to the phenol red pHe indicator 

(Figure 11 B).  A pHe of 6.8 was chosen for the continuative in vitro experiments, 

as it represents the approximate pHe detected in several solid tumor entities [77, 

324, 388]. The concentration of 4 mM NaHCO3 resulting in a pHe of 6.8 is slightly 

higher than the concentration reported by others (2 mM NaHCO3) [386, 387]. This 

might be related to small differences in CO2 partial pressure in the cell culture 

incubators between individual labs or due to different cell culture media preparation 

protocols. Kondo et al. autoclaved their cell culture media after dissolving the 

DMEM powder and NaHCO3 in water [387], whereas in the presented thesis the 

prepared cell culture media was sterile filtered. Furthermore, the buffering capacity 

of FBS can vary between batches and therefore might explain the slightly higher 

NaHCO3 concentration determined and applied for in vitro experiments in this 

thesis. The neutral cell culture media with a concentration of 44.05 mM NaHCO3 

resulted in a pHe of 7.7 in the absence of cells to ensure sufficient buffering 

capacity over a time course of maximum 72 h when cancer cells proliferate and 

acidify the cell culture media. 

Another way of establishing an acidic cell culture media is to use fully buffered 

DMEM (44.05 mM NaHCO3) media supplemented with 10% FBS, 100 U ml-1 

penicillin-streptomycin and gradually increasing HCl concentrations ranging from 

0 mM to 50 mM. Titration resulted in a HCl concentration between 30 mM and 

40 mM associated with a pHe of approximately 6.8 in the cell culture media. The 

acidic pHe was measured by a pHe electrode and visualized by phenol red 

(Figure 11 C, D).  

Although both methods are equally well suited to lower the pHe, a defined cell 

culture media pHe of 6.8 was established by adjusting the NaHCO3 concentration 

to 4 mM in DMEM for all in vitro experiments with murine MC38wt and B16-F10wt 

as well as human HCA-7 colony 29 cells, MCF-7, MIA-PaCa-2, SK-MEL-28, and 

U87 MG cells.  

Next, the pHe was titrated for RPMI-1640 cell culture media supplemented with 10% 

FBS, 100 U ml-1 penicillin-streptomycin and varying concentrations of NaHCO3 

ranging from 0 mM to 23.81 mM. The cell culture media pHe was again adjusted 

at 37 °C in a 5% CO2 atmosphere and determined after 5 h and 24 h. This resulted 

in a pHe of 6.8 when applying a NaHCO3 concentration of 1 mM (Figure 11 E, F). 

Respectively a concentration of 23.81 mM (pHe 7.5) or 1 mM NaHCO3 (pHe 6.8) in 
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RPMI-1640 was applied for all in vitro experiments with murine CT26wt and 4T1wt 

cells. 

 

Figure 11: Establishment of neutral and acidic cell culture media for in vitro experiments. 

The DMEM-based cell culture media pHe values were determined by a pHe electrode (A, C) or the 

media pHe was visualized by the pHe color indicator phenol red (B, D) in DMEM supplemented with 

10% FBS, 100 U ml-1 penicillin-streptomycin and different concentrations (0 - 44.05 mM) of 
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NaHCO3 or different concentrations (0 - 50 mM) of HCl in a 12-well cell culture plate. The RPMI-

based cell culture media pHe values were determined by a pHe electrode (E) or the media pHe was 

visualized by the pHe color indicator phenol red (F) in RPMI-1640 supplemented with 10% FBS, 

100 U ml-1 penicillin-streptomycin and different concentrations (0 - 23.81 mM) of NaHCO3 in a 12-

well cell culture plate. The pHe of the cell culture media was adjusted at 37 °C and 5% CO2 

atmosphere in a cell culture incubator and determined after 5 h and 24 h. 

 

For all in vitro experiments, a consistent terminology was chosen, independent 

whether cells were maintained in DMEM or RPMI cell culture media. Neutral cell 

culture conditions (pHe 7.7 for DMEM, pHe 7.5 for RPMI) are abbreviated with N, 

whereas acidic cell culture conditions (pHe 6.8) are abbreviated with A. In the 

presence of IFN- the abbreviations NIFN- and AIFN- were applied, respectively. 

4.1.2 Expression of surrogate markers and inhibition of proliferation upon acidic 

cell culture conditions 

To confirm pHe adjustment of acidic cell culture media in vitro and its effect on 

MC38wt cells, expression of acidosis surrogate markers was determined. 

Therefore, MC38wt cells were cultured in neutral or acidic media for 24 h followed 

by RNA isolation. Next, the gene expression of the previously reported acidosis 

surrogate markers Stat2 (supplement information Table S2 in [389]), Mmp-2 and 

Mmp-9 [390] was determined by qRT-PCR analysis. Due to the far-reaching effects 

of extracellular acidosis on cancer cells and the expression of various genes, the 

three well known and frequently applied housekeeping genes Gapdh, Aldolase 

and β-actin were selected. Expression of the target genes Stat2, Mmp-2 and Mmp-

9 was normalized to the mean of the three mentioned housekeeping genes. 

MC38wt cells exhibited a significant, two-fold elevation in Stat2, Mmp-2 and Mmp-

9 gene expression upon acidic cell culture conditions (Figure 12 A). Furthermore, 

fluorescence microscopy revealed a reduced expression of the proliferation 

marker Ki67 in MC38wt cells in vitro upon extracellular acidosis (Figure 12 B). 
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Figure 12: Induction of gene expression of acidosis surrogate markers and inhibition of cell 

proliferation of MC38wt cells upon acidic cell culture conditions. 

(A) Relative Stat2, Mmp-2 and Mmp-9 mRNA expression normalized to the mean expression of 

the three housekeeping genes Gapdh, Aldolase and β-actin determined in MC38wt cells upon 

neutral or acidic cell culture conditions for 24 h (1 independent experiment, n = 3). Data is 

presented as mean ± SEM. Statistics: one-tailed Mann-Whitney test. (B) Fluorescent microscopy 

visualizing the nuclear expression of the proliferation marker Ki67 (red) and nuclei (white) in MC38wt 

cells upon neutral or acidic cell culture conditions (1 independent experiment). Scale bar 20 µm. 

Abbreviations: N = neutral media, A = acidic media. 

 

Taken together, acidic cell culture conditions increased Stat2, Mmp-2 and Mmp-9 

gene expression and reduced Ki67 protein expression in MC38wt cells. 

4.1.3 Delineating the effect of acidosis and lactic acidosis on IFN--induced PD-L1 

expression in murine cancer cell lines  

The initial focus was on delineating the effect of acidosis, lactic acidosis, lactosis 

and IFN- as well as conjoint treatment on PD-L1 expression in vitro in murine 

hypermutated/MSI MC38wt colon adenocarcinoma cells [194, 195]. Therefore, four 

defined cell culture conditions were established, namely neutral (44.05 mM 

NaHCO3, N) acidic (4 mM NaHCO3, A), lactic acidic (4 mM NaHCO3, 20 mM 

sodium L-lactate, LA) and lactosis media (44.05 mM NaHCO3, 20 mM sodium L-

lactate, L). In contrast to Braumüller et al. where a concentration of 100 ng ml-1 

IFN- was applied [244], a concentration of only 10 ng ml-1 IFN- was applied in 

the following in vitro experiments taking into account the strongly reduced immune 

cell-derived IFN- protein concentrations in acidic tumor regions. To account for 

the long-term effects of IFN- and acidosis (AIFN-), lactic acidosis (LAIFN-) or 
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lactosis (LIFN-) exposure, MC38wt cells were cultured in the respective defined cell 

culture media in the absence or presence of 10 ng ml-1 IFN- for 72 h. Cells were 

harvested and membrane-bound PD-L1 expression was determined by flow 

cytometric analysis (Figure 13 A). Acidic cell culture conditions significantly 

increased PD-L1 expression when compared to neutral conditions. Lactic acidic 

cell culture conditions further elevated PD-L1 expression values (Figure 13 B). 

The increase most likely originates from the acidic media, as lactate alone (L) did 

not affect PD-L1 cell surface expression in murine MC38wt cells. As expected, 

stimulation of MC38wt cells with IFN- upon neutral cell culture conditions 

impressively increased membrane-bound PD-L1 expression. Most importantly, 

IFN- stimulation upon acidic cell culture conditions further elevated cell surface 

PD-L1 expression. This effect was significantly extenuated upon conjoint IFN- and 

lactic acidic media treatment of MC38wt cells. Nevertheless, conjoint IFN- and 

lactic acidic media treatment yielded an increased PD-L1 cell surface expression 

compared to IFN- treatment upon neutral cell culture conditions. Conjoint IFN- 

and lactosis stimulation of MC38wt cancer cells resulted in elevated PD-L1 cell 

surface expression compared to lactosis cell culture conditions in the absence of 

IFN-. Nevertheless, PD-L1 expression was slightly lower compared to IFN- 

stimulation in neutral cell culture media (Figure 13 B). 
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Figure 13: Effect of acidosis, lactic acidosis and lactosis in the absence and presence of 

IFN- treatment on membrane-bound PD-L1 expression on murine MC38wt cancer cells. 

MC38wt cancer cells were treated with neutral, acidosis, lactic acidosis or lactosis cell culture media 

in the absence or presence of IFN- (10 ng ml-1) for 72 h. Membrane-bound PD-L1 expression was 

determined by flow cytometry. (A) Gating strategy and histograms normalized to mode of PD-L1 

cell surface expression are shown for the different cell culture conditions in the absence (left panel) 



4. Results 

  - 95 -   

 

or presence (right panel) of IFN-. (B) PD-L1 mean fluorescence intensity (MFI) on MC38wt cells 

was determined and quantified (3 independent experiments, n = 8). Data is presented as 

mean ± SEM. Statistics: Tukey’s multiple comparison test. Abbreviations: N = neutral media, 

A = acidic media, LA = lactic acidic media, L = lactosis media, NIFN- = neutral media plus IFN-, 

AIFN- = acidic media plus IFN-, LAIFN- = lactic acidic media plus IFN-, LIFN- = lactosis media plus 

IFN-. 

 

Taken together, acidosis and lactic acidosis increased membrane-bound PD-L1 

expression of MC38wt cancer cells whereas lactate alone had no effect. 

Furthermore, conjoint IFN- and acidosis treatment of MC38wt cancer cells 

increased cell surface PD-L1 expression compared to IFN- treatment upon 

neutral cell culture conditions. Lactate extenuates acidosis-induced PD-L1 

expression upon IFN- stimulation. These results suggest an important role of 

acidosis and lactate on the induction of PD-L1 cell surface expression in MC38wt 

cancer cells in the absence or presence of IFN-. 

4.1.4 Conjoint IFN-- and acidic media-induced PD-L1 gene expression in murine 

cancer cell lines 

Several studies have shown that IFN- induces membrane-bound PD-L1 

expression. In the IFN- signaling cascade, translation of Stat1 mRNA via the 

elF4F complex is crucial for the upregulation of PD-L1 on the cancer cell surface 

[30].  

To investigate the mechanism of PD-L1 upregulation upon conjoint IFN- and 

acidosis treatment compared to IFN- stimulation upon neutral cell culture 

conditions, the induction of Pd-l1 gene expression was evaluated. Therefore, anti-

PD-L1 mAb therapy responsive MC38wt cancer cells were cultured in neutral or 

acidic cell culture conditions with or without IFN- for 72 h and analyzed by qRT-

PCR. MC38wt cells cultured in acidic cell culture media failed to up-regulate Pd-l1 

on the mRNA level. In contrast stimulation of MC38wt cells with IFN- for 72 h 

induced Pd-l1 mRNA expression (Figure 14 A). As previously reported in 

chapter 4.1.3., conjoint treatment of MC38wt cells with IFN- and acidic compared 

to neutral cell culture media further increased membrane-bound PD-L1 expression, 

which was accompanied by an induction of Pd-l1 gene expression (Figure 14 A). 

This implies a contribution of acidosis in the IFN--elF4F-STAT1-PD-L1 pathway. 
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To proof that upon IFN- stimulation, acidosis further induces PD-L1 protein 

expression compared to neutral cell culture conditions in MC38wt cells, total PD-

L1 protein levels were determined by WB analysis. Acidic cell culture media alone 

failed to up-regulate total PD-L1 protein levels in MC38wt cells. Relative to β-actin, 

IFN-- and neutral media-induced total PD-L1 protein expression in MC38wt cells, 

whereas conjoint IFN- and acidosis treatment significantly enhanced total PD-L1 

protein levels by a factor of two when WB bands were analyzed by densitometry 

(Figure 14 B, C). Similar results in terms of PD-L1 induction patterns in MC38wt 

cells upon IFN- and acidosis treatment were obtained by fluorescence imaging. 

Strikingly, almost no PD-L1 expression could be detected under neutral conditions. 

Upon acidic cell culture conditions without IFN- stimulation, MC38wt cells exhibited 

only few PD-L1 positive cells. Upon IFN- treatment in neutral or acidic cell culture 

media, PD-L1 could be detected in clusters by fluorescence microscopy 

(Figure 14 D).  

 

 

Figure 14: IFN- and acidic media treatment induces PD-L1 expression in MC38wt cells. 
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(A) Relative Pd-l1 mRNA expression normalized to the mean housekeeping gene expression 

(1 independent experiment, n = 3, statistics: Tukey’s multiple comparison test), (B) WB analysis 

and (C) densitometry of total PD-L1 and β-actin (2 independent experiments, n = 4, statistics: two-

tailed Mann-Whitney test, *P<0.05) in anti-PD-L1 mAb therapy responder MC38wt cells treated with 

acidic media and/or IFN- (10 ng ml-1) for 72 h. Data is presented as mean ± SEM. (D) Fluorescent 

staining for PD-L1 (red), nuclei (white) and F-actin (green) of MC38wt cells cultured in neutral or 

acidic media and/or IFN- (10 ng ml-1) for 72 h (n = 1 independent experiment). Scale bar 10 µm. 

White rectangles in the upper images indicate the cells depicted enlarged in the images below. 

Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral media plus IFN-, AIFN- = acidic 

media plus IFN-. 

 

Similar results were obtained using anti-PD-L1 mAb therapy responsive non-

hypermutated/MSI CT26wt colon carcinoma cells [194]. Acidic cell culture 

conditions did not result in elevated Pd-l1 mRNA levels compared to neutral 

conditions in CT26wt cells. On the gene expression level, conjoint treatment of 

CT26wt cells with IFN- under neutral cell culture conditions increased Pd-l1 mRNA 

expression levels. Interestingly, conjoint IFN- and acidic media treatment resulted 

in an almost threefold increase in Pd-l1 mRNA expression compared to IFN- 

stimulation in neutral cell culture media (Figure 15 A). Culture of CT26wt cancer 

cells in acidic cell culture media failed to increase membrane-bound PD-L1 

expression. Stimulation of CT26wt cells with IFN- in neutral media significantly 

increased cell surface PD-L1 expression, which was further elevated, upon 

combined IFN- and acidic cell culture media treatment (Figure 15 B). Interestingly, 

the magnitude of PD-L1 cell surface induction upon conjoint treatment with IFN- 

and acidic media compared to IFN- and neutral media was less prominent in 

CT26wt compared to MC38wt cells (Figure 15 B, Figure 13 B). WB analysis 

confirmed the IFN--induced increase in PD-L1 protein expression of CT26wt cells 

under neutral cell culture conditions (Figure 15 C). Combined IFN- and acidic cell 

culture media treatment resulted in an almost threefold elevation of Pd-l1 mRNA 

levels and a slight, but nevertheless significant elevation of membrane-bound PD-

L1 which was not reflected in total PD-L1 protein expression when compared to 

IFN- stimulation under neutral cell culture conditions (Figure 15). 
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Figure 15: IFN- and acidic media treatment induces PD-L1 expression in CT26wt cells. 

(A) Relative Pd-l1 mRNA normalized to the mean housekeeping gene expression (1 independent 

experiment, n = 3), (B) PD-L1 MFI measured by flow cytometry (2 independent experiments, n = 6) 

and (C) WB analysis of PD-L1 and β-actin protein levels (1 independent experiment, n = 2) in the 

murine anti-PD-L1 mAb therapy responder CT26wt cell line treated with acidic media and/or IFN- 

(10 ng ml-1) for 72 h. Data is presented as mean ± SEM. Statistics: Tukey’s multiple comparison 

test.  Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral media plus IFN-,           

AIFN- = acidic media plus IFN-.  

 

Next, we raised the question, whether conjoint IFN-- and acidosis-mediated PD-

L1 expression is exclusively a characteristic of anti-PD-L1 mAb therapy responsive 

cancer cell lines like MC38wt and CT26wt and therefore might represent a response 

biomarker. The anti-PD-L1 mAb therapy low-/non-responsive cancer cell lines 

B16-F10wt and 4T1wt were identically treated with IFN- in neutral and acidic cell 

culture media as MC38wt and CT26wt cancer cells and analyzed by flow cytometry 

for membrane-bound PD-L1 expression. IFN- stimulation in neutral media 

increased PD-L1 cell surface expression of B16-F10wt cells which was not further 

elevated by conjoint IFN- and acidic media treatment (Figure 16 A). Like B16-
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F10wt cancer cells acidic media alone did not impair PD-L1 cell surface expression 

of 4T1wt cancer cells. IFN- stimulation in neutral media significantly elevated PD-

L1 expression, whereas a combined IFN- and acidic media treatment even 

reduced membrane-bound PD-L1 expression in 4T1wt cancer cells (Figure 16 B). 

 

 

Figure 16: IFN- and acidic media treatment fails to induce membrane-bound PD-L1 

expression in B16-F10wt and 4T1wt cells. 

PD-L1 MFI measured by flow cytometry of the murine anti-PD-L1 mAb therapy non-responsive (A) 

B16-F10wt and (B) 4T1wt cell lines treated with acidic media and/or IFN- (10 ng ml-1) for 72 h 

(1 independent experiments, n = 3). Data is presented as mean ± SEM. Statistics: Tukey’s multiple 

comparison test. Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral media plus 

IFN-, AIFN- = acidic media plus IFN-.  

 

Taken together, IFN- stimulation in neutral media increased membrane-bound 

PD-L1 expression in murine MC38wt, CT26wt, B16-F10wt and 4T1wt cells. Conjoint 

IFN- and acidic media treatment further increased cell surface PD-L1 expression 

only in anti-PD-L1 mAb therapy responsive MC38wt and CT26wt cells but not in the 

anti-PD-L1 mAb therapy low-/non-responder cancer cell lines B16-F10wt and 4T1wt. 

Therefore, the conjoint IFN-- and acidosis-mediated PD-L1 induction might serve 

as a positive prognostic biomarker for an anti-PD-L1 mAb therapy response, at 

least in the four studied murine cancer cell lines.  
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4.1.5 In silico analysis of Pd-l1 expression in different human tumors 

In order to delineate the role of basal PD-L1 from IFN--induced PD-L1 expression, 

various human cancer tissues collected and curated by the TCGA RNA-seq 

database were analyzed for Pd-l1 RNA expression in silico [205].  

Tumor tissues derived from cancer patients was analyzed for Pd-l1 expression by 

RNA-seq and evaluated across various tumor entities.  For instance, lung, head 

and neck as well as cervical cancer exhibited elevated Pd-l1 mRNA levels 

compared to liver, prostate, ovarian and endometrial cancers illustrating the 

heterogeneity in terms of Pd-l1 expression levels across different tumor entities. 

Significant correlations between Pd-l1 expression and overall survival were found 

for colorectal and breast cancer in an analysis performed by The Human Protein 

Atlas, with high Pd-l1 expression being a favorable prognostic marker 

(Figure 17 A) [364].  

Next a correlation analysis of Pd-l1, Ifn- and Stat1 mRNA expression was 

performed in colorectal cancer tissue of 597 patients. Ifn- mRNA expression by 

tumor resident immune cells like Th1 cells, cytotoxic CD8+ T cells and NK cells 

significantly correlated with Pd-l1 mRNA expression (r = 0.7427; p<0.0001). 

According to Havel et al. elevated Ifn- mRNA expression patterns in tumor tissue 

indicate the presence of activated immune cells, a characteristic of immune-

inflamed tumors [126]. The correlation between Ifn- and Pd-l1 also underlines that 

IFN- induces Pd-l1 expression (Figure 17 B). Studies in malignant melanoma 

suggest, that Ifn- induces Pd-l1 expression via the elF4F-STAT1 axis [30]. 

Therefore, the dataset was analyzed for a correlation between Stat1 and Pd-l1 

mRNA levels. In line with other studies [30, 172, 391], Stat1 and Pd-l1 mRNA levels 

also significantly correlated (r = 0.8085; p<0.0001) in the studied dataset of 

colorectal cancers (Figure 17 C).  
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Figure 17: Pd-l1 mRNA expression in different human cancer entities. 

(A) Expression of Pd-l1 (CD274) in different human cancer tissues analyzed by RNA-seq, collected, 

and curated by The Cancer Genome Atlas (TCGA). The RNA-seq data is shown as fragments per 

kilobase million (FPKM) in a box and whiskers blot with 10-95 percentile. The analysis includes 

glioma (153 samples), thyroid cancer (501 samples), lung cancer (994 samples), liver cancer 

(365 samples), pancreatic cancer (176 samples), head and neck cancer (499 samples), stomach 

cancer (354 samples), colorectal cancer (597 samples), urothelial cancer (406 samples), renal 

cancer (877 samples), prostate cancer (494 samples), testis cancer (134 samples), breast cancer 

(1075 samples), cervical cancer (291 samples), ovarian cancer (373 samples), endometrial cancer 
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(541 samples) and melanoma (102 samples). Pd-l1 expression is a favorable prognostic marker in 

colorectal and breast cancer (green) according to The Human Protein Atlas 

(http://www.proteinatlas.org) [364]. TCGA RNA-seq data was analyzed for correlations between (B) 

Ifn- and Pd-l1 as well as (C) Stat1 and Pd-l1 gene expression in human colorectal cancer samples. 

A nonparametric Spearman’s rank correlation was computed with p<0.0001. The presented 

analysis here is as a whole based on data which were generated and curated by the TCGA 

Research Network: https://www.cancer.gov/tcga [205]. Correlation analysis and statistical analysis 

were performed on the extracted data derived from the TCGA Research Network. 

 

4.1.6 IFN- induces PD-L1 expression via the elF4F-STAT1 axis 

Based on significant correlations between Ifn-, Stat1 and Pd-l1 mRNA expression 

in human colorectal cancers, STAT1 expression and phosphorylation was studied 

in vitro in conjoint IFN-- and acidosis-induced PD-L1 expression. 

Murine colon adenocarcinoma MC38wt cells treated with IFN- in neutral media 

showed an increased STAT1 protein expression and phosphorylation (pSTAT1) 

after 12 h and 24 h. Conjoint IFN- and acidic media treatment resulted in similar 

total STAT1, but higher pSTAT1 levels in contrast to IFN- treatment in neutral 

media (Figure 18 A). Acidic cell culture media therefore enhanced STAT1 

activation via phosphorylation upon treatment with IFN- compared to neutral 

media, whereas total STAT1 protein levels remained stable. 

Next, siRNA-mediated STAT1 knockdowns (siSTAT1) were performed to interfere 

with IFN--induced STAT1 upregulation. To confirm STAT1 knockdowns and to 

study the effect on Pd-l1 gene expression, mRNA levels were evaluated by qRT-

PCR. MC38wt cells transfected with a non-targeting siRNA (siCTL) and treated with 

IFN- combined with neutral or acidic media for 24 h showed a comparable 

increase in Stat1 mRNA levels (Figure 18 B). This suggests that increased STAT1 

phosphorylation mediates the increase in total PD-L1 expression upon conjoint 

IFN- and acidic media treatment. The STAT1 knockdown was confirmed by 

significantly reduced Stat1 mRNA levels, which remain low when cells were treated 

with IFN- in neutral or acidic media (Figure 18 B). MC38wt cells transfected with 

siCTL and treated with IFN- exhibited increased Pd-l1 mRNA levels, which were 

further elevated upon conjoint IFN- and acidic media treatment for 24 h. A siRNA-

mediated STAT1 knockdown resulted in significantly reduced Pd-l1 mRNA levels 

(Figure 18 C). Nevertheless, slightly higher Pd-l1 mRNA levels were detected in 
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siSTAT1 transfected MC38wt cells upon combined IFN- and acidic media 

treatment compared to IFN- stimulation in neutral media. Similarly, to the 72-h 

treatment time point shown in Figure 13, siCTL transfected MC38wt cancer cell 

exhibited an increased membrane-bound PD-L1 expression upon IFN- 

stimulation in neutral media already after 24 h. PD-L1 expression on the cell 

surface was again further elevated upon conjoint IFN- and acidic media treatment 

after 24 h (Figure 18 D). A STAT1 knockdown significantly reduced membrane-

bound PD-L1 induction upon IFN- treatment under neutral and acidic cell culture 

conditions, underlining the important role of STAT1 in IFN--mediated PD-L1 

expression. Nevertheless, siSTAT1 transfected MC38wt cells revealed a 

significantly higher PD-L1 expression upon conjoint IFN- and acidic compared to 

neutral media treatment, emphasizing the role of elevated STAT1 activation during 

acidosis (Figure 18 D). MC38wt cells transfected with siCTL revealed increased 

STAT1 protein levels upon 24 h conjoint IFN- and neutral as well as acidic media 

treatment. The induction of total PD-L1 protein expression in MC38wt cancer cells 

was only detectable upon combined IFN- and acidosis treatment but not upon 

IFN- and neutral media treatment (Figure 18 E). The STAT1 knockdown in 

MC38wt cancer cells was confirmed by WB analysis yielding hardly any detectable 

total STAT1 protein expression even upon IFN- stimulation (Figure 18 E). In 

summary, IFN--mediated PD-L1 expression is STAT1-dependent and stimulation 

with IFN- in acidic media further increases PD-L1 expression via enhanced STAT1 

phosphorylation in MC38wt cells.  

Like MC38wt cancer cells, IFN- and neutral as well as acidic media treatment 

induced Stat1 mRNA and total protein expression levels to the same extend in 

murine CT26wt cells (Figure 18 F, G). Interestingly, no difference in STAT1 

phosphorylation upon IFN- treatment in neutral and acidic media was observed 

in CT26wt cells (Figure 18 G). 
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Figure 18: IFN--induced STAT1 regulates acidosis and IFN- dependent PD-L1 expression. 

(A) WB analysis of pSTAT1, STAT1 and β-actin treated with acidic media and/or IFN- (10 ng ml-1) 

for 12 h and 24 h (2 independent experiment, n = 2). MC38wt cells were transfected with non-

targeting siRNA control (siCTL) or siRNA against STAT1 (siSTAT1) and treated with acidic media 

and/or IFN- (10 ng ml-1) for 24 h. Relative (B) Stat1 and (C) Pd-l1 mRNA expression levels 

normalized to the mean housekeeping gene expression (1 independent experiment, n = 3) and (D) 

PD-L1 visualized by flow cytometry (1 independent experiment, n = 3) were determined. (E) WB 
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analysis of pSTAT1, STAT1, PD-L1 and β-actin was performed to determine STAT1 knockdown 

efficiency (1 independent experiment, n = 2). (F) Relative Stat1 mRNA expression normalized to 

the mean housekeeping gene expression was determined and (G) WB analysis of pSTAT1, STAT1 

and β-actin in CT26wt cells treated with acidic media and/or IFN- (10 ng ml-1) for 72 h 

(1 independent experiment, n = 3). Data is presented as mean ± SEM. Statistics: Tukey’s multiple 

comparison test. Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral media plus 

IFN-, AIFN- = acidic media plus IFN-. 

 

To explore potential therapeutic strategies, in vitro experiments applying the highly 

potent pharmacological elF4A inhibitor silvestrol which eventually blocks the elF4F 

translational complex as a whole, were performed [30, 392-394]. The elF4F 

complex consists of several components, including the elF4G, elF4E and elF4A 

subunits (Figure 19 A). Inhibition of the helicase elF4A by silvestrol therefore 

inhibits translation of mRNAs like Stat1 with 5’ untranslated regions (5’ UTR) which 

are rich in secondary structures [392, 395, 396]. It was initially hypothesized, that 

extracellular acidosis might cause an increased assembly of the elF4F complex or 

elevate the gene expression of the different subunits. Contrary to the initial 

hypothesis, neither elF4A1, nor elF4E expression are subject to conjoint IFN-- 

and acidosis-induced gene expression as total elF4A1 and elF4E protein levels 

remained unchanged (Figure 19 B). Even though WB analysis of elF4G was 

performed, elF4G proteins could not be resolved in a 10% SDS-PAGE due to the 

large protein size of 200-220 kDa [397-399]. As previously shown, conjoint IFN- 

and neutral or acidic media treatment increased Stat1 mRNA levels to the same 

extend in the presence of dimethyl sulfoxide (DMSO, control). The 

pharmacological inhibitor silvestrol (30 nM) was dissolved in DMSO. Consequently, 

the solvent DMSO was applied for control treatment (Figure 19 C). Conjoint 

stimulation with IFN- and neutral media induced Stat1 mRNA expression to the 

identical extend upon silvestrol treatment as compared to DMSO alone. This 

confirms the role of silvestrol in inhibiting Stat1 translation. Interestingly, conjoint 

IFN-- and acidosis-stimulation further increased Stat1 mRNA levels upon 

silvestrol treatment compared to DMSO, which might be due to a feedback loop 

that is unlocked upon acidosis (Figure 19 C). MC38wt cells treated exclusively with 

DMSO (control), exhibited increased Pd-l1 mRNA expression levels upon 24 h 

conjoint treatment with IFN- under neutral or acidic cell culture conditions. Upon 

IFN- stimulation silvestrol treatment of MC38wt cells prevented the induction of 
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Pd-l1 mRNA expression (Figure 19 D). Like the siRNA-mediated STAT1 

knockdown experiments, silvestrol treatment upon conjoint IFN- and acidic cell 

culture media stimulation significantly increased Pd-l1 mRNA expression in 

MC38wt cells compared to IFN- stimulation in neutral cell culture media 

(Figure 19 D). This supports the previous finding that an increase in STAT1 

activation via phosphorylation upon conjoint IFN- and acidic media stimulation 

leads to elevated PD-L1 expression levels. Flow cytometry analysis of MC38wt 

cells of the DMSO control group, revealed increased membrane-bound PD-L1 

expression upon 24 h stimulation with IFN- in neutral media. This effect was 

further elevated when cells were stimulated with a combination of IFN- and acidic 

cell culture media. Inhibition of Stat1 mRNA translation by silvestrol thus prevented 

the upregulation of membrane-bound PD-L1 upon 24 h IFN- stimulation under 

either neutral or acidic cell culture conditions (Figure 19 E).  

 

 

Figure 19: Inhibition of the translation initiation complex elF4F prevents conjoint IFN-- and 

acidosis-mediated PD-L1 expression. 

(A) Schematic representation of the eukaryotic translation initiation complex elF4F composed of 

elF4G, elF4E and elF4A which bind to the 5’ UTR of the Stat1 mRNA. The elF4A subunit can be 
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inhibited by the pharmacological inhibitor silvestrol. (B) WB analysis of elF4A1, elF4E and β-actin 

in MC38wt cells treated with acidic media and/or IFN- (10 ng ml-1) for 72 h (1 independent 

experiment, n = 2). Relative (C) Stat1 and (D) Pd-l1 mRNA expression normalized to the mean 

housekeeping gene expression (1 independent experiment, n = 3) as well as (E) membrane-bound 

PD-L1 expression visualized by flow cytometry (1 independent experiment, n = 3) were determined 

in MC38wt cells treated with acidic media and/or IFN- (10 ng ml-1) in the presence of DMSO (control) 

or silvestrol (30 nM) for 24 h. Data is presented as mean ± SEM. Statistics: Tukey’s multiple 

comparison test. Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral media plus 

IFN-, AIFN- = acidic media plus IFN-. 

 

In summary, IFN- increases PD-L1 expression via the elF4F-STAT1-PD-L1 axis 

and an acidic pHe increased IFN--induced PD-L1 expression via elevated STAT1 

phosphorylation. Further, IFN--mediated PD-L1 expression can be 

pharmacologically targeted by the elF4A inhibitor silvestrol.  

4.1.7 Delineating the effect of acidosis and lactic acidosis on IFN--induced PD-L1 

expression in human cancer cell lines 

The effect of IFN- treatment on PD-L1 induction and the contribution of acidic pHe 

or L-lactate were studied in murine MC38wt cancer cells described in chapter 4.1.3. 

To expand the findings on conjoint IFN-- and acidosis-, lactic acidosis-, or lactosis-

mediated PD-L1 expression, the five human cancer cell lines HCA-7 colony 29 

(colon adenocarcinoma), MCF-7 (mammary gland adenocarcinoma), U-87 MG 

(likely glioblastoma), SK-MEL-28 (malignant melanoma) and MIA PaCa-2 

(pancreas carcinoma) were screened. Briefly, human cancer cells were cultured 

for 72 h in neutral, acidic, lactic acidic or lactic cell culture media (as described in 

chapter 4.1.3) in the absence or presence of 10 ng ml-1 IFN-. Then cancer cells 

were harvested and membrane-bound PD-L1 expression was analyzed by flow 

cytometry. The gating strategy shown in Figure 13 A was applied and only living 

cells were analyzed.  

Like murine MC38wt and CT26wt cells, three out of the five human cell lines 

exhibited an elevated membrane-bound PD-L1 expression upon conjoint IFN- 

and acidosis treatment. Nevertheless, these three cell lines namely HCA-

7 colony 29, MCF-7 and U-87 MG exhibited differential magnitudes of inducible 

PD-L1 expression upon conjoint IFN- and acidic cell culture media treatment 

(Figure 20 A). Like in murine MC38wt cells, acidic and lactic acidic media alone 
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only slightly increased PD-L1 cell surface expression in human HCA-7 colony 29 

and MCF-7 cells, whereas the PD-L1 expression was unchanged in U-87 MG cells. 

In contrast to murine MC38wt cells, where conjoint IFN- and lactic acidic media 

treatment resulted in remarkably reduced PD-L1 cell surface expression 

(Figure 13 B), human MCF-7 cells exhibited significantly elevated PD-L1 levels 

(Figure 20 A), whereas only slight changes were observed in HCA-7 colony 29 

and U-87 MG cancer cells. Conjoint lactosis and IFN- treatment resulted in similar 

PD-L1 cell surface expression levels compared to IFN- stimulation in neutral 

media (Figure 20 A).  

The two human cancer cell lines SK-MEL-28 and MIA-PaCa-2 exhibited differential 

membrane-bound PD-L1 expression patterns upon conjoint IFN- and acidic 

media treatment when compared to murine MC38wt cells (Figure 20 B). SK-MEL-

28 cells exhibited reduced membrane-bound PD-L1 levels upon conjoint IFN- and 

acidic media treatment compared to IFN- stimulation in neutral media. In MIA 

PaCA-2 cancer cells PD-L1 levels remained unchanged upon conjoint IFN- and 

neutral or acidic media treatment. In addition, conjoint IFN- and lactic acidic media 

treatment further reduced membrane-bound PD-L1 expression in comparison to 

combined IFN- and acidic media treatment in SK-MEL-28 but not as prominent in 

MIA PaCa-2 cancer cells. Finally, conjoint IFN- and lactic media treatment slightly 

reduced PD-L1 cell surface expression on SK-MEL-28 and MIA PaCa-2 cancer 

cells when compared to IFN- stimulation in neutral media (Figure 20 B).  
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Figure 20: Effect of acidosis, lactic acidosis and lactosis in the absence and presence of 

IFN- treatment on membrane-bound PD-L1 expression on human cancer cell lines. 

(A) Human HCA-7 colony 29, MCF-7 and U-87 MG cells exhibit elevated PD-L1 expression 

patterns upon conjoint IFN- (10 ng ml-1) and acidic cell culture media treatment, whereas (B) SK-

MEL-28 and MIA PaCa-2 cells do not. PD-L1 MFI was determined by flow cytometry of the 

respective cell lines treated with acidosis, lactic acidosis or lactosis media and/or IFN- (10 ng ml-

1) for 72 h (1 independent experiment, n = 3). Data is presented as mean ± SEM. Statistics: Tukey’s 

multiple comparison test. Abbreviations: N = neutral media, A = acidic media, LA = lactic acidic 

media, L = lactosis media, NIFN- = neutral media plus IFN-, AIFN- = acidic media plus IFN-, LAIFN-

 = lactic acidic media plus IFN-, LIFN- = lactosis media plus IFN-. 
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To elucidate and confirm the underlying mechanism of IFN-- and acidosis-

inducible PD-L1 expression in human colon adenocarcinoma HCA-7 colony 29 

cells, qRT-PCR, WB analysis and siRNA-mediated STAT1 knockdown 

experiments were performed. Conjoint treatment of HCA-7 colony 29 cells with 

IFN- and neutral media increased Stat1 mRNA levels to the identical extend as 

conjoint IFN- and neutral media treatment (Figure 21 A). In contrast to Stat1, Pd-

l1 mRNA levels were significantly increased upon conjoint IFN- and acidosis 

treatment compared to IFN- stimulation in neutral media (Figure 21 A). Elevated 

PD-L1 and unchanged STAT1 levels upon conjoint IFN- and acidosis stimulation 

were confirmed by WB analysis and densitometry (Figure 21 B, C). The significant 

increase in total PD-L1 protein level was accompanied by significantly enhanced 

acidosis-induced STAT1 activation via phosphorylation in the context of IFN- 

stimulation (Figure 21 B, C). Interference with a pool of four siRNAs directed 

against STAT1 prevented IFN-- as well as conjoint IFN-- and acidosis-mediated 

STAT1 and subsequently total PD-L1 protein induction (Figure 21 D).  
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Figure 21: IFN- and acidic media treatment induces PD-L1 expression in human HCA-7 

colony 29 cells. 

(A) Relative Stat1 and Pd-l1 mRNA expression normalized to the mean housekeeping gene 

expression (2 independent experiment, n = 5-6, statistics: Tukey’s multiple comparison test) as well 

as (B, C) WB analysis and densitometry of pSTAT1, STAT1, PD-L1 and β-actin in the HCA-7 colony 

29 cell line treated with acidic media and/or IFN- (10 ng ml-1) for 72 h (2 independent 

experiment, n = 4, statistics: two-tailed Mann-Whitney test). HCA-7 colony 29 cells were 

transfected with siRNA control (siCTL) or siRNA against STAT1 and treated with acidic media 

and/or IFN- (10 ng ml-1) for 24 h. (D) WB analysis of pSTAT1, STAT1, PD-L1 and β-actin was 

performed to determine STAT1 knockdown efficiency (1 independent experiment, n = 2). Data is 

presented as mean ± SEM. Abbreviations: N = neutral media, A = acidic media, NIFN- = neutral 

media plus IFN-, AIFN- = acidic media plus IFN-. 

 

These findings in human HCA-7 colony 29 cells imply a key role of STAT1 induction 

and phosphorylation in conjoint IFN-- and acidosis-mediated PD-L1 expression 

like in the two studied murine cancer cell lines. Therefore, these results imply a 

conserved mechanism across species.  
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4.1.8 Role of STAT2 in conjoint IFN-- and acidosis-mediated PD-L1 expression 

It is widely accepted and well-studied, that IFN- induces an intracellular signaling 

cascade which involves the homodimerization of the transcription factor STAT1 

[172]. Type I IFNs, including IFN-α, IFN-β, IFN-ε, IFN-κ and IFN-ω as well as 

type III IFNs involved in antiviral response induce phosphorylation of STAT1 or 

STAT2. Phosphorylated STAT1 can heterodimerize with phosphorylated STAT2 

inducing gene expression of interferon-sensitive response element (ISRE) 

controlled genes [400, 401]. A gene expression dataset of human pancreatic 

carcinoma PANC-1 and AsPC-1 cells, revealed that exclusively Stat2 but not Stat1 

gene expression was upregulated in response to extracellular acidic conditions 

[389]. Therefore, Stat2 mRNA expression upon 72 h IFN- treatment of MC38wt 

and CT26wt cells under neutral or acidic cell culture conditions was studied. In 

MC38wt but not in CT26wt cancer cells a slight increase of Stat2 on the mRNA level 

was observed under acidic cell culture conditions (Figure 22 A, B). Like the 

induction of Stat1 gene expression, combined treatment of MC38wt and CT26wt 

cells with IFN- upon neutral cell culture conditions significantly enhanced Stat2 

mRNA levels (Figure 22 A, B). In contrast, conjoint IFN- and acidic media 

treatment significantly enhanced Stat2 mRNA levels in MC38wt, but not CT26wt 

cancer cells in comparison to IFN- stimulation in neutral media (Figure 22 A, B). 

This observation might be one potential explanation for the only faint effect of an 

acidic pHe on IFN--induced PD-L1 cell surface expression in CT26wt cells 

(Figure 15 B). Next RNA interference experiments were performed to elucidate 

the interplay between the two transcription activators STAT1 and STAT2. Again 

24 h combined IFN- and acidic media treatment of siCTL transfected MC38wt cells 

significantly increased Stat2 mRNA levels. Knockdown of STAT1 significantly 

reduced Stat2 mRNA levels even upon IFN- stimulation in neutral or acidic media. 

These results suggest that STAT1 is involved in conjoint IFN-- and acidosis-

mediated induction of Stat2 gene expression (Figure 22 C). Furthermore, it 

outlines the interdependence between Stat1 and Stat2 gene expression. Therefore, 

in a next step, the role of STAT2 on Stat1 and Pd-l1 expression was investigated. 

A siRNA-mediated knockdown of STAT2 resulted in significantly reduced Stat2 

mRNA levels confirming the knockdown efficiency, even when MC38wt cells were 

treated with IFN- in the presence of neutral or acidic media (Figure 22 D). A 
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STAT2 knockdown resulted in significantly enhanced Stat1 mRNA levels in MC38wt 

cells treated with IFN- and neutral media compared to siCTL transfected cells. 

Conjoint IFN- and acidosis treatment of MC38wt cells transfected with STAT2 

siRNAs resulted in only minor changes in Stat1 mRNA expression levels when 

compared to siCTL (Figure 22 E). These finding are accompanied by significantly 

elevated Pd-l1 mRNA and protein cell surface expression levels in STAT2 

knockdown MC38wt cells upon IFN- stimulation in neutral media when compared 

to siCTL transfected cells. Subsequently, the differences in PD-L1 enhancement 

upon conjoint IFN- and acidic media stimulation compared to neutral conditions 

was less prominent upon knockdown of STAT2 (Figure 22 F, G), suggesting that 

STAT2 negatively regulates PD-L1 expression under neutral but not acidic 

conditions. In MC38wt cancer cells a siRNA-mediated STAT2 knockdown did not 

significantly affect PD-L1 expression upon conjoint IFN- and acidosis stimulation 

compared siCTL (Figure 22 F, G). 
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Figure 22: IFN- and acidic media treatment induces Stat2 expression. 

Relative Stat2 mRNA expression normalized to the mean housekeeping gene expression was 

determined in (A) MC38wt and (B) CT26wt cells treated with acidic media and/or IFN- (10 ng ml-1) 

for 72 h (1 independent experiment, n = 3). (C) Relative Stat2 mRNA expression levels normalized 

to the mean housekeeping gene expression (1 independent experiment, n = 2-3; no Ct value was 

detectable for one replicate in the siCTL-NIFN- and the siSTAT1-A group). MC38wt cells were 

transfected with siRNA control (siCTL) or siRNA against STAT1 (siSTAT1) and treated with acidic 

media and/or IFN- (10 ng ml-1) for 24 h. (D-F) Relative Stat2, Stat1 and Pd-l1 mRNA expression 

levels normalized to the mean housekeeping gene expression (1 independent experiment, n = 3) 

and  (G) PD-L1 expression visualized by flow cytometry (1 independent experiment, n = 3) in 
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MC38wt cells transfected with siRNA control (siCTL) or siRNA against STAT2 (STAT2) and treated 

with acidic media and/or IFN- (10 ng ml-1) for 24 h. Data is presented as mean ± SEM. Statistics: 

Tukey’s multiple comparison test. Abbreviations: N = neutral media, A = acidic media, NIFN-

 = neutral media plus IFN-, AIFN- = acidic media plus IFN-. 

 

Taken together, these findings suggest an unsuspected and so far, not described 

potential regulatory role of STAT2 in IFN--mediated PD-L1 expression. 

Furthermore, the transcription factor STAT1 seems to be involved in conjoint IFN-

- and acidosis-mediated Stat2 gene expression, whereas STAT2 itself regulates 

Stat1 mRNA as well as Pd-l1 mRNA and PD-L1 cell surface protein expression 

levels.  

4.1.9 Tumor acidification-targeting therapeutic strategies, PD-L1 expression and 

immune cell recruitment 

To further validate the relevance of IFN-- and acidosis-inducible PD-L1 expression, 

in vivo experiments in immune competent mice were performed.  

To study the role of tumor pHe neutralization, immune cell recruitment, activation 

and IFN- secretion in vivo, four tumor models originating from two mice strains 

were applied. Two tumor models, namely MC38wt and B16-F10wt originate from 

C57BL/6 mice, which are characterized by Th1 polarization, high TNF, IL-12 and 

IFN- levels as well as low IL-13 production by CD4+ T cells [226, 227]. In contrast, 

CT26wt and 4T1wt tumors originate from BALB/c strains, which are Th2 prone and 

characterized by high IL-4 levels [226, 228]. In this regard, two syngeneic murine 

tumor models were selected that respond to an anti-PD-L1 mAb therapy (MC38wt 

and CT26wt) and two tumor models classified as low-/non-responders to an anti-

PD-1 and/or anti-PD-L1 mAb therapy (B16-F10wt and 4T1wt) [196, 197, 208, 217, 

402-404]. Most importantly, the tumor models applied in the in vivo studies range 

from low (CT26wt and 4T1wt [218]) to medium (MC38wt and B16-F10wt) basal PD-

L1 cell surface expression (Figure 23 A). Classification into the categories low and 

medium basal PD-L1 expression is based on the MFI difference of cancer cell 

surface PD-L1 expression in neutral media and unstained living cells. This 

equation yields the ∆ basal PD-L1 of the respective cancer cell line and reveals a 

value smaller or greater than the arbitrary number 250 discriminating low and 

medium basal PD-L1 cell surface expression (Figure 23 B, C). Furthermore, PD-

L1 expression was inducible by IFN- stimulation in all four studied murine cancer 
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cell lines (Figure 23 A).  

 

 

Figure 23: Basal and IFN--inducible PD-L1 expression on murine cancer cell lines. 

(A) Flow cytometry analysis of basal (light green) and IFN--induced (10 ng ml-1; 24 h; dark green) 

PD-L1 expression of MC38wt, CT26wt, B16-F10wt and 4T1wt cells.  Unstained cells (out of the live 

gate) are depicted in grey (1 independent experiment, n = 1). (B) Equation applied to calculate the 

basal level of PD-L1 in the four different cancer cell lines to classify them into low basal PD-L1 

(∆basal PD-L1 < 250) and medium basal PD-L1(∆basal PD-L1 ≥ 250) expression. (C) Schematic 

overview of MC38wt, CT26wt, B16-F10wt and 4T1wt cells, their classification as anti-PD-L1 mAb 

therapy responders and non-responders as well as their mouse strain of origin. Abbreviations: 

N = neutral media, NIFN- = neutral media plus IFN-. 

 

For in vivo studies, the terminology was adjusted according to the terminology 

used for in vitro experiments. Immune competent mice with intact IFN- signaling 

that received sodium bicarbonate-enriched drinking water and therefore exhibit a 

neutral tumor pHe are referred to as ‘neutralIFN-’, whereas mice that received 

regular drinking water and therefore exhibit an acidic tumor pHe are termed 

‘acidosisIFN-’. Equivalently, mice deficient in IFN- signaling that received sodium 

bicarbonate-enriched drinking water are termed ‘neutral’ and mice of the group that 

received regular drinking water are termed ‘acidosis’. 

To study the role of tumor pHe on PD-L1 expression and immune cell recruitment 

in vivo, tumor-bearing mice were treated with sodium bicarbonate ad libitum 
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starting three days prior cancer cell inoculation as previously described [76-78, 81]. 

MC38wt cancer cells with basal and IFN--inducible PD-L1 expression were 

injected s.c. on the right shoulder of immune competent C57BL6J mice with intact 

IFN- signaling. Treatment with sodium bicarbonate (neutralIFN-) resulted in a 

slightly reduced (P-value = 0.0895) MC38wt tumor volume at day 15 post cancer 

cell inoculation (Figure 24 A). In other words, tumor acidosisIFN- resulted in an 

increased tumor volume, suggesting acidosisIFN--mediated tumor immune escape. 

Moreover, mice treated with the anti-PD-L1 mAb clone 10F.9G2 (Bio X Cell, West 

Lebanon, NH, USA) which blocks the interaction between PD-L1 and PD-1 as well 

as B7-1 (CD80) yielded a significant reduction in MC38wt tumor volume (responder 

tumor model, Figure 24 A). Interestingly, a combination of sodium bicarbonate and 

anti-PD-L1 mAb therapy did not further reduce the tumor volume, indicating no 

synergistic effect when both therapeutic components are combined (Figure 24 A). 

The role of basal and IFN--inducible PD-L1 expression as a prognostic biomarker 

is therefore the subject of this study. In contrast to MC38wt cancer cells which are 

sensitive to IFN--mediated PD-L1 cell surface induction (Figure 24 B), MC38PD-

L1-/- cells deficient in PD-L1 [196] were also used for in vivo experiments. The 

constitutive PD-L1 knockout was confirmed by flow cytometry of MC38PD-L1-/- cells 

which were cultured in neutral media in the absence or presence of IFN- 

(100 ng ml-1). MC38PD-L1-/- cells revealed a significant reduction in basal PD-L1 

expression which was indistinguishable from the histogram of unstained live cells. 

Furthermore, stimulation of MC38PD-L1-/- cells with IFN- did not result in an 

induction of membrane-bound PD-L1 expression (Figure 24 D). In vivo, MC38PD-

L1-/- tumor-bearing mice exhibited an overall reduced tumor growth when compared 

to MC38wt tumors (Figure 24 C). This reduced tumor growth and the rejection of 

MC38PD-L1-/- cancer cells in one experimental mouse of the acidosisIFN- group 

underlines the importance of PD-L1 expression on cancer cells to inhibit an anti-

tumor immune response. This supports the hypothesis of acidosis and IFN--

mediated tumor immune evasion via induction of PD-L1 expression by cancer cells. 

Furthermore, MC38PD-L1-/- tumor-bearing mice in the neutralIFN- group did not 

exhibit a significant reduction in tumor volume in comparison to MC38wt tumor-

bearing mice that received sodium bicarbonate. The large SEM at day 20 and 

day 21 is due to one very large tumor in the acidosisIFN- group. The respective 
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mouse had to be removed subsequently from the experiment due to the federal 

animal welfare regulations at day 21 (Figure 24 C).  

 

 

Figure 24: Effect of sodium bicarbonate and/or anti-PD-L1 mAb therapy on MC38wt and 

MC38PD-L1-/- tumor growth in vivo. 

(A) Tumor volume of MC38wt (n = 8 animals per group; 1 independent experiment, statistics: 

Tukey’s multiple comparison test) and (C) MC38PD-L1-/- (n = 4-5 animals per group; 1 independent 

experiment, statistics: Sidak’s multiple comparison test) tumors in C57BL/6J mice treated with 

sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell injection 

and/or anti-PD-L1 mAb (200 µg per mouse) treatment every third day, starting from day 4 post 



4. Results 

  - 119 -   

 

cancer cell injection. Data is presented as mean ± SEM. Flow cytometry histograms of (B) MC38wt 

and (D) MC38PD-L1-/- cells cultured in neutral media in the absence (light green) or presence (dark 

green) of IFN- (100 ng ml-1) for 24 h to confirm the CRISP/Cas9-mediated PD-L1 knockout. 

Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium bicarbonate-

enriched drinking water leading to tumor pHe neutralization, acidosisIFN- = mice with intact IFN- 

signaling receiving regular drinking water leading to tumor pHe acidification. 

 

In the field of immunotherapy, tumors are often defined as hot (T cell ‘inflamed’), 

altered, and cold tumors (not T cell ‘inflamed’). These classifications are based on 

the composition of the TIME and the pro-inflammatory cytokine patterns, with hot 

tumors usually exhibiting a better response rate to immunotherapy [405, 406]. 

Therefore, histology and IHC of MC38wt and MC38PD-L1-/- tumor tissue was 

performed. H&E staining of MC38wt tumors revealed large cells with marked 

pleomorphism, abundant cytoplasm and large and pleomorphic nuclei with 

prominent nucleoli. Tumors of acidosisIFN- mice exhibited focal central necrosis 

and mild acute inflammation in the periphery of the tumor tissue (Figure 25 A).  

MC38wt tumors of neutralIFN- animals exhibited mild to intense necrosis. Necrosis 

was found in the center but also as necrotic foci in the periphery of the tumor. 

Quantification of the necrotic area revealed more necrosis in MC38wt tumors of the 

neutralIFN- compared to the acidosisIFN- group (Figure 25 B). This finding is 

consistent with the results reported by Faes et al. for the same tumor model [78]. 

Further MC38wt tumors are characterized by a high macrophage content detected 

by ionized calcium binding adaptor molecule 1 (Iba1) IHC staining. CD3 staining 

revealed abundant T cells in the tumor periphery and some in the center of the 

tumor. Medium to large tumors showed fewer CD3+ T cells, mainly located in the 

periphery of the tumor (Figure 25 A). Similar necrosis patterns could be observed 

in MC38wt tumors from mice treated with anti-PD-L1 mAb. In the acidosisIFN-

 + anti-PD-L1 group, tumors showed mild necrosis arranged in cords and variable 

CD3 staining depending on the tumor volume. Small to medium size tumors 

showed focal patchy necrosis with CD3+ T cells in the periphery and the center of 

the tumor, whereas larger tumors exhibited less CD3+ T cells. Taken together, a 

combined treatment with sodium bicarbonate and anti-PD-L1 mAb (neutralIFN-

 + anti-PD-L1) increased the recruitment of CD3+ T cells to the tumor periphery. 

Furthermore, tumors with higher amounts of CD3+ T cells were predominantly 

smaller in volume. PD-L1 staining of MC38wt tumors revealed that almost all cells 
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of the tumor mass stained positive for PD-L1 in the acidosisIFN- and neutralIFN- 

group. To validate the PD-L1 IHC staining, MC38wt tumors of anti-PD-L1 mAb 

treated mice underwent PD-L1 staining. These MC38wt tumors showed a clear 

reduction in PD-L1 staining, due to blocking of the target antigen with the 

therapeutic anti-PD-L1 mAb administered to these animals (Figure 25 A). 

Furthermore, tumors of the neutralIFN- group revealed a higher and more intense 

PD-L1 staining compared to tumors of the acidosisIFN- group. PD-L1 expression 

was heterogeneous across the neutralIFN- tumors, with more intense and clustered 

PD-L1 staining nearby necrotic regions (Figure 25 A). These necrotic regions in 

MC38wt tumors of the neutralIFN- group were characterized by palisading 

macrophages detected by Iba1 IHC staining (Figure 25 A).  
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Figure 25: Histology and IHC of murine MC38wt tumors. 

(A) Representative H&E, Iba1, PD-L1 and CD3 staining of s.c. MC38wt tumors harvested at day 18 

after onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. Animals 

were treated with sodium bicarbonate-enriched water ad libitum starting three days prior to cancer 

cell inoculation and/or repetitive anti-PD-L1 mAb (200 µg per mouse; every third day) treatment, 

starting from day 4 post cancer cell inoculation. All MC38wt tumors (n = 8 animals per group) 

underwent H&E staining. Based on H&E staining, representative tumors were selected for Iba1, 
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PD-L1 and CD3 IHC. Dotted and solid rectangles indicate the identical tumor region in the 12.5x 

H&E, Iba1 and PD-L1 images. The 50x magnification of the PD-L1 stained tumor region is 

equivalent to the excerpt indicated by the solid rectangle in the 12.5x magnification. The images in 

200x magnification of the CD3 staining were obtained from the tumor periphery and tumor areas 

are not indicated in the 12.5x H&E images. (B)  The percentage of the necrotic area was quantified 

(quantification of pink surface area greater than 0.01 mm2 in MC38wt tumors stained with H&E) in 

MC38wt tumors from mice treated with sodium bicarbonate (neutralIFN-) or regular drinking water 

(acidosisIFN-). Data is presented as mean ± SEM. Statistics: two-tailed Mann-Whitney test. 

Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium bicarbonate-

enriched drinking water leading to tumor pHe neutralization; acidosisIFN- = mice with intact IFN- 

signaling receiving regular drinking water leading to tumor pHe acidification.  

 

MC38wt tumors derived from mice with intact IFN- signaling without any treatment 

developed tumor acidosis (acidosisIFN-) and revealed elevated cancer cell PD-L1 

expression when compared to tumors of mice with intact IFN- signaling and 

sodium bicarbonate treatment (neutralIFN-; Figure 26 A, B). This ex vivo discovery 

confirms the in vitro findings on conjoint IFN-- and acidosis-induced elevation of 

membrane-bound PD-L1 expression on MC38wt cancer cells presented in 

Figure 13 B. Interestingly, MC38wt tumors of the neutralIFN- group exhibited higher 

PD-L1 expression on TILs when compared to the acidosisIFN- group 

(Figure 26 A, B). These findings are substantiated by quantitative analysis of the 

immune fluorescence microscopy images, revealing significantly higher PD-L1 

positive areas per MC38wt cancer cell and significantly lower PD-L1 positive area 

per immune cell within tumors of the acidosisIFN- compared to the neutralIFN- group 

(Figure 26 C, D). In conclusion, elevated PD-L1 expression on MC38wt cancer 

cells in the acidosisIFN- group is associated with a higher tumor volume compared 

to the neutralIFN- group suggesting a so far unknown mechanism of tumor immune 

escape (Figure 26, Figure 24 A).  
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Figure 26: Tumor acidosis elevates PD-L1 expression on cancer cells. 
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(A, B) Representative fluorescence microscopy images of s.c. MC38wt tumors isolated at day 18 

(post treatment start with sodium bicarbonate) from sodium bicarbonate (neutralIFN-) and regular 

drinking water (acidosisIFN-) treated mice and stained for PD-L1 and the proliferation marker Ki67.  

The dotted line separates proliferating MC38wt cancer cells on the left from non-proliferating 

immune cells on the right side. Tumor and immune cells were identified based on morphological 

characteristics as well as Ki67, CD4, CD8 and Iba1 staining performed in serial slices. (C, D) PD-

L1 fluorescence area was quantified in MC38wt tumor regions high (cancer cells) and low (immune 

cells) in Ki67 expression and normalized to the number of nuclei. Data is presented as mean ± SEM. 

Statistics: two-tailed Mann-Whitney test. Abbreviations: neutralIFN- = mice with intact IFN- 

signaling treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization, acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water 

leading to tumor pHe acidification.  

 

Furthermore, tumor pHe neutralization led to enhanced early activation of 

CD4+ T cells, determined by CD69 immune fluorescence microscopy (Figure 27). 

Interestingly, no pHe neutralization induced changes in CD8+ T cell and 

macrophage homing patterns were observed by fluorescence microscopy 

(Figure 27).  
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Figure 27: Tumor pHe neutralization elevates immune cell activation. 

(A) Representative fluorescence microscopy images of s.c. MC38wt tumors isolated at day 18 (post 

treatment start with sodium bicarbonate) from sodium bicarbonate (neutralIFN-) and regular drinking 

water (acidosisIFN-) treated mice and stained for CD69 (early activation marker), CD4 (CD4+ 

T cells), CD8b (CD8+ T cells), Ki67 (proliferation marker) and Iba1 (macrophages). Abbreviations: 

neutralIFN- = mice with intact IFN- signaling treated with sodium bicarbonate-enriched drinking 

water leading to tumor pHe neutralization, acidosisIFN- = mice with intact IFN- signaling receiving 

regular drinking water leading to tumor pHe acidification. 
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Histological analysis of H&E staining of MC38PD-L1-/- tumors revealed marked 

pleomorphism, abundant cytoplasm and large and pleomorphic nuclei. Both, 

tumors from the acidosisIFN- and neutralIFN- group showed a prominent central 

necrosis (Figure 28 A). Apart from significantly less necrosis in MC38PD-L1-/- 

tumors of the neutralIFN- compared to the acidosisIFN- group, there were no 

additional histological differences between both groups (Figure 28 A, B). PD-L1 

IHC of MC38PD-L1-/- tumors revealed a heterogeneous PD-L1 staining, with PD-L1 

negative cancer cells and regions of PD-L1 positive cells (not cancer cells) within 

the tumor. Furthermore, Iba1 IHC of MC38 tumors, which are known to be rich in 

macrophages [407-411], confirmed a high content of activated macrophages [412, 

413] in MC38PD-L1-/- tumors (Figure 28 B). The distribution of these activated 

macrophages in MC38PD-L1-/- tumors was heterogeneous with clusters of more and 

clusters of less intense Iba1 staining. Interestingly, Iba1 staining matched with 

regions of high PD-L1 expression. This suggests that the PD-L1 expression in PD-

L1 deficient MC38PD-L1-/- tumors originates from tumor resident macrophages 

(Figure 28 A). For both, tumors from the acidosisIFN- and neutralIFN- group a CD3 

IHC revealed few CD3+ T cells in the tumor periphery (Figure 28 A). 
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Figure 28: Histology and IHC of murine MC38PD-L1-/- tumors. 

(A) Representative H&E, Iba1, PD-L1 and CD3 staining of s.c. MC38PD-L1-/- tumors harvested at 

day 38 after onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. 

Animals were treated with sodium bicarbonate-enriched water ad libitum starting three days prior 

to cancer cell inoculation. MC38PD-L1-/- tumors (n = 3-4 animals per group) underwent H&E staining. 

Based on H&E staining, representative tumors were selected for Iba1, PD-L1 and CD3 IHC. Dotted 

and solid rectangles indicate the identical tumor region in the 12.5x H&E, Iba1 and PD-L1 images. 

The 50x magnification of the PD-L1 stained tumor region is equivalent to the excerpt indicated by 

the solid rectangle in the 12.5x magnification. The images in 200x magnification of the CD3 staining 

were obtained from the tumor periphery and tumor areas are not indicated in the 12.5x H&E images. 

(B)  The percentage of the necrotic area was quantified (quantification of pink surface area greater 

than 0.01 mm2 in MC38PD-L1-/- tumors stained with H&E) in MC38PD-L1-/- tumors from mice treated 

with sodium bicarbonate (neutralIFN-) or regular drinking water (acidosisIFN-). Data is presented as 

mean ± SEM. Statistics: two-tailed Mann-Whitney test. Abbreviations: neutralIFN- = mice with intact 

IFN- signaling treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization; acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water 

leading to tumor pHe acidification.  
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Mice on a C57BL/6J background are known to exhibit an augmented IL-12 

production by macrophages and an increased IFN- production [226, 227]. In order 

to investigate the role of IFN- secretion by various immune cells including CD8+ 

T cells on PD-L1 expression during sodium bicarbonate treatment, MC38wt cancer 

cells were inoculated in IFN--deficient mice. Genetically engineered B6.129S7-

Ifngtm1Ts/J mice are deficient in IFN- secretion and exhibit impaired MHC II 

antigens [365]. As an internal control, C57BL/6J mice from the same room within 

a breeding facility were used to ensure that the determined effects are not due to 

potential differences in the mouse microbiome originating from different husbandry 

conditions. Again, as shown before, MC38wt tumor bearing C57BL/6J mice with 

intact IFN- signaling exhibited a significant reduction in tumor volume upon 

sodium bicarbonate treatment at day 13 post MC38wt cancer cell inoculation 

(neutralIFN- vs. acidosisIFN-; Figure 29 A). In contrast to this finding, neither a 

sodium bicarbonate (neutral vs. acidosis) nor an anti-PD-L1 mAb treatment 

resulted in a reduction in MC38wt tumor volume in IFN--deficient mice. Also, the 

combination of sodium bicarbonate and anti-PD-L1 mAb treatment was inefficient 

in IFN--deficient mice (Figure 29 B).  

Taken together, these findings suggest that the effect of a sodium bicarbonate as 

well as anti-PD-L1 mAb therapy depends on the secretion of IFN- by various 

immune cells within the tumors. Or in other words, MC38wt tumors escape immune 

control via IFN- signaling and tumor acidosis most likely mediated by induction of 

PD-L1 expression, which is associated with higher tumor volumes in the 

acidosisIFN- compared to the neutralIFN- group and unaltered tumor volumes 

between the acidosis and neutral group.  
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Figure 29: Effect of sodium bicarbonate and/or anti-PD-L1 mAb therapy on MC38wt tumor 

growth in wild type and IFN--deficient mice. 

Tumor volume of MC38wt tumor-bearing (A) C57BL/6J (wild type) and (B) B6.129S7-Ifngtm1Ts/J 

(IFN--deficient) mice (1 independent experiment, n = 7-8 animals per group) treated with sodium 

bicarbonate-enriched water ad libitum starting three days prior to cancer cell injection and/or anti-

PD-L1 mAb (200 µg per mouse) treatment every third day, starting from day 4 post cancer cell 

injection. Data is presented as mean ± SEM. Statistics: Tukey’s multiple comparison test. 

Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium bicarbonate-

enriched drinking water leading to tumor pHe neutralization, acidosisIFN- = mice with intact IFN- 

signaling receiving regular drinking water leading to tumor pHe acidification, neutral = mice deficient 

in IFN- treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization, acidosis = mice deficient in IFN- receiving regular drinking water leading to tumor 

pHe acidification. 

 

Histological analysis again revealed marked pleomorphism, abundant cytoplasm 

as well as large and pleomorphic nuclei with conspicuous nucleolus. MC38wt 

tumors from C57BL/6J wild type mice from the neutralIFN- group exhibited again a 

slightly more intense PD-L1 staining compared to the acidosisIFN- group. 

Interestingly, the overall PD-L1 staining was more intense in MC38wt tumors from 

IFN--deficient B6.129S7-Ifngtm1Ts/J mice compared to MC38wt tumors from wild 

type C57BL/6J mice suggesting an engagement of other compensatory pathways 

that regulate PD-L1 expression on cancer cells apart from the IFN-- elF4F-STAT1-

PD-L1 axis. Noteworthy is the slightly weaker PD-L1 staining in MC38wt tumors of 

the neutralIFN- compared to the acidosisIFN- group of IFN--deficient B6.129S7-
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Ifngtm1Ts/J mice, without any additional differences in Iba1 and CD3 staining 

between the four experimental treatment groups (Figure 30). 

 

 

Figure 30: Histology and IHC of murine MC38wt tumors in wild type and IFN--deficient mice. 

Representative H&E, Iba1, PD-L1 and CD3 staining of s.c. MC38wt tumors grown in C57BL/6J wild 

type or IFN- knockout (k.o.) B6.129S7-Ifngtm1Ts/J mice harvested at day 16 after onset of 

treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. Animals were treated with 

sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell inoculation 

and/or repetitive anti-PD-L1 mAb (200 µg per mouse; every third day) treatment, starting from day 

4 post cancer cell inoculation. MC38wt tumors (n = 4-5 animals per group) underwent H&E staining. 

Based on H&E staining, representative tumors were selected for Iba1, PD-L1 and CD3 IHC. Dotted 

and solid rectangles indicate the identical tumor region in the 12.5x H&E, Iba1 and PD-L1 images. 

The 50x magnification of the PD-L1 stained tumor region is equivalent to the excerpt indicated by 

the solid rectangle in the 12.5x magnification. The images in 200x magnification of the CD3 staining 

were obtained from the tumor periphery and tumor areas are not indicated in the 12.5x H&E images. 

Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium bicarbonate-

enriched drinking water leading to tumor pHe neutralization, acidosisIFN- = mice with intact IFN- 

signaling receiving regular drinking water leading to tumor pHe acidification, neutral = mice deficient 

in IFN- treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization, acidosis = mice deficient in IFN- receiving regular drinking water leading to tumor 

pHe acidification. 
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As experimentally proven in chapter 4.1.6 and shown by Cerezo et al. [30], IFN- 

induces PD-L1 expression via the elF4F-STAT1 axis. Therefore, MC38 cells 

deficient in STAT1 (MC38STAT1-/-) were generated by the CRISP/Cas9 gene editing 

technology. MC38 cells were transfected with a non-targeting gRNA (control) and 

either pooled (MC38control pool) or subjected to clonal expansion (MC38control # F1). 

For a constitutive STAT1 knockout, MC38 cells were transfected with three 

individual STAT1 targeting gRNAs and clonally expanded (MC38STAT1-/- # 3F7, 

MC38STAT1-/- # 2A7). The hashtag indicates that the STAT1 knockout cell line was 

generated by clonal selection. The number indicates the gRNA that resulted in 

STAT1 depletion. The individual clone number originates from the position in a 96-

well plate where the clones were expanded. WB analysis was applied to confirm 

the STAT1 knockout in both clones (MC38STAT1-/- # 3F7, MC38STAT1-/- # 2A7). 

STAT1 levels were similar in MC38control pool and MC38control # F1 cells 

(Figure 31 A). Next the generated STAT1 knockout (MC38STAT1-/- # 3F7, 

MC38STAT1-/- # 2A7) as well as control MC38 cancer cells (MC38control pool, 

MC38control # F1) were studied focusing on their potential to engraft after s.c. 

inoculation in vivo and their ability to form solid tumors. Two out of five 

MC38control pool tumors were rejected in immune competent C57BL/6J mice. 

MC38control # F1 cancer cells did not engraft, and all tumors were rejected. This 

indicates, that through clonal expansion of MC38control cells a cancer cell clone 

might have been selected that is more immunogenic and unable to engraft in 

immune-competent C57BL/6J mice. In contrast, all MC38STAT1-/- # 3F7 tumors 

successfully engrafted and only two out of five MC38STAT1-/- # 2A7 tumors were 

rejected. Surprisingly, the tumor growth curves of MC38STAT1-/- # 3F7 and 

MC38STAT1-/- # 2A7 tumors were significantly different. MC38STAT1-/- # 3F7 tumors 

featured a significantly increased tumor volume compared to MC38control pool 

tumors, whereas the MC38STAT1-/- # 2A7 tumor volume was significantly reduced 

(Figure 31 B). These differences between pooled and clonal MC38control tumors as 

well as the two STAT1 knockout tumor clones most likely can be attributed to clonal 

effects.  
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Figure 31: Role of STAT1 on MC38STAT1-/- tumor growth in vivo. 

(A) CRISP/Cas9-mediated STAT1 knockout in MC38 cells were confirmed by WB analysis of 

STAT1 and β-actin. Control MC38wt cells were transfected with a non-targeting gRNA and either 

pooled (MC38control pool) or subjected to clonal expansion indicating the clone selected (MC38control 

# F1). MC38STAT1-/- cells were generated by transfection of MC38wt cells with 3 different STAT1 

targeting gRNAs and subjected to clonal expansion, resulting in the two clones # 3F7 and #2A7. 

(B) Tumor volume of MC38control pool, MC38STAT1-/- # 3F7, MC38STAT-/- # 2A7 and MC38control # F1 

tumor-bearing mice (n = 5 animals per group; 1 independent experiment). Data is presented as 

mean ± SEM. Statistics: Tukey’s multiple comparison test. 

 

Taken together, the tumor volume reduction upon sodium bicarbonate mediated 

tumor pHe neutralization in Th1 prone C57BL/6J mice depends on the inducible 

expression of the checkpoint inhibitor PD-L1 in MC38wt tumors. 

Next the findings on sodium bicarbonate treatment-mediated tumor volume 

reduction and increased PD-L1 expression were further validated in vivo applying 

CT26wt cancer cells with a low basal, but IFN--inducible PD-L1 expression 

(Figure 32 A, B). CT26wt cells originate from BALB/c mice, which are Th2 prone 

[226, 228]. CT26wt cancer cells were injected s.c. in BALB/c mice which received 

either regular drinking water or sodium bicarbonate-enriched water ad libitum 

starting three days prior to cancer cell inoculation [77, 81]. In accordance with the 

MC38wt in vivo experiments, CT26wt tumor-bearing mice were treated with a 

blocking anti-PD-L1 mAb or an isotype control antibody. BALB/c mice yielded a 

significant reduction in CT26wt tumor volume upon monotherapy with sodium 

bicarbonate (neutralIFN-) or anti-PD-L1 mAb as well as a combination of both 
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(Figure 32 A). In other words, tumor acidosisIFN- in immune competent mice 

resulted in elevated tumor volumes compared to sodium bicarbonate treated mice 

with neutralIFN- tumor pHe, suggesting a mechanism of tumor immune escape via 

acidosis and IFN-. Nevertheless, no additive effect of sodium bicarbonate and 

anti-PD-L1 mAb treatment (neutralIFN- + anti-PD-L1) was observed (Figure 32 A). 

In contrast, CT26PD-L1-/- tumors deficient in basal and IFN--inducible PD-L1 

expression, did not respond to sodium bicarbonate-mediated pHe neutralization 

(Figure 32 C, D). These findings are in accordance with the results obtained for 

MC38PD-L1-/- tumors (Figure 24 C).  
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Figure 32: Effect of sodium bicarbonate and/or anti-PD-L1 mAb therapy on CT26wt and 

CT26PD-L1-/- tumor growth in vivo. 

(A) Tumor volume of CT26wt (n = 7-8 animals per group; 1 independent experiment, statistics: 

Tukey’s multiple comparison test) and (C) CT26PD-L1-/- (n = 8 animals per group; 1 independent 

experiment, statistics: Sidak’s multiple comparison test) tumors in BALB/c mice treated with sodium 

bicarbonate water ad libitum starting three days prior to cancer cell injection and/or anti-PD-L1 mAb 

(200 µg per mouse) treatment every third day, starting from day 4 post cancer cell injection. Data 

is presented as mean ± SEM. Flow cytometry histograms of (B) CT26wt and (D) CT26PD-L1-/- cells 

cultured in the absence (light green) or presence (dark green) of IFN- (100 ng ml-1) for 48 h to 

confirm the CRISP/Cas9-mediated PD-L1 knockout. Abbreviations: neutralIFN- = mice with intact 
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IFN- signaling treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization, acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water 

leading to tumor pHe acidification. 

 

To study intra-tumor heterogeneity in terms of necrosis and immune cell 

recruitment upon sodium bicarbonate and anti-PD-L1 mAb treatment, H&E 

staining and IHC was performed. CT26wt tumors derived from mice of the 

acidosisIFN- group showed mild, mostly central necrosis. In contrast, small CT26wt 

tumors of neutralIFN- mice showed small multifocal necrosis, whereas medium 

sized CT26wt tumors of this group revealed mild, mostly central necrosis. 

Surprisingly, quantification of necrosis revealed significantly less necrosis in 

tumors of experimental mice from the neutralIFN- compared to acidosisIFN- group 

(Figure 33 A, B). CT26wt tumors derived from anti-PD-L1 mAb as well as anti-PD-

L1 mAb and sodium bicarbonate treated mice exhibited mild to intense focal 

necrosis in dependence of the tumor volume. While no significant inflammation 

could be observed in tumors of the acidosisIFN- and neutralIFN- group, treatment 

with the anti-PD-L1 mAb resulted in low to mild acute inflammation. CT26wt tumors 

characterized by a low basal PD-L1 expression exhibited minor PD-L1 IHC 

staining. PD-L1 expression patterns were heterogeneous and more pronounced 

on cells nearby necrotic regions. Tumors of the neutralIFN- group showed a slightly 

higher PD-L1 staining in CT26wt tumors compared to the acidosisIFN- group 

(Figure 33 A). Further, CT26wt tumors of mice treated with sodium bicarbonate or 

anti-PD-L1 yielded an increased CD3+ T cell homing to the tumor periphery, which 

was more pronounced, when both treatments were combined (Figure 33 A). 
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Figure 33: Histology and IHC of murine CT26wt tumors. 

(A) Representative H&E, PD-L1 and CD3 staining of s.c. CT26wt tumors harvested at day 17 after 

onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. Animals were 

treated with sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell 

inoculation and/or repetitive anti-PD-L1 mAb (200 µg per mouse; every third day) treatment, 

starting from day 4 post cancer cell inoculation. CT26wt tumors (n = 8 animals per group) underwent 

H&E staining. Based on H&E staining, representative tumors were selected for PD-L1 and CD3 

IHC. Dotted and solid rectangles indicate the identical tumor region in the 12.5x H&E and PD-L1 

images. The 50x magnification of the PD-L1 stained tumor region is equivalent to the excerpt 

indicated by the solid rectangle in the 12.5x magnification. The images in 200x magnification of the 

CD3 staining were obtained from the tumor periphery and tumor areas are not indicated in the 
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12.5x H&E images.  (B)  The percentage of the necrotic area was quantified (quantification of pink 

surface area greater than 0.01 mm2 in CT26wt tumors stained with H&E) in CT26wt tumors from 

mice treated with sodium bicarbonate (neutralIFN-) or regular drinking water (acidosisIFN-).  Data is 

presented as mean ± SEM. Statistics: two-tailed Mann-Whitney test. Abbreviations: neutralIFN-

 = mice with intact IFN- signaling treated with sodium bicarbonate-enriched drinking water leading 

to tumor pHe neutralization, acidosisIFN- = mice with intact IFN- signaling receiving regular drinking 

water leading to tumor pHe acidification. 

 

Interestingly, quantification of CT26PD-L1-/- tumor necrosis of the neutralIFN- group 

exhibited significantly more and larger necrotic areas compared to tumors of the 

acidosisIFN- group (Figure 34 A, B). Next, CT26PD-L1-/- tumors were stained for 

Iba1-positive, activated macrophages and PD-L1 expression. PD-L1 positive cells 

were mainly found in the outer margin of CT26PD-L1-/- tumors. Cells that stained 

positive for PD-L1 were identified by Iba1 IHC as activated macrophages 

(Figure 34 A), as described by others [412, 413]. Interestingly, macrophages are 

mainly located at the margin of CT26PD-L1-/- tumors and fewer macrophages were 

found in the center perfectly co-localizing with the PD-L1 IHC (Figure 34 A). 

Furthermore, in CT26PD-L1-/- tumors no differences in terms of CD3+ T cell homing 

were observed between the two treatment groups. Like CT26wt tumors, CD3+ 

T cells were mostly identified in the periphery of CT26PD-L1-/- tumors (Figure 34 A). 
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Figure 34: Histology and IHC of murine CT26PD-L1-/- tumors. 

(A) Representative H&E, Iba1, PD-L1 and CD3 staining of s.c. CT26PD-L1-/- tumors harvested at 

day 17 after onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. 

Animals were treated with sodium bicarbonate-enriched water ad libitum starting three days prior 

to cancer cell inoculation. CT26PD-L1-/- tumors (n = 8 animals per group) underwent H&E staining. 

Based on H&E staining, representative tumors were selected for Iba1, PD-L1 and CD3 IHC. Dotted 

and solid rectangles indicate the identical tumor region in the 12.5x H&E, Iba1 and PD-L1 images. 

The 50x magnification of the PD-L1 stained tumor region is equivalent to the excerpt indicated by 

the solid rectangle in the 12.5x magnification. The images in 200x magnification of the CD3 staining 

were obtained from the tumor periphery and tumor areas are not indicated in the 12.5x H&E images. 

(B) The percentage of the necrotic area was quantified (quantification of pink surface area greater 

than 0.01 mm2 in CT26PD-L1-/- tumors stained with H&E) in CT26PD-L1-/- tumors from mice treated 

with sodium bicarbonate (neutralIFN-) or regular drinking water (acidosisIFN-). Data is presented as 

mean ± SEM. Statistics: two-tailed Mann-Whitney test. Abbreviations: neutralIFN- = mice with intact 

IFN- signaling treated with sodium bicarbonate-enriched drinking water leading to tumor pHe 

neutralization, acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water 

leading to tumor pHe acidification.  
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Taken together, sodium bicarbonate-mediated tumor pHe neutralization increases 

PD-L1 expression in tumors of immune competent mice. Based on the investigated 

cell lines, this effect seems to be independent of the basal PD-L1 expression level 

as well as independent of the mouse strain. 

To expand these findings to tumor models classified as low-/non-responders to an 

anti-PD-1 and/or anti-PD-L1 mAb therapy, murine B16-F10wt and 4T1wt cancer 

cells were inoculated in C57BL/6J or BALB/c mice respectively. As expected, an 

anti-PD-L1 mAb treatment only slightly reduced the B16-F10wt tumor volume 

(Figure 35 A). Furthermore, treatment with sodium bicarbonate did not result in a 

reduction in tumor volume, whereas a combined treatment approach with sodium 

bicarbonate and anti-PD-L1 mAb resulted in slightly increased B16-F10wt tumor 

volumes (Figure 35 A). Similar results were obtained for 4T1wt tumors, where 

neither sodium bicarbonate, nor an anti-PD-L1 mAb monotherapy, nor the 

combination was associated with a tumor volume reduction (Figure 35 B). In other 

words, tumor acidosis in immune competent mice with intact IFN- signaling 

(acidosisIFN-) did not result in a tumor immune escape reflected by increased B16-

F10wt or 4T1wt tumor volumes when compared to neutralIFN-. In this context it is 

important to mention, that 4T1wt tumor-bearing BALB/c mice died from a fatal 

hypersensitivity reaction between the fourth and fifth administration of the 

therapeutic anti-PD-L1 mAb. This life threatening hypersensitivity reaction has 

been described by Mall et al. for repeated anti-PD-L1 mAb and anti-PD-1 mAb 

administration in 4T1wt tumor-bearing BALB/c mice [414]. Upon mAb treatment 

Mall et al. found a systemic accumulation of IgG1 antibodies against the 

therapeutic anti-PD-L1 mAb, finally leading, together with an accumulation of GR-

1high neutrophils in the lungs, to death [414].  
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Figure 35: Effect of sodium bicarbonate and/or anti-PD-L1 mAb therapy on B16-F10wt and 

4T1wt tumor growth in vivo. 

(A) Tumor volume of B16-F10wt (n = 5-8 animals per group; 1 independent experiment) and (B) 

4T1wt (n = 5-8 animals per group; 1 independent experiment) tumors in C57BL/6J and BALB/c mice 

treated with sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell 

injection and/or anti-PD-L1 mAb (200 µg per mouse) treatment every third day, starting from day 4 

(B16-F10wt) or 5 (4T1wt) post cancer cell injection. Data is presented as mean ± SEM. Statistics: 

Tukey’s multiple comparison test. Abbreviations: neutralIFN- = mice with intact IFN- signaling 

treated with sodium bicarbonate-enriched drinking water leading to tumor pHe neutralization, 

acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water leading to tumor pHe 

acidification.  

 

Histology of B16-F10wt melanomas revealed a moderate, central necrosis and 

marginal signs of inflammation in the periphery across all four treatment groups. A 

pronounced PD-L1 staining was observed on cancer cells around necrotic areas. 

In melanomas derived from the neutralIFN- group, PD-L1 staining was more 

homogeneous compared to the acidosisIFN- group (Figure 36). In B16-F10wt 

melanomas of the acidosisIFN- group, CD3+ T cells were mainly located in the 

periphery and only few T cells were found within the tumor. Surprisingly, tumors of 

the neutralIFN- group revealed even less CD3+ T cells compared to the acidosisIFN-

 group. B16-F10wt melanomas from anti-PD-L1 mAb treated mice yielded a slightly 

higher T cell homing, whereas tumors from the combined treatment group 

(neutralIFN- + anti-PD-L1) exhibited similar numbers of CD3+ T cells as in the 

acidosisIFN- group (Figure 36). 
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Figure 36: Histology and IHC of murine B16-F10wt tumors. 

Representative H&E, PD-L1 and CD3 staining of i.c. B16-F10wt tumors harvested at day 14 after 

onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. Animals were 

treated with sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell 

inoculation and/or repetitive anti-PD-L1 mAb (200 µg per mouse; every third day) treatment, 

starting from day 4 post cancer cell inoculation. B16-F10wt tumors (n = 8 animals per group) 

underwent H&E staining. Based on H&E staining, representative tumors were selected for PD-L1 

and CD3 IHC. Dotted and solid rectangles indicate the identical tumor region in the 12.5x H&E and 

PD-L1 images. The 50x magnification of the PD-L1 stained tumor region is equivalent to the excerpt 

indicated by the solid rectangle in the 12.5x magnification. The images in 200x magnification of the 

CD3 staining were obtained from the tumor periphery and tumor areas are not indicated in the 

12.5x H&E images. Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium 

bicarbonate-enriched drinking water leading to tumor pHe neutralization, acidosisIFN- = mice with 

intact IFN- signaling receiving regular drinking water leading to tumor pHe acidification. 

 

The 4T1wt tumor-bearing mice of the acidosisIFN- and neutralIFN- group showed 

some degree of tumor necrosis. Further, a heterogeneous PD-L1 expression was 

found in 4T1wt tumors of all experimental groups. Cells with pronounced PD-L1 
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expression were found in clusters around necrotic tumor regions, as well as in 

areas without necrosis. 4T1wt tumors of the neutralIFN- group yielded abundant 

CD3+ T cells in the periphery as well as across the entire tumor, which was more 

prominent than in the acidosisIFN- group (Figure 37).  

 

 

Figure 37: Histology and IHC of murine 4T1wt tumors. 

Representative H&E, PD-L1 and CD3 staining of orthotropic 4T1wt tumors harvested at day 20 after 

onset of treatment with sodium bicarbonate (neutralIFN-) enriched drinking water. Animals were 

treated with sodium bicarbonate-enriched water ad libitum starting three days prior to cancer cell 

inoculation and/or repetitive anti-PD-L1 mAb (200 µg per mouse; every third day) treatment, 

starting from day 5 post cancer cell inoculation. 4T1wt tumors (n = 5-8 animals per group) 

underwent H&E staining. Based on H&E staining, representative tumors were selected for PD-L1 

and CD3 IHC. Dotted and solid rectangles indicate the identical tumor region in the 12.5x H&E, 

Iba1 and PD-L1 images. The 50x magnification of the PD-L1 stained tumor region is equivalent to 

the excerpt indicated by the solid rectangle in the 12.5x magnification. The images in 200x 

magnification of the CD3 staining were obtained from the tumor periphery and tumor areas are not 

indicated in the 12.5x H&E images.  Abbreviations: neutralIFN- = mice with intact IFN- signaling 

treated with sodium bicarbonate-enriched drinking water leading to tumor pHe neutralization, 

acidosisIFN- = mice with intact IFN- signaling receiving regular drinking water leading to tumor pHe 
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acidification. 

 

Taken together, induction of membrane-bound cancer cell PD-L1 expression upon 

acidosisIFN- seems to represent a not yet described mechanism of tumor immune 

escape. Furthermore, sodium bicarbonate-mediated tumor pHe neutralization did 

not result in a significant tumor volume reduction in the selected low-/non-

responder tumor models when immune competent mice with intact IFN- signaling 

were applied. Furthermore, sodium bicarbonate treatment was not applicable to 

elevate PD-L1 expression in the selected low-/non-responder tumor models when 

compared to the anti-PD-L1 mAb therapy responder models MC38wt and CT26wt. 

In summary, these findings suggest that sodium bicarbonate treatment enforces 

the recruitment of T cells and elevates immune cell PD-L1 expression patterns. 

Tumor acidosis together with IFN- results in elevated cancer cell PD-L1 

expression and increased tumor volumes, representing a mechanism of immune 

escape, targetable by an anti-PD-L1 mAb therapy.  

4.1.10 Imaging tumor acidosis non-invasively in vivo using acidoCEST-MRI 

AcidoCEST-MRI represents a promising technology to evaluate the tumor pHe 

non-invasively in vivo.  

Therefore, the tumor pHe of s.c. MC38wt tumors at the right shoulder of C57BL/6J 

mice was neutralized by treatment with sodium bicarbonate-enriched (200 mM)  

water administered ad libitum three days prior cancer cell inoculation. The tumor 

pHe was measured by non-invasive in vivo acidoCEST-MRI [76, 77, 81, 375]. 

AcidoCEST-MRI measurements with iopamidol were conducted at day 10 post 

cancer cell inoculation. Mice that received regular drinking water revealed tumor 

pHe values ranging from 6.48 to 6.85 (Figure 38 A). Of note, the linear calibration 

range was between 6.2 and 7.4. Therefore, the MC38wt tumor of mouse 4 of the 

acidosisIFN- group (pHe 5.15) and of mouse 4 of the neutralIFN- group (pHe 7.53) 

had to be excluded. Most importantly, sodium bicarbonate treated mice of the 

neutralIFN- group exhibited a significantly higher tumor pHe ranging from 7.04 to 

7.27. In summary sodium bicarbonate treatment significantly increased the pHe of 

MC38wt tumors at day 10 post cancer cell inoculation (Figure 38 A, B).  

H&E staining of MC38wt tumors of the neutralIFN- group revealed minimal to 

moderate focal necrosis, whereas tumors of the acidosisIFN- group exhibited a lack 
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of massive central necrosis at day 10 post cancer cell inoculation. In the untreated 

acidosisIFN- group, the macrophage population within MC38wt tumors was 

homogeneous and was surrounding the necrotic areas, whereas less 

macrophages were identified in tumors of the neutralIFN- group (Figure 38 C). In 

addition, a more intense PD-L1 staining of the MC38wt tumors derived from the 

neutralIFN- group was observed (Figure 38 C) and is in line with the findings shown 

in Figure 25 for MC38wt tumors which were isolated at day 15 post cancer cell 

inoculation. In tumors of the experimental acidosisIFN- group, the PD-L1 staining 

was associated with necrotic tumor regions. The association between PD-L1 and 

tumor necrosis observed at day 15 in MC38wt tumors of the sodium bicarbonate-

treated neutralIFN- group (Figure 25 A) was not determined at day 10. 

Furthermore, CD3 IHC yielded a similar number of T cells within tumors of both 

experimental groups (Figure 38 C). 
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Figure 38: Imaging of tumor pHe neutralization via sodium bicarbonate treatment using non-

invasive in vivo acidoCEST-MRI. 

(A) pHe-maps overlaid over T2-weighted axial MRI images of MC38wt tumor (s.c., right shoulder) 

bearing mice injected with iopamidol (i.v.) at day 13 post treatment start with sodium bicarbonate 

water. Mice received either sodium bicarbonate (neutralIFN-) water or regular drinking (acidosisIFN-

) water three days prior cancer cell injection. (B) Average pHe across the whole tumor. Sodium 

bicarbonate treatment significantly increased tumor pHe measured by acidoCEST-MRI at day 13 

(n = 3-4 animals per group; 1 independent experiment; mouse 4 of the neutralIFN- and mouse 4 of 

the acidosisIFN- group were excluded from quantitative analysis as measured pHe-value were out 

of calibration range). Data is presented as mean ± SEM. Statistics: one-tailed nonparametric Mann 

Whitney test. (C) Representative images of s.c. MC38wt tumors isolated at day 13 post treatment 



4. Results 

  - 146 -   

 

start with sodium bicarbonate water and stained for H&E, Iba1, PD-L1 and CD3 (acidosisIFN-: n = 4, 

neutralIFN-: n = 5). Abbreviations: neutralIFN- = mice with intact IFN- signaling treated with sodium 

bicarbonate-enriched drinking water leading to tumor pHe neutralization, acidosisIFN- = mice with 

intact IFN- signaling receiving regular drinking water leading to tumor pHe acidification. 

 

Taken together, sodium bicarbonate-mediated pHe neutralization was confirmed in 

MC38wt tumors at day 10 post cancer cell inoculation by acidoCEST-MRI. Tumors 

of experimental mice of the neutralIFN- group yielded enhanced PD-L1 expression 

patterns at day 10, confirming our results within MC38wt tumors isolated at day 15. 

Nevertheless, contradictory results were obtained for CD3 and macrophage IHC 

at day 10 and day 15, highlighting the dynamics of immune cell homing to the 

tumor site. 

4.2 Non-invasive in vivo BLI of tumor hypoxia using 5xHRE-ODD-luc reporter cell 

lines 

As shown in the previous chapter, immune cell-derived IFN- and acidosis together 

induce PD-L1 expression on cancer cells. Furthermore, other authors reported an 

elevation of PD-L1 expression upon hypoxia [161, 415]. Therefore, hypoxia was 

imaged and correlated with PD-L1 expression. 

4.2.1 In vitro validation of hypoxia reporter 5xHRE-ODD-luc cell lines  

Tumor hypoxia is one of the main features of the TME and is an interesting 

condition to study and image non-invasively. Beside the widely studied PET tracers 

18F-FMISO [416, 417] and 18F-FAZA [418-421], hypoxia reporter genes attracted 

attention in recent years. To image hypoxia non-invasively by BLI, cells are 

transduced with a 5xHRE-ODD-luc construct. Upon hypoxia, Luciferase gene 

expression is induced and luciferase activity can be measured by BLI [267, 275]. 

To generate murine hypoxia reporter cell lines, MC38, CT26, B16-F10 and 4T1 

cells were transduced with the 5xHRE-ODD-luc construct and selected by 

increasing puromycin concentrations. Reporter gene expression was detected and 

validated by culturing cancer cells either under normoxic (20% O2) or under 

hypoxic (1% O2) conditions. Hypoxic conditions were generated by an incubator 

chamber with a gas mixture containing 1% O2, 5% CO2 and 94% N2. Induction of 

Luciferase gene expression upon hypoxia was determined after 24 h by qRT-PCR 

analysis. Hypoxia resulted in increased Luciferase mRNA levels in MC38-HRE-
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ODD-luc (~ 3-fold), CT26-HRE-ODD-luc (~ 5-fold), B16-F10-HRE-ODD-luc (~ 8-

fold) and 4T1-HRE-ODD-luc (~ 4-fold) cells (Figure 39 A). Next, the hypoxia 

reporter cancer cell lines were evaluated for the expression of functional luciferase 

under hypoxia. Therefore, cancer cells were cultured under normoxic and hypoxic 

conditions for 48 h. Then cells were harvested, and the luciferase enzyme activity 

was measured. Hypoxia resulted in increased relative luciferase activity in MC38-

HRE-ODD-luc (~ 4-fold), CT26-HRE-ODD-luc (~ 10-fold), B16-F10-HRE-ODD-luc 

(~ 3-fold) and 4T1-HRE-ODD-luc (~ 16-fold) cells (Figure 39 B). Interestingly the 

measured luciferase mRNA expression and activity matched for all cell lines apart 

from B16-F10-ODD-luc melanoma cells. Under hypoxia the B16-F10-ODD-luc 

melanoma cells revealed the highest Luciferase induction on the mRNA level 

amongst all investigated cancer cell lines but yielded the lowest luciferase activity 

(Figure 39 A, B). The reduced luciferase activity compared to the Luciferase 

mRNA expression level in B16-F10-HRE-ODD-luc melanoma cells under hypoxic 

conditions might be due to the photon absorbing effect of the melanin [422, 423]. 

Next, detection of hypoxia was evaluated using the IVIS® Spectrum OI system. 

Therefore, induction of hypoxia was mimicked chemically by CoCl2 treatment. 

CoCl2 blocks prolyl hydroxylation by exchanging Fe with Co and thereby stabilizes 

HIF1-α via inhibition of its degradation [424-427]. Treatment of the four hypoxia 

reporter cancer cells lines resulted in increased luciferase activity measured by 

BLI in the IVIS® Spectrum OI system, confirming the hypoxia related induction of 

functional luciferase expression (Figure 39 C).  

In summary, induction of luciferase gene and functional enzyme expression upon 

hypoxia could be confirmed in vitro in the four generated hypoxia reporter cancer 

cells lines MC38-HRE-ODD-luc, CT26-HRE-ODD-luc, B16-F10-HRE-ODD-luc 

and 4T1-HRE-ODD-luc. Nevertheless, the magnitude of luciferase gene 

expression induction and enzyme activity varies between the four investigated 

cancer cell lines. 
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Figure 39: In vitro validation of four cell lines transfected with the HRE-ODD-luc construct. 

(A) Relative Luciferase mRNA expression normalized to the housekeeping gene 18S of MC38-

HRE-ODD-luc, CT26-HRE-ODD-luc, B16-F10-HRE-ODD-luc and 4T1-HRE-ODD-luc cells 

selected by puromycin and cultured under normoxic (20% O2) or hypoxic (1% O2) conditions for 

24 h (4 independent experiments, n = 4). (B) Luciferase activity of the respective cancer cell lines 

was measured after 48 h of normoxic (20% O2) or hypoxic (1% O2) culture conditions using a Victor 

3V plate reader (3-4 independent experiments, n = 5). Data is presented as mean ± SEM. Statistics: 

Sidak’s multiple comparison test. (C) In vitro BLI of the indicated cell lines treated with CoCl2 

(200 µM) for 48 h. The cell number for the respective cell lines and conditions was adjusted to 

1.5*106 cells each. 

4.2.2 Interplay between tumor hypoxia, PD-L1 expression and T cell homing 

Next, CT26-HRE-ODD-luc reporter cancer cells were evaluated in vivo for 

functional luciferase enzyme activity upon tumor hypoxia with the IVIS® Spectrum 
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OI system. Tumor hypoxia naturally evolves due to either increased oxygen 

consumption or inadequate oxygen supply in vivo [428]. 

In week three post CT26-HRE-ODD-luc cancer cell inoculation tumor-bearing mice 

revealed variable BLI signal intensities within the tumor. Mouse 2 exhibited a 

relatively high and mouse 6 a relatively low BLI signal intensity suggesting that the 

CT26-HRE-ODD-luc tumor from mouse 2 is more hypoxic than from mouse 6 

(Figure 40 A). The BLI signal intensity and therefore tumor hypoxia developed to 

a similar extend as the CT26-HRE-ODD-luc tumor volume over time 

(Figure 40 B, C). Several studies have shown that hypoxia directly regulates PD-

L1 expression on cancer cells via HIF-1α binding to the HRE in the PD-L1 promoter 

region [161, 162]. Therefore, Pd-l1 mRNA and PD-L1 total protein levels within the 

CT26-HRE-ODD-luc tumor mass were evaluated by qRT-PCR and WB analysis. 

Overall, ∆Pd-l1 mRNA expression levels ranging from 19.0 to 20.7 were similar 

across all 8 evaluated CT26-HRE-ODD-luc tumors. The CT26-HRE-ODD-luc 

tumor of mouse 2 that exhibited a higher BLI signal intensity at day 20 post cancer 

cell inoculation also exhibited a lower ∆Pd-l1 mRNA expression level compared to 

the CT26-HRE-ODD-luc tumor of mouse 1 (Figure 40 D). The elevated BLI signal 

intensity in the tumor of mouse 2 correlated with increased total PD-L1 expression 

compared to the tumor of mouse 1 and mouse 3 in this experiment (Figure 40 E). 

Nevertheless, this effect was not as prominent anymore when the number of 

experimental animals was increased (mouse 4-8; Figure 40 A-E). As the average 

radiance across the whole tumor was evaluated, spatial heterogeneity in terms of 

hypoxic clusters cannot be evaluated. To overcome this drawback, sampling tumor 

tissue from highly hypoxic and less hypoxic tumor regions and then subjecting 

them to PD-L1 expression analysis might leverage more significant correlations 

between hypoxia and PD-L1 expression. Next, the presence of CD3+ T cells within 

CT26-HRE-ODD-luc tumors was evaluated by IHC and correlated with BLI signal 

intensities obtained by in vivo OI of CT26-HRE-ODD-luc tumor-bearing mice 

(Figure 40 F, G). Tumors exhibited heterogeneous amounts of CD3+ T cells 

equally distributed throughout the tumor section. Furthermore, no significant 

correlation between the BLI signal intensity and the CD3+ T cell infiltrate could be 

determined (Figure 40 G). 

In summary, CT26-HRE-ODD-luc hypoxia reporter cancer cells exhibited 

increased BLI signal intensities correlating with increasing tumor volumes in vivo. 
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In contrast to the initial hypothesis, neither a correlation between the BLI signal 

and therefore tumor hypoxia with PD-L1 expression nor with CD3+ T cell infiltration 

could be determined in vivo. 

 

Figure 40: In vivo hypoxia imaging using CT26-HRE-ODD-luc cancer cells. 

(A) BLI of CT26-HRE-ODD-luc tumor-bearing mice 20 days (mouse 1-3) or 21 days (mouse 4-8) 

post s.c. cancer cell inoculation into the right shoulder of experimental mice (medium binning, FOV: 

13.2, exposure: 10 s). (B) BLI signal intensity was acquired and quantified (10% threshold) and (C) 
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the tumor volume was determined by a caliper over the time course of 21 days (n = 8 animals; 

2 independent experiment). (D) Pd-l1 expression was determined in CT26-HRE-ODD-luc tumors, 

normalized to 18S, and presented as ∆Pd-l1 (n = 8 animals; triplicates; 2 independent experiment). 

Data is presented as mean ± SEM. (E) WB analysis of PD-L1 and β-actin in CT26-HRE-ODD-luc 

tumors (3 s exposure for mouse 1-3 and 2 s exposure time for mouse 4-8). (F) Representative CD3 

IHC of one s.c. CT26-HRE-ODD-luc tumor isolated at day 21 post cancer cell inoculation. (G) 

CD3+ T cells were counted and correlated with the BLI signal intensity. Between 2,604 and 24,241 

CD3+ T cells were counted per tumor and normalized to the tumor area [mm2]. A nonparametric 

Spearman’s rank correlation between the number of CD3+ T cells mm2 and the average radiance 

[p/s/cm2/sr] was computed with nsp = 0.4279. 

 

4.3 Identification of TDLNs of a s.c. colon adenocarcinoma 

In the previous chapters, the interplay between the immune system and cancer 

cells in terms of PD-L1 expression was studied. As TDLNs and the lymphatic 

vascular network play an essential role in the anti-tumor T cell immune response 

[429], checkpoint-inhibitor therapies [208] and metastasis [366, 430, 431], non-

invasive in vivo imaging was evaluated for the identification of TDLNs [432]. In this 

regard, the three imaging modalities OI, PET and MRI were applied to identify the 

TDLNs of a MC38wt colon adenocarcinoma on the right shoulder of C57BL/6J mice. 

Beside different imaging modalities, two contrast agents were evaluated for OI. 

The characteristics of the applied imaging agents and their application in previous 

studies are described in the respective Material and Method section. Most 

importantly the investigated imaging agents differ in their molecular weight, with 

[18F]FDG representing the molecule with the lowest and IRDye® 800CW 

poly(ethylene glycol) (PEG) with the highest molecular weight. Furthermore, the 

OI agents non-specifically accumulate within the TDLN, whereas [18F]FDG is taken 

up by activated immune cells within the TDLN exhibiting a higher glucose 

metabolism. Therefore, [18F]FDG represents are more functional imaging agent. 

4.3.1 Non-invasive in vivo imaging of TDLN with OI 

Patent Blue V is a clinically approved dye. Upon subdermal injection Patent Blue V 

is trapped in the lymph and stains sentinel LNs for resection in e.g., breast cancer 

patients [433-435].  

For in vivo measurements in this experimental setting, three LNs, the proper 

axillary, accessory axillary and subiliac LN were of main interest, due to their 

proximity to the s.c. MC38wt tumor at the right shoulder of the mouse 
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(Figure 41 A,B). The Patent Blue V uptake was higher in the LN of the tumor-

bearing site, thereafter, named TDLN, compared to the uptake in the LN of the 

contralateral site, thereafter, named NTDLN. Enrichment of the synthetic dye 

Patent Blue V in the accessory axillary, proper axillary and slightly in the subiliac 

TDLN was visible by eye and was more pronounced than in the LNs of the 

contralateral site (Figure 41 C). Interestingly, accumulation of Patent Blue V in the 

subiliac TDLN varied depending on the actual position of the MC38wt tumor 

representing the injection site of the dye. The subiliac TDLN staining was more 

pronounced when the tumor was located slightly lower (inferior; Figure 41 C). 

 

 

Figure 41: Localization of LNs in mice. 

(A) Schematic representation of the localization and nomenclature of murine LNs adapted from 

[436]. (B) Indication of the MC38wt tumor location at the right shoulder and the Patent Blue V 

injection site next to the tumor. (C) Indication of the tumor-draining and non-tumor-draining lymph 

nodes (TDLN and NTDLN respectively) of a MC38wt colon adenocarcinoma at the right shoulder, 

namely proper axillary LN, accessory axillary LN and subiliac LN. 
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To proof the suitability of Patent Blue V for non-invasive fluorescence in vivo OI, 

phantoms were applied to determine the optimal excitation and emission filter 

settings. Tellier et al. have shown, that only the human serum albumin (HSA) 

bound Patent Blue V emits light upon excitation, whereas free Patent Blue V 

doesn’t [354]. Therefore, 15 ml phantoms with PBS and a concentration of 

4 µmol l-1 Patent Blue V (sodium salt) without or with (33 g l-1) BSA were generated 

and subsequently imaged with different excitation and emission filter settings. For 

each excitation and emission filter pair, the exposure time was documented 

(Figure 42 A). Furthermore, phantom images were assessed for auto-

fluorescence for each individual filter setting (Figure 42 B). An excitation filter of 

675 nm and an emission filter of 720 nm were chosen for in vivo measurements 

due to the low exposure time of 3 s, low auto-fluorescence, and the relatively high 

excitation wavelength. 

 

 

Figure 42: Patent Blue V phantom measurements. 

Different excitation (570 nm, 605 nm, 640 nm, 675 nm, 710 nm) and emission (620 nm, 640 nm, 

680 nm, 700 nm, 720 nm, 740 nm, 760 nm, 780 nm) filters were applied and the (A) exposure time 

as well as (B) images of 15 ml phantoms with 4 µmol l-1 Patent Blue V in PBS (left phantom) or 
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PBS with 33 g l-1 BSA (right phantom, [354]) were acquired with the IVIS® system (medium binning, 

FOV: 25, f-stop:2). 

 

As accumulation of Patent Blue V in the respective TDLN was already detectable 

by eye (Figure 41 C), in a next step the dye was applied for in vivo OI due to its 

fluorescent characteristics [354]. TDLNs were visualized using in vivo and ex vivo 

fluorescence OI. As previously described, mice were injected with Patent Blue V 

s.c. in proximity to the MC38wt tumor of an approximate size of 80 mm3 

(Figure 43 A). In vivo imaging yielded a weak fluorescence signal in the axilla on 

the tumor-bearing site of two out of five experimental mice (Figure 43 B). Overall 

the in vivo detected fluorescence signal intensity was fairly weak, most likely due 

to light absorption, auto-fluorescence and a limited penetration depth of 

approximately 4 mm [266]. Furthermore, the in vivo determined fluorescence 

signal intensity was cross-validated ex vivo. Accessory axillary and proper axillary 

LNs yielded an elevated Patent Blue V uptake at the tumor-bearing compared to 

the contralateral site of experimental mice. Ex vivo quantification of the 

fluorescence signal confirmed the accessory axillary and proper axillary LNs at the 

tumor-bearing site as the main TDLN. In one experimental mouse a marginal 

Patent Blue V uptake in the subiliac LN at the tumor-bearing site was observed. 

Nevertheless, there was no significant difference in Patent Blue V uptake in the 

subiliac LN on the tumor-bearing compared to the contralateral site 

(Figure 43 C,D).  
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Figure 43: In vivo and ex vivo Patent Blue V OI of TDLNs. 

(A) MC38wt tumor volumes (mm3) at day 7 post cancer cell inoculation. (B) Mice bearing a MC38wt 

colon adenocarcinoma at the right shoulder were s.c. injected with Patent Blue V (25 mg ml-1) in 

tumor proximity for in vivo OI (ventral position, uptake time: 5 min, medium binning, FOV: 14, f-

stop:2, exposure: 10 s, excitation filter: 675 nm, emission filter: 720 nm). The tumor-draining lymph 

node (TDLN) and the MC38wt tumor are indicated with an error. (C) Mice were sacrificed, and the 

indicated LNs were isolated and analyzed by ex vivo OI. (D) Ex vivo quantification of the Patent 

Blue V uptake in the LNs (n = 5 animals). Data is presented as mean ± SEM. Statistics: Tukey’s 

multiple comparison test. Abbreviation: LN = lymph node, TDLN = tumor-draining lymph node. 

 

Next the NIR contrast agent IRDye® 800CW conjugated to PEG was studied. The 

molecular weight of IRDye® 800CW PEG ranges between 25-60 kDa and is 

therefore markedly larger than the molecular weight of the Patent Blue V sodium 

salt [367, 368]. Similarly, as for Patent Blue V, mice were injected with 

IRDye® 800CW PEG s.c. in proximity to MC38wt tumors with an approximate size 

of 75 mm3 on the right shoulder of the experimental mouse (Figure 44 A). In vivo 

imaging revealed an accumulation of IRDye® 800CW PEG in the axilla on the 

tumor-bearing site of one out of five mice (Figure 44 B). As a strong signal 
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intensity was detected at the injection site, the absence of IRDye® 800CW PEG 

uptake in the LNs most likely does not reflect a detection problem, but rather an 

insufficient or weaker accumulation of the tracer in the TDLN when compared to 

Patent Blue V. This might be related to the larger molecular weight of 

IRDye® 800CW PEG which impedes or delays lymph vessel penetration. Although 

being used as a contrast agent for in vivo visualization of LNs by others [366, 368], 

ex vivo analysis revealed no IRDye® 800CW PEG NIR signal neither in the TDLN, 

nor in the NTDLN (Figure 44 C). In this regard, Proulx et al. reported a slow 

clearance of the dye from the injection site at a higher molecular weight [366]. 

Therefore, an even longer uptake duration might be recommended for 

IRDye® 800CW PEG OI measurements.   

 

 

Figure 44: In vivo IRDye® 800CW PEG OI of TDLNs.  

(A) MC38wt tumor volumes (mm3) at day 7 post cancer cell inoculation. (B) Mice bearing a MC38wt 

colon adenocarcinoma at the right shoulder were s.c. injected with IRDye® 800CW PEG (~0.1 nmol; 

[368]) in tumor proximity. In vivo OI was performed 30 min post IRDye® 800CW PEG injection 

(ventral position, n = 5 animals, medium binning, FOV: 25, f-stop: 2, auto exposure, excitation filter: 

745 nm, emission filter: 800 nm). The tumor-draining lymph node (TDLN) and the MC38wt tumor 

are indicated with an error. C) Mice were sacrificed, and the indicated LNs were isolated and 

analyzed by ex vivo OI. Data is presented as mean ± SEM. Abbreviation: LN = lymph node, 

TDLN = tumor-draining lymph node. 

 



4. Results 

  - 157 -   

 

Taken together, exclusively Patent Blue V OI was qualified to identify the accessory 

axillary and proper axillary LNs as the main TDLNs. This information on TDLNs 

obtained by in vivo and ex vivo imaging is crucial, as Fransen et al. have 

experimentally shown that the TDLNs are pivotal for a successful anti-PD-1 mAb 

checkpoint inhibitor therapy [208]. 

4.3.2 Non-invasive in vivo imaging of TDLN with PET/MRI 

Next, the in clinical oncology commonly applied [18F]FDG-PET/MRI technology, 

enabling three-dimensional, quantitative and high-resolution imaging, was 

evaluated for the feasibility of detecting TDLNs of s.c. MC38wt tumors at the right 

shoulder of experimental mice using the previously described set-up. The rational 

for this study was to overcome the limitations of OI in terms of light absorption, 

penetration depth and the lack of three-dimensional quantitative imaging by 

PET/MRI. Combined PET/MRI measurements enable functional [18F]FDG imaging 

of activated immune cells in the TDLN together with MRI qualified to provide 

essential anatomical information about the respective [18F]FDG uptake site. 

Therefore, combined [18F]FDG-PET/MRI measurements represent a clinically 

highly relevant approach to identify TDLNs.  

Thus, mice were injected s.c. with 3.3 - 4.0 MBq [18F]FDG in proximity to the s.c. 

MC38wt tumors of about 50 mm3 on the right shoulder of the mice. In vivo 

[18F]FDG-PET/MRI revealed in the axilla of experimental mice a higher [18F]FDG 

tracer uptake at the tumor-bearing when compared to the contralateral site 

(Figure 45 A,B). LNs were identified based on the MR images, but it was not 

possible to distinguish the [18F]FDG uptake of the accessory axillary from the 

proper axillary LN in vivo. Furthermore, the subiliac LN was not detectable by 

[18F]FDG-PET/MRI. Ex vivo biodistribution analysis of the [18F]FDG-uptake by 

gamma counting, identified the accessory axillary LN as the main TDLN of a s.c. 

MC38wt tumor at the right shoulder. These findings were confirmed by ex vivo 

[18F]FDG autoradiography analysis of the respective LNs (Figure 45 C-E). 
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Figure 45: Imaging of TDLNs by [18F]FDG-PET/MRI in vivo and ex vivo. 

(A) MC38wt tumor volumes (mm3) at day 7 post cancer cell injection. (B) Mice bearing a MC38wt 
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colon adenocarcinoma at the right shoulder were injected with [18F]FDG in tumor proximity for 

in vivo PET/MR imaging. Representative PET images of the last 10 min frame of a 60 min dynamic 

PET scan were merged with the respective MR image, indicating the tumor-draining (TDLN, coronal 

slice 36) and non-tumor-draining (NTDLN, coronal slice 41) LN as well as the MC38wt tumor at the 

right shoulder of the mouse. (C) %ID corrected for radioactive decay of tumor-draining and non-

tumor-draining accessory axillary, proper axillary and subiliac LNs. (D) Quantitative ex vivo 

[18F]FDG-autoradiography analysis and (E) autoradiography images of the respective LNs (n = 3 

animals). Data is presented as mean ± SEM. Statistics: Tukey’s multiple comparison test. 

Abbreviation: LN = lymph node, TDLN = tumor-draining lymph node, NTDLN = non-tumor-draining 

lymph node. 

 

Taken together in vivo [18F]FDG-PET/MRI is applicable to identify TDLNs. 

Nevertheless, separation of the [18F]FDG signal originating from the accessory and 

proper axillary LN was not possible in vivo due to their proximity in the axilla of the 

mouse.  

4.4 Characterization of tumor metabolism during p53 re-activation induced 

senescence 

After studying the effect of IFN-, acidosis and hypoxia on PD-L1 expression and 

imaging the respective TDLNs of a MC38wt tumor, this chapter focuses on cancer 

senescence, a cellular status that can be enforced i.a. by immune cell cytokines. 

Nevertheless, detecting senescence in vivo remains a challenge, why in this study 

senescent cancer cells were investigated for a distinct metabolic fingerprint. 

4.4.1 Confirmation of senescence induction in H-Ras cells 

To study metabolic and ECM degradation characteristics of senescent cells, the 

genetic modified murine shp53;H-RasV12 (H-Ras) liver carcinoma cell line was 

applied, where expression of p53, a senescence inducer, is controlled by a shRNA. 

The expression of the reporter gene GFP indicates the presence of the shRNA and 

the suppression of p53 expression. In contrast, the absence of GFP indicates the 

downregulation of the shRNA expression and subsequent p53 re-activation 

leading to senescence. As previously described, expression of the shRNA and 

subsequent induction of senescence is mediated by doxycycline hyclate 

withdrawal. Senescence induction upon doxycycline hyclate withdrawal was 

confirmed at two stages. Fluorescence microscopy confirms shRNA 

downregulation, by reduced expression of the GFP reporter and therefore 

represents an early indicator for subsequent senescence induction. Further down-
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stream of the senescence induction process in H-Ras cells, re-activation of p53 

expression, the driver for senescence in this cancer model, as well as reduced 

Ki67 expression, indicting a proliferation arrest were confirmed in the following 

studies by WB analysis.  

To perform cell perfusion experiments, cells were grown around microcarrier beads 

in a 3D-like configuration forming 2-3 cell layers close to each other. To test 

whether our shRNA driven model was inducing senescence in this 3D-like 

configuration, we compared the results with cells grown in monolayer at low and 

high cell density. GFP expression was significantly reduced in H-Ras cells grown 

in monolayer independent of the initial seeding cell density at 3- and 5-days post 

doxycycline hyclate withdrawal, indicating shRNA downregulation (Figure 

46 A, B). H-Ras cells grown on microcarrier beads showed a heterogeneous GFP 

reduction at 3- and 5-days post doxycycline hyclate withdrawal, which was more 

pronounced at the later time points (Figure 46 A,B). The reduction in GFP 

expression was more pronounced when the cells were grown on microcarrier 

beads and maintained in the cell perfusion system for 2 days. These results 

indicate a heterogeneous shRNA downregulation and therefore reduced GFP 

expression most likely due to an insufficient doxycycline hyclate washout in cells 

grown on microcarriers. Nevertheless, this effect is reduced when cells are placed 

in the cell perfusion system, where they are continuously perfused with fresh, 

doxycycline hyclate-deficient media for 2 days (Figure 46 A,B). 
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Figure 46: Doxycycline hyclate withdrawal reduces expression of the GFP reporter gene 

indicating reduced expression of shRNA against p53. 

Bright field (left image, 70 ms) and GFP fluorescence images (right image, 20 s for cell monolayer, 

4 s for cells coated on microcarrier beads) of control and senescent H-Ras cells grown as cell 

monolayer at low (control = 8*104 cells, senescence = 16*104 cells, 100 mm TC-dish) or high 

(control = 16*104 cells, senescence = 32*104 cells, 100 mm TC-dish) initial seeding cell density as 

well as cells coated and cultured on microcarrier beads according to the scheme illustrated in 

Figure 10 at day 3 (A) or day 5 (B)  post doxycycline hyclate withdrawal or harvested form the MR-
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compatible cell perfusion system at day 5. For H-Ras cells grown as cell monolayers two (high and 

low) initial seeding cell densities were chosen, to mimic the proximity of cells when they are grown 

in 2-3 cell layers on microcarrier beads. Scale bar: 100 µm. Abbreviation: CP = MR-compatible cell 

perfusion system. 

 

Further downstream in the process of senescence induction, p53 re-activation 

upon doxycycline hyclate withdrawal in H-Ras cells grown in monolayer was 

confirmed by WB analysis (Figure 47). Senescent cells exhibited a clear induction 

of p53 expression at day 3 and day 5 at both, low and high initial seeding cell 

density when compared to control. Expression of the proliferation marker Ki67 was 

significantly reduced in the senescence group compared to the control group at 

day 3. This reduction in Ki67 was even more pronounced at day 5, independent of 

the initial seeding cell density (Figure 47 A). In good agreement with the 

fluorescence microscopy results, p53 re-activation was less pronounced in H-Ras 

cells grown on microcarrier beads at day 3 and day 5 when compared to cells 

grown in monolayer. Furthermore, expression of p53 upon doxycycline hyclate 

withdrawal could also be confirmed in H-Ras cells grown on microcarrier beads 

and maintained in the cell perfusion system (Figure 47 B). For H-Ras cells grown 

on microcarrier beads, cells were harvested either by trypsin including several 

centrifugations and washing steps or by direct addition of the RIPA protein lysis 

buffer to the H-Ras cells on the microcarrier beads. Minor differences for Ki67 total 

protein expression were observed between the two harvesting methods and might 

be explained by differences in the time required for protein isolation. Notably, H-

Ras cells grown on microcarrier beads in the senescence group exhibited an 

elevated Ki67 expression at day 3 and less pronounced also at day 5 independent 

of the harvesting method (trypsin vs. direct addition of RIPA protein lysis buffer) 

when compared to the control group (Figure 47 B). One explanation for this 

increase in Ki67 expression in the senescence group might be the heterogeneous 

depletion of shRNA against p53 and therefore heterogeneous senescence 

induction, even promoting proliferation of nearby non-senescent cells. This 

hypothesis is supported by several studies on the SASP of senescent fibroblasts 

which are promoting cell proliferation [437, 438] and carcinogenesis [439]. At day 5, 

H-Ras cells harvested by direct addition of RIPA protein lysis buffer, which is the 

more time efficient method, exhibited equal Ki67 levels in the control and the 

senescence group (Figure 47 B). These findings support the theory of delayed 
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and heterogeneous senescence induction in H-Ras cells grown on microcarrier 

beads.  Senescent H-Ras cells harvested from the well-perfused MR-compatible 

cell perfusion system at day 5 by direct addition of RIPA protein lysis buffer 

exhibited significantly reduced total Ki67 protein levels when compared to the 

control group (Figure 47 B). 

 

 

Figure 47: Doxycycline hyclate withdrawal re-activates p53 expression and reduces 

expression of the proliferation marker Ki67. 

WB analysis of p53, Ki67 and β-actin of control and senescent H-Ras cells grown as (A) cell 

monolayer at low (control = 8*104 cells, senescence = 16*104 cells, 100 mm TC-dish) and high 

(control = 16*104 cells, senescence = 32*104 cells, 100 mm TC-dish) initial seeding cell density as 

well as (B) cells coated and cultured on microcarrier beads according to the scheme illustrated in 

Figure 10 at day 3 or day 5 post doxycycline hyclate withdrawal or harvested form the MR-

compatible cell perfusion system at day 5. Protein lysates were either obtained by first harvesting 

the cells with trypsin, followed by a washing step and addition of RIPA protein lysis buffer or direct 

addition of RIPA protein lysis buffer on the washed cells grown on microcarrier beads. Different 

exposure times for detection of the respective proteins have been applied in (A) and (B) (n = 1 

independent experiment). Abbreviations: c = control, s = senescence, CP = MR-compatible cell 

perfusion system. 

 

Taken together, these findings confirm senescence induction in H-Ras monolayer 

cell cultures. H-Ras cells grown on microcarrier beads exhibited a delayed and 

heterogeneous downregulation of the shRNA against p53, leading to a delayed 

senescence induction and proliferation inhibition. However, cells from the 

senescence group harvested from the MR-compatible cells perfusion system 

exhibited reduced shRNA expression determined by GFP fluorescence 

microscopy, increased p53 total protein expression and reduced Ki67 expression, 

confirming the at least partial senescence induction. 
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4.4.2 ECM degradation by senescent H-Ras cells  

Cellular cancer senescence is characterized by a stable cell-cycle arrest. This is a 

characteristic that contrasts with the highly proliferative phenotype of cancer cells. 

Senescent cancer cells are characterized by the SASP and either themselves 

exhibit an elevated tissue invasion [249], or they promote invasion of surrounding 

non-senescent cancer cells [440]. This explains the great interest in finding a 

biomarker, characteristic for senescent cancer cells, so that they can be detected 

non-invasively in vivo. 

To study ECM degradation by senescent H-Ras cancer cells, a MR-compatible cell 

perfusion system was applied [326] and the interplay between p53 re-activation 

induced senescence, metabolic changes and the ability to degrade ECM was 

investigated. Both non-senescent and senescent H-Ras cells exhibited the 

capability to degrade ECM in the MR-compatible cell perfusion system, but 

senescent cells exhibited a higher degradation index (Figure 48). This result 

highlights the invasive potential of senescent cells, outlining the clinical 

significance to identify and target senescent cancer cells to avoid or reduce cancer 

cell invasion and metastasis driven by senescent cells.  

 

 

Figure 48: Senescent H-Ras cells exhibit an elevated ECM degradation phenotype. 

Dynamic quantification of the ECM degradation of non-senescent control and senescent H-Ras 
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cells. (A) Representative T1-weighted 1H MR images of the ECM chamber between day 3 and day 5 

post senescence induction by doxycycline hyclate withdrawal (for a detailed schematic illustration 

of the experimental set-up and the chronological sequence of operations see Figure 10). (B) 

Calculated degradation index [%] based on the T1-weighted MR images showing an increased 

degradation of the ECM by senescent compared to non-senescent control cells at day 4.5 

(# P≤0.286, statistics: two-tailed nonparametric Mann Whitney test). (C) Degradation index [%] of 

the ECM calculated based on the T1-weighted MR images between day 3 and day 5 (outlier 

identified and excluded based on a two-sided Grubbs' test, n = 3-5, statistics: Sidak’s multiple 

comparison test). Data is presented as mean ± SEM. 

4.4.3 Identification of metabolic alterations of senescent H-Ras cell extracts by 

1H MR spectroscopy 

Senescent cancer cells differ from proliferating cancer cells in various means. 

Therefore, the focus of this study is to identify metabolic changes, characteristic 

for cancer senescence. MR spectroscopy is a powerful technique that allows 

studying metabolic alterations. Therefore, dual-phase extracts of control and 

senescent H-Ras cells were generated, and the lipophilic and hydrophilic phases 

were studied by high-resolution 1H spectroscopy.    

The hydrophilic phase showed an increased GPC/PC ratio due to elevated GPC 

levels in senescent compared to control cells (Figure 49), indicating an impact of 

senescence on phospholipid metabolism. These results are in good agreement 

with previous studies that proposed a switch from PC to GPC  as a marker of 

senescence [256]. Senescent cells also exhibited elevated ATP levels, which might 

be due to the reduced energy demand in non-proliferating senescent cancer cells 

when compared to proliferating control H-Ras cells (Figure 49). These changes 

were accompanied by elevated PCr levels in the senescence group, supporting 

the hypothesis of a lower energy demand in senescent compared to proliferating 

control cancer cells (Figure 49). In contrast to PCr, which is a mobilizable reserve 

of energy, ATP generated in glycolysis represents an immediate source of energy 

upon hydrolysis to ADP and might energize processes involved in the SASP. 

Furthermore, several amino acids, including arginine and aspartate, were 

increased in senescent H-Ras cells. This increase in amino acids was 

accompanied by increased lactate and myo-inositol levels in the senescent 

compared to the control group (Figure 49). Increased intracellular lactate levels in 

senescent H-Ras cells imply that although energy demand for proliferation dried 

up; lactate as a product of energy generating glycolysis is produced. Further it 
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might be that lactate is not exported to the same extend from senescent as from 

control H-Ras cancer cells. Experiments with H-Ras cells and a slightly altered 

culturing and harvesting protocol revealed inconsistent results on lactate (data not 

shown) suggesting that lactate is an imperfect biomarker for senescence. 

Interestingly, the increase in myo-inositol in senescent cancer cells might be 

specific and exclusive for p53 re-activation induced senescence (Figure 49). In a 

microarray screen, Koguchi et al. revealed that p53 induces genes related to myo-

inositol metabolism, including the enzyme inositol 3-phosphate synthase (ISYNA1) 

which is essential for myo-inositol biosynthesis [441].  

In summary these results suggest major changes in hydrophilic metabolites 

involved in phospholipid and energy metabolism.  
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Figure 49: Senescent H-Ras cells exhibit distinct alterations in water soluble metabolites. 

(A) Individual high-resolution 1H spectra of selected metabolites and (B) heat map of metabolites 

in the hydrophilic phase of control (red) and senescent (green) H-Ras cell extracts grown in 

monolayer and processed as illustrated in Figure 8. Heat maps were generated based on the 

normalized concentration of metabolites, mean-centered and divided by the standard deviation of 

each variable (600 MHz, n = 4 independent experiments, statistics: Fisher’s LSD test). 

Abbreviations: ADP = adenosine diphosphate, AMP = adenosine monophosphate, 

ATP = adenosine triphosphate, Cr = creatine,  GPC = sn-glycero-3-phosphocholine, 

GSH = glutathione, GSSG = glutathione disulfide, MTA = S-methyl-5´-thioadenosine, 
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NADP = nicotinamide adenine dinucleotide phosphate, PC = O-phosphocholine, PCr = creatine 

phosphate. 

 

Changes in the lipophilic phase were also studied, as the alterations in GPC 

suggest important changes in lipid metabolism during senescence. Senescent 

cancer cells exhibited a significantly elevated lipid content compared to 

proliferating control tumor cells (Figure 50). Furthermore, glycerol, PtCho, 

sphingomyelin (SM), PE, linoleic acid, docosahexaenoic acid (DHA), omega-3 

fatty acids and cholesterol did not significantly change but showed a trend towards 

elevated levels in non-proliferating senescent compared to proliferating control H-

Ras cells.  

 

Figure 50: Senescent H-Ras cells exhibit alterations in lipophilic metabolites. 

(A) Individual 1H NMR spectra of selected metabolites and (B) heat map of top 9 metabolites in the 
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lipophilic phase of control (red) and senescent (green) H-Ras cell extracts grown in monolayer and 

processed as illustrated in Figure 8. Heat maps were generated based on the normalized 

concentration of metabolites, mean-centered and divided by the standard deviation of each variable 

(600 MHz, n = 4 independent experiments, statistics: Fisher’s LSD test). Abbreviations: 

DHA = docosahexaenoic acid, PtCho = phosphatidylcholine, SM = sphingomyelin, 

PE = phosphatidylethanolamine.  

 

Taken together, these findings indicate a higher lipid and membrane content in 

senescent compared to control H-Ras cell extracts. These major alterations of 

different metabolites upon senescence in H-Ras cells highlight the far-reaching 

consequences of senescence on cellular metabolism. Furthermore, these results 

provide a list of metabolites that probably can be used as biomarkers for 

senescence. Nevertheless, these biomarker candidates must be further evaluated 

in pre-clinical studies.  

4.4.4 In vitro analysis of metabolic alterations of senescent H-Ras cells using the 

MR-compatible cell perfusion system 

Comparative analysis of senescent and control H-Ras cancer cell extracts by 

1H NMR spectroscopy allows the identification of potential senescence biomarkers. 

Nevertheless, one drawback of this method is that the temporal dynamics of 

metabolic changes cannot be studied. Subsequently, the MR-compatible cell 

perfusion system allows longitudinal studies of the metabolic characteristics of 

senescent compared to control cells. Noteworthy, the MR-compatible cell 

perfusion system only allows measurements of the relative temporal dynamics in 

the respective experimental groups. 

Both control and senescent H-Ras cells exhibited a significant decrease in GPC 

between day 3 and day 5, and a significant increase of PC between day 3 and 

day 4. Nevertheless, apart from day 3.5 for GPC, no significant difference in GPC 

and PC was observed between control and senescent H-Ras cells (Figure 51 A). 

These findings in the MR-compatible cell perfusion system are contrary to the 

increased GPC levels in senescence detected by high-resolution 1H NMR 

spectroscopy. This might be explained by the delayed and heterogeneous 

senescence induction in H-Ras cells which are cultured on microcarrier beads and 

maintained in the MR-compatible cell perfusion system (see Figure 46 and Figure 

47). The effect of non-senescent, proliferating control H-Ras cells might outplay 

metabolic changes in senescent cells, at least in terms of GPC and PC. The 
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increase in PC over time was accompanied by stable choline and triglyceride levels, 

indistinguishable between the senescent and the control group (Figure 51 A). 

Increased PC levels can not be explained by altered choline kinase (ChK) protein 

expression, as total ChK protein levels remained stable in control and senescent 

cells approved by WB analysis (Figure 51 B).  

Taken together, although suggested by the high-resolution 1H NMR spectroscopy 

data no major changes in the temporal dynamics of GPC and PC between 

senescent and control H-Ras cancer cells could be identified with the MR-

compatible cell perfusion system. This might be due to the heterogeneous 

induction of senescence on microcarrier beads in this model. 
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Figure 51: Changes in the temporal dynamics of the choline and triglyceride metabolism in 

control and senescent H-Ras cells determined by 1H and 31P MRS in a MR-compatible cell 

perfusion system. 

(A) Quantification of GPC, PC, choline, and triglycerides from 1H and 31P MR spectra of control and 

senescent H-Ras cells grown on microcarrier beads and maintained in a MR-compatible cell 

perfusion system between day 3 and day 5 post senescence induction according to the scheme 

illustrated in Figure 10. Spectra were quantified, normalized to the 1) water phase and to the 2) 

first time point (n=3-5, values represent mean ± SEM, statistics: Tukey’s multiple comparison test 

and unpaired t-test). (B) WB analysis of p53, choline kinase (ChK) and β-actin of control and 

senescent H-Ras cells coated and cultured on microcarrier beads and harvested at day 3 or day 5 

post doxycycline hyclate withdrawal or harvested form the MR-compatible cell perfusion system at 

day 5. Abbreviations: GPC = sn-glycero-3-phosphocholine, PC = O-phosphocholine, c = control, 

s = senescence, CP = MR-compatible cell perfusion system, ChK = choline kinase. 
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Senescent cells developed significantly increased PCr levels compared to control 

cells, which were stable over two days (Figure 52). This was accompanied by the 

development of significantly increased Cr levels over time in both groups (Figure 

52). The higher amount of the mobilizable energy source PCr in senescent cells 

either suggests a lower demand or an increased rate of Cr phosphorylation in 

senescent cells and is in accordance with the high-resolution 1H NMR results 

(Figure 49).  

 

 

Figure 52: Changes in the temporal dynamics of the energy metabolism in control and 

senescent H-Ras cells determined by 1H and 31P MRS in a MR-compatible cell perfusion 

system. 

Quantification of PCr and Cr from 1H and 31P MR spectra of control and senescent H-Ras cells 

grown on microcarrier beads and maintained in a MR-compatible cell perfusion system between 

day 3 and day 5 post senescence induction according to the scheme illustrated in Figure 10. 

Spectra were quantified, normalized to the 1) water phase and to the 2) first time point (n=3-5, 

values represent mean ± SEM, statistics: Tukey’s multiple comparison test and unpaired t-test). 

Abbreviations: PCr = creatine phosphate, Cr = creatine. 

 

Besides temporal changes in the energy reserves between senescent and control 

cells, control cells developed slightly, although not significant higher lactate levels 

than senescent H-Ras tumor cells (Figure 53). In contradiction to this, but in line 

with the high-resolution 1H NMR spectroscopy data (Figure 49), the senescence 

group developed a slightly, but not significantly lower pH in the cell culture media 

(Figure 53). 
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Figure 53: Changes in the temporal dynamic of the lactate metabolism in control and 

senescent H-Ras cells determined by 1H and 31P MRS in a MR-compatible cell perfusion 

system. 

Quantification of lactate and determination of pHe from 1H and 31P MR spectra of control and 

senescent H-Ras cells grown on microcarrier beads and maintained in a MR-compatible cell 

perfusion system between day 3 and day 5 post senescence induction according to the scheme 

illustrated in Figure 10. Spectra were quantified, normalized to the 1) water phase and to the 2) 

first time point (n=3-5, values represent mean ± SEM, statistics: Tukey’s multiple comparison test 

and unpaired t-test). 

 

In summary, these results are in good agreement with high-resolution 

spectroscopy data, revealing that PCr may serve as a potential biomarker to detect 

senescence non-invasively in vivo.  
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5 Discussion 

Avoiding immune destruction proclaimed as an emerging hallmark of cancer by 

Hanahan and Weinberg in 2011 accentuates the importance of the immune system 

for tumor immune evasion and illustrates the emerging role of immunotherapy in 

recent years [4]. The FDA approval of ipilimumab for advanced melanoma 

targeting the immune checkpoint protein CTLA-4 [115]  introduced for the first time 

a cancer treatment approach based on targeted re-activation of the immune 

system. In recent years, this led to the approval of several drugs targeting different 

immune checkpoint proteins like PD-1 and PD-L1 in various cancer entities [44, 

134, 442]. Despite these great advances, reliable biomarkers to predict response 

or resistance are still missing. Nevertheless, immunotherapy has been evolved to 

the fifth and most promising pillar of the cancer therapy. Treatment efficacy of 

immune checkpoint inhibitor-based therapies is often closely linked to pre-

treatment of patients with surgery, radiotherapy, chemotherapy, or precision 

therapy. A recent study revealed that TDLNs, which are often resected in cancer 

patients (e.g. melanoma and breast cancer), are pivotal in PD-1/PD-L1 mAb 

checkpoint inhibitor therapies [208]. This outlines the importance of methods for 

non-invasive clinical identification of TDLNs prior lymphadenectomy and 

immunotherapy. Especially, when taking into consideration that resection of the 

respective TDLNs also might diminish the anti-tumor therapeutic effect of immune 

checkpoint inhibitor-based cancer immunotherapies [208]. One of the tumor 

regression mechanisms upon immune checkpoint blocking therapies is the 

cytokine mediated cell cycle arrest, termed tumor senescence [333]. Depending 

on the tumor entity and the mechanism of senescence induction, this process is 

either detrimental or beneficial for malignant tumors. Therefore, non-invasive 

in vivo MR imaging and spectroscopy techniques can potentially assist to identify 

and specifically target senescent cancer cells by senolytic drugs. 

Therefore, in this thesis three key aspects were investigated. Firstly, the induction 

of PD-L1 expression upon IFN- and acidosis on cancer cells was evaluated. 

Further, hypoxia known as an PD-L1 inducer was imaged non-invasively and 

correlated with tumor PD-L1 expression. Secondly, due to the importance of the 

immune system for a successful checkpoint inhibitor therapy, different imaging 

agents and modalities were assessed for non-invasive TDLNs imaging. Thirdly, 
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due to the connection of senescence with checkpoint inhibitor therapies, the 

metabolome of senescent cancer cells was analysed for characteristic metabolic 

patterns, that can serve as in vivo biomarkers in future. 

5.1 Acidosis promotes cancer immune escape by IFN--induced PD-L1 

expression via the elF4F-STAT1 axis 

Malignant tumors exhibit various mechanisms to escape the control of the immune 

system. The intrinsic characteristics of cancer cells, including the overall tumor 

mutational burden or elevated PD-L1 expression by gene amplification [138], 

shape the TIME as well as the systemic anti-tumor immune response. Cancer cells 

only constitute parts of the tumor mass and are embedded in a complex network 

of cellular and non-cellular structures. The TME also comprises cancer cell 

extrinsic factors such as tumor acidosis, which leads to an unfavorable 

environment for immune cells. Furthermore, the expression of the immune 

checkpoint protein PD-L1 can be regulated by factors like hypoxia [161] or TIL-

derived IFN-, representing another mechanism of immune escape [168, 172, 443]. 

5.1.1 Aim and rational for applied cell lines and mouse models 

The aim of the presented work is to elucidate the complex spatial and temporal 

interactions between IFN- secreting TILs, tumor acidosis and immune checkpoint 

PD-L1 expression as well as the impact on an anti-PD-L1 mAb therapy response. 

This complexity and the interplay between cancer cell intrinsic and extrinsic factors, 

which are regulating the PD-L1 expression has been addressed by investigating 

various cancer cell lines across different tumor entities in syngeneic, immune 

competent mice. In this regard, the effect of the tumor mutational burden on 

conjoint IFN-- and acidosis-mediated PD-L1 expression was studied in anti-PD-1 

and/or anti-PD-L1 mAb therapy responder cell lines [196, 206, 208, 217], including 

the hypermutated MC38wt [194, 195] and the non-hypermutated CT26wt 

adenocarcinoma cell line [194]. Beside these responder cancer cell lines, B16-

F10wt and 4T1wt cancer cells, both described as low-/non-responsive in several 

studies were applied [206, 217, 218]. Moreover, the differences in the host immune 

cell composition were displayed by using Th1 prone C57BL/6 [226, 227] and Th2 

prone BALB/c [226, 228] mice. In summary, a study set-up involving in vitro, and 

in vivo experiments allows holistic conclusions about the complex interactions and 

provides insights into the underlying mechanisms, which regulate PD-L1 
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expression patterns and determine immune checkpoint inhibitor therapy response. 

5.1.2 Regulation of PD-L1 upon IFN- and acidosis 

Predicting clinical response as well as identifying and counteracting resistance 

mechanisms to an anti-PD-L1 mAb therapy remains as a major clinical issue. In 

the TME, acidosis has been reported to be a negative prognostic factor for an anti-

tumor immune response [77, 83, 167]. Moreover, several studies outlined the 

importance of TIL-derived IFN- for an anti-CTLA-4 or anti-PD-1 mAb therapy 

mediated elimination of cancer cells [444, 445]. Tumors are a heterogeneous mass 

with spatially separated acidic and immune cell rich areas. Therefore, in the 

present thesis, the hypothesis that cytokines like IFN- might diffuse to acidic tumor 

regions, induce PD-L1 expression and thereby mediate immune escape has been 

formulated. The data in the present thesis shows for the first time that conjoint IFN-

 and acidosis treatment significantly increases membrane-bound PD-L1 

expression compared to IFN- treatment in neutral cell culture conditions. This 

effect was present in the immune checkpoint inhibitor responsive cancer cell lines 

MC38wt and CT26wt (Figure 13, Figure 15). In contrast, this conjoint effect was not 

observed in the non-responsive cancer cell lines B16-F10wt and 4T1wt (Figure 16). 

Furthermore, three out of five studied human cancer cell lines exhibited a conjoint 

IFN-- and acidosis-mediated elevation in PD-L1 expression. These findings 

suggest a new conserved mechanism of tumor immune escape that has not been 

described in literature so far.  

As shown in this thesis, conjoint IFN-- and acidosis-induced PD-L1 expression on 

cancer cells is mediated via the elF4F-STAT1-PD-L1 axis in the applied murine 

and human colon carcinoma cell lines (Figure 18, Figure 19). In addition, acidosis 

contributed to elevated PD-L1 expression via enhanced phosphorylation of the 

transcription factor STAT1 (Figure 18 A, Figure 21 B,C). In line with this data, 

Nakayama et al. described that T cell derived IFN- leads to an elevated STAT1 

phosphorylation and PD-L1 expression via the JAK/STAT1 pathway in breast 

cancer cell lines [446]. Likewise, these findings are underpinned by Garcia-

Diaz et al. delineating the signaling pathways which are involved in IFN--inducible 

PD-L1 expression in melanoma cells [172]. Accordingly, it has been identified by 

Cerezo et al. that the eukaryotic translation initiation complex elF4F binds to and 

initiates translation of Stat1 mRNA into protein [30]. Therefore, the elF4F complex 
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is a key factor in IFN--induced PD-L1 expression on cancer cells. Consequently, 

the authors propose elF4A inhibitors as a promising, novel cancer 

immunotherapeutic approach to overcome tumor immune escape [30]. In the 

context of these data, enhanced STAT1 phosphorylation at tyrosine 701 (Y701) 

upon conjoint IFN- and acidosis treatment can be explained by either enhanced 

tyrosine kinase or decreased tyrosine phosphatase activity. Accordingly, it has 

been reported that upon treatment with IFN-, the transcription factor STAT1 is 

activated by phosphorylation at Y701, migrates to the nucleus and becomes fully 

activated by phosphorylation of the amino acid serine 727 (S727) [447-449]. 

Kovarik et al. reported stress-induced phosphorylation of STAT1 at S727 upon 

exposure of macrophages to LPS, UV irradiation or TNF. The authors have 

experimentally proven that in macrophages the p38 mitogen-activated protein 

kinase (MAPK) is activated in response to stress, leading to enhanced STAT1 

phosphorylation at S727, whereas IFN--induced S727 phosphorylation seems to 

be independent from this pathway [450]. 

Extracellular acidosis is also considered as a cellular stress factor. To this aspect, 

Riemann et al. reported that metabolic acidosis induces the elevation of COX-2 

and nitric oxide synthase (iNOS) which is mediated by p38 MAPK activity in 

fibroblasts [451]. As described, extracellular acidosis (pHe 6.6) decreases serine 

and threonine protein phosphatase activity, which leads to increased p38 

phosphorylation [451]. Similar results were reported by the same authors for 

prostate carcinoma cells, where extracellular acidosis was associated with 

enhanced p38 and extracellular signal-regulated kinase 1/2 (ERK1/2) 

phosphorylation [452].  

In summary, several studies suggest enhanced phosphorylation of various 

proteins upon acidic pHe in different cell entities. Nevertheless, the data of present 

thesis revealed for the first time an enhanced phosphorylation of STAT1 at Y701 

upon conjoint IFN- and acidic media treatment compared to IFN- treatment in 

neutral cell culture conditions (Figure 18 A, Figure 21 B,C). However, the exact 

mechanism of acidosis-induced enhanced STAT1 phosphorylation in the IFNGR-

JAK-STAT1 pathway remains unknown. In this context as shown by several 

authors, a in silico database analysis using PhosphoSite [453] and Phospho.ELM 

[454] also identified the two predicted STAT1 phosphorylation sites Y701 and S727. 

Continuative experiments focusing on the temporal phosphorylation dynamics of 
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the amino acids Y701 and S727 might lead to the identification of potential kinases 

and phosphatases involved. Furthermore, phosphoproteomics together with a 

screen of several pharmacological tyrosine and serine kinase as well as 

phosphatase inhibitors could reveal the engaged enzymes with altered activity 

during extracellular acidosis. In this context it is of interest that in the present thesis, 

the magnitude of conjoint IFN-- and acidosis-mediated PD-L1 induction was more 

pronounced in hypermutated MC38wt compared to non-hypermutated CT26wt 

cancer cells. Further experiments with more hypermutated and non-hypermutated 

cancer cell lines across several tumor entities are required to uncover whether 

there is a link between the mutational burden and conjoint IFN-- and acidosis-

induced PD-L1 expression. Notably, Yu et al. did not find any correlation between 

PD-L1 expression neither on cancer nor on tumor infiltrating immune cells with 

tumor mutational burden. Furthermore, the tumor mutational burden did also not 

correlate with the IFN- gene signature [455]. This study therefore most likely 

suggests that the different magnitudes of PD-L1 induction upon conjoint IFN- and 

acidosis treatment are exclusively a coincidence and not related to the mutational 

burden of the respective cancer cell line. 

In summary, by various approaches, it could be demonstrated that conjoint IFN-- 

and acidosis-mediated induction of PD-L1 expression represents a mechanism of 

tumor immune escape in anti-PD-L1 mAb therapy responsive MC38wt and CT26wt 

cancer cells. Interestingly, this mechanism of conjoint IFN-- and acidosis-

mediated tumor immune escape via PD-L1 induction is absent in non-responsive 

B16-F10wt and 4T1wt cancer cells. To this aspect, Efremova et al. performed an 

immunogenic and transcriptomic characterization of MC38wt cancer cells and 

reported that upregulation of immune checkpoints represents a tumor immune 

escape mechanism [194]. In the mentioned study, the authors reported tumor PD-

L1 upregulation in wild type mice due to immune cell-derived IFN- compared to 

immune deficient RAG1-/- mice [194]. The IFN--induced upregulation of PD-L1 

was sufficient for a tumor immune escape [194]. Likewise, Bullock et al. reported 

that IFNGR1-deficient tumors which are incapable of PD-L1 upregulation were 

non-responsive to an anti-PD-1 mAb therapy [456]. Further, Kleinovink et al. 

reported a reduced tumor growth of PD-L1 deficient compared to wild type cancer 

cells. Nevertheless PD-L1-deficient tumors were still responsive to an anti-PD-L1 

mAb therapy in vivo [196]. The authors together with others attributed the 
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effectiveness to an anti-PD-L1 therapy of tumors deficient in PD-L1 on cancer cells 

to the expression of PD-L1 on various immune cells [196, 202, 457, 458].  

The cancer cell metabolism relies on aerobic glycolysis leading to elevated lactate 

production and accumulation in the TME, a phenomenon caused by the Warburg 

effect [4, 16, 165, 459]. Acidification of the TME is furthermore driven by CO2, 

which is hydrated by carbonic anhydrases into HCO3
- and H+ ions [46, 460]. In the 

present thesis, deconvoluting the effect of acidosis and lactate on conjoint IFN--

mediated cancer cell PD-L1 expression revealed that acidosis might represent the 

main contributor (Figure 13). Surprisingly, conjoint IFN- and lactic acidosis 

(20 mM sodium L-lactate) treatment even reduced PD-L1 cell surface expression 

on MC38wt cancer cells when compared to conjoint IFN- and acidosis treatment 

(Figure 13). Amongst the investigated murine and human cell lines, only the breast 

cancer MCF-7 cell line exhibited elevated membrane-bound PD-L1 expression 

upon conjoint IFN- and lactic acidosis treatment in comparison to IFN- 

stimulation in acidic media. The effect of lactate on IFN-- induced membrane-

bound PD-L1 expression is rather negligible in most of the here examined murine 

and human cancer cell lines. Interestingly, Feng et al. showed that lactate induces 

PD-L1 expression in the two human lung adenocarcinoma A549 and H1299 cell 

lines via binding to the lactate receptor GPR81. Upon treatment with 20 mM 

extracellular lactate and subsequent binding to the G-protein coupled receptor 

(GPCR) the receptor becomes activated, leading to decreased intracellular cyclic 

AMP (cAMP) levels and inhibition of the cAMP dependent protein kinase A (PKA). 

Reduced PKA activity entails the activation of the transcriptional co-activator TAZ 

and subsequently mediates PD-L1 expression [166]. Moreover, 

Daneshmandi et al. determined by flow cytometry analysis an enhanced PD-L1 

expression on B16-F10 melanoma cells upon 24 h treatment with 10 mM lactate 

[167]. In summary, the data presented in this dissertation as well as the two studies 

by Feng et al. and Daneshmandi et al. indicate a cell line specific effect of lactate 

on PD-L1 cell surface expression. So far however, the contribution of acidic pHe 

upon conjoint treatment with IFN- seems to be more predominant in terms of PD-

L1 upregulation in comparison to lactate. 

Taken together, conjoint IFN- and acidic media treatment induces PD-L1 

expression in various cancer cell lines via the elF4F-STAT1 axis, whereas acidic 

pHe contributes to elevated PD-L1 expression by enhanced phosphorylation of 
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STAT1. A schematic representation summarizing the in vitro and in vivo findings 

obtained within this thesis and the proposed a mechanism of conjoint IFN-- and 

acidosis-mediated PD-L1 expression is illustrated in Figure 54. 

 

Figure 54: Schematic summary of the potential regulatory mechanism of combined IFN-- 

and acidosis-mediated cancer cell PD-L1 expression. 

The findings in the presented dissertation are indicated by cross referencing the respective figures 

in section 4.1. It is proposed that acidosis elevates PD-L1 expression by increased STAT1 

expression via the elF4F complex and enhanced STAT1 phosphorylation (yellow box) upon IFN- 

binding to the IFNGR. Briefly, IFN- binds to the IFNGR leading to STAT1 phosphorylation, 

homodimerization and translocation to the nucleus. The phosphorylated STAT1 homodimer binds 

to GAS and induces STAT1 transcription. The resulting Stat1 mRNA is translated by the elF4F 

translational complex leading to increased STAT1 protein levels. Furthermore, IRF1 is transcribed 

upon STAT1 binding to GAS, which then induces PD-L1 transcription. The Pd-l1 mRNA is then 

translated into protein and transferred to the cell membrane. IFN- stimulation in the context of 

acidosis further increases STAT1 phosphorylation and subsequently elevates PD-L1 expression. 

The underlying structure of the schematic representation is based on [30, 172, 400, 461]. 

 

5.1.3 Effect of PD-L1 regulation by IFN- and acidosis in vivo 

These in vitro results on PD-L1 regulation upon IFN- and acidosis stimulation are 

clinically highly relevant. As shown herein, both anti-PD-L1 mAb therapy 
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responsive cancer cell lines, MC38wt and CT26wt exhibited reduced tumor volumes 

upon sodium bicarbonate-mediated tumor pHe neutralization (Figure 24, 

Figure 32). The tumor volume reduction was less pronounced for MC38wt tumors 

at day 15 post cancer cell inoculation. Similarly, Faes et al. reported a reduction in 

MC38wt tumor volumes in sodium bicarbonate-treated mice, which was less 

pronounced at day 15 but significant at day 18 post cancer cell inoculation [78]. In 

other words, tumor acidosis in immune competent wild type mice with intact IFN- 

signaling resulted in elevated tumor volumes and thus might represent a 

mechanism of tumor immune escape. In accordance with the in vitro results of this 

thesis, development of acidosis in MC38wt tumors of wild type mice with intact IFN-

 signaling resulted in elevated cancer cell PD-L1 expression (Figure 26). In 

contrast, under the same experimental in vivo conditions, PD-L1 expression on 

immune cells was reduced under acidic tumor pHe. These results indicate that 

conjoint IFN-- and acidosis-induced PD-L1 expression on cancer cells mediate 

tumor immune escape, which is associated with elevated tumor volumes. In this 

context, Daneshmandi et al. performed a shRNA mediated knockdown of LDH-A 

in B16-F10 melanoma cells, which exhibited significantly reduced tumor volumes 

and resulted in an elevated fraction of IFN- producing cells [167]. Interestingly, in 

the present thesis sodium bicarbonate treated wild type mice with intact IFN- 

signaling and neutralized MC38wt tumor pHe, PD-L1 expression on immune cells 

was higher compared to tumors with acidic tumor pHe. Moreover, in MC38wt tumors 

no additional effect of the combined sodium bicarbonate and anti-PD-L1 treatment 

was observed. In contrast to this, Daneshmandi et al. reported an almost 

completely abrogated tumor growth upon anti-PD-L1 mAb treatment of shLDH-A 

B16-F10 melanomas [167]. As also other factors including CO2 contribute to an 

acidic TME, the conclusions made by Daneshmandi et al. are restricted to the 

effect of cancer cell-derived lactate and only partly allow conclusions on tumor 

acidosis [167]. In line with data in the present thesis, Pilon-Thomas et al. revealed 

elevated CD8+ and IFN-+ T cells and an enhanced IFN- secretion upon neutral 

cell culture conditions, which explains the higher immune cell PD-L1 expression in 

MC38wt tumors with neutralized pHe. Interestingly IFN- gene expression by T cells 

was unaffected by acidic cell culture media (pH 6.6), whereas cytokine secretion 

was completely abolished [77]. Furthermore, the authors have shown, that sodium 

bicarbonate (200 mM) treatment resulted in a tumor pHe neutralization in vivo 
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improves an anti-CTLA-4 or an anti-PD-1 mAb therapy in B16 melanomas [77].  

Tumors consist of numerous cell types. Besides cancer cells, other resident and 

infiltrating cell types contribute to the acidification of the TME. To address this topic, 

Seth et al. generated LysM-Cre:LDH-Aflfl:K-Ras mice with tamoxifen-mediated 

macrophage-specific LDH-A deletion [462]. Mice with macrophages deficient in 

lactate production exhibited reduced lung tumor volumes accompanied with 

decreased VEGF expression, angiogenesis and an increased number of 

CD3+ T cells and activated, IL-17- and IFN--producing CD8+ T cells [462]. This 

study supports the results in this thesis, that an increased PD-L1 expression on 

immune cells in MC38wt tumors with neutralized pHe is IFN--mediated. In addition, 

Seth et al. reported for a myeloid-specific LDH-A deletion an increased M1 

macrophage phenotype [462]. In line with this, El-Kenawi et al. described that a 

neutral tumor pHe favors a M1 phenotype. In addition, extracellular acidic pHe 

promotes an IL-4 driven M2 macrophage polarization [83]. Furthermore, tumors of 

mice deficient in LDH-A exhibited significantly reduced PD-L1 expression levels 

compared to tumors with intact lactate production indicating that LDH-A induces 

PD-L1 on cancer cells [462]. This finding is in line with the enhanced PD-L1 

expression on MC38wt cancer cells in the experimental acidosisIFN- group in 

present thesis. Nevertheless, Seth et al. suspected that accumulation of lactate 

within the TME is the main driver of PD-L1 induction, whereas the results in this 

thesis suggest a conjoint effect of acidic pHe and IFN- as the main driver for 

induced cancer cell PD-L1 expression and subsequent tumor immune escape. 

This contradiction accentuates the differential effects of lactate as a signaling 

molecule and of tumor acidosis on PD-L1 expression. In this regard the in vitro as 

well as in vivo results suggest a negligible role of lactate in the studied tumor 

models.  

The differential PD-L1 expression on cancer and immune cells upon tumor 

acidosis raises the questions about the drivers for tumor immune escape and the 

response markers for an efficient immune checkpoint inhibitor therapy. The results 

in this thesis suggest that the induction of PD-L1 on cancer cells upon IFN- and 

acidosis exposure results in immune escape and increased tumor volumes, 

whereas PD-L1 induction on immune cells determines response to an anti-PD-L1 

mAb therapy. In 2017 four independent research groups by using different tumor 

and mouse models addressed the question whether PD-L1 expression on cancer 
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or immune cells is pivotal for an anti-tumor immune response [457]. In this context, 

Juneja et al. generated PD-L1 deficient MC38 cancer cells using the CRISP/Cas9 

technology. These MC38PD-L1-/- tumors exhibited a reduced tumor growth in 

comparison to MC38wt tumors, suggesting that PD-L1 expression on cancer cells 

is required for suppression of an anti-tumor immune response [201]. In line with 

our results, Kleinovink et al. reported a delayed outgrowth of MC38PD-L1-/- and 

CT26PD-L1-/- tumors when compared to MC38wt and CT26wt tumors. This study 

supports the concept of cancer cell PD-L1 expression conveying CD8+ T cell 

suppression and thus mediating tumor immune escape [196]. Moreover, 

Noguchi et al. evaluated the temporal PD-L1 expression patterns on cancer and 

immune cells and confirmed the key role of PD-L1 on cancer cells in promoting 

tumor immune escape. In line with the hypothesis and the results of this thesis, the 

authors described the IFN- dependency of PD-L1 induction on cancer cells [458]. 

Beside spontaneous regression or growth slow-down of PD-L1 knockout cells, 

Lau et al. showed that PD-L1 on cancer, myeloid or other immune cells modulate 

the extend and degree of T cell cytotoxicity within the TME [202]. Absence of PD-

L1 on host immune and cancer cells yields in the most profound tumor regression 

accompanied by cytolytic gene expression patterns, characteristic for T cell 

activation and function [202]. These results underline the importance of cancer and 

host cell PD-L1 expression for suppressing T cell functioning and mediating tumor 

immune escape. In line with the research hypothesis of this work, that conjoint IFN-

- and acidosis-mediated PD-L1 induction on cancer cells represents a tumor 

immune escape mechanism, several recent studies outline the role of induced PD-

L1 expression for tumor immune escape. Similar to IFN--mediated MC38wt tumor 

PD-L1 induction leading to increased tumor volumes and therefore presenting a 

mechanism of immune escape, Iwai et al. reported the involvement of cancer cell 

PD-L1 expression in immune escape [463]. The authors reported that 

overexpression of PD-L1 on murine P815 mastocytoma cells conveys the 

formation of progressive local tumors, whereas PD-L1 negative P815wt 

mastocytoma cells formed only transient tumors in syngeneic mice due to the high 

T cell immunogenicity [463]. The in vivo MC38wt tumor studies in this thesis confirm 

the in vitro findings that extracellular tumor acidosis fosters IFN--induced PD-L1 

expression on cancer cells, whereas sodium bicarbonate-mediated pHe 

neutralization of the TME increased immune cell PD-L1 expression levels. 
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Investigating the temporal PD-L1 expression patterns on cancer and host immune 

cells of murine methylcholanthrene-induced sarcomas with distinct 

immunogenicity, Noguchi et al. showed transient induction of PD-L1 expression on 

sarcoma cells and very stable PD-L1 expression on TAMs, which was only partly 

IFN- dependent [458]. Notably, by treatment of tumor-bearing mice with IFN- 

neutralizing mAb the authors confirmed an IFN- dependency of cancer cell PD-

L1 expression but were unable to rule out a potential contribution of host cell PD-

L1 expression for immune escape [458].  

In the present study only anti-PD-L1 mAb therapy responsive cell lines exhibited a 

conjoint IFN-- and acidosis-mediated increase in PD-L1 expression in vitro as well 

as elevated PD-L1 expression in clusters close to necrotic tumor regions palisaded 

by macrophages in vivo. This supports the theory, that immune cell-induced PD-

L1 expression determines the anti-tumor immune response. To uncover inducible 

PD-L1 expression Cerezo et al. correlated in a coherent study CD8 and PD-L1 

expression with elF4F formation in melanomas from 59 patients [30]. Thus, the 

clinical response to anti-PD-1 mAb treatment significantly correlated with elF4F 

complex activation, which in turn correlated with PD-1/PD-L1 engagement [30]. In 

line with the results of this thesis, the authors recommend elF4F complex formation 

as a response marker for an anti-PD-1 mAb therapy [30]. Building on the 

hypothesis of inducible PD-L1 expression being a better response biomarker, 17 

nivolumab treated NSCLC patients with high IFN- expression exhibited a 

significantly higher progression-free survival [444]. Similarly, based on the study of 

Karachaliou et al., the overall survival of 21 melanoma patients treated with 

pembrolizumab was higher in patients with high compared to low IFN- expression 

levels [444]. Based on these data, the authors propose IFN- to be a more accurate 

biomarker compared to PD-L1 itself. Nevertheless, the mutual causality between 

the pre-existing immune infiltrate and the treatment-induced increase in immune 

cell infiltration remains ambiguous. In this regard IFN- producing CD4+ T cells with 

high expression of the inducible T cell co-stimulator (ICOS) were present in 

peripheral blood and tumor tissue of 6 anti-CTLA-4 mAb treated urothelial 

carcinoma patients as described by Liakou et al. [464]. In a second study they 

expanded their finding to prostate cancer and proposed immunologic biomarkers 

such as the infiltration of IFN--secreting CD4+ T cells for anti-CTLA-4 mAb 

treatment monitoring [445]. Similar to the upregulation of PD-L1 on tumor 



5. Discussion 

  - 185 -   

 

infiltrating immune cells upon sodium bicarbonate-mediated pHe neutralization, 

Peng et al. showed that PD-1 is up-regulated on transferred T cells at the tumor 

site [465]. Furthermore, it has been shown that tumor acidosis prevents IFN- 

secretion by T cells [77]. The findings by Peng et al. on PD-1 blockade-induced 

T cell recruitment to the tumor site and tumoral IFN- expression [465] are in line 

with enhanced CD3+ T cell homing to MC38wt tumors in the combined sodium 

bicarbonate and anti-PD-L1 treatment group. In this thesis IFN- dependency was 

proven in IFN--deficient mice, whereas Peng et al. transplanted bone-marrow 

derived from IFNGR knockout mice into wild type mice [465]. Together these 

studies outline the importance of immune cell-derived IFN- during cancer 

immunotherapy. In 46 patients with metastatic melanoma, Tumeh et al. nicely 

described that responding patients exhibited elevated CD8+ T cell levels and were 

generally high in PD-1 and PD-L1 expression levels before treatment when 

compared to patients with progressive disease [466]. These studies support our 

findings of inducible PD-L1 expression being a more reliable biomarker for 

response. Further the authors revealed increased STAT1 phosphorylation in the 

response group, proposing that anti-PD-1 mAb therapy inhibits adaptive immune 

escape via e.g. PD-L1 upregulation and thereby induces response [466]. 

Therefore, stable STAT1 knockout MC38 cells were generated in this thesis. 

Nevertheless, variable tumor growth was observed in the STAT1 knockout cells, 

most likely due to clonal effects. Manguso et al. performed a genetic screen using 

the CRISPR/Cas9 technology and identified defects in IFN- signaling which are 

causing resistance to cancer immunotherapy [467]. The authors reported a 

significant growth advantage of B16 melanoma cells with a deficient IFN- 

signaling pathway when compared to wild type melanoma cells [467]. Furthermore, 

the authors reported a growth advantage of STAT1 deficient B16 melanomas 

compared to wild type melanoma cells in mice upon combined cancer 

immunotherapy [467].  

In summary, the presented results propose conjoint IFN- and acidosis inducible 

cancer cell PD-L1 expression to be a novel, so far not described tumor immune 

escape mechanism, which can be targeted by an anti-PD-L1 mAb therapy. 
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5.2 Non-invasive in vivo BLI of tumor hypoxia using 5xHRE-ODD-luc reporter cell 

lines 

Tumor acidosis and tumor hypoxia are closely related and linked to each other. 

Tumor regions of deep hypoxia distant from blood vessels and therefore deficient 

in oxygen supply also exhibit an acidic pHe [46].  

To study the effect of hypoxia on PD-L1 expression and CD3+ T cell homing in a 

syngeneic mouse model in vivo, murine MC38-HRE-ODD-luc, CT26-HRE-ODD-

luc, B16-F10-HRE-ODD-luc and 4T1-HRE-ODD-luc reporter cancer cell lines for 

short-lived hypoxia were generated. Danhier et al. developed the hypoxia reporter 

cell construct where the luciferase enzyme expression is under control of the HRE 

and transcription is induced upon HIF binding. As a model for short-lived hypoxia, 

the authors reported an ODD-luc half-life of 34 min in human prostate cancer PC3 

cells [267]. Exposure of hypoxia reporter cells to 1% O2 resulted in increased 

Luciferase mRNA expression levels (Figure 39). The generated CT26-HRE-ODD-

luc cells exhibited an increase in luciferase activity upon 48 h hypoxia which was 

similar to the human PC3-HRE-GFP/HRE-ODD-luc/tdTomato cells studied by 

Danhier et al. [267]. Noteworthy is the variable magnitude of Luciferase mRNA 

expression and luciferase activity upon hypoxia, which might be explained by 

cancer cell line specific characteristics. Scharping et al. reported in this context 

different oxygen consumption rates for B16-F10 and MC38 cancer cells, which 

also suggests a difference with respect to the hypoxia response of the individual 

cancer cell lines in terms of hypoxia-induced gene expression [468]. Noman et al. 

support this assumption by cancer cell line specific PD-L1 expression patterns 

upon hypoxia [161]. Furthermore, Tiffen et al. attributed cell line-specific BLI signal 

intensities to the differences in promoter and transduction efficiencies as well as 

the photon absorbing effect of the melanin in B16-F10-HRE-ODD-luc cancer cells 

[422, 423]. Based on data presented in this thesis, short-lived hypoxia 

characterized by luciferase expression and activity developed in CT26-HRE-ODD-

luc tumors in vivo and increased with tumor progression. Nevertheless, short-lived 

acute hypoxia varied substantially between individual tumors in the present thesis, 

representing a weakness of the reporter system. However, a dual hypoxia reporter 

cell system, where chronic and long-term tumor hypoxia is displayed by eGFP 

expression and short-lived acute hypoxia is displayed by luciferase activity [267, 

275], might provide a more holistic picture and allow dissecting these two types of 
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tumor hypoxia.  

Imaging the development and characterizing the type of tumor hypoxia is of 

paramount clinical relevance as hypoxia can promote tumor progression [469], 

invasion and metastasis [470]. To this aspect, Bharti el at. applied a dual imaging 

hypoxia reporter system in a xenograft model of prostate cancer and demonstrated 

that cancer cells residing in the metastatic lesions highly express the long-term 

hypoxia marker eGFP but only faintly the short-lived hypoxia marker luciferase 

[471]. These findings suggest that metastatic cancer cells were exposed to hypoxia 

before, when residing at the primary tumor site leading to a metastatic phenotype 

[471]. In chapter 4.1 of the present thesis, the conjoint IFN-- and acidosis-

mediated PD-L1 expression was described for the first time in vitro and in vivo. To 

elucidate the effect of combined IFN- and hypoxia on PD-L1 expression, CT26-

HRE-ODD-luc tumors harvested from syngeneic, immune competent mice with 

intact IFN- signaling were evaluated for PD-L1 expression on mRNA and total 

protein level. However, neither a correlation between short-lived hypoxia with Pd-

l1 mRNA levels nor with total PD-L1 expression could be identified in CT26-HRE-

ODD-luc whole tumor lysates. In contrast to this data, Noman et al. and 

Barsoum et al. reported a significant hypoxia-induced upregulation of PD-L1 on 

various murine and human cancer cell lines, macrophages and DCs in vitro [161, 

162].  One reason for the lack of correlation between the luciferase BLI signal 

intensity and PD-L1 expression could be that the luciferase hypoxia reporter 

system detects only short-lived hypoxia. For short-lived hypoxia, the luciferase 

expression increased already within 4 h under hypoxic conditions and exhibits a 

half-life of approximately 34 min [267]. Therefore, only regions within CT26-HRE-

ODD-luc tumors which are currently hypoxic show a high BLI signal. This argument 

is supported by findings from Noman et al., who reported a significant membrane-

bound PD-L1 upregulation on splenic MDSCs of CT26 tumor-bearing mice after 

48 h of hypoxia and on B16-F10 melanoma cells after 24 h of hypoxia suggesting 

that mainly long-term hypoxia mediates PD-L1 induction on cancer cells [161]. 

Therefore, a correlation of PD-L1 with the long-term hypoxia reporter eGFP might 

be more illuminating as well as spatially resolving the BLI signal and correlating it 

to PD-L1 expression voxel by voxel. Furthermore, contrary to the initial research 

hypothesis short-lived hypoxia did not inversely correlate with CD3 staining in 

CT26-HRE-ODD-luc tumors. In this context, in pre-clinical prostate cancers, 
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Jayaprakash et al. revealed that therapeutic hypoxia reduction or elimination partly 

reversed T cell exclusion and sensitized tumors to immune checkpoint blockade 

[472]. To further study the relationship between hypoxia and T cell infiltration, 

fluorescence microscopy might reveal and spatially resolve the distribution of 

T cells in hypoxic and normoxic regions. 

Finally it is worth noting, as also explicated by Bharti et al. that the inability to 

quantify oxygen tension as well as signal attenuation represents major limitations 

of optical hypoxia reporter systems [471]. 

5.3 Identification of TDLNs of a s.c. colon adenocarcinoma 

With the emergence of immune checkpoint inhibitor therapies, which are based on 

the engagement of the host immune system to battle against cancer, identification 

of primary as well as secondary lymphoid organs via non-invasive in vivo imaging 

gained importance. In a translational study Schwenck et al. identified metabolic 

changes in the bone marrow and spleen upon immune checkpoint based cancer 

immunotherapy by [18F]FDG-PET imaging that allowed to distinguish therapy 

responders from non-responders [473]. These results are supported by a study 

from Fransen et al. which revealed that immune cell homing and activation in the 

TDLN upon an anti-PD-L1 mAb therapy is pivotal for an efficient treatment 

response [208]. Another recent publication by Wu et al. indicates that activated 

T cells characterized by a high glucose metabolism and lactic acid secretion lead 

to acidic niches in LNs and thereby suppress T cell effector functions, including 

reduced IFN- or IL-2 cytokine release. T cells are therefore subject to a 

physiological process of immune regulation by acidification of paracortical zones 

within the LNs [474]. Taken together, these studies accentuate the need to identify 

TDLNs by non-invasive in vivo imaging in a pre-clinical as well as clinical setting. 

In recent years, several studies focused on lymphatic vessel and LN imaging using 

Isosulfan Blue, Patent Blue V, Evans Blue, radionuclide scintigraphy, technetium-

99m (99mTc) single photon emission computed tomography (SPECT)/CT, MRI and 

[18F]FDG-PET/CT or [18F]FDG-PET/MRI [432, 475, 476].  

The presented work focuses on the comparison and suitability of the two 

fluorescent dyes Patent Blue V and IRDye® 800CW PEG for OI as well as 

combined [18F]FDG-PET/MRI to identify the TDLN of a s.c. MC38wt tumor on the 

right shoulder of an experimental mouse. 

The OI dyes Patent Blue V and IRDye® 800CW PEG only revealed limited 
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suitability for in vivo detection of TDLN, with a detectable uptake in one out of five 

mice for Patent Blue V and IRDye® 800CW PEG in the respective axilla. In 

contrast to IRDye® 800CW PEG, Patent Blue V was suitable to identify the 

accessory and the axillary LN as the main TDLN ex vivo (Figure 43). One reason 

for the lack of IRDye® 800CW PEG accumulation in the respective LNs might be 

the higher molecular weight compared to Patent Blue V (25-60 kDa vs. 

582.7 g mol-1 [367] [368]). Nevertheless, IRDye® 800CW PEG has been shown 

suitable for in vivo LN imaging when injected intradermally and also blood vessel 

imaging 30 min post i.v. injection by others [368]. In the experimental set-up of this 

thesis the accumulation in the LN might be significantly slower due to the high 

molecular weight of IRDye® 800CW PEG in combination with the s.c. 

administration route. The clinically approved NIR dye indocyanine green (ICG) with 

a similar molecular weight as Patent Blue V (775 g mol-1) [477] has been 

extensively and successfully applied for in vivo LN imaging in several animal 

species as well as in humans [478-481]. In contrast to IRDye® 800CW which is 

conjugated to PEG, ICG is an unconjugated fluorophore resulting in a lower 

molecular weight, which might lead to a fast and therefore more pronounced 

uptake of the contrast agent in the LN. As other NIR dyes, ICG is characterized by 

a reduced background auto-fluorescence and increased tissue penetration [480], 

which is an advantage over Patent Blue V, emitting light in the visible light spectrum. 

Nevertheless, OI of Patent Blue V was applicable to identify the TDLNs in a fast 

and cost-effective manner. Taken together, Patent Blue V, IRDye® 800CW PEG 

and ICG non-specifically accumulate in the TDLN and therefore do not provide 

functional information on e.g., immune cell activation. 

Beside the two evaluated OI dies, [18F]FDG-PET/MRI was performed due to the 

specific uptake of the radiotracer by immune cells with a high glucose demand. By 

[18F]FDG in vivo imaging a higher uptake in the axilla of the MC38wt tumor-bearing 

site was detected. In contrast to Patent Blue V OI, where the accessory axillary 

and the proper axillary LN were identified as TDLNs, ex vivo biodistribution and 

autoradiography analysis of the [18F]FDG-uptake only revealed the accessory 

axillary LN as the main TDLN (Figure 45). This sophisticated picture might be due 

to the different characteristics of the two applied tracers, as [18F]FDG is taken up 

predominantly by activated immune cells with an increased metabolic demand, 

suggesting that immune cell homing, and activation rather takes place in the 
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accessory axillary LN. In contrast to OI, combined [18F]FDG-PET/MRI allows 

detection of functional TDLN with high glucose metabolism and furthermore 

provides anatomical information on the exact location of the LN at high spatial 

resolution [432]. Nevertheless, neither OI, nor PET/MRI was applicable to 

differentiate between the accessory axillary and the proper axillary LN in vivo and 

therefore required ex vivo biodistribution analysis. [18F]FDG, the most common 

clinically applied PET tracer, has also been applied by Singh et al. to identify 

sentinel LNs in malignant melanoma patients. Like the results of this thesis, 

Singh et al.  reported, that non-invasive pre-operative [18F]FDG-PET/CT imaging 

cannot substitute lymphoscintigraphy or LN biopsy, due to the low sensitivity of 

[18F]FDG-PET [313]. Beside immunotherapies, there is a great interest to identify 

TDLN for sentinel LN resection to anticipate metastatic spread or detect LN 

metastases. In this regard, Bae et al. claim that [18F]FDG PET/CT is superior to 

CT/MRI in term of LN metastasis identification in patients with oral cavity 

squamous cell carcinoma [312]. Beside these clinical studies, [18F]FDG is non-

specifically taken up by cells with elevated metabolic demand including T cells as 

well as tumor metastases in the LN. Therefore, direct T cell labeling represents a 

promising approach to identify the T cell homing directly. Griessinger et al. 

specifically labeled adoptively transferred T cells with the 64Cu-pyruvaldehyde-

bis(N4-methylthiosemicarbazone) (64Cu-PTSM) radiotracer for PET imaging, 

which allows to monitor T cell homing in single LNs [482]. This T cell-specific 

labeling approach is probably the most specific way for T cell homing sites 

identification.  

In summary, OI with Patent Blue V as well as [18F]FDG-PET/MRI identified the 

accessory axillary LN on the tumor-bearing site of the mouse as the main TDLN. 

These findings have broad pre-clinical as well as clinical implications for LN 

resections and the consequences for immune checkpoint inhibitor therapies as 

reported by Fransen et al. [208].  

5.4 Metabolomics of p53 re-activation induced senescence 

Tumor senescence is characterized by a stable cell cycle arrest and involves major 

cellular changes including metabolic alterations [483].  

Co-culture experiments by Krtolica et al. revealed that senescent fibroblasts 

induce hyperproliferation and carcinogenesis of the human epidermal keratinocyte 

cell line HaCAT or the murine mammary epithelial cell line SCp2 [438]. This 
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interplay between infiltrating and resident cell types in the TME and cancer cells, 

their cellular characteristics in terms of senescence and the impact on tumor 

progression versus regression are also highlighted in a study by Brenner et al. 

[333]. Moreover, the authors describe that cytokine-induced senescence is 

required for cancer immune control [333]. These studies underline the importance 

of identifying senescent cancer cells within the tumor. In this regard, metabolic 

alterations specific for senescent cancer cells might therefore represent a valuable 

source for potential biomarkers. 

In the present study, a model of p53 re-activation induced senescence based on a 

hepatocellular carcinoma H-Ras cell line was used. This model has been 

previously described and validated in a slightly modified form [235], with the main 

difference being the regulation of the p53 expression. In the present study, 

senescence is induced upon doxycycline hyclate withdrawal, whereas p53 

expression is re-activated in the presence of doxycycline hyclate as proven in a 

study by Xue and Zender et al. [235]. As described, the p53 re-activation is 

accompanied by induction of cellular senescence, the expression of inflammatory 

cytokines and an innate immune response [235].  

In the current work, the first step of senescence induction in the H-Ras cancer cell 

model was proven by GFP expression, a reporter for the expression of the shRNA 

targeting p53. In addition, WB analysis revealed p53 expression and inhibition of 

cell proliferation (Ki67) upon senescence induction. As shown herein, tumor cell 

growth in monolayer exhibited a marked reduction in GFP expression, indicating 

an increased p53 and a reduced Ki67 protein expression 3 days post senescence 

induction. However, tumor senescence induction in the 3D-like model was two 

days delayed and more heterogeneous when compared to the monolayer H-Ras 

cancer cell model. This effect is most likely to be explained by the fact that the 

washout of doxycycline hyclate in a 3D united cell structure was insufficient 

compared to a 2D monolayer H-Ras cancer cell culture. In good agreement with 

this hypothesis, previous studies by Yin et al. reported delayed senescence 

induction in a 3D compared to a 2D adipose-derived mesenchymal stem cell 

culture model [484]. Senescence in adipose-derived mesenchymal stem cells was 

measured by SA-β-GAL staining and determination of genomic p16, p21 and p53 

expression [484].  

In addition, senescent H-Ras cancer cells were evaluated for ECM degradation. In 
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the present thesis, ECM degradation in senescent H-Ras cancer cells was 

elevated when compared to proliferating control cells suggesting that senescent 

cells exhibit an increased ECM degradation phenotype. This effect is likely to be 

explained by the fact that the senescence induction might be heterogeneous, 

which causes a mixture of senescent and non-senescent H-Ras cancer cells within 

the MR-compatible cell perfusion system. Thus, the senescent H-Ras cancer cell-

induced SASP induces a higher ECM degradation by their non-senescent 

counterparts. These findings are supported by a study of Kim et al. who described 

a higher invasiveness of senescent cells associated with the SASP, which is 

determined by elevated CXCL12 expression patterns in papillary thyroid 

carcinoma [249].  

Senescence is associated with cell cycle arrest as well as major alterations of the 

cell secretome and metabolome [439, 485]. In this context, metabolic alterations 

are of outstanding importance as they help to understand the underlying molecular 

processes involved in cancer cell senescence and thus represent a potential 

source of novel biomarkers. In the present thesis, senescence in the H-Ras cancer 

model is characterized by increased GPC levels (Figure 49). Several studies have 

shown that malignant transformation and tumor progression trigger PtCho 

breakdown, leading to an increase in PC and the characteristic GPC to PC switch 

[258-260]. In line with these studies, Gey et al. reported reduced PC and increased 

GPC levels in the different models of replicative, oncogene-induced and etoposide 

mediated DNA damage induced senescence in the human embryonic lung 

fibroblast cell line WI-38 [256]. This study reported that increased GPC levels most 

likely arise from phospholipase A1 and/or A2 and lysophospholipase activity [256]. 

This is in good agreement with studies reporting an impairment of 

phospholipase D/diacylglycerol pathway in senescent cells [256, 486]. 

Interestingly, a knockout of the phospholipase A2 receptor (PLA2R) prevented 

replicative and decreased stress-induced senescence in WI-38 human fibroblast 

cells [487] indicating an important role of PLA2R in cellular senescence induction 

[487]. For the premature aging disease, the Hutchinson-Gilford progeria syndrome, 

cellular senescence is induced by progerin. In this context, Griveau et al. reported 

that targeting PLA2R improves premature aging [488]. This author has shown that 

inhibition of farnesyl diphosphate synthase reduces senescence. Noteworthy, it 

has been demonstrated that increased expression of farnesyl diphosphate 
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synthase in progerin-expressing human fibroblasts is p53-mediated [488]. 

Interestingly, several studies described a reduced activity of the 

transphosphatidylase PLD, an enzyme that converts PtCho to phosphatidic acid 

and choline, in senescent human umbilical vein endothelial cells and human 

dermal fibroblasts [486, 489, 490].  

Importantly, senescence induction by p53 re-activation is accompanied by major 

changes in energy metabolism. Within this thesis, MRS measurements of 

senescent H-Ras cells exhibited an increased PCr levels between day 3 and day 5 

post senescence induction (Figure 52). The gradual increase in PCr between 

day 3 and day 5 after senescence induction was accompanied by an increase in 

creatine in both, senescent and control cells. Both metabolites, PCr and creatine, 

are essential in energy storage and transmission. Especially, Elevated PCr levels 

in senescent H-Ras cancer cells indicate a lower energy demand when compared 

to control cells. Similar results were reported by James et al. for human fibroblasts, 

where replicative senescence resulted in elevated PCr levels and increased 

creatine metabolism [491]. The authors attributed these metabolic changes to an 

altered energy storage and/or utilization in senescent cells [491]. Nevertheless, 

other studies exhibited a trend towards decreased PCr levels in replicative and 

oncogene-induced senescence in the human fibroblast cell line WI-38 [256]. 

Based on the data presented in this thesis, the high-resolution MR measurements 

indicated alterations in lactate levels in H-Ras cancer cells whereas no differences 

were determined with the MR-compatible cell perfusion system. However, other 

studies on human fibroblasts reported a decreased lactate level in replicative, 

oncogene-induced and etoposide-induced senescence, suggesting either reduced 

glycolysis or a switch in energy generation [256]. Furthermore, it has been 

demonstrated that the transcription factor p53 plays a key role in senescence [492]. 

In this context, Schwartzenberg-Bar-Yoseph et al. by applying p53 overexpression 

experiments demonstrated that p53 reduces the Glut1 and Glut4 gene expression 

and therefore antagonizes the glucose up-take in osteosarcoma-derived SaOS-2 

and rhabdomyosarcoma-derived RD cells [493]. In addition, this effect was absent 

for mutated p53, suggesting that overexpression of wild type p53 modulates 

glucose metabolism in cancer cells by regulation of Glut1 and Glut4 gene 

expression [493]. Further, Wiley et al. reviewed several pathways by which p53 

likely reduces glycolysis and favors mitochondrial respiration in senescent cells 
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[494].  

In the present thesis, myo-inositol is another metabolite that is increased upon p53 

re-activation in senescent H-Ras cancer cells. This result is in very good 

agreement with the data published by Koguchi et al. describing that ISYNA1 

expression, a key enzyme for myo-inositol synthesis [495-497], is regulated by p53 

activation [441]. The authors also showed that DNA damage in response to 

adriamycin treatment resulted in increased p53, ISYNA1 and myo-inositol levels in 

human HCT116 cells, whereas no change was observed in p53 deficient HCT116 

cells [441]. These basic mechanistic findings might also explain the increase in 

myo-inositol in the p53 re-activation induced model of senescence applied in the 

presented dissertation. 

In summary, a distinct metabolic profile of senescent H-Ras cancer cells could be 

identified in the here presented dissertation, including alterations in phospholipid 

and energy metabolism. Therefore, GPC and PCr might represent novel 

senescence biomarkers that should be further evaluated in various tumor models 

in vitro and in vivo. 
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6 Summary 

Immunotherapy is a promising approach in cancer treatment. In recent years, 

several antibodies targeting immune checkpoint proteins have been approved and 

are now applied in clinical routine. Immune escape mechanisms as well as 

response biomarkers and resistance mechanisms of an immune checkpoint 

inhibitor therapy are of great interest and are subject to many research studies. 

The TME and its role during immunotherapies attracted special attention in recent 

years. Different factors in the TME including immune cell-derived IFN- and 

hypoxia induce expression of the checkpoint protein PD-L1 and thereby mediate 

T cell exhaustion or apoptosis.  

In the first chapter of this thesis, the role of an acidic TME and IFN- on cancer cell 

PD-L1 expression and subsequent immune escape was studied. It is proposed 

that PD-L1 induction by an acidic tumor pHe combined with IFN- represents an 

immune escape mechanism which can be targeted by an anti-PD-L1 mAb therapy. 

This conjoint acidosis- and IFN--mediated PD-L1 induction was exclusively found 

in immunotherapy-responsive murine cancer cell lines. Therefore, it might serve 

as a biomarker to distinguish immunotherapy responders from non-responders. 

Further it could be shown that acidosis- and IFN--induced PD-L1 is mediated by 

the expression and activation of the transcription factor STAT1. The translation of 

the Stat1 mRNA was experimentally proven to be elF4F-dependent, whereas the 

translation initiation complex elF4F can be inhibited by silvestrol representing an 

additional therapeutic option. Most importantly, the in vitro findings on conjoint 

acidosis- and IFN--mediated cancer cell PD-L1 expression could be confirmed in 

vivo. The tumor pHe neutralization with sodium bicarbonate was proven in vivo by 

acidoCEST-MRI measurements in MC38wt tumors and IFN--dependency of the 

immune escape was confirmed by IFN--/- mice. In summary, conjoint IFN-- and 

acidosis-inducible cancer cell PD-L1 expression represents a novel immune 

escape mechanism and might display a biomarker for immunotherapy response. 

In the second chapter, hypoxia which, besides acidosis and IFN- induces PD-L1 

expression, was imaged non-invasively in vivo. Imaging tumor hypoxia by in vivo 

OI with reporter cancer cell lines did not prove to be suitable serving as a non-

invasive surrogate marker for tumor PD-L1 expression. Short-lived tumor hypoxia 

neither correlated with tumor PD-L1 expression, nor with CD3+ T cell infiltration.  
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In addition to tumor-resident immune cells, a systemic immune response including 

the lymphoid system is pivotal for anti-tumor immunity. Lymph nodes are 

secondary lymphoid organs and play an essential role in the anti-tumor immune 

response during a checkpoint inhibitor therapy. This underlines the importance of 

non-invasive in vivo imaging of TDLNs prior to lymphadenectomy. Therefore, in 

the third chapter of this thesis, different contrast agents of varying molecular weight 

were assessed for their suitability to detect TDLNs. Further, the non-invasive 

imaging technologies OI and PET/MRI were compared. In contrast to OI with 

Patent Blue V, which was only suitable for ex vivo identification of the accessory 

and proper axillary TDLNs, functional in vivo together with ex vivo [18F]FDG-

PET/MRI revealed the accessory axillary LN as the main TDLN of a s.c. MC38wt 

tumor on the right shoulder of mice. 

Due to the link between immune checkpoint inhibitor therapies and senescence, 

the final chapter of this thesis addressed the identification of cancer senescence 

metabolic biomarkers. Several anti-tumor therapies, as well as immune cell-

derived cytokines which are released upon immunotherapy induce cancer cell 

senescence. Thus, potential biomarkers for senescence including GPC and PCr 

were successfully identified by 1H MRS and must be further studied and evaluated 

in continuative pre-clinical in vivo studies. 

In summary, within this thesis a so far unknown mechanism of immune escape by 

cancer cells was uncovered enabling the identification of anti-PD-1 or anti PD-L1 

mAb immune checkpoint inhibitor responsive patients. Further non-invasive in vivo 

imaging modalities to identify the TDLNs were evaluated. Finally, metabolic studies 

on cancer senescence revealed several potential biomarkers of a cancer cell 

growth arrest.   

   

 

 

 

  



7. Zusammenfassung 

  - 197 -   

 

7 Zusammenfassung 

Die Immuntherapie ist ein neuer und vielversprechender Ansatz in der 

Krebstherapie. In den letzten Jahren wurden mehrere Immuncheckpoint-Proteine 

blockierende Antikörper zugelassen und werden nunmehr in der klinischen 

Routine eingesetzt. Immunevasionsmechanismen, Biomarker für ein 

Therapieansprechen sowie Resistenzmechanismen einer Immuncheckpoint-

Inhibitor-Therapie sind von großem Interesse und Gegenstand umfangreicher 

Studien. Das Tumormikroenvironment und seine Rolle im Rahmen von 

Immuntherapien haben in den letzten Jahren große Aufmerksamkeit erfahren. 

Verschiedene Faktoren des Tumormikroenvironments, wie von Immunzellen 

sekretiertes IFN- sowie Tumorhypoxie, induzieren die Expression des 

Immuncheckpoint-Proteins PD-L1 und vermitteln dadurch die Erschöpfung oder 

Apoptose von T-Zellen.  

Im ersten Kapitel dieser Forschungsarbeit wurde der Effekt eines angesäuerten 

(azidotischen) Tumormikroenvironments sowie von IFN- auf die Expression von 

PD-L1 auf Krebszellen und die hierdurch vermittelte Immunevasion untersucht. Im 

Rahmen dieser Arbeit konnte erfolgreich gezeigt werden, dass die Induktion der 

PD-L1 Genexpression mittels eines erniedrigten (sauren) tumoralen pHe-Werts in 

Kombination mit von Immunzellen sezernierten IFN- einen Immune Escape 

Mechanismus darstellt, mit dessen Hilfe sich der Tumor der Kontrolle des 

Immunsystems entzieht. Diesem Immune Escape Mechanismus wirkt eine anti-

PD-L1 Antikörpertherapie erfolgreich entgegen. Diese, durch Azidose- und IFN--

vermittelte Steigerung der PD-L1 Expression wurde ausschließlich in 

Krebszelllinien identifiziert die empfänglich für eine Immuncheckpoint-Inhibitor-

Therapie sind. Entsprechend könnte die Erfassung der Azidose- und IFN--

vermittelten Steigerung der PD-L1 Expression als Biomarker dienen, um ein 

Ansprechen auf eine anti-PD-1 oder anti-PD-L1 Antikörper basierte 

Immuncheckpoint-Inhibitor-Therapie vorherzusagen. Weiterhin konnte gezeigt 

werden, dass die Azidose- und IFN--induzierte PD-L1 Expression durch die 

gesteigerte Expression und Aktivierung des Transkriptionsfaktors STAT1 vermittelt 

wird und die Translation der Stat1-mRNA elF4F-abhängig ist. Die Hemmung des 

Translationsinitiationskomplexes elF4F durch Silvestrol stellt folglich eine weitere 

therapeutische Interventionsmöglichkeit dar. Die in vitro Ergebnisse zur Azidose- 
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und IFN--vermittelten Induktion von PD-L1 Expression auf Krebszellen konnten 

zudem erfolgreich im Rahmen von umfangreichen in vivo Studien bestätigt werden. 

Die pHe-Wert Neutralisierung des Tumors mit Natriumhydrogencarbonat konnte 

mit Hilfe nicht-invasiver in vivo acidoCEST-MRI-Messungen von MC38wt-Tumoren 

bestätigt werden. Die IFN--Abhängigkeit der Azidose- und IFN--induzierten 

Immunevasion wurde mittels IFN-/- Mäusen experimentell belegt. 

Zusammenfassend lässt sich sagen, dass die Azidose- und IFN--induzierte PD-

L1 Expression auf Krebszellen einen neuartigen bisher nicht beschriebenen 

Immunevasionsmechanismus repräsentiert und folglich einen potenten Biomarker, 

der in der Lage ist, das Ansprechen auf eine die PD-1/PD-L1-Achse blockierende 

Immuncheckpoint-Inhibitor-Therapie vorherzusagen. 

Im zweiten Kapitel wurde die Tumorhypoxie, welche neben Azidose und IFN- 

ebenfalls die Expression von PD-L1 auf Krebszellen induziert, mittels Bildgebung 

in vivo dargestellt. Die bildgebende Darstellung der Tumorhypoxie unter 

Zuhilfenahme der optischen in vivo Bildgebung und von Reporter-Krebszelllinien 

stellte jedoch keinen geeigneten Surrogat-Marker zur nicht-invasiven 

Visualisierung einer gesteigerten Tumor-PD-L1-Expression dar. Die kurzlebige 

Tumorhypoxie korrelierte weder mit der PD-L1 Expression noch mit der Infiltration 

von CD3+ T-Zellen.  

Zusätzlich zu den intra-tumoralen Immunzellen ist eine systemische 

Immunantwort unter Beteiligung der primär und sekundär lymphatischen Organe 

entscheidend für die anti-tumorale Immunität. Lymphknoten gehören zu den 

sekundär lymphatischen Organen und sind maßgeblich für eine effiziente anti-

tumorale Immunantwort während einer Immuncheckpoint-Inhibitor-Therapie 

verantwortlich. Dies unterstreicht die Bedeutung der nicht-invasiven in vivo 

Bildgebung zur sicheren Identifizierung der Tumor-drainierenden Lymphknoten vor 

Lymphadenektomie. Entsprechend wurden im Rahmen des dritten Kapitels dieser 

Arbeit verschiedene Kontrastmittel mit unterschiedlichem Molekulargewicht auf 

ihre Eignung zur Identifikation der Tumor-drainierenden Lymphknoten mittels 

zweier nicht-invasiver in vivo Bildgebungsverfahren, dem Optical Imaging und der 

PET/MR-Bildgebung evaluiert. Das Patent Blue V Optical Imaging ist lediglich für 

die ex vivo Identifikation der akzessorischen und axillären Tumor-drainierenden 

Lymphknoten qualifiziert.  Im Gegensatz hierzu eignet sich die funktionelle 

[18F]FDG-PET/MR Bildgebung sehr gut um die akzessorischen axillären 
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Lymphknoten als Tumor-drainierenden Lymphknoten eines s.c. MC38wt Tumors an 

der rechten Schulter von Versuchsmäusen nicht-invasiv in vivo zu identifiziert. 

Aufgrund des Zusammenhangs zwischen Immuncheckpoint-Inhibitor-Therapien 

und Seneszenz, befasste sich das letzte Kapitel dieser Forschungsarbeit mit der 

Identifizierung von metabolischen Biomarkern seneszenter Krebszellen. 

Verschiedene Krebstherapien sowie von aktivierten Immunzellen sekretierte 

Zytokine, wie TNF und IFN-, sind in der Lage Seneszenz der Krebszellen zu 

induzieren. Mittels 1H MRS konnten erfolgreich potenzielle Seneszenzbiomarker, 

wie GPC und PCr identifiziert werden, welche im Rahmen weiterführender 

präklinischer in vivo Studien validiert werden müssen. 

Zusammenfassend wurde im Rahmen dieser Arbeit ein bisher unbekannter 

Mechanismus der Immunevasion von Krebszellen beschrieben der die vorzeitige 

Identifikation von Therapieansprechern einer anti-PD-1 oder anti-PD-L1 Antikörper 

basierten Immuncheckpoint-Inhibitor-Therapie ermöglicht. Ferner wurden zwei 

etablierte bildgebenden Verfahren zur in vivo Identifizierung der Tumor-

drainierenden Lymphknoten validiert und im Rahmen von Stoffwechselstudien zur 

Krebszellseneszenz mehrere, potenzielle Biomarker für den Wachstumsarrest von 

Krebszellen identifiziert.   
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