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1. Introduction 

1.1. The microenvironment in cancer and fibrosis 

The tissue microenvironment is an active organization of cellular and non-cellular 

components. Homeostasis of the tissue microenvironment is maintained by precise 

crosstalk between the immune system, blood and lymphatic vasculature as well as 

stromal components. Such tight controls ensure the delicate balance of extracellular 

matrix (ECM) synthesis, post-translational modification, remodeling and degradation 

(Cox et al., 2014). ECM composition and organization is essential for a correct cellular 

behavior (Radisky et al., 2001), however, incorrect signaling from the microenvironment 

leads to destabilization of the tissue architecture and promotion of cell malignancy 

(Bissell et al., 2011). Most significant for fibrotic diseases is the induced excessive ECM 

deposition (Murray, 2015). 

Fibrosis causes organ dysfunction, thereby it gives rise to life-threatening pathological 

conditions and is associated with over 45% of deaths in industrialized nations (Wynn, 

2008). In recent years, the link between cancer and fibrosis has been an emerging area 

of interest. Fibrotic ECM remodeling is strongly connected to tumorigenesis, metastasis 

and hampered drug delivery to tumors, therefore it ultimately accounts for 90% of 

deaths from cancer (Cox et al., 2011, Ohlund et al., 2014). 

Solid tumors contain not only malignant cells, >50% of their mass is in fact comprised 

out of endothelial cells, pericytes, adipocytes, immune cells (lymphocytes, neutrophils 

and macrophages), (myo)fibroblasts and ECM (Balkwill et al., 2012, Egeblad et al., 2010a, 

Klemm et al., 2015). The ECM is a complex 3D mesh of macromolecules, e.g. collagens, 

elastin, laminin, fibronectin, proteoglycans, glycoproteins and polysaccharides, that 

provides not only a static, physical cell scaffold but also an abundance of growth factors 

(Hui et al., 2015, Thomas et al., 2019). The interactions between cells and ECM create a 

dynamic network that has similarities to inflammatory and wound-healing processes 

and most importantly influences the cancer hallmarks (Dvorak, 1986, Mantovani et al., 

2008, Pickup et al., 2014). 

Already early on in tumorigenesis, the homeostasis of the microenvironment is 

disturbed and the biochemical as well as biomechanical properties of the ECM begin to 

change (Egeblad et al., 2010b). For example, the architecture of tumor-associated 
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collagens is severely altered, in form of linearization, thickening and crosslinking, which 

reflects the expression and post-translational modification status (Levental et al., 2009, 

Provenzano et al., 2006). Linearized fibers are most notable adjacent to the tumor 

vasculature and are stiffer than typical curly and anisotropic ones (Condeelis et al., 

2003). This ECM stiffening potentiates the initiation of cell migration (Egeblad et al., 

2010b, Zaman et al., 2006). In addition, the abnormal, leaky vasculature and the 

impaired lymphatic drainage increase the interstitial fluid pressure (IFP) (Heldin et al., 

2004). This heterogonous pathophysiology of the tumor microenvironment comprises 

vascular, transvascular and interstitial transport routes as well as cellular uptake (Jain, 

2001, Yazdani et al., 2017). 

The fibrotic stroma affects disease progression and prognosis in various tumor types, 

e.g. breast, colon, pancreatic as well as head and neck cancer (Bachem et al., 2005, Tung 

et al., 2015). It is crucial to examine the environmental components responsible for 

tumor initiation and progression for the identification of commonalities between these 

seemingly distinct tumor types (Egeblad et al., 2010b, Hynes, 2009). Modifications of 

the ECM by means of growth factor production, activation of pathogenic signaling 

pathways and tissue remodeling are known to be crucial in fibrotic diseases and in 

promoting tumor growth and metastasis. Thereby, the desmoplastic reaction and 

increased ECM deposition in tumors is remarkably similar to organ fibrosis (Baues et al., 

2017, Radisky et al., 2007). Over a century ago, Paget proposed the idea of “seed and 

soil” to explain the spread of solid tumors (de Groot et al., 2017). The microenvironment 

of the secondary tumor site has to be supportive for colonization of the metastasis (Cox 

et al., 2014, Poste et al., 1980). Underlying tissue fibrosis can be closely correlated with 

a risk of cancer in the respective organ (Radisky et al., 2007). For example, the existence 

of a predisposition in breast cancer has been shown (Jacobs et al., 1999), as well as an 

increased incidence of lung cancer formation with pulmonary fibrosis (Cox et al., 2014, 

Mossman et al., 1998). 

Fibrosis is linked to chronic progressive failure in most organs, e.g. liver, lungs, heart and 

kidneys (Zeisberg et al., 2013). Alarmingly, chronic kidney disease (CKD) has reached an 

epidemic prevalence of 13% and is one of the major causes of death worldwide (Hill et 

al., 2016, Mortality et al., 2015). Fibrosis is the common endpoint of CKD and the best 

predictor for disease progression (Boor et al., 2010, Mills et al., 2015). A multitude of 
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stimuli, including trauma, infection, metabolic derangement, inflammation and 

autoimmunity can initiate and drive fibrosis (Rockey et al., 2015). The 

microenvironmental changes in renal fibrosis can be described as a variety of processes 

in different renal compartments (Djudjaj et al., 2019), thereby the ECM overproduction 

can be initiated by epithelial, endothelial and mesenchymal cells (Duffield, 2014). The 

progressive accumulation of ECM fibers in the glomerulus and tubulointerstitium 

disrupts the glomerular and tubular architecture and leads to microvascular 

compression (Aydin et al., 2008, Decleves et al., 2014, Tampe et al., 2014). Although 

multiple anti-fibrotic targets have been identified in preclinical research, translation into 

clinical routine has remained extremely poor (Baues et al., 2019). Major reasons 

therefore are the adverse effects of matrix-degrading approaches and the lack of 

diagnostic concepts to specifically, non-invasively and longitudinally assess kidney 

fibrosis (Kim et al., 2001, Klinkhammer et al., 2017, Zeisberg et al., 2006). 

In case of cancer and fibrosis, the microenvironment contains many overlapping 

mechanisms and collective key players. The fibrotic elements within each 

microenvironment should be converted from challenges into opportunities with 

prognostic, response-predictive and targeting value. Given the significant similarities in 

fibrosis and cancer, diagnostic biomarkers and therapeutic strategies can be assessed 

that hold potential in both microenvironmental settings. 
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1.2. Nanomedicines and theranostics 

One of the major disadvantages of intravenously (i.v.) administered anti-cancer 

treatments is the inefficient accumulation at the actual pathological target site. 

Typically, (chemo)therapeutic drugs suffer from a short blood half-life and an immense 

volume distribution causing severe systemic side effects (Allen et al., 2004, Langer, 1998, 

Theek et al., 2018). For several decades now, scientists have been developing 

1-100(0) nm-sized nanocarrier materials and methods to address these delivery 

challenges. Theranostic nanomedicines, such as polymers, micelles and liposomes, can 

act as both therapeutic and diagnostic agents (Theek et al., 2014b). Depending on the 

design, the nanomedicines provide insight regarding a molecular target, vascular 

permeability, retention or drug release, if a chemotherapeutic drug is incorporated in 

their structure (Kiessling et al., 2014b). Nanomedicinal constructs are larger than the 

renal clearance threshold, circulate for a prolonged period of time in the blood and 

accumulate more efficiently at the pathological site compared to free 

low-molecular-weight chemotherapeutics (Nie, 2010, Peer et al., 2007, Theek et al., 

2018).  

The core concept for passive drug targeting to tumors is the enhanced permeability and 

retention (EPR) effect. This phenomenon is based on pathophysiological characteristics 

like hypervascularity, hyperpermeability and impaired lymphatic drainage and leads to 

a relatively effective gradual accumulation of nanomedicines at the malignant target site 

while avoiding healthy tissues (Bertrand et al., 2014, Maeda, 2012, Maeda et al., 2013, 

Matsumura et al., 1986, Theek et al., 2018). To date, the most progress, with the few 

nanomedicines approved for clinical use, has primarily been made in the reduction of 

adverse effects, e.g. decreased nausea, hair loss, anemia and cardiotoxicity (Bjornmalm 

et al., 2017, Shi et al., 2017, Stylianopoulos et al., 2015, von Roemeling et al., 2017). 

While this “site-avoidance drug delivery” is certainly important for patient tolerance, 

the key challenge, in form of response rates and survival times, e.g. “site-specific drug 

delivery”, remains insufficiently addressed (Jain et al., 2010, Lammers, 2013). The 

survival benefit of cancer nanomedicines has been modest in clinical trial, which is in 

stark contrast to the observed increase in survival in preclinical small animal studies 

(Bjornmalm et al., 2017, Petersen et al., 2016). This controversy gave rise to a whole 

debate questioning the relevance of the EPR effect for human tumors (Danhier, 2016, 
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Huynh et al., 2015, Lammers et al., 2016, Nakamura et al., 2015, Nakamura et al., 2016, 

Nichols et al., 2014, Prabhakar et al., 2013). In this context, the EPR effect should always 

be considered as a highly variable tumor feature in the first place, with differences from 

patient to patient, between primary tumor and metastasis in the same patient as well 

as within the same tumor microenvironment (Bjornmalm et al., 2017, Fang et al., 2011, 

Perry et al., 2017). Potential explanations for the heterogeneity are associated with the 

abnormal tissue environment, including the impaired blood flow, vascular permeability, 

stromal content, cellularity and IFP (Jain, 1990, Lammers et al., 2012). Consequently, the 

overall research focus has to shift from producing even more nanomedicines and drug 

delivery systems toward improving the monitoring and modulation of the EPR, in order 

to increase the chances of clinical success (Theek et al., 2016). 

Furthermore, the field of nanomedicines has to recognize that cancer is certainly one of 

the most dreadful illnesses, but by no means the only one, and reach out to neighboring 

research areas (Bjornmalm et al., 2017). Presently, the majority of studies are focused 

on drug delivery to tumors, even though for example the global burden of CKD is 

dramatically increasing (82% increase in years of life lost over the past 2 decades) (De 

Nicola et al., 2016, Mitragotri et al., 2017). Recently, kidney diseases have been 

described as the most neglected chronic disease (Luyckx et al., 2018). A shift in the 

attention toward the implementation of nanomedicines in other diseases would be 

certainly beneficial. For the development of therapeutic strategies in CKD, the 

repurposing of drugs in form of nanomedicines has immense potential, because the 

pharmacokinetic properties and targetability are improved (Lin et al., 2017, Ramos et 

al., 2015). 

In this regard, the most straightforward approach is the application of imaging for 

patient pre-selection. Naturally, a population is heterogeneous and therefore patients 

are likely to present various levels of responsiveness to nanomedicines (Ojha et al., 

2015, Rizzo et al., 2013). In order to move forward, the microenvironmental features 

should be considered rather as advantages than challenges. The unique tissue 

composition can enable selective identification and novel biomarkers might create 

opportunities for treatment development. 
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1.3. Modulation of the microenvironment 

In the past, many tumor-targeted nanomedicines have been assessed, however, the 

fewest provided convincing therapeutic performances. The accumulation and 

distribution is strongly affected by the highly heterogeneous microenvironment. Several 

pharmacological (vascular permeabilization, normalization, disruption and promotion) 

and physical (hyperthermia, radiotherapy, sonopermeation and phototherapy) 

modulation strategies have been explored for improving the EPR-mediated drug 

delivery (Ojha et al., 2017). 

In this context, vascular normalization is a popular approach on the basis of 

counteracting pro-angiogenic signaling in the tissue (Carmeliet et al., 2011, Goel et al., 

2011, Jain, 2005). During tumor development, the normally tightly controlled formation 

of new blood vessels is disturbed and the proliferating cancer cells as well as hypoxia 

cause an overproduction of vascular growth factors, such as Vascular Endothelial 

Growth Factor Receptor 2 (VEGFR2) (Theek et al., 2018). Already in the 1970s, strategies 

for the pharmacological inhibition of angiogenesis were proposed (Folkman, 1971). 

Vessel normalization in form of anti-angiogenic therapy aims for transient improvement 

of vascular function and structure by pruning away vessels, modifying the tumor 

microenvironment and thereby the outcome of the treatment. While anti-VEGF 

monotherapies were unsuccessful in clinical trials, a clear added value was reported in 

combination with chemo- and radio-therapeutic treatments (Jain et al., 2006, Willett et 

al., 2006). In HER2-negative breast cancer patients neoadjuvant treatment with 

bevacizumab, an anti-VEGF antibody, reduced the IFP and enhanced the 

pericyte-coverage on vessels. The better perfused vascular network leads to an 

improved drug delivery (Theek et al., 2018, Tolaney et al., 2015). Further 

chemotherapeutic drugs as well as nanomedicines have already been shown to benefit 

from vascular normalization (Chauhan et al., 2013, Jain et al., 2010, Khawar et al., 2015, 

Mpekris et al., 2017). However, the normalization of tumor blood vessels seems to 

improve the delivery of nanomedicines in a size-dependent manner, since the 

extravasation of 100 nm-sized Doxil® liposomes is impeded by the reduced pore size 

(Chauhan et al., 2012). 

Tumor-associated macrophages (TAM), which are typically polarized toward a 

pro-angiogenic and immunosuppressive M2-like phenotype, can be a crucial factor in 
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vascular normalization (Huang et al., 2011). The histidine-rich glycoprotein (HRG), a 

highly abundant plasma protein, is the focus in one of the first studies investigating the 

effect of vascular normalization mediated via the repolarization of TAM (Rolny et al., 

2011). HRG suppresses the expression of the placental growth factor (PlGF), which is 

overexpressed in several tumor types and acts pro-angiogenic by binding to VEGFR1 

(Fischer et al., 2008, Olsson et al., 2004, Poon et al., 2011). HRG expression inhibits PlGF 

signaling and polarizes TAM from a pro-angiogenic M2-like phenotype toward the 

anti-angiogenic M1-like phenotype, which induces a priming of the vasculature that 

reduces tumor growth and metastasis (Jones et al., 2005, Theek et al., 2018, Tugues et 

al., 2012). 

In order to systematically study the effect of macrophage-mediated tumor vessel 

normalization on the accumulation and penetration of a polymeric drug delivery system, 

HRG-knockout (KO) and wild type (WT) mice in combination with HRG-overexpressing 

or normal t241 fibrosarcoma cells were used (Figure 1). The 10-20 nm-sized polymers 

are based on pHPMA, poly(N (2 hydroxypropyl)methacrylamide) (Theek et al., 2018). 

 

 

Figure 1: The expression of the histidine-rich glycoprotein (HRG) affects the polarization of 

tumor-associated macrophages (TAM) and induces a M1-like anti-angiogenic phenotype in tumors, 

which primes the vasculature by means of downregulation of the placental growth factor (PIGF) (Theek 

et al., 2018). 

The combined use of ultrasound (US) and microbubbles (MB) received increasing 

attention in the last decade, as a promising approach to enhance drug extravasation and 

penetration (Kiessling et al., 2014a, Kooiman et al., 2014, Lammertink et al., 2015, 



 

8 
 

Lentacker et al., 2014, Mo et al., 2012). Originally, this strategy was referred to as 

sonoporation. However, Snipstad et al. propose the use of the broader term 

sonopermeation, which covers more biological effects than the formation of pores in 

cell membranes (Snipstad et al., 2018). Besides transient pore formation, 

sonopermeation describes additionally the opening of tight junctions in the vascular 

endothelium, stimulation of endocytosis, transcytosis and exocytosis, along with 

macroscopic changes in perfusion and the perivascular space (Hersh et al., 2016, 

Meijering et al., 2009, Rix et al., 2014, Ross et al., 2002, Sheikov et al., 2008, Snipstad et 

al., 2018, Yuana et al., 2017). Stable cavitation occurs at relatively low amplitudes and 

induces MB oscillation that results in streaming, generation of shear force and 

push-pull-effects which contribute in the transfer of drugs over membranes (Frenkel, 

2008, Kooiman et al., 2014, Lentacker et al., 2014, Snipstad et al., 2018). Inertial 

cavitation derives from an increased acoustic pressure at larger amplitudes causing the 

MB to collapse, which creates shock waves and liquid jets (Husseini et al., 2014, 

Lentacker et al., 2014). Following the collapse of MB, both temporary and permanent 

pores of various sizes from 1-3000 nm are generated (Hu et al., 2013, Snipstad et al., 

2018, Zhao et al., 2008). 

Thus far, sonopermeation has been extensively used for nucleic acid delivery in vitro 

(Dewitte et al., 2014). One of the most developed and promising in vivo applications is 

the sonopermeation of the blood brain barrier for drug delivery into the brain (Lammers 

et al., 2015, Poon et al., 2017, Song et al., 2018). Beyond the sonopermeation of the 

brain or brain tumors, the majority of studies in other solid tumors has focused on drug 

delivery systems that are directly loaded onto the MB (Cochran et al., 2011, Li et al., 

2012, Tinkov et al., 2010). The first clinical trial demonstrating the enhanced therapy 

efficiency was in patients suffering from inoperable pancreatic cancer and used a 

combination of free gemcitabine and sonopermeation (Dimcevski et al., 2016). 

Therefore, the systematic analysis of the impact of sonopermeation on the 

accumulation and penetration of fluorophore-labeled liposomes is essential for the 

progression of this technology. Two types of MB formulations with different oscillation 

potential, i.e. phospholipid soft-shell and polymer-based hard-shell MB, are assessed in 

two tumor models (Figure 2). The highly cellular A431 epidermoid tumors as well as the 

extremely stromal adenocarcinoma BxPC-3 are both characterized by low levels of EPR. 
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Sonopermeation as a modulating strategy is an interesting method to improve the 

efficacy of nanomedical treatments (Theek et al., 2016). 

 

Figure 2: Sonopermeation, which is based on the combination of ultrasound (US) and microbubbles 

(MB), improves the accumulation and penetration of liposomes in tumors, characterized with low levels 

of Enhanced Permeability and Retention (EPR) effect (Theek et al., 2016). 

Overall, the potential value of these modulating strategies depends also to a large extent 

on their availability and clinical acceptance. In this regard, neoadjuvant pharmacological 

priming of the microenvironment with clinically already approved pharmaceuticals may 

be an attractive and straightforward approach for improving the tumor accumulation 

and distribution of nanomedicines. A key consideration for these agents should also be 

the practicality of this therapeutic intervention for patients with metastases. 

Consequently, physical modulation strategies might be appealing because of their local 

and temporal confinement (Ojha et al., 2017). For a successful clinical translation, future 

research should try to combine these microenvironment modulating interventions with 

molecular biomarkers that allow for real-time feedback, non-invasive longitudinal 

monitoring and therapeutic outcome prediction. 
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1.4. Monitoring of the microenvironment 

Besides strategies to address heterogeneity in drug delivery, the development of 

imaging biomarker to predict and monitor treatment effects are essential. Accurate 

diagnosis and staging of fibrosis is essential for proper prognosis and progression 

monitoring. The presence and severity of fibrosis actually is the best predictor for 

disease progression in CKD (Baues et al., 2017, Khwaja et al., 2007). Traditionally, 

needle-based biopsies have been the gold standard for fibrosis diagnosis and staging. At 

present, biopsies are still the only available means to specifically diagnose and stage 

renal fibrosis (Sun et al., 2019). 

In case of tumors, a biopsy is the standard diagnostic procedure to determine the nature 

and stage of the tumor, as well as its malignant potential. Although the essential role of 

desmoplastic processes for tumor growth and metastasis has been recognized 

(Mahadevan et al., 2007), they are not considered in routine pathological assessments. 

Many studies have suggested that especially in invasive colorectal cancer (Park et al., 

2015, Park et al., 2014, Ueno et al., 2002) and in pancreatic ductal adenocarcinoma 

(Bijlsma et al., 2015, Neesse et al., 2011, Wang et al., 2016), the desmoplastic reaction 

is a key hallmark determining therapeutic outcome. However, thus far, histopathological 

information on e.g. myxoid stroma as an indicator for epithelial-to-mesenchymal 

transition (Ueno et al., 2002), has not yet managed to become broadly accepted and 

implemented for disease differentiation, prognosis assessment and treatment selection 

(Baues et al., 2017, Ueno et al., 2015). 

While needle-based biopsies play an important role, they are nevertheless faced with 

multiple limitations including their invasive nature, procedure associated risks, limited 

representativeness for the entire organ, and inter- and intra-observer sampling 

variability (Baues et al., 2017, Manning et al., 2008). Furthermore, biopsies are not 

suitable for longitudinal monitoring or therapy response assessment, i.a. due to the 

increasing risk of complications (Farrar et al., 2015, Hogan et al., 2016, Sun et al., 2019). 

In tumors, biopsy-based diagnosis is particularly complicated, because of intrinsic 

heterogeneity in the primary tumor and (in)between metastases (Gerlinger et al., 2012). 

Also the accessibility of the pathological site and the risk of spreading/seeding cancer 

cells play an important role (Robertson et al., 2011). In light of these limitations, liquid 

biopsies are increasingly emerging in the field of cancer diagnosis as a refined and 
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non-invasive alternative or potential add-on to needle-based biopsies (Diaz et al., 2014). 

A liquid biopsy, in the form of a blood sample, can provide information on the genetic 

profile of cancerous lesions by means of analyzing circulating tumor cells or circulating 

cell-free tumor DNA (Alix-Panabieres et al., 2016, Baues et al., 2017, Crowley et al., 

2013). 

Because of their high applicability, reproducibility and widespread availability, 

liquid-based biopsies not only hold great promise for cancer diagnosis, but also for the 

assessment of other fibrotic diseases. In kidney fibrosis, liquid biopsy-based biomarkers 

can be measured in blood as well as in urine. In this regard, the correlation of 

transforming-growth factor-β and bone morphogenetic protein-7 levels in both blood 

and urine have been known to correlate well with the degree of fibrosis (Wong et al., 

2013). Additionally, the urinary ratio of the N-terminal propeptide of collagen III to the 

matrix metallopeptidase-generated collagen III degradation fragment has been 

identified to reflect ECM turnover in multiple rat models as well as in patients suffering 

from IgA nephropathy (Genovese et al., 2016, Papasotiriou et al., 2015). 

Shortcomings of liquid-based biomarkers are, that they may not be origin-specific 

enough, that they may be limited to the indication of impaired organ function or 

inflammatory state, and in particular that they may not specifically reflect the 

microenvironment or discriminate between different stages of fibrosis (Genovese et al., 

2014, Sangwaiya et al., 2014). The abovementioned new biomarkers may help to 

provide more fibrosis-specific information, since they mostly assess molecules of the 

ECM. These novel microenvironment-based markers now require validation in large 

cohorts of patients and in long term studies (Genovese et al., 2014). In the future, such 

liquid biopsy techniques may be used in combination with other modalities, such as 

imaging, to improve the accuracy of diagnosis and staging (Baues et al., 2017). 

In the last decade, non-invasive imaging has received a lot of attention for the 

assessment of cancer and fibrosis. Approaches typically include anatomical, functional 

and molecular imaging techniques that allow for the examination of the affected organ 

(or even the whole body) in a readily repeatable manner. This makes non-invasive 

imaging not only attractive for initial diagnosis, but especially also for staging and for 

monitoring disease progression. Several imaging modalities and protocols have been 

evaluated for this purpose over the years, ranging from the basic assessment of 
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morphological changes, over quantifiable differences in functional properties, to the 

identification of molecular adaptations and disease-specific changes. Importantly, 

non-invasive imaging can also be employed for treatment monitoring, thereby 

potentially facilitating the clinical translation of novel therapies (Baues et al., 2017). 

Thus far, only a relatively small number of diagnostic methods have been evaluated and 

established for imaging the fibrotic tumor stroma. In most of these cases, anatomical 

and functional imaging techniques are employed. The identification of fibrotic tumors 

becomes complicated if the tumor is located within a fibrous organ or tissue, and in case 

of contrast-enhanced scans, if tumor perfusion is hindered (Erkan et al., 2012a). A typical 

example of this is pancreatic cancer, in which fibrosis of the tumor and of the 

surrounding non-malignant parts of the pancreas strongly influences which imaging 

technique can be employed and which surgical decisions have to be made in terms of 

intraoperative tumor border definition and resection strategy (Erkan et al., 2012b). Only 

a few imaging modalities (X-ray, MRI and US) have been employed to assess tumor 

fibrosis, and they have so far only focused on anatomical and functional information. 

Recently, the performance of the collagen type I targeted MRI contrast agent EP-3533, 

which had been previously tested for the visualization of liver fibrosis, was evaluated in 

an orthotopic pancreatic ductal adenocarcinoma model. Compared to a non-binding 

control MR agent, the uptake of EP-3533 was found to be specific and not the result of 

the leaky tumor vasculature (Yu et al., 2012). Considering the dynamic changes which 

are continuously going on in tumor microenvironment at the molecular level, targeted 

molecular imaging agents which are specific for stromal biomarkers in the tumor 

microenvironment may hold significant potential, not only for better diagnosis, staging 

and prognosis prediction, but also for individualizing and improving therapeutic 

interventions (Baues et al., 2017). 

Several anatomical and functional imaging techniques, which originate either from 

standard clinical procedures to categorize a patient with abnormal kidney function or 

from the assessment of fibrosis in other organs, have been adapted over the years to 

monitor kidney fibrosis. Unfortunately, they have not really turned out to be useful for 

improving diagnosis, staging or treatment monitoring in patients with renal fibrosis and 

CKD. To improve the non-invasive assessment of kidney fibrosis, and to provide novel 

tools and technologies for assessing the efficacy of novel anti-fibrotic and anti-CKD 
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therapies, it therefore seems imperative to develop molecular imaging agents. These 

could be targeting biomarkers of the microenvironment, e.g. certain kidney cells or 

components within the ECM, which are able to report sensitively and specifically the 

progressions of renal fibrosis and CKD (Baues et al., 2017). 

Based on the above mentioned insights and efforts, the aim is to establish molecular 

imaging agents for non-invasive assessment. Fibrosis is characterized by pathological 

production and accumulation of ECM, mainly comprising collagens. The 

collagen-binding agent (CNA35) is a bacterially derived protein fragment of 35 kDa, 

which binds specifically to fibril-forming collagens and which has already been shown to 

hold promise for visualizing cardiovascular fibrosis (Krahn et al., 2006, Megens et al., 

2007, Sanders et al., 2011). Multimodal optical imaging is used to visualize and quantify 

collagen deposition in murine models of kidney fibrosis by means of CNA35 (Figure 3). 

 

Figure 3: CNA35-based collagen-specific molecular imaging enables the non-invasive quantification of 

perivascular and interstitial renal fibrosis (Baues et al., 2019). 

In comparison to collagen, elastin is present in even lower amounts in healthy tissue, 

which makes the molecular imaging of this ECM protein with the elastin-specific imaging 

agent (ESMA) interesting for staging and treatment monitoring of fibrosis (Figure 4). 

ESMA was initially shown to be useful for visualizing and quantifying elastin levels in 

atherosclerotic plaques (Makowski et al., 2011). The proof-of-principle for imaging liver 

fibrosis using ESMA was recently provided, demonstrating strong perivascular 

accumulation in the livers of mice exposed to CCl4 for 6 weeks using delayed-

enhancement magnetic resonance imaging (MRI) (Ehling et al., 2013). 
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Figure 4: Elastin expression in kidney fibrosis and its potential as an imaging biomarker. The elastin 

deposition is assessed in 10 mouse and rat models as well as in >140 human samples from all major renal 

pathologies (Membranous GN: membranous glomerulonephritis; Crescentic GN: crescentic 

glomerulonephritis including Pauci-immune glomerulonephritis and lupus nephritis; FSGS: focal 

segmental glomerulosclerosis; Rejection: acute and chronic antibody and T cell-mediated renal rejection; 

ACKD: acquired cystic kidney disease; ADPKD: autosomal dominant polycystic kidney disease). The 

displayed methods evaluate elastin and elastin-based molecular MRI as non-invasive means to visualize, 

quantify and stage kidney fibrosis (IHC: Immunohistochemistry, IF: Immunofluorescence, 

TEM: Transmission electron microscopy, scRNA-seq: Single cell RNA sequencing, LA-ICP-MS: Laser 

ablation-inductively coupled plasma-mass spectrometry, MAR: microautoradiography) (Sun et al., 2019). 

All things considered the recent advances in the clinical management of cancer and 

fibrosis have been relatively modest. An effective treatment substantially relies on 

strategies for diagnostic observation, in combination with patient selection and therapy 

response monitoring. The identification of innovative probes and protocols that are able 

to specifically visualize and quantify pathophysiological changes in the 

microenvironment should be part of the drug discovery process and help to establish 

diagnostic and therapeutic interventions for many severe diseases. 
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2. Objectives 

The dynamic nature of the microenvironment is important in the progression of many 

diseases. An increased deposition of ECM components is observed in fibrotic conditions, 

in which it alters biochemical and mechanical properties, and compromises tissue 

function. Similarly, tumor cell invasion and metastasis are driven by the continuous and 

progressive remodeling of microenvironmental cues. The priming of the ECM by fibrosis 

can precede or follow tumor development. Therefore, the inherent plasticity should be 

harnessed for the development of diagnostic approaches to establish novel clinical 

endpoints and therapeutic strategies that reeducate the microenvironment. 

In this thesis, two interventions modulating the EPR effect in tumors are evaluated 

regarding their impact on drug delivery. Firstly, the effect of HRG knockout and HRG 

overexpression on the accumulation and penetration of fluorophore-labeled polymeric 

drug carriers is assessed in t241 fibrosarcoma tumors. Increased expression of HRG 

drives TAM polarization toward an anti-angiogenic M1-like phenotype, resulting in 

normalized tumor blood vessels, which is intended to improve tumor-targeted drug 

delivery (Ch. 4.1). In addition, sonopermeation is applied to enhance the tumor 

macro-accumulation and micro-distribution of liposomal drug carriers. Sonopermeation 

is applied in highly cellular A431 xenografts and in highly stromal BxPC-3 xenografts, 

aiming to increase nanocarrier penetration into the tumor interstitium (Ch. 4.2). 

Furthermore, the pathological microenvironment is explored for non-invasive staging 

and longitudinal treatment/progression monitoring in renal fibrosis with imaging probes 

specific for collagen and elastin. In Ch. 4.3, ECM deposition is visualized with the 

collagen-specific protein CNA35. Multimodal imaging is used to show specific CNA35 

binding to fibril-forming collagens. Elastin expression is analyzed in mouse, rat and 

human kidneys at various CKD stages and ESMA-based MRI is applied to visualize 

anti-fibrotic therapy responses, fibrosis progression and reversal (Ch. 4.4). The 

diagnostic performance is also compared to clinical protocols assessing kidney function. 

Overall, modulating the microenvironment improves EPR-mediated nanocarrier delivery 

in tumors and holds significant potential for individualizing therapeutic interventions. 

ECM monitoring as a novel and robust fibrosis-specific diagnostic tool, may provide 

feasible surrogate endpoints for clinical studies evaluating anti-fibrotic therapies.  
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3. Material and Methods 

Polymer synthesis 

For the synthesis of the 10-20 nm-sized polymeric pHPMA drug carrier based on 

poly(N-(2-hydroxypropyl)methacrylamide), a copolymer precursor was prepared by 

radical copolymerization of (N-2-hydroxypropyl)methacrylamide (HPMA, 85 mol %) and 

3-(N-methacryloyl glycylglycyl) thiazolidine-2-thione (Ma-GG-TT, 15 mol %) in DMSO at 

50 °C for 6 h, as previously described (Etrych et al., 2007, Rihova et al., 2000). The 

fluorophores ATTO 488-NH2 and Dy750-NH2 were dissolved with the synthesized 

poly(HPMA-co-Ma-GG-TT) in N,N'-dimethylacetamide and N,N’-diisopropylethylamine. 

The polymer was aminolyzed after 30 min with 1-aminopropan-2-ol and precipitated by 

using diethylether and centrifugation. Further purification was performed using high 

performance liquid chromatography with a Chromolith® SemiPrep RP18 encapped 

100-10 mm column and then by gel filtration on a PD-10 desalting column containing 

Sephadex G-25 resin in water (GE Healthcare, Germany). The final molecular weight of 

the polymer was 67 kDa, the polydispersity index was 1.7 and the content of ATTO 488 

was 2.1% (w/w) and of DY-750 1.6% (w/w) (Theek et al., 2018). 

Liposome synthesis 

Liposomes were prepared based on a post-insertion film-method (Bartneck et al., 2015, 

Ergen et al., 2019). PEG-PE micelles were prepared by mixing PEG(2000)-DSPE-NH2 and 

PEG(2000)-DSPE (Avanti Polar Lipids, USA), and used for labeling the liposomes. 

Alexa Fluor 750 NHS (Invitrogen, USA) and NBD-PE (Molecular Probes, USA), which is 

fluorescent at 488 nm, were covalently linked to the micelles. During the mixture 

PEG(2000)-DSPE-NH2 was present in 5-fold excess compared to both fluorophores. 

During this process the mixture was heated to 60°C for 10 min. Subsequently, the 

labelled micelles were added to the liposomes and heated for 5 min at 60°C, followed 

by 10 min of mixing at room temperature. After extrusion through a polycarbonate filter 

a mean diameter of 133 nm and a polydispersity index of 0.04 were obtained (Theek et 

al., 2016). 
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Microbubble synthesis 

Poly(butyl cyanoacrylate) (PBCA)-based microbubbles (MB) were synthesized as 

described previously (Fokong et al., 2011). N-Butyl cyanoacrylate monomers were 

titrated to an aqueous solution containing 1% (w/v) TritonX-100 at pH 2.5, under stirring 

at 10,000 rpm for 1 h using an Ultra-turrax (IKA-Werke, Germany). Following the 

synthesis, several washing steps were performed and the MB size was determined with 

a Multisizer 3 in ISOTON II at room temperature (Beckmann Coulter). The size 

distribution was 2.5 ± 1 µm (Appold et al., 2017, Theek et al., 2016). 

CNA35 synthesis 

CNA35 was produced as described previously (Krahn et al., 2006) and labeled with Cy7 

for in vivo and with FITC for ex vivo optical imaging. A scrambled version of CNA35, i.e. 

with amino-acid substitution Y175K, rendering it unable to bind to collagen, was used as 

a control (Baues et al., 2019). 

Animal experiments 

All animal experiments were performed according to the regulations of the local and 

national ethics committee for animal welfare. Mice were housed under standard 

(specific pathogen-free) conditions with constant temperature and humidity under a 

12-hour phase light-dark cycle with free access to drinking water (ozone-treated and 

acidified) and food. All in vivo imaging experiments were conducted under continuous 

inhalation anesthesia using 2% (vol/vol) isoflurane. To reduce background fluorescence 

in the FMT scans, the diet was changed to chlorophyll-free food (ssniff Spezialdiäten 

GmbH, Germany) three days prior to the imaging experiments. Every effort was made 

to minimize animal suffering. 

 Tumor models: 

C57BL/6J mice (WT) were obtained from Charles River (The Netherlands). 

B6-(HRG33)tmwja1 mice (KO), a viable and fertile HRG-/- null mutation, have been 

provided by the Institute for Biomedical Engineering - Biointerface Laboratory and have 

been described previously (Tsuchida-Straeten et al., 2005). For both phenotypes, 

5-8 week-old male and female mice were used. One million t241 cells (i.e. murine 

fibrosarcoma) or HRG-overexpressing t241 cells (t241-HRG+) (Rolny et al., 2011) were 
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inoculated subcutaneously into the right flank of the mice, and tumors were allowed to 

grow to a diameter of 6-7 mm (Theek et al., 2018). 

For the sonopermeation study, 6-8 week old female CD-1 nude mice were ordered from 

Charles River (The Netherlands). Four million A431 cells, i.e. human epidermoid, or 

five million BxPC-3 cells, i.e. human pancreatic adenocarcinoma, were inoculated 

subcutaneously into both flanks of each mouse, and tumors were allowed to grow to 

6-8 mm in diameter (Theek et al., 2016).  

 Kidney fibrosis models: 

For the fibrosis studies, all surgeries were performed under anesthesia by Ketamine 

(14 g/kg body weight) and Xylazine (8 g/kg body weight). Analgesia with Temgesic 

(0.05 mg/kg body weight) was used until 72 h post the operation. During the surgical 

period, body temperature was maintained between 35°C and 37.5°C using a 

temperature-controlled heating system. Mouse models applied in kidney fibrosis 

investigation include: 

Unilateral ureteral obstruction (UUO), conducted in 10 week-old C57BL/6N mice, with 

kidneys from both obstructed and contralateral sides harvested at days 1, 3, 5, 7, 10, 14, 

21 after UUO induction. I/R (ischemia-reperfusion injury) was performed in C57BL/6N 

mice. Here, the mice were sacrificed and kidneys excised on the 1, 3, 5, 7, 10, 14, 21 day 

after I/R induction, respectively. Adenine nephropathy was induced in 10 week-old 

C57BL/6N mice by feeding a 0.2% adenine diet. Kidneys were harvested on day 1, 3, 5, 

7, 14, 21. In this case, healthy mice of day 1 were used as controls. Alport mice Col4a3-/- 

that are based on a 129/SvJ background, were analyzed at 4 and 8 weeks age. As a 

control for this model, wild type littermates of 8 weeks were used. Folic acid 

nephropathy (FAN) was induced in 10 week-old C57BL/6N mice by weekly i.p. injection 

of folic acid (250 mg/kg of body weight and dissolved in NaHCO3) for 8 weeks in total. 

The model of nephrotoxic nephritis (NTN) was induced in 13 week-old male C57BL/6N 

mice by a single i.p. injection of 750 μl NTS and 40 μg CpG-oligonucleotide (Djudjaj et 

al., 2016, Ehling et al., 2016, Sun et al., 2019). 

For the in vivo MR imaging studies in kidney fibrosis the UUO, I/R as well as the adenine 

nephropathy model were chosen. In case of the adenine nephropathy group healthy 

mice were used for the control cohort. In the UUO and I/R groups contralateral kidneys 
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were applied as controls. Further, the adenine nephropathy model was also employed 

to study the pharmacokinetics of ESMA. In order to monitor fibrosis progression MRI 

measurements were performed before as well as 24, 48 and 72 h after ESMA injection 

on day 0, day 14 and day 21 of the adenine diet (Sun et al., 2019). 

To investigate whether ESMA can monitor therapeutic effects on renal fibrosis, mice 

with adenine nephropathy were treated with CRID3, an inhibitor of the 

nucleotide-binding domain, leucine-rich–containing family, pyrin domain–containing-3 

(NLRP3) inflammasome and absent in melanoma 2 (AIM2) interferon-inducible protein 

(0.2 μg/g i.p daily), continuously over the course of the adenine diet. On day 21 MRI was 

performed before and 24 h after ESMA injection. In addition, the I/R model was also 

chosen to assess applicability of ESMA in monitoring anti-fibrotic therapy effects. From 

day 7 until day 21 I/R mice either received the tyrosine-kinase inhibitor Imatinib 

(50 mg/kg in H2O, given daily via oral gavage) or normal H2O as a control solution. On 

day 21 MRI was performed for both, before and 24 h after ESMA injection (Sun et al., 

2019). 

To study the detection sensitivity of elastin-based fibrosis imaging, in comparison to 

clinical standard kidney function assessment, a reversible model of adenine 

nephropathy was utilized. The mice were fed for 14 days with a 0.2% adenine diet and 

subsequently received normal food for 14 days. In this adenine recovery experiment 

MRI was performed on day 0, 14 and 21 with measurements before and 24 h after the 

injection of ESMA (Sun et al., 2019).  

Further, the I/R model was used to confirm the binding specificity of ESMA to elastin in 

a competition experiment. On day 21, mice were injected i.v. with 25-fold excess of 

69Ga-ESMA (5 mmol/kg bodyweight). 69Ga is a stable gallium isotope that does not alter 

signal intensities in MRI. After 4 h mice were additionally injected with the standard 

153Gd-ESMA (0.2 mmol/kg bodyweight) and MRI was performed 4 h and 24 h after 

153Gd-ESMA injection (Sun et al., 2019). 

Human renal tissue 

Kidney tissues provided by the Institute of Pathology of the RWTH Aachen University 

Clinic as well as the Institute of Pathology and Department of Nephropathology, both 

located at the University Erlangen, were used for immunohistochemical and 
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immunofluorescent stainings. The studies were approved by the local review boards of 

Aachen and Erlangen and are in line with the Declaration of Helsinki. Non-fibrotic, e.g. 

healthy, kidney tissue was obtained from 44-62 years old patients, including 2 males and 

4 females. The nephrectomy specimens were received due to traumatic injury (n=2), 

discarded transplant kidney (n=1) and tumor-distant areas of tumor nephrectomies 

(n=3). Fibrotic kidney biopsies of patients age 49-74 years, in total 3 males and 3 females, 

were employed, including cases of chronic pyelonephritis (n=3), obstructive 

nephropathy with hydronephrosis (n=2) and nephrolithiasis (n=1). To comprehensively 

analyze the expression of elastin in different kidney diseases and different CKD stages, 

additional archival formalin-fixed paraffin-embedded (FFPE) kidney tissues were 

collected and stained (Sun et al., 2019). 

Ultrasound sonopermeation 

For the sonopermeation study, the VisualSonics Vevo2100 imaging system (Fujifilm 

Sonosite, The Netherlands) was employed. After the mice had been placed on the US 

table, the tumor mass was focused in B-mode and a tail vein catheter was inserted for 

liposome and non-targeted MB administration. Directly after the injection of 2 nmol of 

liposomes, either 5×108 PBCA (polymer-based hard-shell) MB or 4×108 Vevo 

Micromarker® (MM, VisualSonics, Toronto), which are phospholipid-based soft-shell 

MB, were injected. Subsequent to these bolus injections, the MB were continuously 

destroyed at the tumor location, by moving the transducer over the volume of interest, 

applying Power Doppler US (fz = 16 MHz; MI = 0.9) for 10 min (Theek et al., 2016). 

Hybrid CT-FMT and FRI 

Hybrid computed tomography-fluorescence molecular tomography (CT-FMT) and 

fluorescence reflectance imaging (FRI) were performed using an in-house optimized 

procedure (Gremse et al., 2015, Kunjachan et al., 2013). Anesthetized mice were placed 

onto a custom-made mouse bed enabling both CT (CT Imaging, Germany) and FMT 

(PerkinElmer, USA) imaging. CT scans with 720 projections in 1.1 full rotations on a flat 

panel detector with the size of 1032 × 1012 pixels were obtained. Mice were then 

transferred to the FMT and FRI device, to assess the biodistribution of the administered 

fluorescently-labelled drug delivery system or contrast agent. For a partial body scan 

covering the tumor region 45-60 FMT scan points and for a full body scan 100-120 FMT 
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scan points were acquired, while lying on a grid with an inter-individual distance of 

3 mm, for top and bottom orientation of each mouse. CT-FMT imaging was done at 

multiple time points after the respective i.v. injection. At the end of the in vivo 

experiment, functional blood vessels were stained via i.v. injection of rhodamine-labeled 

lectin (Vector Laboratories, USA), to facilitate fluorescence microscopy and TPLSM. 

Organs were excised and imaged ex vivo in the fluorescence reflectance mode at 

750 nm, to obtain an image of the accumulation on a whole organ level. Afterwards, the 

organs were embedded in TissueTek O.C.T. (Sakura Finetek Europe, The Netherlands) 

and cryopreserved at -80 °C (Theek et al., 2018, Theek et al., 2016). In case of the HRG 

experiment a mixture of TissueTek O.C.T. containing 1% (vol/vol) Imeron (Bracco, 

Konstanz, Germany) and 5% (vol/vol) Intralipid (Fresenius Kabi, India) was applied for 

embedding to allow additional ex vivo CT-FMT imaging (Theek et al., 2018). 

MRI 

The elastin-specific molecular imaging agent ESMA is a low molecular weight (855.95 Da) 

combination of 153Gd-DTPA and the D-amino acid D-phenylalanine, which was previously 

extensively characterized to specifically bind elastin. Unbound ESMA has a longitudinal 

relaxivity of 4.7 ± 0.1 mM−1 s−1, elastin-associated ESMA has a relaxivity of 8.7 ± 0.4 mM−1 

s−1 at 3 T (Makowski et al., 2011). ESMA was solved in 100 µl physiologic saline. 

Commercially available unspecific Gd-DTPA (gadolinium-diethylenetriaminepentaacetic 

acid), Magnograf, (Bayer Pharma AG, Germany) was used as a control. Both ESMA and 

Gd-DTPA were administered in the same concentration of 0.2 mmol/kg bodyweight. 

For ex vivo MRI of frozen human kidney tissue, the biopsy specimen were incubated for 

1 h with ESMA or Gd-DTPA at room temperature. For both ESMA and Gd-DTPA the same 

concentration of 0.2 mmol/kg was used in physiologic saline, equally to the applied 

concentration in the animal experiments. Three washing steps in physiologic saline for 

5 min followed, before all biopsy samples were embedded in 10% gelatin for MRI 

measurements (Sun et al., 2019). 

All MRI measurements were performed at the 3.0-T clinical MR imaging system (Achieva 

3.0 T TX, Philips Healthcare, The Netherlands) equipped with a standard clinical gradient 

system (30 mT/m, 200 mT/m per millisecond). A specialized 3 T solenoid mouse coil Rx 

of 127.728 MHz was used (Philips Medical System International B. V., The Netherlands). 
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The mice were imaged in prone position and MR scanning was performed prior to, 4 h 

and 24 h after contrast agent injection. The imaging protocol included a scout sequence, 

T1-weighted TSE (turbo spin echo) sequence, T2-weighted TSE sequence, T1-weighted 

inversion recovery TFE (turbo field echo) sequence as well as T1 relaxometry 

measurements. For the gelatin embedded human biopsy samples the MR scanning 

procedure was reduced to the scout sequences, T1-weighted TSE sequence as well as T1 

relaxometry measurements (Sun et al., 2019). 

T1-weighted TSE images were acquired with the following parameters: Repetition time 

(TR)/echo time (TE) = 500/20 ms, slice thickness = 0.7 mm, field-of-view (FOV) = 84 mm, 

water-fat shift (WFS) (pix) / Bandwidth (BW) (Hz) = 1.694/256.4, slices = 10, total scan 

duration ≈ 9 min. 

T2-weighted TSE images were acquired with the following parameters: 

TR/TE = 2000/100 ms, slice thickness = 1 mm, FOV = 84 mm, WFS (pix) / BW (Hz) 

= 1.705/254.08, and slices = 9, a total scan duration ≈ 7 min. 

T1-weighted inversion recovery TFE sequence parameters: TR/TE/inversion time 

(TI) = 27/8/500 ms, slice thickness = 0.5 mm, FOV = 30 mm, NSA (Number of Signal 

Averages) = 2, Act. (actual) WFS (pix) / BW (Hz) = 12.430/35.0, Echoes = 1, flip angle = 

30° and slices = 9, total scan duration ≈ 20 min. 

T1 relaxometry sequence: TR/TE = 6.5/3.4 ms, slice thickness = 1 mm, FOV = 42 mm, flip 

angle = 30°, TFE shots = 60, prepulse inversion time = 280ms, phase interval = 400ms, 

NSA = 1, Act. WFS (pix) / BW (Hz) = 1.126/385.8, and slices = 16, total scan duration ≈ 6 

min. 

Image analysis 

The imaging data sets were analyzed using the Imalytics Preclinical software (Gremse-IT 

GmbH, Germany) (Gremse et al., 2016). In the hybrid CT-FMT measurements, organ and 

tumor segmentations are based on the anatomical CT data and were used to quantify 

fluorescence signal allocated to the tumors or other organs and expressed as % of the 

injected dose (%ID). For the CNA35 study the organ accumulation was normalized to the 

total fluorescence intensity measured at 3 h post injection. The fluorescence signals 

allocated to tumors were quantified and expressed as %ID per 250 mm3 tumor 
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(corresponding to the average volume of the tumors used in the HRG and 

sonopermeation study) (Theek et al., 2018, Theek et al., 2016). In case of the FRI of 

100 µm-thick sections, the periphery was defined as a 5-pixel wide outer zone of the 

slice segmentation (Theek et al., 2018). 

The MRI image analysis was as well performed by using the Imalytics Preclinical 

software. To obtain the signal intensity for kidneys in the T1-weighted TSE images, areas 

were segmented in the medulla and cortex of each kidney. Contrast to noise ratio (CNR) 

was calculated according to the following equation: CNR = (ROI - muscle signals)/noise. 

The muscle signal was assessed in the erector muscle of the spine. Noise was 

determined as the standard deviation of the air lateral to the mouse body at the level of 

the kidneys. To estimate the T1 relaxometry based on the R1 map, an exponential curve 

beta*abs(0.5-exp(-R1*t)) was fitted to the voxel intensities over time. ΔCNR and ΔR1 

were calculated via value post- minus pre- contrast agent injection (Sun et al., 2019). 

TPLSM 

Image stacks of 50 images with a step size of 1 μm were acquired using a 

25× water-immersed objective mounted on the Olympus FV1000MPE multiphoton 

microscopy system (Olympus, Germany) and processed as described previously (Theek 

et al., 2016). In each image stack, the fluorescent liposomes, polymers or CNA35 and 

perfused blood vessels (via rhodamine-lectin staining) as well as collagen I and III fibers 

(via second-harmonic generation imaging) were imaged. TPLSM images were analyzed 

using the Imaris Software versions 7.4 and 9.2 (Bitplane AG, Switzerland). 

The micro-distribution of the ATTO 488-containing fluorescent polymers or NBD-labeled 

liposomes, i.e. their extravasation from blood vessels into the tumor interstitium, was 

analyzed using a modified version of the “Dilate Surface” XTension in Imaris. For this 

purpose, initial thresholding was applied on the basis of the rhodamine-lectin signal (to 

create a 3D vessel segmentation). The vessel segmentation was then automatically 

dilated, at step-sizes of 10, 30 and 50 μm. Finally, the total amount of polymers or 

liposomes detected within a 50 μm radius around the vessels was quantified by 

multiplying the relative drug carrier volume and the signal intensity. The relative 

micro-distribution was calculated by determining the relative amount of carrier material 

detected in each individual 3D segmentation (Theek et al., 2018, Theek et al., 2016). The 
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collagen fiber thickness and spacing was calculated using the trabecular thickness 

feature of the BoneJ plugin in the image processing package Fiji (Doube et al., 2010, 

Schindelin et al., 2012). 

Histology 

 Immunohistochemistry 

Mouse kidney tissues for immunohistochemistry and light microscopy were harvested 

and fixed in methyl Carnoy’s solution and embedded in paraffin. Human archive samples 

were formalin fixed and paraffin embedded. 1 µm sections were cut and stained as 

previously described (Boor et al., 2015). Periodic acid-Schiff (PAS) staining was used to 

assess renal morphology. Stainings against alpha-smooth muscle actin (α-SMA) (Dako, 

Denmark), PDGFR-β (Abcam, USA), Fibronectin (Merck Millipore, Germany) were 

performed as described previously (Buhl et al., 2016, Djudjaj et al., 2016, Ehling et al., 

2016, Papasotiriou et al., 2015). Collagen type I, III and IV antibodies (Southern 

Biotechnology Associates, USA) were diluted 1:100 in phosphate-buffer saline 

containing 1% bovine serum albumin (Sigma-Aldrich, Germany). An anti-goat secondary 

antibody was purchased from Vector Laboratories (USA). DAB (3,3'-Diaminobenzidine) 

(Sigma-Aldrich, Germany) was used as HRP substrate and formed a brown precipitate 

after oxidation. Methyl green (Sigma-Aldrich, Germany) was used for nuclear 

counterstaining (Sun et al., 2019). 

For immunohistochemistry staining against elastin, the samples were deparaffinized 

and rehydrated, endogenous peroxidase activity was blocked with 3% H2O2 in distilled 

water for 10 min at room temperature. All sections were blocked using the avidin-biotin 

blocking kit (Vector Laboratories, USA). Polyclonal rabbit anti-elastin antibody (ab21610 

for mouse and rat tissue or HPA018111 for human tissue) was used in a dilution of 1:500 

and incubated for 2 h. The biotinylated goat anti-rabbit IgG secondary antibody (Vector 

Laboratories, USA) was diluted 1:300 and incubated for 30 min. Nuclei were 

counterstained with methyl. All sections were analyzed with the BZ-9000 fluorescence 

microscope (Keyence, Japan) (Sun et al., 2019). 

Stained tissue slides were scanned using the NanoZoomer 2.0-HT digital whole slide 

scanner (Hamamatsu Photonics, Japan) and analyzed using imaging software NDP.view 
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(Hamamatsu Photonics, Japan) and the computer based morphometry feature in ImageJ 

(National Institutes of Health, USA) (Sun et al., 2019). 

 Fluorescence 

8 µm-thick tumor cryosections were fixed with 80% methanol (v/v) aqueous solution for 

5 min and afterwards with -20 °C cold acetone for 2 min. Immunofluorescent stainings 

were performed with the following primary monoclonal antibodies: rat anti-mouse 

CD31 (PECAM-1) antibody (BD Biosciences, Germany); biotin anti-α-SMA antibody 

(Progen Biotechnik, Germany); rat anti-mouse F4-80 antibody (AbD Serotec, Germany); 

and rat anti-mouse CD206/Mrc-1 antibody (Acris Antibodies, Germany). Secondary 

antibodies were obtained from Dianova (Germany). DAPI 

(4’-6-diamidine-2’-phenylindole dihydrochloride) (Sigma Aldrich, Germany) was used for 

nuclear counterstaining and sections were embedded with Mowiol® 4-88 (Roth, 

Karlsruhe). For the sonopermeation study, cellularity of the A431 and BxPC-3 tumors 

were assessed by applying a 1:10 mixture of DAPI in Mowiol® 4-88. Images were 

acquired using the Axio Imager M2 microscopy system (Carl Zeiss AG, Germany). 

Double stainings using CNA35-FITC and antibodies against collagen type I, III and IV 

(Southern Biotechnology Associates, USA) were performed on methyl Carnoy’s fixed 

1 µm-thick paraffin sections of mouse and human renal tissues. Sections were first 

incubated with CNA35-FITC overnight at 4°C followed by the incubation with collagen 

type I (1:100), III (1:100) or IV (1:200) antibodies for 1 h (Southern Biotechnology 

Associates, USA). Secondary antibodies (Alexa Fluor 647, anti-goat, 1:100) were applied 

for 30 minutes at room temperature. DAPI (Roche diagnostics, Germany) was used as 

nuclear counter stain. Stained slides were viewed and photographed with a digital 

fluorescence microscope (BZ-9000, Keyence, Japan). On 5 µm thick cryosections of renal 

tissues, from UUO mice injected with CNA35-FITC and sacrificed at 0.5, 4 and 24 h after 

i.v. administration, a mix of DAPI (1:50, Sigma Aldrich, Germany) in Mowiol® 4-88 (Roth, 

Germany) was applied for nuclear counterstaining (Baues et al., 2019, Mohammadkhah 

et al., 2017). Images were acquired using the Axio Imager M2 fluorescence microscopy 

system (Carl Zeiss AG, Germany). 

The immunofluorescence staining against elastin included deparaffinization, 

rehydration and endogenous peroxidase activity blocking with 3% H2O2 in distilled water 
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for 10 min at room temperature. Afterwards, the sections were treated using the 

avidin-biotin blocking kit (Vector Laboratories, USA). The polyclonal rabbit anti-elastin 

antibody (ab21610 for mouse and rat tissue or HPA018111 for human tissue) was diluted 

1:500 and incubated for 2 h. The donkey anti-rabbit IgG conjugated with Alexa Fluor 647 

(Jackson ImmunoResearch Laboratories, USA) was diluted 1:200 and incubated for 

30 min. Nuclei were counterstained with methyl green for immunohistochemistry and 

DAPI for immunofluorescence. All sections were analyzed with the BZ-9000 fluorescence 

microscope (Keyence, Japan). 

Elastin staining of the patient cohort samples were scored as follows: 0 = positive 

vasculature and eventually very few elastin spots in perivascular areas; 1 = elastin 

bundles accumulating around vessels; 2 = larger areas of elastin-bundles around vessels 

and focal spots in the interstitium; 3 = strong staining of larger areas with perivascular 

elastin-bundles and multiple focal spots in the interstitium; 4 = massive elastin bundles 

in the interstitium; 5 = diffuse and strong elastin staining in more than 50% of the 

interstitium (Sun et al., 2019). 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism versions 5, 6 and 8. All results 

are presented as mean ± standard deviation. In vivo CT-FMT analysis of polymer 

accumulation was evaluated with one-way analysis of variance (ANOVA) including a 

multiple comparisons correction (Bonferroni). In vivo CT-FMT analysis of liposome 

accumulation was analyzed using the paired t-test and two-way ANOVA. In case of the 

sonopermeation and collagen fibrosis imaging study, ex vivo 2D-FRI measurements were 

analyzed using the paired t-test, corrected for multiple comparisons. For the HRG 

experiments, the ex vivo FRI analyses were done by applying one-way ANOVA including 

the Bonferroni correction. Paired t-tests were used to compare fibrotic and contralateral 

kidneys in one animal. The unpaired t-test was used for comparison between two groups 

in the kidney studies. One-way ANOVA followed by Bonferroni correction was used for 

comparing more than two groups. In the HRG study, US and immunofluorescence 

analysis were performed using one-way ANOVA including Bonferroni correction. For the 

polymer penetration analysis in TPLSM, the two-way ANOVA with Bonferroni post-test 

was applied to investigate the interaction between the groups and the distance from 
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the vessel surface. In the sonopermeation setting, TPLSM and immunohistochemistry 

analysis were performed using unpaired t-test. Statistical significance was defined as a 

p-value of less than 0.05 (Sun et al., 2019, Theek et al., 2018, Theek et al., 2016).  
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4. Results 

4.1. Vascular priming via macrophage re-education enhances drug delivery 

To study the role of HRG-mediated vascular normalization on EPR-mediated tumor 

targeting of 67 kDa-sized HPMA copolymer-based drug delivery systems, the HRG levels 

in the three different mouse models, i.e. KO + t241, WT + t241 and WT + t241-HRG+, 

were analyzed first. Significant differences in the HRG expression were found via 

immunofluorescence (Figure 5). As expected, the WT + t241-HRG+ group expressed 

significantly higher levels of HRG in tumors compared to the KO + t241 and WT + t241 

groups (Theek et al., 2018). 

 

Figure 5: Differences in HRG expression in the tumor tissue of the three used mouse phenotype and 

t241 cell combinations. (A) Representative fluorescence microscopy images of the HRG expression, which 

is visualized in green, perfused blood vessels with rhodamine-lectin in red and cell nuclei stained with 

DAPI (blue). Scale bar: 50 µm. (B) The HRG immunostaining indicates the strongest HRG expression for 

the HRG-overexpressing t241 tumors in WT mice. Values represent average ± standard deviation based 

on quantifying n=3-4 sections in n=3-6 different tumors. ***p<0.001 (Theek et al., 2018). 

In order to investigate the effect of HRG expression on the tumor vasculature, multiple 

blood vessel features were characterized via immunofluorescence (Figure 6). The 

staining of the endothelial cell marker CD31 (platelet-endothelial cell adhesion 

molecule 1; PECAM-1) showed that the average vessel density was significantly higher 

in t241 tumors grown in KO mice in comparison to both other groups, the t241 tumors 

grown in WT mice and the HRG-overexpressing t241 tumors in WT mice (Figure 6B). To 

examine the blood vessel functionality, the relative fraction of lectin-perfused 

vasculature was determined. The lectin/CD31 positive fraction in the KO + t241 group 

was 46 ± 17% (Figure 6C). In the WT + t241-HRG+ group, this double positive area was 

found to be significantly higher (61 ± 21%), whereas tumor tissue of the WT + t241 group 

had a lectin/CD31 positive fraction of 58 ± 18%. For the vessel maturity, the pericyte 

coverage is considered an essential measure. In case of the α-smooth muscle actin 

(αSMA) staining in tumors grown in WT mice, we observed generally higher levels of 

αSMA compared to mice lacking the expression of HRG (Figure 6D). The highest αSMA 
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mean value (0.2 ± 0.1%) was assessed for the WT + t241-HRG+ group. This tendency was 

also reflected in the vessel maturity score (Figure 6E), in which the αSMA/CD31 positive 

fraction was substantially higher for the WT mice implanted with t241 overexpressing 

HRG (24 ± 18%) in comparison to the mice and tumor combination, which was missing 

HRG expression completely (KO + t241 group, 15 ± 11%) (Theek et al., 2018). 

 

Figure 6: Assessment of the HRG induced changes in the tumor blood vasculature. (A) Representative 

fluorescence microscopy images of the vasculature in t241 tumor of HRG-KO and WT mice, as well as in 

HRG-overexpressing t241 tumors, which were excised from WT mice. Endothelial cells are stained with 

CD31 (blue), perfused blood vessels with rhodamine-lectin (red) and pericytes with αSMA (green). Scale 

bar: 50 µm. (B) The microvessel density, corresponding to the CD31 positive area fraction, was significantly 

lower with a higher degree of HRG expression. (C) Vessel functionality, depicted as % of rhodamine-lectin 

positive area / CD31 positive vessel area, increased with HRG presence. (D, E) Quantification of the 

pericyte marker αSMA showed a tendency towards more mature blood vessels, when HRG levels were 

elevated. Values represent average ± standard deviation based on quantifying n=4 sections in n=3-6 

tumors. *p<0.05 (Theek et al., 2018). 

The subsequent assessment of the quantity and polarization status of tumor-associated 

macrophages (TAM) was done via staining the murine macrophage marker F4-80 and 

the macrophage mannose receptor-1 (Mrc-1), which is specifically expressed by 

pro-angiogenic M2-like macrophages (Figure 7A). As shown in Figure 7B and C, no 
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significant differences in the overall number of TAM were observed in the three 

different groups. In t241 tumors grown in HRG-knockout mice, however, a significantly 

higher fraction of the Mrc-1-positive M2-like macrophages (65 ± 17%) was detected than 

for the WT + t241-HRG+ group (52 ± 17%) (Theek et al., 2018). 

 

Figure 7: The effect of HRG expression on the tumor-associated macrophages. (A) Representative 

fluorescence microscopy images of lectin-stained perfused blood vessels (red), of tumor-associated 

macrophages (TAM; via F4-80+ staining, depicted in green) and of pro-angiogenic M2-like TAM (via Mrc-1+ 

staining, depicted in blue). Scale bar: 50 µm. (B, C) The F4-80 and Mrc-1 staining revealed similar amounts 

of TAM for the three groups (B), but a significantly higher ratio of Mrc-1+ pro-angiogenic M2-like TAM in 

tumors characterized by low levels of HRG (C). Values represent average ± standard deviation based on 

quantifying n=4 sections in n=3-6 tumors. *p<0.05 (Theek et al., 2018). 

To investigate the effect of HRG-mediated vascular priming on the tumor accumulation 

of 10-20 nm-sized polymeric drug carriers, hybrid CT-FMT imaging was performed 

(Figure 8A). In agreement with the previous findings on the vascular normalization 

status, the maximum value for polymer accumulation was found in the WT + t241-HRG+ 

group, with 2.0 ± 0.6% of the injected dose (ID) per 250 mm3 tumor 48 h after the i.v. 

injection of the polymers (Figure 8B). A moderate nanocarrier accumulation was 

detected in the tumors of the WT + t241 group, with 1.8 ± 1.1% ID per 250 mm3. For the 

most angiogenic combination, i.e. KO + t241, the least efficient tumor accumulation was 

determined, with 1.2 ± 0.2% ID per 250 mm3. Subsequently, ex vivo 3D-FMT and 2D-FRI 

measurements (Figure 8C-H) were performed to confirm the in vivo results. The polymer 

accumulation was significantly improved for the WT + t241-HRG+ combination, with 

values being up to 70% higher (p<0.05), as compared to the KO + t241 group. FRI on 

100 µm-thick tissue sections made it possible to differentiate between a peripheral and 
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a core zone of the tumor and it revealed the highest polymer accumulation in the 

peripheral zone of HRG-overexpressing tumors (Figure 8G, H) (Theek et al., 2018). 

 

Figure 8: In vivo and ex vivo imaging of the effect HRG has on the tumor accumulation of polymers. 

(A) Representative CT-FMT images of polymer accumulation in a WT mouse bearing a t241 tumor at 

several different time points after i.v. injection. The tumor region on the right flank is encircled in red. 

(B) Quantification of the tumor accumulation of the polymeric drug carrier at the final measurement time 

point 48 h post i.v. administration in KO and WT mice implanted with t241 tumors and in WT mice injected 

with HRG-overexpressing t241 tumors. The evaluation indicated a tendency toward higher accumulation 

in tumors with normalized blood vessels. (C-F) Ex vivo FMT (C, D) and FRI (E, F) images plus the respective 

quantifications revealed a higher polymer accumulation in tumors expressing higher levels of HRG. 

(G, H) FRI analysis of 100 µm-thick sections of these tumors, demonstrated improved polymer 

accumulation particularly in the periphery of tumors expressing higher amounts of HRG. Values represent 

average ± standard deviation of n=3-6 tumors. Scale bar: 5 mm. *p<0.05 (Theek et al., 2018). 

Besides improving the tumor accumulation of polymers macroscopically, HRG-mediated 

vascular priming was also assumed to affect the extravasation of polymers from the 

vasculature into the tumor interstitium. In addition, the impact on the local distribution 

pattern inside the tumor had to be assessed. The polymer penetration depth was 

analyzed using fluorescence and two-photon scanning microscopy (TPLSM). The 

microscopic polymer accumulation was analyzed with standard (2D) fluorescence 

microscopy (Figure 9A). The quantification indicated that the normalization of the blood 

vessel network was proportionally related to the polymer accumulation (Figure 9C). The 

polymer-positive area percentage was in tumors of the WT + t241 HRG+ group (0.5% for 
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488 nm; 0.8% for 750 nm) more than twice as high compared to the accumulation for 

the KO + t241 combination (0.2% for 488 nm; 0.3% for 750 nm). 

 

Figure 9: Effect of HRG-mediated vascular priming on the tumor penetration of polymeric drug carrier. 

(A) Exemplary immunofluorescence images showing the amount of blood vessels (red), cell nuclei (blue), 

ATTO 488-labeled (green) and Alexa-750-labeled (violet) polymers. Scale bar: 50 µm. (B) Surface-rendered 

two-photon laser scanning microscopy (TPLSM) image stacks with perfused blood vessels depicted in red 

and polymers in green. Scale bar: 50 µm. (C) A good correlation between the accumulation of polymers 

labeled with ATTO 488 and Alexa-750 was observed in both cases, indicating that polymer accumulation 

increases as a result of HRG-mediated vascular normalization. (D) TPLSM-based quantification indicates a 

tendency towards a reduced blood volume upon HRG-mediated vascular normalization. (E) The 

penetration of polymers out of the blood vessels deep into the tumor interstitium significantly increases 

as a result of HRG-mediated vessel priming. Values represent average ± standard deviation based on 

quantifying n=3-4 sections in n=3-6 different tumors. *p<0.05, **p<0.01, ***p <0.001 (Theek et al., 2018). 

TPLSM allowed the visualization and quantification of the polymer distribution and 

penetration in a three-dimensional approach (Figure 9B). In agreement with the 

previous microscopic analysis, the volume of rhodamine-lectin-perfused vasculature 

decreased upon HRG-mediated macrophage polarization (Figure 9D). Importantly, the 

TPLSM evaluation of polymer distribution within 50 µm around the tumor blood vessels 

revealed that primed vessels improved the polymer penetration depth substantially 
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(Figure 9E). In the KO + t241 group the relative polymer accumulation in the tumor tissue 

located 30-50 µm away from the nearest blood vessel was only half as high as the 

polymer volume for the WT + t241 HRG+ and WT + t241 combinations (Theek et al., 

2018). These results illustrated the impact of macrophage-mediated vascular priming in 

tumors on the biodistribution of a 67 kDa-sized HPMA copolymer based drug delivery 

system. 
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4.2. Sonopermeation improves liposome delivery into tumors with low EPR 

Passive drug targeting to tumors relies on the highly variable EPR effect, which makes 

effective delivery challenging and precludes sufficient therapy. Sonopermeation, which 

is the combined application of US and MB, is able to make the tumor tissue more 

accessible for the accumulation and penetration of liposomes. The impact of 

sonopermeation on the distribution of double-fluorophore–labeled liposomes was 

evaluated, using different types of MB (phospholipid soft-shelled and polymeric 

hard-shelled), in two tumor models characterized by low levels of EPR (the extreme 

cellular epidermoid A431 and the highly stromal pancreatic carcinoma BxPC-3). 

Hybrid CT-FMT imaging was performed to assess the influence of sonopermeation on 

the longitudinal biodistribution of liposomes in vivo (Figure 10A-B). The highest 

accumulation values were detected 24 h after the sonopermation in the A431 + PBCA 

group, with 2.3±0.7% ID per 250 mm3 tumor, and for the BxPC-3 + MM combination, 

with 1.9±0.3% ID per 250 mm3 tumor tissue. In the respective control groups the tumor 

accumulation remained significantly lower, with 1.3% ID in each (Figure 10C-F). 

However, for the other two sonopermation-treated comparisons, i.e. A431 + MM and 

BxPC-3 + PBCA, general tendencies toward enhanced liposome accumulation were 

detected (Theek et al., 2016). 

2D-FRI acquisition of excised control and sonopermeated A431 and BxPC-3 tumors 

confirmed the enhancement on the tumor accumulation of liposomes (Figure 11). For 

the majority of tumors, the 2D-FRI results reflected the in vivo observed positive effect 

of sonopermeation on the liposome accumulation. Increases of 20-50% are detected in 

both A431 treatment combinations as well as in the BxPC-3 + PBCA group (Figure 11B). 

In order to investigate the observed differences in macro-accumulation of liposomes 

further, the phenotypic properties of the two tumor models were characterized in more 

detail (Figure 12). For the evaluation, histological features, such as vessels, collagen 

fibers and nuclei, were assessed using TPLSM (Figure 12A, C-E) and fluorescence 

microscopy (Figure 12B, F). Functional blood vessels are stained via i.v. injection of 

rhodamine-lectin. The relative blood volume (rBV) determined for A431 tumor sections 

was comparably low with just 1.8%, whereas in BxPC-3 an almost 50% higher rBV value 

of 2.7% was estimated (Figure 12A, C). 
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Figure 10: Characterizing the in vivo tumor accumulation of liposomes upon sonopermeation. 

(A) Representative 3D CT-FMT images of segmented tissues and the fluorescent overlap of the liposome 

distribution in one mouse over time. (B) Transversal slice through a control (left) and the respective 

sonopermeated tumor (right). (C-F) The evaluated liposome accumulation for both A431 and BxPC-3 

tumors upon sonopermeation with either type of MB, indicated a general tendency toward an enhanced 

accumulation when sonopermeation was applied. Significant differences were observed only at 24 h p.i. 

for the combination A431 + PBCA and BxPC-3 + MM. *p<0.05 (Theek et al., 2016). 
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Figure 11: Ex vivo optical imaging of the tumor accumulation of liposomes. (A) FRI imaging of excised 

control and sonopermeation-treated A431 and BxPC-3 tumors confirmed the trend of increased liposome 

accumulation upon sonopermeation. (B) The quantification of the mean signal intensity of the liposome 

accumulation also indicated a high variability in between the groups (Theek et al., 2016). 

The collagen type I and III content detected by means of second harmonic generation 

(SHG) was only 3% in A431 (Figure 12D), half of the fibers were found in close proximity 

(<50 µm) to the blood vessels (Figure 12E). In the BxPC-3 samples, 6 times more collagen 

was present, which was furthermore closely surrounding the vasculature (Figure 12D, 

E). On the other hand, the nuclear staining with DAPI revealed an immense cellular 

density for the A431 tumors (Figure 12B, F). 

 

Figure 12: Histological evaluation of the tumor stroma and cellularity. (A) Representative TPLSM images 

of A431 and BxPC-3 tumor sections showing rhodamine-lectin-perfused blood vessels (red) and collagen 

fibers generated by SHG (blue). (C-E) Corresponding quantification of the relative blood volume (C), the 

stromal collagen content (D) and fiber distribution (E) revealed significant differences in between both 

tumor models. (B, F). Nuclear staining (blue) of tumor sections with DAPI visualized the differences in 

cellular density (B), the analysis revealed significantly higher values for the A431 tumors (E). *p<0.05, 

***p<0.001 Scale bars: 50 µm (Theek et al., 2016). 
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In addition to these tumor type specific microenvironmental characteristics, the stromal 

differences in regard to collagen fiber structures of A431 and BxPC-3 were quantified in 

detail (Figure 13). The fiber thickness is a key feature of the collagen morphology, as a 

dense ECM is considered a main limiting factor in the context of sufficient drug delivery. 

Collagen fibers in A431 sections were thin (max. 5 µm) and evenly distributed, while in 

BxPC-3 the fibers were arranged to thick bundles of threefold the diameter and 

unequally distributed over the section (Figure 13). The provided insight on the tumor 

microenvironment (i.e. relative blood volume, collagen content and cellularity) was 

fundamental for the systematic analysis of sonopermeation effects, especially in regard 

to the following liposome penetration analysis (Theek et al., 2016). 

 

Figure 13: Characterization of the collagen fiber thickness differences. (A, B) Collagen fibers type I and III 

vary significantly in their location and bundle arrangement in between the two tumor models, A431 and 

BxPC-3. *p<0.05, ***p<0.001. Scale bar: 50 µm (Theek et al., 2016). 

The micro-distribution and tissue penetration of liposomes is tremendously influenced 

by the characteristics of the tumor microenvironment. The combination of TPLSM and 

semi-automated image analysis allowed to evaluate the liposome localization upon 

sonopermeation. The fluorescent signal of the liposomes was visualized and quantified 

within a radius of 50 µm from the perfused blood vessels, thereby the distance was 

subdivided into three segments. The different fractions were less than 10 µm, 10-30 µm 

and 30-50 µm, respectively, far away from each individual segmented vessel surface. For 

untreated, control A431 tumors approximately two-third (67%) of the liposomes were 

localized in the first compartment, in direct proximity to the vasculature (Figure 14). By 

means of sonopermeation, the concentration of liposomes in direct vicinity to the 

vessels was decreased to 53% (PBCA) and 46% (MM). Therefore, higher amounts of 

liposomes were detected in greater distance to the vasculature for both PBCA and MM: 
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within the 10-30 µm segment the liposome penetration enhanced by 8%, while in the 

30-50 µm area the liposome amount doubled (Theek et al., 2016). 

 

Figure 14: Sonopermeation improves the penetration of liposomes in A431 tumors. (A) Exemplary 

TPLSM images showing blood vessels (red), and liposomes (green) in control and sonopermeated A431 

tumors. (B, C) The relative distribution of liposomes is analyzed for the sonopermeation with PBCA (B) and 

MM (C) microbubbles. *p<0.05 (Theek et al., 2016). 

For the collagen-rich BxPC-3 samples the native liposome penetration without 

sonopermeation is even lower than in A431 tumors (Figure 15). Practically 80% of the 

liposomes were stuck next to the vasculature. When sonopermeation was applied, 

liposomes were able to penetrate significantly further into the interstitium. In case of 

PBCA MB 18% less liposomes were detected within the distance of 10 µm to the 

vasculature (Figure 15B), for MM the amount of liposomes in this area closest to the 

vessels was reduced by 15% (Figure 15C). Overall, the accumulation and penetration of 

liposomes in tumors with low EPR was enhanced by means of sonopermeation, with 

either soft- or hard-shelled MB (Theek et al., 2016). 
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Figure 15: Enhanced liposome penetration into the interstitium of BxPC-3 tumors upon 

sonopermeation. (A) Representative TPLSM surface-rendered image stacks of BxPC-3 tumors with 

perfused blood vessels displayed in red and liposomes shown in green. (B, C) Improved relative 

distribution of liposomes in different tumor compartments upon sonopermeation with PBCA (B) and 

MM (C) microbubbles. *p<0.05 (Theek et al., 2016). 
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4.3. Collagen as an imaging biomarker of renal fibrosis 

The pathological production of ECM components, like collagen fibers, is a hallmark of 

renal fibrosis. Multimodal optical imaging was employed to visualize and quantify this 

deposition using the collagen-binding agent CNA35 in two murine models of kidney 

fibrosis. After the i.v. injection of 1 nmol Cy7-labeled CNA35, longitudinal CT-FMT 

imaging showed significantly higher CNA35 accumulation in the kidney with I/R-induced 

fibrosis (Figure 16A, B). In regard to the overall biodistribution, off-target accumulation 

of CNA35 was observed in liver and spleen, which likely results from capture and 

clearance by the reticuloendothelial system (Figure 17A). However, similar findings for 

the in vivo accumulation were observed, when a higher dose of 5 nmol CNA35 was 

applied (Figure 17B, C) (Baues et al., 2019). 

 

Figure 16: In vivo and ex vivo optical imaging of collagen deposition kidneys with I/R induced fibrosis 

using CNA35-Cy7. (A) Coronal and transversal slices as well as 3D renderings for hybrid computed 

tomography fluorescence molecular tomography (CT-FMT) imaging of CNA35 biodistribution in a mouse 

with I/R-induced renal fibrosis at different time points after the i.v. injection of 1 nmol CNA35-Cy7. The 

fibrotic kidney is encircled in brown (left) and the healthy kidney in green (right) in the 2D view. 

(B) Quantification of the in vivo CT-FMT images shows prominent accumulation of CNA35-Cy7 in fibrotic 

kidneys at 24, 48 and 72 h after probe administration. (C, D) Ex vivo fluorescence reflectance imaging (FRI) 

at 72 h post injection confirms higher CNA35 accumulation in fibrotic kidneys (left). (E) Quantification of 

the kidney accumulation of scrambled CNA35-Cy7, demonstrating no specific accumulation in fibrotic vs. 

healthy kidneys. Values represent mean ± SD based on quantifying n=4 mice. *p<0.05, **p<0.01 (Baues 

et al., 2019).  
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The ex vivo FRI acquisition confirmed the in vivo findings for CNA35-Cy7, showing 

significantly increased probe retention in fibrotic kidneys compared to the healthy 

controls, for both the 1 nmol (Figure 16C, D) and 5 nmol (Figure 17D, E) dose. To 

demonstrate that CNA35 specifically targets collagen in fibrotic kidneys, we injected a 

Cy7-labeled scrambled version of CNA35. The scrambled CNA35 version is not able to 

bind to collagen fibers due to a change in the amino acid sequence at the binding site. 

As opposed to CNA35-Cy7, the scrambled probe did not specifically accumulate in 

fibrotic kidneys and it was cleared equally fast from both kidneys (Figure 16E). 

 

Figure 17: Optical imaging of collagen deposition in renal fibrosis using Cy7 fluorophore-labeled CNA35. 

(A-C) Biodistribution of CNA35 over time in mice after i.v. injection of 1 nmol (A) or 5 nmol (B) on day 14 

after unilateral I/R. Hybrid CT-FMT imaging indicated a significantly higher accumulation of CNA35 in 

fibrotic kidneys compared to the healthy kidneys, when 5 nmol are administered (C). (D, E) Ex vivo FRI 

analysis 72 h post injection confirmed the in vivo findings for the 5 nmol injection. Values represent 

mean ± SD based on quantifying n=4 mice. *p<0.05, **p<0.01 (Baues et al., 2019). 
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For the microscopic confirmation of the collagen-binding specificity of CNA35, 

co-stainings with FITC-labeled CNA35 and different types of collagen were performed 

on renal tissue sections from healthy and UUO mice (Figure 18). CNA35-FITC showed 

high co-localization with the scar type collagens I and III in fibrotic mouse kidneys, but 

overlapped minimally with the basement membrane collagen type IV (Figure 18A). 

Ex vivo analyses of renal tissues from UUO mice, injected with CNA35-FITC and sacrificed 

after 0.5, 4 or 24 h post i.v. administration, confirmed the specificity of the contrast 

agent, showing significantly stronger accumulation in fibrotic than in healthy kidneys 

(Figure 18B-D), and a staining pattern that clearly reflected perivascular and specific 

binding to fibrillar collagen (Figure 18D). In this TPLSM-based characterization the 

specific binding to collagen fibers of type I and III was visualized via SHG. The CNA35 

distribution in the kidneys overlapped with collagen and demonstrated a specific binding 

beyond the perivascular area. Molecular imaging of collagen using CNA35 enabled 

specific non-invasive quantification of renal fibrosis (Baues et al., 2019). 
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Figure 18: Microscopy imaging of collagen deposition in fibrotic kidneys using CNA35-FITC. 

(A) Fluorescence microscopy analysis showing the co-localization of FITC-labeled CNA35 (green; upon 

incubation of tissue sections) with collagen fibers of type I, III and IV (all in red) in renal tissue from healthy 

mice and UUO mice. Nuclei are counterstained using DAPI (blue). (B) Representative immunofluorescence 

images showing the accumulation of FITC-labeled CNA35 (green) in healthy and fibrotic kidneys at 0.5, 4 

and 24 h after i.v. injection. Perfused blood vessels are counterstained using rhodamine-lectin (red), cell 

nuclei using DAPI (blue). (C) Quantification of CNA35-FITC accumulation in fibrotic vs. healthy kidneys 

upon i.v. injection. (D) Two-photon laser scanning microscopy (TPLSM) indicated specific co-localization 

with collagen fibers (visualized using second harmonic generation) and much stronger enrichment of 

CNA35-FITC in fibrotic kidneys than in contralateral healthy kidneys, particularly around blood vessels 

(arrow). Scale bars: 50 µm. Values represent mean ± SD based on n=6 sections. *p<0.05, **p<0.01 (Baues 

et al., 2019). 
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4.4. Elastin imaging enables noninvasive staging and treatment monitoring 

The best predictor for CKD progression is the assessment of fibrosis, since it is a common 

endpoint in CKD. Fibrogenesis is characterized by disease state-specific ECM 

composition, which makes molecular imaging agents that specifically recognize ECM 

proteins, such as elastin, most suited for diagnosis, staging and treatment monitoring in 

renal fibrosis. Based on these notions, the elastin expression was analyzed in several 

rodent models with progressive fibrosis and in patients suffering from multiple kidney 

diseases at various CKD stages (Sun et al., 2019). 

 

Figure 19: Elastin expression is increased in renal fibrosis. (A) Representative elastin 

immunofluorescence staining in healthy and fibrotic kidneys showing increased elastin deposition in 

fibrosis for the rat UUO model. Quantification of elastin positive area in the cortex showed significant 

increase during fibrosis. (B) Transmission electron microscopy displayed that elastin is mainly located in 

vessel walls (arrowhead). The region enclosed by the dashed box is shown at a higher magnification. 

Discontinued and rigid elastin fibers (open arrow) can be seen in the interstitium between collagen 

bundles (asterisk). (C) Time-course study of elastin expression, at protein and mRNA level, using 

Western blot and qRT-PCR during progression of renal fibrosis. Both methods further confirmed the 

significant upregulation of elastin in fibrosis in the murine model of adenine nephropathy. *p<0.05, 

#p<0.0001 (Sun et al., 2019). 

The elastin expression was evaluated in samples from healthy and fibrotic mouse, rat 

and human kidneys, applying immunofluorescence, immunohistochemistry, 

transmission electron microscopy (TEM) as well as determining the mRNA and protein 

concentration. Independent of the species, the elastin expression in healthy tissue was 

confined to arterial blood vessels and focally to the medullary interstitium. Elastin was 

neither detected in the cortical interstitium nor associated with tubular or glomerular 
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cells. On the contrary, in fibrosis the expression of elastin was elevated (Figure 19A). In 

between collagen bundles, TEM revealed large elastin fiber clusters in the interstitium 

and within as well as around vessels of fibrotic tissues (Figure 19B). Time-course analysis 

of the murine adenine-induced nephropathy model identified progressive increases in 

protein and mRNA amounts (Figure 19C). 

 

Figure 20: Elastin expression in human kidneys is increased independent of the disease etiology. 

(A) Immunohistochemistry and (B) Western blot analysis of human biopsies from healthy and fibrotic 

kidneys showed increased elastin expression in renal fibrosis. (C) qRT-PCR confirmed elastin upregulation 

in fibrotic kidneys. (D) Renal elastin expression is significantly increased in all major renal diseases 

independently of the underlying cause of the disease. [T0: protocol time zero biopsy of transplanted 

kidneys, Nephrectomy: non-affected tissue from tumor resection, Membranous GN: membranous 

glomerulonephritis, Crescentic GN: crescentic glomerulonephritis including Pauci-immune 

glomerulonephritis and Lupus nephritis, FSGS: focal segmental glomerulosclerosis, Rejection: including 

acute and chronic antibody and T-cell mediated renal rejection, ACKD: acquired cystic kidney disease and 

ADPKD: autosomal dominant polycystic kidney disease]. Scale bars: 50 µm. *p<0.05, †p<0.01, ‡p<0.001, 

#p<0.0001 (Sun et al., 2019). 
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Complementary to the elastin up-regulation in mice and rats, elastin overexpression was 

similar on renal tissue obtained from CKD patients (Figure 20). Immunohistochemistry 

revealed a prominent elastosis of the vasculature (Figure 20A). The significant 

overexpression of elastin during fibrosis was as well confirmed on a protein and mRNA 

level (Figure 20B, C). The biopsies from the 146 patients included all major renal diseases 

and emphasized that the strong elastin upregulation was independent of the underlying 

disease etiology (Figure 20D). This verifies the practicability of elastin as a target for 

specific molecular imaging of renal fibrosis (Sun et al., 2019). 

For the molecular imaging of elastin expression in kidney fibrosis, the elastin-specific 

MRI contrast agent ESMA was applied in comparison with the nonspecific, clinical 

routine contrast agent Gd-DTPA. T1-weighted TSE imaging (T1WI) and T1 relaxometry 

provided optimal signal/echo time differences 24 h after the contrast agent injection. 

These signal differences were normalized to the signal of the spinal erector muscle and 

expressed either as ∆CNR or as ∆R1, respectively. T1WI revealed significantly higher 

ESMA accumulation in kidneys with adenine-diet induced crystal-nephropathy than in 

healthy kidneys as well as stronger signal enhancement by ESMA administration 

compared to standard Gd-DTPA (Figure 21A, B). In both cortex and medulla the signal 

intensities for ESMA were up to 2.8-fold enhanced (Figure 21C, D). For further 

confirmation of the MRI results, the gadolinium (Gd) concentration was assessed in 

kidney tissue applying inductively coupled plasma-mass spectrometry (ICP-MS) and 

laser ablation ICP-MS (LA-ICP-MS). A quantification of the metal concentrations closely 

reflected the previous MRI findings. The highest Gd concentration was measured in 

fibrotic kidneys of mice that had been injected with ESMA (Figure 21E-G). In order to 

extend these results and to confirm the specificity of ESMA binding, healthy and fibrotic 

human kidney biopsy samples were incubated with ESMA or Gd-DTPA (Figure 21H-L). 

With T1WI and ICP-MS the highest contrast agent accumulation was detected in fibrotic 

kidneys incubated with ESMA (Sun et al., 2019). 
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Figure 21: Elastin imaging captures renal fibrosis in adenine nephropathy and reflects elastin content in 

human kidney samples. (A) Coronal T1-weighted images and (B) pseudo color-coded images showed 

detectable changes 24 h after i.v. injection of ESMA and Gd-DTPA in healthy and adenine-induced fibrotic 

kidneys. (C, D) Quantification of normalized MRI signal intensities in cortex and medulla showed 

significant differences between the ESMA and Gd-DTPA groups in healthy and fibrotic kidneys. (E, F) Gd 

quantification in cortex and medulla reflected the binding of ESMA to fibrotic kidneys. (G) Gd distribution 

by LA-ICP-MS showed highest Gd accumulation in fibrotic kidneys of the ESMA group. (H) Representative 

T1WI images of gelatin-embedded human kidney biopsies showed increased signals in cortex as well as 

medulla after incubation with ESMA compared to Gd DTPA. (I, J) Quantification of normalized MR signal 

intensities reveals differences between the ESMA and Gd-DTPA group in healthy non-fibrotic and fibrotic 

kidneys. (K, L) Gd quantification reflected the ex vivo binding of ESMA in fibrotic human kidneys. *p<0.05, 

†p<0.01, ‡p<0.001, #p<0.0001 (Sun et al., 2019). 

An in vivo competition experiment was performed in the I/R model to confirm the 

specific binding of ESMA to elastin. Therefore, a 25-fold excess of 69Gd-labeled ESMA 

was administered, which does not alter MRI signal intensities, followed 4 h later by the 

injection of standard 153Gd-ESMA. In comparison, mice that did receive the blocking 

69Gd-ESMA showed significantly lower MRI signal intensities, which supported the 

specificity of ESMA (Figure 22A, B). This competition study did not impair the expression 

of fibrotic ECM components in any way (Figure 22C-E).   
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Figure 22: Confirmation of the specificity of ESMA binding to elastin in a competition experiment. (A, B) 

Representative T1-weighted MR images and quantification of normalized MR signal intensities of kidneys 

of I/R mice that either got one standard 153Gd-ESMA injection (control) or a pre-injection of 25-fold excess 

of 69Ga-ESMA, followed by an additional standard 153Gd-ESMA injection (competition). 69Ga-ESMA 

competition resulted in significantly reduced signals in cortex and medulla at 4 and 24 h after injection. 

(C, D) Immunofluorescence and Western blot showed no differences in elastin expression in mice with 
153Gd-ESMA and mice with pre-injection of 25x 69Ga-ESMA. (E) Quantification of collagen I and α-SMA in 

both kidneys confirmed an equal extend of renal fibrosis for both groups. (F) Representative images and 

(G) quantification of binding of radiolabeled 99Tc-EMSA to murine kidney sections ex vivo. ESMA detected 

elastin expression at arteries in healthy kidneys and showed increased binding at the interstitium of 

fibrotic kidneys (arrowheads). This binding was completely blocked by co-incubation of slides with 

10 000-fold excess of 69Ga-ESMA confirming the in vivo competition effect. Scale bars: 50 µm. *p<0.05, 

†p<p0.01, ns: not significant (Sun et al., 2019). 
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In addition, the binding of radiolabeled 99mTc-ESMA to elastin in fibrotic kidneys was 

analyzed in the vasculature and interstitium. On murine renal tissue sections the ex vivo 

binding of 99mTc-ESMA to elastin was efficiently inhibited upon competitive binding with 

the nonradioactive 153Gd-ESMA (Figure 22F, G) (Sun et al., 2019). 

 

Figure 23: Elastin imaging enables longitudinal monitoring of fibrosis progression in mice with adenine 

diet–induced nephropathy. (A) Representative T1-weighted MR images in renal fibrosis before disease 

induction (week 0) as well as at the second and third week of adenine diet. Scans were acquired before 

(pre) and 24 h after injection of the contrast agent. (B, C) MR signal quantification in cortex and medulla 

showed highest ΔCNR peak at 24 h after ESMA injection, and a gradual decrease within 48 and 72 h. 

(D) Representative Western blot quantification confirmed the upregulation of elastin in adenine 

nephropathy-related fibrosis. (E) Immunofluorescence images showed increase of elastin in renal fibrosis. 

Scale bars: 50 µm. *p<0.05 (Sun et al., 2019). 

Over 3 weeks the development of renal fibrosis was non-invasively monitored using 

ESMA in the adenine-induced nephropathy model, in order to evaluate if ESMA is able 

to accurately capture the disease progression. The normalized MRI signal intensities 

reflected the elastin expression and fibrosis extent in cortex and medulla (Figure 23A-C). 

The expression degree of elastin was confirmed by Western blot and microscopic 

analysis (Figure 23D, E). Most importantly, the MRI signal intensities showed a peak at 

24 h after ESMA injection and after this a gradual decrease in ∆CNR. About 95% of the 

ESMA were eliminated from the kidneys within 72 h after administration (Sun et al., 

2019). 
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Figure 24: Elastin imaging enables monitoring of anti-fibrotic therapy response. (A) Representative 

immunohistochemical and immunofluorescent staining of collagen (Col) I, α-SMA and elastin in kidneys 

from vehicle and CRID3-treated mice with adenine-induced nephropathy confirmed decreased renal 

fibrosis and elastin expression in CRID3-treated mice. (B) Quantification of Col I positive area in the cortex 

supported the significant decrease of renal fibrosis in CRID3-treated mice. (C) MR images 24 h after 

injection of ESMA showed decreased signals in CRID3-treated kidneys compared to the vehicle control 

kidneys. (D, F) Quantification of signal intensities of the cortex (D) and the medulla (F) showed decreased 

normalized signal intensities for the CRID3 group. (E, G) Representative Western blot and quantification 

in cortex (E) and medulla (G) indicated decreased elastin expression in kidneys treated with CRID3. 

(H) Immunohistochemical and immunofluorescent stainings of Col I, α-SMA and elastin confirmed 

decreased renal fibrosis and elastin expression in Imatinib treated I/R mice. (I) Quantification of Col I 

positive area in the cortex supported the significant decrease of renal fibrosis in Imatinib treated mice 

compared to controls, (J) which was reflected by decreased MRI signals 24 h after injection ESMA. 

(K, M) Quantification of ΔCNR values in cortex (K) and medulla (M) confirmed this decrease. (L, N) In 

addition Western blot analysis validated the decrease of elastin expression in I/R kidneys treated with 

Imatinib. Scale bar: 50 μm. *p<0.05, †p<0.01, ‡p<0.001 (Sun et al., 2019). 
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The development of anti-fibrotic treatments depends tremendously on the defined 

clinical readouts and monitoring possibilities available. The treatment response 

visualization of two inhibitors was assessed using ESMA for elastin specific molecular 

imaging. Inflammasome inhibition by means of daily CRID3 administration diminished 

renal fibrosis and reduced significantly the ECM deposition in the adenine nephropathy 

model (Figure 24A, B, E, G). The significantly reduced MRI signal intensities 

demonstrated the suitability of visualizing the treatment effects of CRID3 by means of 

ESMA (Figure 24C, D, F). The second evaluated therapeutic was the tyrosine kinase 

inhibitor Imatinib, which was applied between day 7 and day 21 in an I/R model with 

already established fibrosis. ECM deposition and elastin expression were reduced in 

kidneys by means of Imatinib (Figure 24H, I, L, N). The MRI signal intensities in 

Imatinib-treated kidneys were significantly reduced and resembled the treatment 

efficacy (Figure 24J, K, M). ESMA-based molecular imaging enabled treatment 

monitoring in renal fibrosis (Sun et al., 2019). 

In a reversible model of adenine nephropathy the sensitivity and precision of 

elastin-based imaging was investigated in relation to the clinical routine assessment of 

kidney functionality, in form of serum creatinine and creatinine clearance (Figure 25). 

For the regression monitoring the mice had 14 days to recover, after an initial fibrosis 

induction period of 14 days (Figure 25A). After this recovery phase the renal function 

was found to be normalized (Figure 25B-E), although renal fibrosis persisted and elastin 

levels remained increased (Figure 25F-J). The molecular imaging of elastin captured the 

persistent morphological damage by means of high MRI signal intensities that reflect the 

remaining fibrosis (Figure 25K-M). Elastin imaging was able to detect the ensuing fibrosis 

that was not identifiable via routine assessment. Overall, elastin-targeted molecular MRI 

allowed for non-invasive, quantitative and longitudinal assessment of renal fibrosis and 

regression (Sun et al., 2019). 
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Figure 25: Elastin imaging identifies residual renal fibrosis that is not detectable using routine kidney 

function measurement. (A) Scheme of the adenine reversal experiment: After 14 days of adenine diet, 

the animals received normal chow for 14 days in the “regeneration” phase. Red triangles represent 

injection of contrast agents, blue and black arrow show MRI scanning before and 24 h after injection, 

respectively. (B-E) Serum creatinine (B), serum urea (C), creatinine clearance (D) and systolic blood 

pressure (BP) (E) indicated recovery after terminating the adenine diet. (F, G) Representative 

immunohistochemical images and quantification of collagen type III positively stained areas in the cortex 

showed fibrosis induction after 14 days, which remained in the subsequent regeneration phase. 

(H, I) Immunofluorescent staining of elastin fibers as well as their quantification confirmed the ensuing 

fibrosis that remained consistently high in the subsequent regeneration phase even after stopping the 

adenine diet. (J) The elevated elastin levels were confirmed by Western blot analysis. (K) The trend of 

remaining fibrosis was reflected by the MR images, which indicated increased signals in week 2 of the 

adenine diet and similar high signals even after its termination. (L, M) Quantification of the normalized 

signal intensities confirmed increased ΔCNR in the first 2 weeks of adenine diet and the period of 2 weeks 

after stopping the adenine diet. Scale bars, 50 µm. *p<0.05, †p<0.01, ‡p<0.001, #p<0.0001 (Sun et al., 

2019). 
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5. Discussion 

5.1. Vascular priming via macrophage re-education enhances drug delivery 

The abnormal tumor microenvironment creates challenges for the development of 

treatments, including vascular and interstitial barriers that impede drug delivery and 

penetration. Modulating strategies, like the priming of tumor blood vessels, are 

promising neoadjuvant interventions (Huang et al., 2013). However, the effects of 

anti-angiogenic approaches are highly dose- and time-dependent, complicating any 

investigations concerning the vascular normalization window. To avoid these 

limitations, a genetically normalized setup appears to be well suited to systematically 

study the effect of macrophage-mediated vascular normalization on the accumulation 

and penetration of a 10-20 nm-sized prototypic drug carrier. In this regard, 

HRG-knockout and wild type mice are combined with HRG-overexpressing or normal 

t241 fibrosarcoma cells. 

First of all, the (over)expression of HRG ensures a less dense vascular network in the 

tumor with a lower angiogenic potential. The key to these HRG-mediated vascular 

changes are the TAM and their polarization status (Rolny et al., 2011, Tugues et al., 

2012). The connection between HRG expression and macrophage skewing toward the 

anti-tumor M1-like phenotype is in line with previous studies (Olsson et al., 2004, Rolny 

et al., 2011, Tugues et al., 2012). The overall amount of TAM is not decreased, only the 

M2-like macrophage population is reduced. The stability in TAM recruitment could even 

be considered beneficial, in light of a polymer study, in which TAM have served as 

cellular drug reservoirs that gradually released their payload to neighboring tumor cells 

(Miller et al., 2015). Interestingly, a TAM polarization directed toward a more M1-like 

provokes a strong delay in tumor growth, which is in contrast to tumor progression 

reported in cases of complete macrophage depletion (Rolny et al., 2011). 

Multimodal and multiscale optical imaging confirms that HRG-mediated priming of the 

tumor vasculature improves polymer accumulation. 2D-FRI indicates that the 

accumulation is most prominent in the peripheral tumor zone, which is due to the large 

and well-perfused blood vessels and a low IFP in the tumor periphery (Chen et al., 2017, 

Stapleton et al., 2015, Stylianopoulos et al., 2013). For an efficient polymeric drug 

delivery a homogenous distribution, extravasation from the vasculature and deep 

penetration into the tumor interstitium are substantial. Otherwise, inadequate 
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penetration implies insufficient therapy, which is a major difficulty in drug delivery 

(Dreher et al., 2006). Fluorescence microscopy and TPLSM confirm that the penetration 

of polymers out of the vasculature into the tumor tissue increases as a result of 

HRG-mediated vascular priming. 

Overall, the increased expression of HRG causes a re-education of TAM toward a more 

anti-angiogenic M1-like phenotype that results in a primed microenvironment, 

improving ultimately the drug delivery into and inside the tumor (Theek et al., 2018). 

This is in agreement with several clinical studies where standard chemotherapeutics, 

metronomically administered anticancer drugs or radiotherapy have benefited from 

vascular normalization (Jain et al., 2006, Mpekris et al., 2017, Tolaney et al., 2015, Willett 

et al., 2006). Consequently, neoadjuvant therapies, that modulate the tumor 

microenvironment by means of vascular priming, hold the potential to improve the 

delivery and efficacy of nanomedicines (Theek et al., 2018). 

  



 

55 
 

5.2. Sonopermeation improves liposome delivery into tumors with low EPR 

Sonopermeation has the potential to enhance drug delivery and improve the efficiency 

of treatments in tumors with impaired EPR characteristics. The shown increase in both 

the macro-accumulation as well as the micro-distribution of liposomes provides the 

basis for the further translation of this technology. Thereby, the observed high 

inter-individual variability is most likely due to the relatively low number of animals per 

experimental group (n=5) and experimental baseline fluctuations in the EPR effect itself, 

which causes outcome relativization (Lammers et al., 2007, Rapoport et al., 2013, 

Sanches et al., 2014, Theek et al., 2016). Partially, the discrepancies in EPR effect 

manifestation are caused by differences in tumor perfusion, which substantially also 

affects the impact of sonopermeation. For example, if the number of MB entering the 

tumor is limited in the first place, then naturally their availability for sonopermeation is 

confined (Ekdawi et al., 2015, Theek et al., 2014a). 

Phenotypical tumor characteristics that cause a low EPR effect, and further its variability, 

differ between A431 and BxPC-3. A431 originates from an epidermoid carcinoma, which 

is known in the literature for tiny and immature blood vessels, but a dense cellular 

network resulting in extremely limited intercellular space (Ehling et al., 2014). The high 

cellularity accounts for the poor EPR in A431 tumors. For the pancreatic 

adenocarcinoma cell line, BxPC-3, large and mature vessels as well as a high stromal 

content are characteristic. There the dense collagen network impairs the distribution of 

nanocarrier into and throughout the tumor interstitium (Brown et al., 2003, Netti et al., 

2000). Therefore, the liposome penetration without sonopermeation is worse in BxPC-3 

tumors than in A431 control tumors. Independent of the applied MB type, the 

penetration of the relatively large model nanocarrier is significantly enhanced. No clear 

differences with regard to the MB type, soft-shelled MM or hard-shelled PBCA, are 

observed. Further studies have to address possible distinctions in physical and 

mechanical MB behavior. However, in both tumor types the liposome penetration is 

enhanced upon sonopermeation with either MB class. In the future, studies have to 

comprehend the mechanistic aspects of sonopermeation and the effect on other drug 

delivery systems, which will enable protocols in additional tissues and pathologies 

(Snipstad et al., 2018, Theek et al., 2016). 
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5.3. Collagen as an imaging biomarker of renal fibrosis 

Combining the fluorophore-labeled contrast agent CNA35 and optical imaging, specific 

and non-invasive assessment of collagen deposition in renal fibrosis is enabled. This 

provides the first proof-of-concept for molecular imaging of collagen content in fibrotic 

kidneys, extending previous studies with CNA35 in cardiovascular fibrosis (Megens et 

al., 2007). Ex vivo and histological analyses revealed that CNA35 mainly binds to the 

fibrillar scar collagens type I and III, which are the main components of the ECM in 

fibrotic kidneys, whereas only a low degree of co-localization was observed with 

non-fibrillar type IV collagen in basement membranes, consistent with solid phase 

binding assays (Krahn et al., 2006). Further, the ex vivo optical imaging, assessing 

CNA35-FITC distribution after i.v. injection, highlighted a prominent perivascular fibrosis 

(Baues et al., 2019). 

Collagen is upregulated early in the disease course and extremely abundant in fibrotic 

tissue, making it a convenient target. Conversely, however, the high baseline abundance 

of collagens in healthy kidneys and other tissues or organs results in higher background 

signal. Measurements distinguishing various degrees of fibrosis should be performed in 

the future to create a solid framework for molecular imaging biomarker in renal fibrosis. 

In addition, for a successful translation into the clinic, further contrast agent adaptation 

is needed before first in human studies, since optical imaging approaches are not very 

suitable in kidney fibrosis. Future systematic experiments should enable the 

optimization of the target, probes and imaging protocols for the translation of a 

non-invasive but quantitative diagnosis, staging and treatment monitoring of kidney 

fibrosis (Baues et al., 2019). 
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5.4. Elastin imaging enables noninvasive staging and treatment monitoring 

ESMA-based molecular MRI noninvasively visualizes elastin expression and allows for 

repetitive and reproducible assessment of renal fibrosis. Elastin imaging enables 

longitudinal monitoring of therapeutic interventions and reflects fibrosis more faithfully 

compared to current clinical measurements that focus on functional renal parameters, 

e.g. GFR. First of all, elastin is largely absent in healthy kidney tissue but dynamically 

up-regulated in fibrosis. The expression of elastin is increased independently of the 

underlying pathological trigger, which is shown by the evaluation of 10 rodent models 

and more than 140 patient biopsies, including all major renal diseases (Sterzel et al., 

2000, Thongboonkerd et al., 2004). This broad applicability suggests that elastin is a 

suitable biomarker for imaging and monitoring of CKD. Elastin imaging is even more 

sensitive and precise in detecting ensuing fibrosis, which is not detected by 

measurements of kidney function. Renal performance might recover via hyperfiltration 

by remaining intact nephrons, which can obscure the actual persistent morphological 

damage. Additionally, the imaging of elastin applying ESMA reflects the fibrotic disease 

stage and progression precisely. The given pharmacokinetics and excretion rate from 

the body within 72 h indicate the possibility of longitudinal and repetitive assessment 

using ESMA-enhanced molecular MRI. However, the potential risk of inducing 

nephrogenic systemic fibrosis has to be considered for clinical translation of 

ESMA-based molecular imaging. This complication, in regard to the use of a 

gadolinium-labeled contrast agent, concerns especially dialysis patients or patients with 

very advanced CKD stage 5. Presumably, the imaging of elastin is clinically more useful 

in earlier CKD stages, for which repetitive administration of Gd-containing contrast 

agents is generally considered to be safe (Chrysochou et al., 2010). Potential safety 

concerns could also be resolved by an alternative labeling of ESMA. Radioisotopes, such 

as 68Ga or 111In, could be tested with ESMA in positron electron tomography (PET) and 

single-photon emission computed tomography (SPECT). Accordingly, elastin imaging is 

a novel, robust fibrosis-specific diagnostic tool and a potential surrogate endpoint for 

clinical studies evaluating anti-fibrotic therapies. 
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Summary: Modulating and monitoring the microenvironment in cancer and renal fibrosis 

(Modulation und Monitoring der Mikroumgebung in Krebs und Nierenfibrose) 

by Maike Baues 

The dysregulation of microenvironmental homeostasis, particularly of the extracellular 

matrix (ECM), is a common driving force in various diseases, including renal fibrosis and 

cancer. A pathological microenvironment, together with an abnormal vascular network and 

dysfunctional lymphatic system, form the basis for the enhanced permeability and retention 

(EPR) effect, which is the underlying mechanism for passive tumor targeting with 

nanomedicine formulations. The EPR effect, however, is a highly variable phenomenon, in 

animal models and in patients. In this thesis, pharmacological and physical strategies to 

modulate EPR-based nanomedicine delivery to tumors are assessed, including vascular 

normalization and sonopermeation (i.e. the combination of ultrasound (US) and 

microbubbles (MB)). Elevated expression of the histidine-rich glycoprotein (HRG) polarizes 

tumor-associated macrophages toward an anti-tumor M1-like phenotype, thereby inducing 

vascular normalization and enhancing the EPR effect. Hard- and soft-shelled MB 

formulations are used in this thesis to study the impact of sonopermeation on the 

EPR-mediated accumulation and penetration of liposomes into highly cellular A431 and 

highly stromal BxPC-3 carcinoma xenografts. Our work demonstrates that both vascular 

normalization and sonopermeation improve the tumor accumulation, tumor penetration 

and the intra-tumoral distribution of nanomedicine-based drug delivery systems. 

Excessive ECM deposition in the kidney impairs renal function, contributing to incidence and 

severity of chronic kidney disease (CKD). As an alternative to needle-based biopsies, 

collagen- and elastin-specific molecular imaging were explored in this thesis for 

non-invasively diagnosing and staging renal fibrosis. The collagen-binding protein CNA35 

accumulated significantly stronger in fibrotic kidneys, and specifically detected collagen 

types I and III on murine and human sections. Elastin was found to be de novo overexpressed 

in fibrotic renal tissues of mice, rats and patients. The elastin-specific molecular imaging 

agent ESMA captured fibrotic areas in human kidney samples. Fibrosis progression and 

anti-fibrotic therapy responses were visualized and quantified by means of ESMA-MRI. 

Taken together, these findings indicate that the modulation of the microenvironment 

improves EPR-mediated tumor targeting and demonstrate that ECM monitoring enables 

specific and repetitive assessment of renal fibrosis. Nanomedicines and molecular imaging 

hold the potential to substantially transform the diagnosis and treatment of cancer and CKD.  



 

59 
 

Zusammenfassung: Modulation und Monitoring der Mikroumgebung in Krebs und Nierenfibrose 

(Modulating and monitoring the microenvironment in cancer and renal fibrosis) von Maike Baues 

Die Dysregulation der Mikroumgebungshomöostase, insbesondere der extrazellulären 

Matrix (ECM), ist ein häufiger Antriebsfaktor bei Krankheiten, einschließlich Nierenfibrose 

und Krebs. Eine pathologische Mikroumgebung bildet, zusammen mit einem abnormalen 

Gefäßnetzwerken und unfunktionalen lymphatischen System, die Prämisse für den Effekt 

der erhöhten Permeabilität und Retention (EPR), welcher der zugrunde liegende 

Mechanismus für passives Tumor-Targeting von Nanowirkstoffen ist. Der EPR-Effekt ist 

jedoch ein sehr variables Phänomen. Daher werden in der vorliegenden Dissertation 

verschiedene pharmakologische und physikalische Strategien zur Modulation des 

EPR-vermittelten Wirkstofftransports untersucht, u.a. Gefäßnormalisierung und 

Sonopermeation (Kombination aus Ultraschall (US) und Mikrobläschen (MB)). Erhöhte 

Expression des Histidin-reichen Glykoproteins (HRG) polarisiert tumorassoziierte 

Makrophagen in Richtung des tumorhemmenden M1-ähnlichen Phänotypen, was eine 

Gefäßnormalisierung und Verstärkung des EPR Effektes herbeiführt. Hart- und 

weichschalige MB wurden in dieser Doktorarbeit zur Untersuchung der Auswirkungen von 

Sonopermeation, in Bezug auf EPR-vermittelter Liposomenakkumulation und -penetration, 

im A431 Karzinom und BxPC-3 Pankreastumor eingesetzt. Unsere Forschung zeigt, dass 

Gefäßnormalisierung und Sonopermeation sowohl die Anreicherung als auch die Verteilung 

von nanomedizinischen Wirkstoffträgersystemen in Tumoren verbessern. 

Übermäßige Ablagerung von ECM beeinträchtigt die Nierenfunktion und trägt zu Inzidenz 

von chronischer Niereninsuffizienz (CKD) bei. Alternativ zu Nadelbiopsien wurden in dieser 

Arbeit kollagen- und elastinbasierte Bildgebungsverfahren zur nichtinvasiven Diagnose und 

Einstufung von Nierenfibrose erforscht. Das kollagen-bindende Protein CNA35 sammelte 

sich stärker in fibrotischen Nieren an und erkannte spezifisch die Kollagentypen I und III auf 

murinen und menschlichen Schnitten. Für Elastin wurde im fibrotischen Nierengewebe von 

Mäusen, Ratten und Patienten eine de novo Überexpression festgestellt. Das Elastin-

spezifische Kontrastmittel ESMA erfasste Fibrose in menschlichen Proben. Progression 

sowie Therapieansprechen wurden mittels ESMA-MRT visualisiert und quantifiziert. 

Insgesamt zeigen diese Ergebnisse, dass die Modulation der Mikroumgebung das 

EPR-vermittelte Tumor Targeting verbessert sowie dass das ECM Monitoring spezifische und 

wiederholte Beurteilung von Nierenfibrose ermöglicht. Nanowirkstoffe und molekulare 

Bildgebung besitzen Potential die Diagnose und Behandlung von Krebs und CKD maßgeblich 

zu verändern.  
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