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2 Introduction 

 

A solid tumor is a complex biological entity. Not just do the malignant cells themselves 

exhibit widely diverse phenotypes; they are also surrounded by – and highly dependent 

on – an intricate local microenvironment (Figure 1). The tumor microenvironment 

comprises the vascular network and extracellular matrix (ECM), as well as a wide range 

of non-malignant cells, such as fibroblasts, immune cells, and various progenitor cells. 

Furthermore, all cells and structural components are immersed in interstitial fluid, 

transporting nutrients and signaling molecules to and from the cells. Several abnormal 

features distinguish the microenvironment in tumors from that in normal tissues. Poor 

oxygenation, deprivation of nutrients, extracellular acidosis, and interstitial hypertension 

are some of the most critical characteristics (Vaupel, 2004). These hostile physiological 

conditions favor the survival of the most resilient and resistant cancer cells, and 

promote invasive and metastatic phenotypes (Petrova et al., 2018; Lu et al., 2012). 

Hence, the tumor microenvironment is acknowledged as an important contributor to the 

malignancy of a solid tumor (Hanahan and Weinberg, 2011). 

 Over the last few decades, anticancer strategies have been developed that 

indirectly cause tumor cells to die through modification and exploitation of their 

microenvironment. Among these strategies are antiangiogenic therapy, immunotherapy, 

and an increasing number of targeted therapies. However, microenvironmental 

parameters tend to show large variability from one patient to another, as well as within 

individual tumors, highlighting the need for personalized diagnostic and therapeutic 

measures. Also, tumor regions with hypoxic tissue or a particularly dense extracellular 

matrix may limit the success of conventional cancer treatment, like radiotherapy and 

chemotherapy, to a great extent (Brown and Giaccia, 1998; Vaupel, 2004; Netti et al., 

2000). Information about the tumor microenvironment is thus desired in all aspects of 

cancer management. The current thesis describes studies on whether established 

functional MRI methods may aid in fulfilling this need. The methods of interest were 

dynamic contrast-enhanced (DCE-) MRI and diffusion-weighted (DW-) MRI, and 

patient-derived xenografts (PDXs) of uterine cervical cancer and cell line-derived 

pancreatic ductal adenocarcinoma (PDAC) xenografts were used as preclinical tumor 

models. Both untreated tumors and tumors exposed to antiangiogenic therapy were 

examined. 



- 10 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The tumor microenvironment. Figure adapted from Liu et al. (2018). 
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3 Background 

 

3.1 The tumor microenvironment 

 

Angiogenesis 

Like any other mammalian cell, a tumor cell depends on oxygen and nutrients from a 

nearby blood vessel to survive. Hence, for a solid tumor to grow beyond a microscopic 

size (~1 mm
3
, determined by the diffusion limit of oxygen and nutrients), it needs to 

create its own vascular network (Folkman, 2006). Several modes of neovascularization 

exist, including sprouting angiogenesis, recruitment of circulating endothelial precursor 

cells (i.e. vasculogenesis), co-option of existing vessels, and splitting of single vessels 

into two by extension of the capillary wall into the vessel lumen (i.e. intussusception). 

Furthermore, the tumor cells themselves may mimic or differentiate into endothelial 

cells (Carmeliet and Jain, 2011). 

 Sprouting angiogenesis is defined as the formation of blood vessels from 

preexisting, surrounding vasculature, and is reckoned as a critical process in cancer 

development (Hanahan and Weinberg, 2011). The induction of angiogenesis – the so-

called “angiogenic switch” – is governed by a balance between proangiogenic and 

antiangiogenic molecules, which is tightly regulated under normal conditions (Hanahan 

and Folkman, 1996; Carmeliet and Jain, 2000). In cancerous tissue, however, 

angiogenesis is chronically activated by excessive amounts of proangiogenic factors 

(Hanahan and Weinberg, 2011). Important angiogenic stimulators are the vascular 

endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), fibroblast 

growth factor (FGF), interleukin 8 (IL8), and angiopoietin (ANGPT) (Carmeliet and Jain, 

2000). Among these, VEGF type A (VEGF-A) is considered to be of particular 

importance (Carmeliet, 2005). By binding to one of its receptors, primarily VEGF 

receptor-2 (VEGFR-2), VEGF-A increases vessel permeability, promotes survival of 

endothelial cells, and facilitates vessel sprouting (Ferrara et al., 2003). 

 

Microvasculature and perfusion 

The uncontrolled and sustained angiogenesis within tumors has severe consequences 

for the microvasculature that emerges. Whereas the vessels in normal tissues are 

evenly distributed and regularly ordered in a vessel hierarchy, the vasculature in tumors 
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tends to be highly disorganized with architectural and morphological abnormalities 

(Figure 2). The hierarchy of vessels is lacking, there is excessive vascular branching, 

and individual vessels are tortuous and elongated with uneven diameter (Vaupel, 2004; 

Carmeliet and Jain, 2000). In addition, aberrations in the vessel wall, such as 

discontinuous endothelial lining, incomplete or absent basement membrane, and lack of 

pericyte and smooth muscle cell coverage, are commonly observed (Brown and 

Giaccia, 1998; Carmeliet and Jain, 2000). All these structural anomalies have profound 

impact on the tumor microcirculation. The chaotic nature of the vascular network 

confers increased geometric resistance to blood flow, and together with large variations 

in the density of vessels, this results in heterogeneous perfusion of the tumor tissue, 

both in time and space (Vaupel, 2004). Furthermore, the defective vessel wall 

construction greatly enhances the permeability of tumor vessels (Carmeliet and Jain, 

2000; Carmeliet, 2005). Proteins and fluids may easily leak out into the interstitial 

space, affecting both the extravascular tumor microenvironment and the viscous 

properties of the blood itself (Vaupel, 2004). 

 

 

 

Figure 2. The chaotic microvasculature in tumors as opposed to the well ordered vasculature in 

normal tissue. Figure from Forster et al. (2017). 

 

Hypoxia 

When the consumption of oxygen exceeds the oxygen supply within an area of tissue, 

hypoxic conditions arise. This occurs frequently in solid tumors, where the oxygen 

demand of rapidly proliferating tumor cells is to be met by a dysfunctional vascular 

network. Thus, the presence of hypoxic subregions is a shared characteristic among 

several types of cancer (Vaupel and Mayer, 2007; Petrova et al., 2018). Tumor cells 

suffering from lack of oxygen are commonly classified as chronically or acutely hypoxic 
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(Figure 3). Chronically hypoxic cells are permanently located further away from a 

functional vessel than the diffusion limit of oxygen, and tend to be adjacent to regions of 

necrosis (Rofstad et al., 2007). Accordingly, chronic hypoxia is often referred to as 

diffusion-limited hypoxia. Large intervessel distances are the main cause of chronic 

hypoxia in tumors; however, longitudinal depletion of intravascular oxygen as blood 

flows towards the venous end of the capillaries may also be contributory (Dewhirst, 

1998). Acute, or perfusion-limited, hypoxia, on the other hand, is a transient 

phenomenon, resulting from temporary stasis or fluctuations in blood supply. Increased 

resistance to blood flow, transitory occlusion of vessels, and rapid vascular remodeling 

may lead to acute hypoxia (Dewhirst, 1998; Vaupel and Harrison, 2004). 

 

Figure 3. Schematic illustration of how hypoxia can develop in tumors. Functional blood vessels are 

surrounded by viable, oxygenated tumor cells. The cells become necrotic at larger distances from the 

functional vessel than the diffusion distance of oxygen; however, a layer of chronically hypoxic cells is 

located between the aerobic and necrotic cells. Acutely hypoxic cells are found downstream of 

transiently occluded vessels. Figure from Overgaard and Horsman (1996). 

 

 Tumor hypoxia is widely recognized as an adverse factor for cancer patients. 

Across diverse cancer types, cervical cancer and pancreatic ductal adenocarcinoma 

included, treatment failure and poor prognosis have been associated with hypoxia in the 

primary tumor (Hockel et al., 1996; Vaupel et al., 2001; Chang et al., 2011). From a 

therapeutic perspective, inadequate supply of blood and oxygen to certain tumor areas 

implies restricted delivery of blood-borne chemotherapeutics or targeted agents to 

these regions, as well as sparse generation of free radicals and modest fixation of 
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radiation-induced DNA damage. Also, slower proliferation kinetics and elevated levels 

of DNA repair enzymes contribute to make hypoxic tumor cells less sensitive to chemo- 

and radiotherapy (Harrison and Blackwell, 2004). Further, genetic instability and altered 

gene expression are distinctive features of hypoxic cells, and by means of clonal 

selection, the survival of cells with a resilient and aggressive phenotype is promoted 

(Graeber et al., 1996; Finger and Giaccia, 2010). Hence, hypoxic regions exert 

significant influence on malignant tumor progression, and may potentiate metastatic 

dissemination (Brown, 1999; Rofstad et al., 2007; Petrova et al., 2018). In addition, an 

immunosuppressive microenvironment has been linked to the presence of tumor 

hypoxia (Petrova et al., 2018; Barsoum et al., 2014). 

 

Interstitial fluid pressure 

Elevated interstitial fluid pressure (IFP), i.e. significantly higher IFP than the 

approximately atmospheric pressure measured in normal tissues, is another clinically 

important hallmark of the microenvironment in solid tumors. Abnormal IFP can partly be 

ascribed to the high geometric resistance to blood flow and the leaky nature of tumor 

microvessels, enabling the vascular hydrostatic pressure to drive fluid flow across the 

capillary walls (Milosevic et al., 2004; Boucher and Jain, 1992; Figure 4). Moreover, 

leakage of proteins and other molecules from the microvasculature leads to a rise in the 

interstitial colloid osmotic pressure, which increases the outward transcapillary fluid flow 

further (Heldin et al., 2004). In most tumors, this is accompanied by impaired lymphatic 

drainage, causing excess fluid to accumulate in the interstitium (Vaupel, 2004). High 

cellularity and a stiff, contracted extracellular matrix exacerbate the situation by 

impeding the interstitial transportation of fluid and various compounds (Chauhan et al., 

2011). 

 

Figure 4. Schematic explanation of the elevated IFP in solid tumors, depicting the forces governing 

transcapillary fluid flow, i.e. the microvascular hydrostatic pressure (MVP) and the colloid osmotic 

pressure (COP). A) Normal tissue contains linear, efficient blood vessels and functional lymphatics. 

There is usually a net outward filtration pressure from the blood vessels into the interstitial space, 

where excess fluid is drained away by the lymph vessels. IFP is close to atmospheric levels. B) Tumor 

tissue contains leaky, irregular blood vessels and impaired lymphatics. High geometric resistance to 

blood flow increases the outward MVP, and leakage of various molecules from the blood vessels 

decreases the inward COP. Excess fluid accumulates in the interstitium, causing IFP to rise above 

atmospheric levels. 
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 Increased IFP values imply severely reduced pressure gradients across the 

walls of tumor vessels. Extravasation of macromolecular drugs depends heavily on 

these pressure gradients, and consequently, high IFP values may interfere with the 

delivery of cancer therapeutics (Heldin et al., 2004; Chauhan et al., 2011). Furthermore, 

the steep drop in IFP to atmospheric levels near the tumor border can cause drugs, 

fluids, and soluble compounds to seep out in the peripheral tissue, and thereby 

compromise intratumoral retention of therapeutic agents (Boucher et al., 1990). Cancer 

cells may also escape from the tumor in this manner, and it has been shown that high 

IFP is associated with increased risk of metastasis (Rofstad et al., 2002; Hompland et 

al., 2012). Thus, IFP appears to be a robust prognostic marker, independent of tumor 

oxygenation status (Milosevic et al., 2001; Hompland et al., 2014b). 
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Extracellular matrix 

The structural integrity of a tissue is maintained by the extracellular matrix (ECM) – a 

three-dimensional macromolecular network with a range of mechanical and biochemical 

properties. Essential constituents are proteoglycans, hyaluronic acid, and fibrous matrix 

proteins, such as elastin and collagens (Labat-Robert and Robert, 2005). In fact, type I 

collagen is the most abundant protein in the human body, expressed in nearly all types 

of connective tissue (Di Lullo et al., 2002). Tumor cells and cancer-associated 

fibroblasts (CAFs) alter the normal biosynthesis of the ECM, leading to aberrant 

production and distribution of ECM compounds in the interstitium (Liotta and Rao, 1985; 

Labat-Robert and Robert, 2005). Overexpression of ECM remodeling enzymes, e.g. 

lysyl oxidase (LOX), and increased deposition of collagen fibers are frequently 

observed (Fang et al., 2014). This has been reported to influence drug delivery in solid 

tumors, since a dense interstitial structure may hinder the penetration of therapeutic 

agents and compress tumor vessels (Netti et al., 2000; Chauhan et al., 2011). Further, 

deviant physical properties and dynamics of the ECM affect numerous signaling 

pathways in the tumor microenvironment, and may promote disease progression (Lu et 

al., 2012). Hence, in cancers like PDAC and breast cancer, excess amounts of 

abnormally organized ECM elements have been coupled to tumor aggressiveness and 

poor prognosis (Whatcott et al., 2015; Levental et al., 2009). 

 

3.2 Antiangiogenic therapy 

 

Targeting tumor angiogenesis has been considered a promising anticancer strategy for 

several decades (Folkman, 1971). The first antiangiogenic drug (bevacizumab; 

Avastin®) was approved for medical use in the United States in 2004, and since then, a 

great number of other compounds have emerged. With the intention to interrupt critical 

angiogenic signaling pathways and starve tumor cells to death, several of these have 

proven potent in preclinical experiments (Goel et al., 2011). However, clinical 

investigations have mostly failed to demonstrate any monotherapeutic benefit of 

antiangiogenic strategies, and at present, angiogenesis inhibitors are primarily given as 

part of combination treatments (Jayson et al., 2012; Goel et al., 2011). 

 The majority of antiangiogenic drugs interfere with the VEGF/VEGFR pathway. 

Of these, the monocloncal antibody bevacizumab, targeting VEGF-A, is the most 

studied. This drug is currently approved for a range of indications in combination with 
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conventional chemotherapy, e.g. metastatic colorectal cancer, non-squamous non-

small cell lung cancer (NSCLC), and persistent, recurrent, or metastatic cervical cancer 

(U.S. National Library of Medicine, 2018a). The VEGF/VEGFR pathway is also among 

the targets of various receptor tyrosine kinase inhibitors, such as sunitinib, which is 

used in the treatment of gastrointestinal stromal tumors (GISTs), advanced renal cell 

carcinomas, and pancreatic neuroendocrine tumors (U.S. National Library of Medicine, 

2018b). Sunitinib inhibits the signaling of all three VEGF receptors (VEGFR-1‒3), in 

addition to PDGF receptors α and β, fms-like tyrosine kinase receptor-3 (FLT3), colony-

stimulating factor 1 receptor (CSF1R), and stem cell factor receptor (c-kit) (U.S. 

National Library of Medicine, 2018b). 

 

The vascular normalization hypothesis 

Promising, and even synergistic, responses have been reported after combined 

administration of antiangiogenic agents and chemo- or radiotherapy (Goel et al., 2011; 

Horsman and Siemann, 2006). The “vascular normalization hypothesis”, proposed by 

Jain (2001), provides a possible explanation for these findings. As indicated by the 

name, this theory suggests that abnormal features of the tumor microvasculature may 

be transiently “normalized” with proper exposure to antiangiogenic therapy (Figure 5). 

Thus, by restoring the balance between proangiogenic and antiangiogenic stimulators, 

angiogenesis inhibitors may prune immature and dysfunctional vessels and remodel 

those vessels that are remaining towards a more mature phenotype (Jain, 2005). A less 

hyperpermeable microvasculature that more closely resembles the vascular network in 

normal tissues could decrease interstitial fluid pressure and improve perfusion and 

tumor oxygenation, and thereby potentiate the effects of other cancer therapies. 

 Several preclinical studies on antiangiogenic therapy have endorsed the 

vascular normalization hypothesis (Goel et al., 2011). Reduced vascular density, less 

vessel tortuosity, increased pericyte coverage, and a more intact basement membrane 

are recurring observations after treatment (Tong et al., 2004; Yoshizawa et al., 2012; El 

Alaoui-Lasmaili and Faivre, 2018). Further, findings that are consistent with improved 

vascular function, e.g. increased supply of blood and oxygen and enhanced delivery of 

therapeutic agents, have been reported (Lee et al., 2000; Winkler et al., 2004; Dickson 

et al., 2007; Yoshizawa et al., 2012). These normalization effects are, nevertheless, 

dependent on judiciously applied therapy, and have been shown to occur within a 

limited time period, commonly termed the “normalization window” (Winkler et al., 2004). 
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Thus, prolonged exposure or overdosing of angiogenesis inhibitors results in profound 

vascular damage and increasingly adverse microenvironmental conditions. 

Alternatively, secondary proangiogenic pathways could be activated, leading to 

treatment resistance and re-establishment of an abnormal tumor vasculature (Jain, 

2013). Figure 5D illustrates these outcomes. 

 

A                        B                        C                        D 

 

 

 

 

 

  

 

 

Figure 5. The hypothesis of vascular normalization. A) The vasculature in normal tissue is strictly 

regulated by a balance between pro- and antiangiogenic factors. B) An excess of proangiogenic 

factors results in a chaotic vasculature in tumors. C) Antiangiogenic treatment may transiently restore 

the angiogenic balance and normalize the tumor vasculature. D) The normalization window closes due 

to prolonged treatment and extensive vascular pruning (upper panel) or activation of alternative 

proangiogenic pathways (lower panel). Figure from Jain (2008). 

 

 

 Although emerging clinical data support the concept of vascular normalization 

(Goel et al., 2011; Jain, 2014), the impact of antiangiogenic therapy on the physiological 

tumor microenvironment remains a debated matter. A number of studies have failed to 

demonstrate improved vascular function and tissue oxygenation following 

antiangiogenic treatment (Horsman and Siemann, 2006). Rather, more extensive tumor 

hypoxia has been reported, along with increased tumor aggressiveness and metastatic 

dissemination (Milosevic et al., 2016; Ebos and Kerbel, 2011; Loges et al., 2009). 
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3.3 Functional MRI 

 

Dynamic contrast-enhanced MRI 

DCE-MRI is an established imaging method for visualization of solid tumors. The 

technique benefits from the paramagnetic properties of an exogenous contrast agent 

that is systemically administered while a series of MR images is acquired. Low 

molecular weight gadolinium (Gd) chelates, like Gd-DOTA, are commonly used. These 

compounds increase the longitudinal (R1 = 1/T1) and transverse (R2 = 1/T2) relaxation 

rates of nearby protons and, hence, change the corresponding MRI signal. The 

increase in longitudinal relaxation rate is assumed to be proportional to the tissue 

concentration of the contrast agent (Ct) (Tofts, 1997; Yankeelov and Gore, 2009), with 

the relaxivity of the contrast agent (r1, units of mM
-1

s
-1

) being the constant of 

proportionality;  

 

      
 

  
                                 (1) 

 

The concentration of e.g. Gd-DOTA can thus be calculated by determining pre- and 

postcontrast T1 values for the tissue of interest, as long as the relaxivity of Gd-DOTA is 

known for the relevant scanner. 

 Several physiological parameters affect the uptake of a contrast agent in tumor 

tissue. These include blood perfusion, intravascular contrast agent concentration, and 

microvessel permeability, as well as cell density and ECM composition. Information 

related to these parameters may be obtained by fitting the acquired DCE-MRI data to a 

pharmacokinetic model, such as the mathematical model developed by Tofts et al. 

(1999), describing the tissue concentration of a contrast agent (Ct) as 

 

                    
                 

 

 
       (2) 

 

Here, K
trans

 is the volume transfer constant between blood plasma and the interstitium 

(i.e. the rate of contrast extraction from the capillaries), Cp is the plasma concentration 

of contrast agent (often referred to as the arterial input function; AIF), and ve is the 

fractional distribution volume of the contrast agent. As illustrated in Figure 6, the Tofts 
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model operates with two distinct tissue compartments; the intravascular space and the 

extravascular extracellular space. The concentration of contrast agent is assumed to be 

homogeneous within each compartment, and the transvascular transfer rate is 

considered to be equal in both directions. Thus, for each voxel of an imaged tumor 

section, the concentration-time curve of Gd-DOTA – derived from the time course of the 

MRI signal – may be fitted to Equation (2) to provide values for K
trans

 and ve. This entails 

that the AIF is known or presumed for the relevant tissue. The volume transfer constant 

K
trans

, with units of min
-1

, is in general a complex function of blood flow, vessel 

permeability, and vascular surface area. However, for low molecular weight contrast 

agents and areas with high vessel permeability, i.e. under flow-limited conditions, K
trans

 

primarily reflects perfusion. Contrarily, when contrast uptake is limited by the vessel 

permeability, K
trans

 is determined by the permeability surface area product of the 

vessels. The fractional distribution volume ve represents the interstitial space available 

for contrast agent dispersion, and is dependent on cell density and extracellular matrix 

characteristics (Tofts et al., 1999). 

 

 

Figure 6. Schematic representation of the Tofts pharmacokinetic model, incorporating the parameters 

K
trans

 (the volume transfer constant of the contrast agent) and ve (the fractional distribution volume of 

the contrast agent). 
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 Because of its simplicity and robustness, the standard Tofts model is widely 

utilized in preclinical and clinical DCE-MRI studies. Nevertheless, in order for the 

estimates of K
trans

 and ve to be valid, certain assumptions of this pharmacokinetic model 

must be adequately fulfilled, including the assumptions of negligible contribution from 

intravascular contrast agent to the MRI signal and infinitely fast exchange of water 

between the intracellular and interstitial space. These represent potential limitations of 

the Tofts model in the field of cancer imaging, since tumors may contain sizeable 

plasma volumes, and since the rate of water exchange may be ambiguous for tumor 

tissue (Grøvik, 2017). Accordingly, these effects have been incorporated in the 

extended Tofts model and the shutter-speed model, respectively, through the additional 

parameters vp (the volume fraction of blood plasma) and τi (the mean time spent by a 

water proton in the intracellular space). Another challenging aspect of both the standard 

and extended Tofts model is the requirement for an accurately determined and 

preferably patient-specific AIF – a requirement that is circumvented by the Brix model. 

Among the multitude of pharmacokinetic models that exist, however, no model is free of 

shortcomings. 

 

 

Diffusion-weighted MRI 

DW-MRI exploits the Brownian motion of water molecules, and image contrast depicts 

the varying microscopic mobility of water in different local environments (Padhani et al., 

2009). The more freely water molecules can diffuse within a certain area of imaged 

tissue, the more DW-MRI signal is lost from this area (Figure 7). Cell membranes and 

constituents of the ECM restrict the movement of water in biological tissues (Le Bihan 

and Iima, 2015), and regions with high cellularity or a particularly dense interstitial 

structure will thus appear bright in diffusion-weighted MR images. Closely packed 

malignant cells and excess amounts of ECM components are prevalent features of solid 

tumors, and accordingly, DW-MRI has become an integral part of oncologic imaging. 
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Figure 7. The biological basis for DW-MRI illustrated schematically. Tissue regions in which water 

molecules can move quite freely translate into image voxels with low DW-MRI signal intensity and high 

ADC, i.e. apparent diffusion coefficient (blue area and curve). In contrast, tissue regions with high 

cellularity and a dense ECM – where the movement of water molecules is impeded – translate into 

image voxels with high DW-MRI signal intensity and low ADC (red area and curve). The b value 

indicates the degree of diffusion-weighting. 

 

 In DW-MRI, diffusion-weighting is achieved with specific MRI pulse sequences 

incorporating a pair of strong magnetic gradients applied symmetrically on either side of 

a 180° pulse. The amplitude and timing of these gradients – described by the b value – 

determine the sensitivity of the MRI signal to water movement. The higher the b value, 

the higher the degree of diffusion-weighting (Figure 7). This implies that even 

intracellular diffusion phenomena may have a significant impact on the recorded signal 

for sufficiently high b values (b ≳ 1000 s/mm
2
). Conversely, for low b values (b ≲ 100 

s/mm
2
), the MRI signal is rapidly attenuated due to fluid flow and blood perfusion, which 

mistakenly may be interpreted as diffusion. High-quality DW-MRI is performed with a 
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range of different b values, including b = 0, in several directions. Isotropic diffusion-

weighted images are then generated from the directional DW-MRI data. For each voxel 

in the DW images, the attenuation in signal intensity (S) with increasing b value may be 

fitted to the monoexponential equation 

 

                                     (3) 

 

where S(0) denotes the MRI signal intensity for b = 0, i.e. without diffusion sensitization, 

and ADC is the apparent diffusion coefficient of water within the voxel of interest. 

Hence, parametric ADC maps of consecutive tumor sections can be produced, with the 

intention to reveal the extent of restricted diffusion in various tumor regions. A 

monoexponential diffusion model has proven adequate for DW-MRI analysis in routine 

clinical imaging operating with b values ranging from 100 to 1000 s/mm
2
 (Padhani et al., 

2009). In reality, however, the DW-MRI signal from biological tissues decays in a bi- or 

multiexponential manner for a broad range of b values (Chenevert, 2010; Padhani, 

2011). 

 

3.4 Cervical cancer 

 

Approximately 60 000 European females are diagnosed with cervical cancer each year, 

and ∼300 new cases are reported annually in Norway (Cancer Registry of Norway, 

2018b). On a global basis, carcinoma of the uterine cervix is the fourth most common 

cancer type among women, and the most prevalent type of cancer for women under 35 

years of age (U.S. National Cancer Institute, 2018a; Cancer Registry of Norway, 

2018b). Varying access to screening, aimed at detecting early, premalignant stages, 

accounts for vast differences in incidence rate and disease outcome between 

developed and developing countries. A successful screening protocol is considered the 

main reason why the incidence of cervical cancer has been reduced by almost 40 % 

over the last 50 years among Norwegian women (Cancer Registry of Norway, 2018b), 

and the recent initiation of vaccination programs is expected to lower the number of 

affected females further. Even so, the prognosis for patients with advanced stages of 

cervical cancer remains poor. 
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 Virtually all cases of cervical cancer are caused by a persistent infection with a 

high-risk human papillomavirus (HPV) in the basal layers of cervical epithelium. More 

than 200 different HPVs have been identified; however, only a dozen have been 

associated with initiation of cancer (U.S. National Cancer Institute, 2018a). Several 

cellular classes of cervical cancer exist, of which squamous cell carcinoma (70 - 80 % 

of cases) and adenocarcinoma (∼10 % of cases) are the most frequent histological 

types (Cancer Research UK, 2018a). The stage of the disease (I to IV, with subgroups 

A and B) is assigned on the basis of definitions developed by the International 

Federation of Gynecology and Obstetrics (FIGO), with all stages beyond stage IB2 

referred to as advanced (Cancer Research UK, 2018a). Whereas surgery represents a 

treatment option for early stage carcinomas, radiation therapy – most often a 

combination of external beam radiation and brachytherapy with concomitant 

chemotherapy – is pivotal in the management of advanced cases. 

 The prognosis for cervical cancer patients is largely influenced by the extent of 

disease at the time of diagnosis, including stage, tumor size, and lymph node 

involvement (U.S. National Cancer Institute, 2018a). Moreover, histological type and the 

specific strain of causative HPV may affect outcome (Galic et al., 2012; Lai et al., 2007). 

Nonetheless, cervical tumors that appear clinically similar can show highly different 

progression and response to treatment. Varying microenvironmental conditions, and 

differences in tumor oxygenation in particular, are known to be influential in this regard. 

Thus, hypoxia has been extensively studied as a potential biomarker in cervical cancer, 

and strong associations between tumor oxygenation and survival have been reported 

(Hockel et al., 1996; Knocke et al., 1999; Sundfor et al., 2000). In addition, both IFP and 

intratumoral lactate levels have been demonstrated to have prognostic power (Milosevic 

et al., 2001; Walenta et al., 2000). 

 

3.5 Pancreatic cancer 

 

Pancreatic cancer is increasing in incidence, and has been estimated to become the 

second leading cause of cancer-related death in the United States by 2030 (Rahib et 

al., 2014). In Norway, a number of 808 patients were diagnosed with pancreatic cancer 

in 2017 (Cancer Registry of Norway, 2018a). The exact causative factors are largely 

unknown; nevertheless, several risk factors have been identified, such as long term 

inflammation of the pancreas (i.e. pancreatitis), which is most often a result of alcohol 
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abuse (Cancer Research UK, 2018b). Also, smoking, obesity, and increasing age are 

important risk factors (American Cancer Society, 2018). Most pancreatic tumors show 

resistance to chemotherapy and radiation treatment, and effective treatment strategies 

are limited. At present, the only potentially curative strategy is surgical resection. 

However, due to few and diffuse symptoms, as well as early metastatic spread, 

pancreatic cancer is commonly diagnosed at an advanced stage, and less than 20 % of 

patients are eligible for surgery (U.S. National Cancer Institute, 2018b). Hence, 

pancreatic cancer has one of the lowest relative survival rates among reported cancers; 

around ∼6 % (Rahib et al., 2014). 

 Pancreatic tumors originate from either exocrine or endocrine cells in the 

pancreas. Pancreatic ductal adenocarcinomas (PDACs), arising from exocrine 

glandular tissue, account for more than 90 % of all lesions (U.S. National Cancer 

Institute, 2018b). These tumors are characterized by a highly desmoplastic and dense 

stroma, occupying a large proportion of the tumor volume. Furthermore, 

hypovascularity, regions of hypoxia, and elevated IFP are defining features of the 

PDAC microenvironment (Feig et al., 2012; Koong et al., 2000; Provenzano et al., 

2012). The aggressive growth, metastatic propensity, and treatment resistance of 

PDACs have been coupled to these abnormal characteristics, and attempts have been 

made to alter the microenvironment in PDACs for improved disease outcome (Olive et 

al., 2009; Provenzano et al., 2012). Such efforts have, nevertheless, demonstrated 

limited clinical efficacy thus far, and the majority of patients receive conventional 

gemcitabin or FOLFIRINOX chemotherapy, with or without radiation therapy – primarily 

with palliative intent. 
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4 Aims of this work 

 

The present work explored the potential of functional MRI to inform about critical 

features of the microenvironment in solid tumors. More specifically, the aims of this 

work were to 

 

 Evaluate the clinical relevance of early and late generation tumors of PDX 

 models of cervical cancer. 

 

 Investigate whether physiological parameters of patient-derived cervical cancer 

 xenografts and cell line-derived PDAC xenografts may be assessed by DCE-

 MRI. 

 

 Explore the ability of DW-MRI to reveal information about the stromal 

 microenvironment in solid tumors.  

 

 Investigate the impact of antiangiogenic therapy on the microvasculature and 

 oxygenation status in cervical cancer and PDAC xenografts, as well as the 

 application of DCE-MRI and DW-MRI to evaluate such strategies. 
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5 Summary of papers 

 

 

Paper I: Increasing aggressiveness of patient-derived xenograft models of cervix 

carcinoma during serial transplantation. 

 

The use of PDX models to study tumor biology and response to treatment has 

increased dramatically in recent years. Four PDX models of uterine cervical cancer 

(BK-12, ED-15, HL-16, and LA-19) have been established in our laboratory, and the 

biological stability of these models during serial transplantation in vivo was investigated 

in this study. Late generation ED-15, HL-16, and LA-19 tumors showed increased 

growth rate, increased MVD, and increased expression of angiogenesis-related and 

cancer stem cell-related genes compared to early generation tumors. Also, late 

generation tumors of these models had higher incidence of lymph node metastases. 

Further, the fraction of hypoxic tissue was reduced in late generation HL-16 and LA-19 

tumors, whereas the fraction of collagen I-positive tissue was reduced in late generation 

ED-15 and HL-16 tumors. As a consequence, PDXs transplanted serially in mice may 

exhibit altered biological characteristics, and could potentially have limited value as 

clinically relevant tumor models. 

 

 

Paper II: DCE-MRI of patient-derived xenograft models of uterine cervix carcinoma: 

associations with parameters of the tumor microenvironment. 

 

Abnormalities in the tumor microenvironment greatly affect treatment response and 

disease outcome in cervical cancer patients. In this study, the potential of DCE-MRI to 

assess the MVD, IFP, and fraction of hypoxic tissue in BK-12, ED-15, HL-16, and LA-19 

tumors was investigated. Early and late generation xenografts were subjected to Gd-

DOTA-based DCE-MRI, and voxelwise K
trans

 and ve images were generated using the 

Tofts pharmacokinetic model. Despite considerable intra- and intertumor heterogeneity 

in biological parameters and contrast uptake, the Tofts model provided good curve fits 

to the experimental DCE-MRI data. A significant inverse correlation was seen between 

K
trans

 and hypoxic fraction, both on the single tumor level and the PDX model level. 
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Moreover, the fraction of voxels with unphysiological ve values (ve > 1.0) increased with 

increasing hypoxic fraction. None of the DCE-MRI parameters were associated with 

MVD or IFP. Thus, DCE-MRI may inform about the extent of hypoxia in cervical tumors. 

 

 

Paper III: Dynamic contrast-enhanced MRI of the microenvironment of pancreatic 

adenocarcinoma xenografts. 

 

The purpose of this study was to assess whether DCE-MRI can provide information on 

the MVD, IFP, and hypoxic fraction of pancreatic ductal adenocarcinoma xenografts. 

Tumors of four biologically different PDAC xenograft models (BxPC-3, Capan-2, 

MIAPaCa-2, and Panc-1) were subjected to DCE-MRI, IFP measurements, and 

immunohistochemical examinations. The volume transfer constant K
trans

 was found to 

increase with increasing MVD and to decrease with increasing hypoxic fraction, but was 

not related to IFP. The extravascular extracellular volume fraction ve was not associated 

with any of the physiological parameters. Consequently, important features of the 

microenvironment in PDAC xenografts may be revealed by DCE-MRI. 

 

 

Paper IV: Diffusion-weighted MRI-derived ADC values reflect collagen I content in PDX 

models of uterine cervical cancer. 

 

ADC values derived from DW-MRI are known to be associated with tumor cellularity. 

We subjected early and late generation BK-12, ED-15, HL-16, and LA-19 tumors to 

DW-MRI and examined the influence of stromal components on ADC values. Diffusion 

sensitization was obtained with b values of 200, 400, 700, and 1000 s/mm
2
 in three 

orthogonal directions, and collagen I – quantified by immunohistochemical analysis – 

was used as a connective tissue marker. Across the four PDX models, median ADC 

correlated inversely with collagen I fraction, suggesting that extracellular collagen fibers 

impede the diffusion of water molecules in these xenografts. Hence, DW-MRI could 

serve as a useful imaging modality in characterizing the stromal microenvironment in 

solid tumors. 
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Paper V: Diffusion-weighted MRI is insensitive to changes in the tumor micro-

environment induced by antiangiogenic therapy. 

 

Several types of cancer are treated with antiangiogenic agents in combination with 

conventional anticancer strategies. This study sought to investigate whether possible 

changes in MVD and tumor oxygenation as a result of antiangiogenic treatment may be 

detected by DW-MRI. BK-12 and HL-16 cervical cancer xenografts were treated with 

the monoclonal antibody bevacizumab, and BxPC-3 and Panc-1 PDAC xenografts were 

given the tyrosine kinase inhibitor sunitinib. Treated tumors of the BK-12, HL-16, and 

BxPC-3 model had lower MVD compared to untreated tumors, and the fraction of 

hypoxic tissue increased with the antiangiogenic treatment in BK-12 and BxPC-3 

tumors. Nonetheless, these differences were not reflected by DW-MRI-derived ADC 

maps, implying that other methods than DW-MRI should be applied to assess the 

impact of antiangiogenic treatment on tumor microvasculature and oxygenation. 

 

 

Paper VI: DCE-MRI of sunitinib-induced changes in tumor microvasculature and 

hypoxia: a study of pancreatic ductal adenocarcinoma xenografts. 

 

The effect of sunitinib on the microenvironment in PDAC xenografts, and the ability of 

DCE-MRI to detect potential treatment-induced changes, were studied in these 

experiments. Sunitinib treatment of BxPC-3 xenografts reduced the MVD and increased 

the vascular maturation index (VMI) by selective pruning of α-SMA-negative vessels. 

Nevertheless, this microvascular normalization was not beneficial for the tumor 

microenvironment, as treated BxPC-3 tumors had higher fractions of hypoxic tissue 

compared to untreated tumors. Sunitinib treatment did not affect any 

microenvironmental parameters in Panc-1 xenografts. Strong correlations were 

detected between DCE-MRI-derived K
trans

 values and MVD, and between K
trans

 and 

hypoxic fraction, regardless of treatment and tumor model. Thus, the impact of sunitinib 

treatment on the microvasculature and oxygenation status of PDACs may be assessed 

by pharmacokinetic analysis of DCE-MRI recordings. 
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Paper VII: DCE-MRI and quantitative histology reveal enhanced vessel maturation but 

impaired perfusion and increased hypoxia in bevacizumab-treated cervical carcinoma. 

 

In this study, BK-12 and HL-16 patient-derived cervical cancer xenografts were given 

three doses of the VEGF-A inhibitor bevacizumab. Treated and untreated tumors were 

subjected to DCE-MRI and/or immunohistochemical examination. The PDX models 

recapitulated essential biological characteristics of the donor patients’ tumors. In both 

BK-12 and HL-16 xenografts, bevacizumab treatment reduced the MVD, increased the 

vessel pericyte coverage, and increased the vascular maturation index. Even so, 

bevacizumab-treated BK-12 tumors showed higher fractions of hypoxic tissue 

compared to untreated tumors, whereas the oxygenation status in HL-16 tumors was 

unaffected by the treatment. The volume transfer constant K
trans

 increased with MVD, 

decreased with hypoxic tissue fraction, and reflected the impact of bevacizumab 

treatment on tumor oxygenation, irrespective of tumor line. These observations suggest 

that bevacizumab may deteriorate the physicochemical microenvironment in cervical 

carcinoma, and furthermore, that DCE-MRI has the potential to monitor changes in 

tumor hypoxia following treatment with this angiogenesis inhibitor. 
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6 Discussion 

 

6.1  Relevance of preclinical tumor models 

 

The use of clinically relevant tumor models is of outmost importance in preclinical 

cancer research. In recent years, increased interest has been devoted to patient-

derived xenograft (PDX) models, established by direct transfer of human tumor 

specimens into host animals without prior propagation of tumor cells in the laboratory. 

PDX models have been reported to be superior to other types of preclinical tumor 

models, such as cell line-derived xenograft models and genetically engineered mouse 

(GEM) models, in terms of recapitulating patient-relevant intra- and intertumor 

heterogeneity, and to be useful for assessment of various treatment interventions and 

personalized medicine approaches (Richmond and Su, 2008; Hidalgo et al., 2014). 

There are, nevertheless, some limitations associated with PDX models. First, the 

requirement to use host animals deficient in functional immune cells restricts the value 

of PDX models in studies involving potential immune-mediated effects. Besides, those 

types of immune cells that are present in e.g. athymic mice, for instance macrophages 

and natural killer (NK) cells, may to some extent reject the patient-derived tissue and 

give rise to artificially enhanced responses when novel treatment strategies are 

evaluated (Rofstad, 1985). Second, the human stroma originally contained in the 

implanted tumor mass will be progressively replaced by stromal elements of murine 

origin during the early in vivo passages (Hidalgo et al., 2014; Li, 2017). This includes 

the extracellular matrix, cancer-associated fibroblasts, and the vascular network, and 

may affect intratumoral signaling pathways and physicochemical conditions. Finally, of 

relevance for the present work is the fact that the affinity of murine hemoglobin for 

oxygen differs from that of human hemoglobin, implying that the oxygenation of human 

tumor xenografts grown in mice may deviate from that of patients’ tumors (Rofstad, 

1989). Consequently, thorough characterization and validation must be accomplished 

before a PDX model can be applied in preclinical testing. Also, to fully account for 

disease heterogeneity, a panel of several PDX models with differing characteristics is a 

prerequisite. 

 Four PDX models of uterine cervical cancer (BK-12, ED-15, HL-16, and LA-19) 

and four human cell line-derived tumor models of PDAC (BxPC-3, Capan-2, MIAPaCa-2, 
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and Panc-1) were utilized in the current work. Xenografts were grown intramuscularly in 

host mice, since – for both cancer types – orthotopic lesions would be prone to 

respiration-induced movements during MRI. Moreover, initiation of cervical and PDAC 

tumors at orthotopic sites is technically challenging and unsuitable for experiments of 

larger scale. Nonetheless, based on previous experience in our laboratory, the 

microenvironment in intramuscular tumors is more biologically representative of human 

disease than that seen in e.g. subcutaneous xenografts, in particular with regard to 

vascularization, fraction of necrotic tissue, and metastatic dissemination. 

 The BK-12, ED-15, HL-16, and LA-19 model have been developed and 

extensively characterized in our group (Rofstad et al., 2016a; Rofstad et al., 2016b). 

These experiments have demonstrated that tumors of the four PDX models display 

highly dissimilar MVD, fraction of hypoxic tissue, IFP, and fraction of collagen I-positive 

stromal tissue, making them well suited for evaluating whether functional MRI can 

provide reliable measures of these parameters. Importantly, essential histopathological 

and physiological features of the donor patients’ tumors – including their 

aggressiveness and metastatic propensity – are retained in our PDXs (Rofstad et al., 

2016a; Rofstad et al., 2016b). Also, in the study of paper VII, BK-12 and HL-16 

xenografts were shown to mirror the patients’ disease with respect to angiogenic 

properties and the expression of cancer stem cell-related genes. It has been 

speculated, however, that biological characteristics of PDXs may evolve during long-

term serial transplantation and, thus, diverge from the original properties of the donor 

tumor (Li, 2017). The results of paper I indicate that this may be the case for several of 

our PDX models, as late generation ED-15, HL-16, and LA-19 tumors, i.e. xenografts 

transplanted serially in mice for approximately two years, were found to grow 

significantly faster and have increased MVD, increased expression of angiogenesis-

related and cancer stem cell-related genes, and higher incidence of lymph node 

metastases compared to early generation tumors. Additionally, significant changes in 

tumor hypoxia and extracellular matrix characteristics were detected. In consequence, 

serial transplantation of patient-derived tumor xenografts may restrain their clinical 

value, and caution should be exercised when extrapolating findings from late generation 

xenografts to clinical settings. Even so, because tumors with a broad range of biological 

properties were required to investigate the hypotheses of paper II and IV, the inclusion 

of late generation PDXs – in addition to early generation PDXs – was beneficial in these 

experiments. 
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 Two clinically important categories of PDAC – differentiated and non-

differentiated – were represented by the BxPC-3, Capan-2, MIAPaCa-2, and Panc-1 

model included in this work. Despite being derived from established pancreatic tumor 

cell lines and initiated ectopically, these tumors resemble human PDACs in the 

development of a dense connective tissue basis rich in collagen (Wegner et al., 2016). 

Moreover, numerical values of MVD, hypoxic tissue fraction, and IFP were found to be 

similar to those reported for orthotopic PDX and GEM models of PDAC, as well as for 

PDAC patients (paper III). 

 

6.2 Invasive microenvironmental measurements 

 

To address the hypotheses of the present work, reliable measures of micro-

environmental parameters were needed. Histological examination has served as the 

gold standard for characterization of tumor tissue for decades, and preparations 

immunostained for endothelial cells, pericytes, hypoxia, and connective tissue were 

studied in these experiments, using CD31, α-SMA, pimonidazole, and collagen I as 

markers, respectively. Qualitative and quantitative assessment of these sections 

revealed substantial inter- and intratumor heterogeneity in all parameters of interest, 

which in part can be ascribed to the inherent stochastic component of many 

microenvironmental processes, including the initiation of angiogenesis. Furthermore, 

because features like vascular density and hypoxic tissue fraction are known to be 

largely dependent on tumor size, differences in tumor volume contributed to the 

intertumor heterogeneity among xenografts of the same cervical cancer or PDAC 

model. Potential volume effects require attentiveness in studies of the tumor 

microenvironment, and this is particularly important when treatment response is 

evaluated. Accordingly, to evade misinterpretation of pure volume effects as 

bevacizumab- or sunitinib-induced changes in the studies of paper V, VI, and VII, 

untreated and treated tumors of similar size were compared, or alternatively, relevant 

parameters were plotted as functions of tumor volume. 

 IFP was measured in untreated cervical cancer and PDAC xenografts in the 

experiments of paper II and III. For this purpose, a Millar catheter was utilized 

(Ozerdem and Hargens, 2005), and the sensor was inserted into central tumor regions 

through needle punctures. Such tissue perturbations could potentially disturb the steady 

state conditions in the tumor microenvironment and, hence, affect the subsequent IFP 
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readings. To avoid erroneous measurements, readings were discarded if they didn’t 

stabilize within a few minutes. Moreover, independent measurements from two different 

angles were performed for each tumor, and the mean of these IFP values was included 

in the further analyses. This approach provided IFP readings within a clinically relevant 

range for both cervical cancer and PDAC tumors, and have previously been shown to 

give reproducible results in our laboratory, as well as similar IFP values to those 

obtained with the well established wick-in-needle technique (Gulliksrud et al., 2009; 

Ellingsen, 2012). 

 

6.3 Antiangiogenic therapy and its impact on the 

 tumor microenvironment 

 

The effect of antiangiogenic therapy on the physiological tumor microenvironment was 

reported in paper V, VI, and VII. BK-12 and HL-16 cervical cancer xenografts were 

treated with bevacizumab and BxPC-3 and Panc-1 PDAC xenografts were treated with 

sunitinib. These particular tumor models differ in growth rate, histological appearance, 

angiogenic activity, and the extent of hypoxic tumor tissue, and were thus considered 

appropriate models for the studies in question. In addition, the two xenograft models of 

each cancer type showed different microvascular maturity prior to treatment, as 

quantified by the VMI in the experiments of paper VI and VII. 

 The vast number of preclinical and clinical investigations incorporating 

antiangiogenic therapy have provided conflicting results. Indeed, treatment of several 

histological types of cancer with various antiangiogenic agents have yielded increased 

tumor oxygenation and significantly enhanced effects of concomitant chemo- or 

radiotherapy (Goel et al., 2011; Jain, 2014; El Alaoui-Lasmaili and Faivre, 2018). 

Conversely, other studies have reported that angiogenesis inhibitors may increase the 

level of tumor hypoxia and, thus, deteriorate the effect of other anticancer therapies 

(Horsman and Siemann, 2006; Loges et al., 2010; Milosevic et al., 2016). In the 

experiments described in paper VI and VII, sunitinib-treated BxPC-3 tumors and 

bevacizumab-treated BK-12 and HL-16 tumors displayed lower MVD and higher VMI 

compared to untreated tumors. Moreover, the supply of oxygen per microvessel 

increased with antiangiogenic treatment, indicating that sunitinib (paper VI) and 

bevacizumab (paper VII) have the potential to improve the average function of 
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individual tumor vessels. Hence, these findings add to the literature suggesting that 

solid tumors may contain less abnormal microvessels after proper administration of 

antiangiogenic agents. 

 Mature and well-functioning capillaries are distinguished by adequate coverage 

of pericytes and smooth muscle cells. Because MVDα-SMA remained unchanged with 

sunitinib treatment in the study of paper VI, the higher VMI of treated BxPC-3 tumors 

was ascribed to selective pruning of α-SMA-negative tumor vessels. Interestingly, in the 

case of bevacizumab treatment of BK-12 and HL-16 tumors (paper VII), treated 

xenografts displayed higher pericyte fraction (PFα-SMA, i.e. area fraction of α-SMA-

positive tissue) compared to untreated xenografts. This could possibly imply that 

antiangiogenic treatment resulted in active recruitment of vascular supporting cells in 

this study, and not merely elimination of vessels with an immature phenotype, 

consistent with the findings of Winkler et al. (2004). 

 Although individual microvessels were reported to be less abnormal after 

sunitinib and bevacizumab treatment in paper VI and VII, this was not associated with a 

normalized microenvironment in BxPC-3, BK-12, or HL-16 tumors. Rather, treated 

BxPC-3 and BK-12 xenografts exhibited more extensive tumor hypoxia, indicating that 

the effect of vessel pruning exceeded the effect of improved vessel functionality in 

these tumors. Thus, the overall function of the vascular networks was impaired by the 

antiangiogenic treatment. Whereas a significant increase in hypoxic tissue fraction was 

detected also in sunitinib-treated BxPC-3 tumors and bevacizumab-treated BK-12 

tumors in the experiments of paper V, the oxygenation status in HL-16 xenografts was 

unaffected by bevacizumab treatment (paper V and VII), suggesting that the reduction 

in vessel density was counterbalanced by the enhanced oxygen supply per tumor 

vessel in this model. Neither the MVD, VMI, nor the fraction of hypoxic tissue was 

influenced by sunitinib treatment in Panc-1 tumors (paper V and VI). 

 Regardless of cancer type and angiogenesis inhibitor, the impact of 

antiangiogenic therapy on the tumor microenvironment is dependent on drug dose and 

treatment regimen. In the studies of paper V, VI, and VII, tumor-bearing mice were 

given three bevacizumab doses of 10 mg/kg with 3‒4 days between each dose or daily 

sunitinib doses of 40 mg/kg for a period of four days. The possibility exists that less 

intensive dosing of bevacizumab or sunitinib would have resulted in a more 

advantageous outcome regarding tumor oxygenation in BxPC-3, BK-12, and HL-16 

xenografts, by tipping the balance between vessel pruning and more well-functioning 
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individual vessels in favor of the latter. Nevertheless, both treatment regimens are 

comparable to those applied in other preclinical studies of these angiogenesis 

inhibitors, and normalization effects on the tumor microenvironment have been reported 

for more intensive treatment protocols than the ones utilized in our studies (El Alaoui-

Lasmaili and Faivre, 2018; El Alaoui-Lasmaili et al., 2017; Matsumoto et al., 2014). 

 The biological sensitivity to antiangiogenic therapy may vary considerably from 

one patient to another, according to factors like pretreatment vascular architecture and 

angiogenic profile. The differential response of BK-12 and HL-16 tumors to 

bevacizumab, and of BxPC-3 and Panc-1 tumors to sunitinib, in the present 

investigations are in agreement with this conception. In consequence, determining the 

ideal treatment regimen for antiangiogenic therapy of individual patients represents a 

challenging exercise. The possibility that bevacizumab and sunitinib may cause a more 

hypoxic and hostile tumor microenvironment in some cervical cancer or PDAC patients, 

and hence, could have an adverse impact on disease outcome, implicates that any use 

of these angiogenesis inhibitors in a clinical setting should be accompanied by careful 

monitoring of the tumor microenvironment. This is particularly relevant in the case of 

bevacizumab treatment of cervical carcinoma, since bevacizumab currently is approved 

for the indication of locally advanced cervical cancer in combination with chemotherapy. 

 

6.4 The tumor microenvironment assessed by DCE-MRI 

 

Pharmacokinetic analysis 

Pharmacokinetic analysis of DCE-MRI data was performed with the standard Tofts 

model in the current work. Compared to other, physiologically more complex models, 

the standard Tofts model relies on more assumptions and contains fewer parameters 

that potentially could be of diagnostic value. Nonetheless, accurate estimation of 

additional pharmacokinetic parameters, such as the volume fraction of blood plasma 

(vp) incorporated the extended Tofts model, implies significantly higher demands on 

temporal resolution – higher than what can be fulfilled in most clinical settings. Besides, 

a high sampling rate inevitably compromises the signal-to-noise ratio and/or the spatial 

resolution. Accordingly, clinical relevance, as well as improved image quality, was the 

underlying rationale for choosing the standard Tofts model in these experiments. For 

the same reasons, the standard Tofts model has been deemed preferable to the 
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extended Tofts model, the Brix model, and the shutter-speed model in the analysis of 

DCE-MRI data from breast cancer patients (Litjens et al., 2010). 

 Previous preclinical DCE-MRI studies in our group have shown that the 

standard Tofts model yields good fits to experimental data for several different cancer 

types, including cervical cancer and PDAC (Ellingsen et al., 2014; Wegner et al., 2016; 

Gaustad et al., 2015). This was confirmed in the experiments carried out in this work, as 

illustrated explicitly for the BK-12, ED-15, HL-16, and LA-19 model in paper II. In 

addition, by subjecting the same tumors and normal muscle tissue to DCE-MRI twice, it 

was verified that our DCE-MRI method provides highly reproducible parametric images 

(paper III). 

 Variation in AIF between mice was not accounted for in the present 

experiments. Instead, a mean AIF derived from blood sample analyses of twelve 

animals was utilized in the studies of paper II, III, VI, and VII. This is not likely to have 

compromised the accuracy of the estimated pharmacokinetic parameters, since 

individual AIFs obtained from genetically identical mice have been shown to deviate 

minimally from each other and from the mean AIF (Benjaminsen et al., 2004). However, 

in a clinical setting, variations in e.g. cardiac output, vascular tone, and renal function 

between patients and visits make individual AIF measurements the ideal approach, 

although this may be unfeasible in many circumstances. 

 

DCE-MRI parameters and tumor physiology 

The hypothesis that DCE-MRI can provide clinically relevant information about the 

physiological tumor microenvironment was investigated in the studies of paper II and III. 

Thus, potential relationships between DCE-MRI parameters and microvascular density, 

tumor hypoxia, or IFP were searched for. K
trans

 was found to increase with increasing 

MVD and decrease with increasing hypoxic tissue fraction for the four PDAC models, 

and to decrease with increasing hypoxic fraction for the PDX models of cervical cancer. 

Furthermore, K
trans

 was sufficiently sensitive to detect variations in tumor hypoxia 

among individual xenografts of the same PDAC or cervical cancer model. Similar 

relationships between K
trans

 and MVD, and between K
trans

 and hypoxic fraction, were 

observed in the experiments of paper VI and VII, incorporating both untreated PDAC 

and cervical cancer tumors and tumors subjected to antiangiogenic therapy. These 

results support the idea that median K
trans

 may represent an adequate measure of the 

extent of hypoxic tissue in tumors, and that antiangiogenic treatment does not invalidate 
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this correlation. Moreover, K
trans

 appears to be a better predictor of tumor hypoxia than 

ve, since no significant associations between ve and hypoxic fraction were detected in 

the present studies. 

 The observation that K
trans

 relates to hypoxic tissue fraction in a qualitatively 

similar manner for PDAC and cervical cancer xenografts, as well as for xenografts of 

human melanoma studied previously in our group (Egeland et al., 2012), may have 

important implications. The PDAC, cervical cancer, and melanoma xenografts differ 

substantially in histological appearance and the development of tumor stroma, with 

denser and more extensive networks of collagen fibers seen in PDAC tumors than in 

cervical cancer xenografts, and only sparsely distributed stromal components discerned 

in tumors of the melanoma lines. Also, whereas connective tissue elements tend to 

separate the blood vessels from the tumor parenchyma in the PDAC and cervical 

cancer xenografts, this is rarely observed in the melanoma xenografts. It thus seems 

that K
trans

 may inform about the fraction of hypoxic tissue across tumors with highly 

different stromal composition, and that extracellular matrix constituents do not 

significantly influence the transvascular and interstitial transport of low molecular weight 

MR contrast agents like Gd-DOTA. 

 Previous preclinical studies have evidenced that the pharmacokinetic parameter 

E·F – which is closely related to the volume transfer constant K
trans

 – is determined by 

the blood supply rather than the vessel permeability when contrast agents of low 

molecular weight are utilized in DCE-MRI of tumor tissue (Graff et al., 2005; Egeland et 

al., 2009). Recent investigations of cervical cancer patients are consistent with these 

reports, as interpatient variations in the magnitude of K
trans

 were found to be dominated 

by differences in tumor perfusion, whereas differences in vessel permeability 

contributed insignificantly (Dickie et al., 2017). In the studies of paper VI and VII, PDAC 

and cervical cancer xenografts treated with sunitinib and bevacizumab, respectively, 

showed similar relationships between K
trans

 and microvascular density to those 

observed for untreated xenografts, suggesting that K
trans

 is determined primarily by the 

blood perfusion also in tumors treated with these angiogenesis inhibitors. 

 Poorly or non-vascularized tissue does not fulfill the premises of the Tofts 

pharmacokinetic model. Hence, K
trans

 and ve values obtained for voxels in necrotic or 

fibrotic tumor regions have no physiological meaning, and should be omitted from 

further analysis and interpretation of DCE-MRI data. This was performed in all DCE-

MRI experiments in the present work, by excluding voxels assigned unphysiologically 
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high ve values, i.e. voxels with ve > 1.0, from calculations of tumor median values. It was 

confirmed that the fraction of unphysiological voxels was associated with the fraction of 

necrotic and/or fibrotic tumor tissue in the DCE-MRI study of PDAC xenografts (paper 

III). 

 None of the DCE-MRI parameters were related to IFP in these studies, neither 

for cervical cancer (paper II) nor PDAC tumors (paper III). Thus, the elevated IFP 

values measured in these xenografts did not seem to be governed by the blood supply 

or the fraction of extravascular extracellular tissue space – in agreement with studies 

having suggested that tumor IFP is independent of intratumoral oxygenation (Boucher 

et al., 1995; Lunt et al., 2008). As a consequence, other DCE-MRI parameters than 

K
trans

 and ve, e.g. the outward peritumoral interstitial fluid flow velocity (v0) (Hompland et 

al., 2012), should be considered for tumor IFP measurements. 

 

DCE-MRI to assess the response to antiangiogenic therapy 

More widespread integration of angiogenesis inhibitors in combinatorial treatment 

protocols demands non-invasive identification of the biological effects of these agents. 

Investigations performed in our laboratory have suggested that DCE-MRI has the 

potential to detect the early response of A-07 melanoma xenografts to sunitinib and 

bevacizumab treatment (Gaustad et al., 2013; Gaustad et al., 2015), and the 

experiments described in paper VI and VII of this thesis followed up on these findings. 

Here, we report that sunitinib-treated BxPC-3 PDAC xenografts and bevacizumab-

treated BK-12 cervical cancer xenografts exhibited more tumor hypoxia and lower K
trans

 

values compared to untreated tumors, whereas treated and untreated Panc-1 and HL-

16 tumors displayed similar fractions of hypoxic tissue and similar K
trans

 values. 

Moreover, in both studies, comparison of treated and untreated xenografts with the 

same density of blood vessels revealed that treated tumors had significantly higher 

K
trans

 values, in accordance with the previously mentioned observation that more 

mature and well-functioning tumor vessels were present after antiangiogenic treatment. 

Discrimination of treated and untreated tumors was unattainable on the basis of ve, 

regardless of cancer type and angiogenesis inhibitor. Together, the results of paper VI 

and VII strengthen the hypothesis that DCE-MRI-derived K
trans

 values are sensitive to 

changes in the tumor microvasculature and oxygenation status induced by 

antiangiogenic therapy and, thus, endorse the recommended use of K
trans

 as the 

primary DCE-MRI end point in clinical trials of antiangiogenic agents (Leach et al., 

2005). 
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6.5 The tumor microenvironment assessed by DW-MRI 

 

DW-MRI was employed in the studies of paper I, IV, and V in this work. Four different b 

values (i.e. diffusion encoding constants) of 200, 400, 700, and 1000 s/mm
2
 were used 

to sensitize the MRI signal to water diffusion in the tumors of interest. This particular 

range of b values was chosen to assure that the contrast in the DW-MRI images could 

be ascribed to extravascular extracellular diffusion in our experiments. A 

monoexponential diffusion model provided good fits to the diffusion data acquired for 

both PDAC and cervical cancer xenografts, and accordingly, reliable ADC values could 

be determined on a voxel-by-voxel basis for the imaged tissue. 

 The dependence of DW-MRI-derived metrics on tumor cellularity (i.e. the 

density, type, and organization of cells within a tumor), as well as the presence of 

necrosis, have been confirmed by a large body of evidence (Padhani, 2011). In 

consequence, DW-MRI is frequently used in the clinic to inform about the grade of 

tumor malignancy and the effect of cancer treatment. Even so, the possible influence on 

DW-MRI metrics of tumor ECM parameters, such as the density and distribution of 

connective tissue elements, has received little attention. In our group, we have 

previously reported that DW-MRI-derived ADC values can be used to discriminate non-

differentiated and collagen-rich MIAPaCa-2 and Panc-1 PDAC tumors from 

differentiated BxPC-3 and Capan-2 tumors containing less collagen (Wegner et al., 

2016). Moreover, Hompland et al. discovered a significant inverse relationship between 

ADC and the fraction of collagen-containing connective tissue for cell line-derived CK-

160 cervical cancer xenografts (Hompland et al., 2014a). These findings were further 

pursued in the study of paper IV in this work, investigating early and late generation BK-

12, ED-15, HL-16, and LA-19 tumors. Across the four biologically dissimilar PDX 

models, ADC was found to be inversely correlated with the fraction of collagen I-positive 

tumor tissue, supporting our theory that DW-MRI may reflect clinically important 

features of the tumor stroma. Also, this observation provides a possible explanation of 

why the correlation between ADC and cellular tumor characteristics has proven to be 

weak or absent for certain cancer types (Squillaci et al., 2004; Yoshikawa et al., 2008; 

Surov et al., 2017). 

 As a well established imaging modality not requiring any exogenous contrast 

agent or ionizing radiation, DW-MRI is an attractive technique to monitor cancer 

patients’ response to various treatment interventions, including antiangiogenic therapy. 
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However, studies evaluating the impact of antivascular treatment on tumor ADC values 

have provided contradictory results, with increased ADC values after treatment reported 

in some investigations and a treatment-induced decrease in ADC values indicated by 

others (Padhani, 2011; Garcia-Figueiras et al., 2016). Thus, the potential usefulness of 

DW-MRI for this purpose is questionable, and lacks a solid biological rationale. In the 

study of paper V, bevacizumab-treated and untreated BK-12 and HL-16 tumors and 

sunitinib-treated and untreated BxPC-3 and Panc-1 tumors were subjected to DW-MRI 

as well as detailed immunohistochemical analyses to clarify this issue. As expected, the 

histologically diverse xenograft models exhibited different DW-MRI-derived ADC values, 

in accordance with the findings reported in paper IV. Nevertheless, median ADC values 

were not related to tumor volume, MVD, or hypoxic tissue fraction in any of the models, 

and were not sensitive to treatment-induced changes in these parameters. Thus, the 

effects of bevacizumab or sunitinib treatment on tumor vascularity and oxygenation 

could not be detected using DW-MRI in this study, underscoring that other MRI 

methods than conventional DW-MRI, e.g. DCE-MRI, dynamic susceptibility contrast 

MRI (DSC-MRI), or intravoxel incoherent motion (IVIM) MRI, should be considered for 

such treatment monitoring. 

 Several investigators of antivascular therapy have reported treatment-induced 

changes in tumor ADC values to be accompanied by an increase or decrease in the 

fraction of necrotic tumor tissue (Li and Padhani, 2012; Gaustad et al., 2013). No 

changes in tumor necrosis were observed in the experiments of paper V, making it 

reasonable to hypothesize that the potential of DW-MRI to evaluate the response to 

angiogenesis inhibitors may be restricted to those treatment regimens causing 

significant changes in the extent of necrotic tissue. In light of the sensitivity of DW-MRI 

to extracellular matrix characteristics (paper IV), it is possible that DW-MRI may be 

better suited to assess the effects of connective tissue-modifying drugs, such as 

losartan and inhibitors of remodeling enzymes (Diop-Frimpong et al., 2011; Barry-

Hamilton et al., 2010). 
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7 Conclusions and recommendations 

 

The work presented in this thesis resulted in the following conclusions; 

 

 Patient-derived xenografts of uterine cervical cancer recapitulate essential 

 biological characteristics of the donor patients’ tumors. However, PDXs 

 transplanted serially in mice for a longer time period display altered 

 microenvironmental features and increased tumor aggressiveness and may not 

 necessarily represent clinically relevant tumor models. 

 

 A strong, inverse association exists between DCE-MRI-derived K
trans

 values and 

 the fraction of hypoxic tumor tissue in patient-derived cervical cancer xenografts 

 and cell line-derived PDAC xenografts. In contrast, neither K
trans

 nor ve 

 correlates with IFP in these xenografts. 

 

 DW-MRI-derived ADC values are significantly influenced by the fraction of 

 collagen I-positive tumor tissue in cervical cancer PDXs. 

 

 Antiangiogenic treatment of cervical cancer and PDAC xenografts may lead to 

 less abnormal and more well-functioning tumor vessels. Nevertheless, 

 treatment-induced vessel pruning may impair the overall function of the tumor 

 microvasculature and, thus, increase the level of tumor hypoxia. Median K
trans

 – 

 but not median ADC – reflects the impact of antiangiogenic therapy on the 

 oxygenation status in cervical cancer and PDAC xenografts. 

 

 A few recommendations are warranted by the aforementioned conclusions. 

First, late generation PDXs should not be included in preclinical cancer studies without 

cautious molecular and phenotypic monitoring. On the basis of the results of the current 

work, DCE-MRI and DW-MRI could be incorporated in such monitoring with great 

advantage. Second, translation of our DCE-MRI protocol into clinical settings is 

advisable, as non-invasive detection of the extent of tumor hypoxia could aid in 

identifying patients in need of particularly aggressive cancer treatment. Furthermore, 

the dependence of DW-MRI-derived ADC values on characteristics of the tumor stroma 
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endorses the use of DCE-MRI and DW-MRI as complementary functional MRI 

strategies to assess the microenvironment in solid tumors. Finally, combination of 

angiogenesis inhibitors with chemotherapy and/or radiotherapy in the clinic should be 

accompanied by dedicated assessment of the biological tumor response. DCE-MRI 

represents a promising imaging modality for this purpose. It should be recognized, 

however, that angiogenesis inhibitors exert influence on the tumor microenvironment by 

complex processes, and consequently, a multiparametric imaging approach could offer 

broader insight into the biological action of these drugs as compared to single 

parameter imaging studies. 
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8 Future perspectives 

 

Functional MRI techniques play important roles in today’s management of cancer 

patients, in particular for the purpose of anatomical characterization and monitoring of 

tumor tissue. The current work demonstrates the unexploited potential of DCE-MRI and 

DW-MRI to provide information also about the tumor microenvironment, suggesting that 

these modalities may be highly valuable in determining the optimal cancer treatment for 

individual patients. The microenvironment in solid tumors is now recognized as a key 

player in disease development, and in later years, strategies aiming to interfere with the 

tumor microenvironment have attracted significant interest. Special attention was 

devoted to antiangiogenic therapy in this thesis, considered by many as a promising 

therapeutic approach to normalize the microenvironment within tumors and, thus, 

enhance the efficacy of concomitant anticancer treatment. Nevertheless, rather than 

microenvironmental normalization, unchanged or increased tumor hypoxia was 

observed in our studies, pointing out some intriguing issues to be pursued as a 

continuation of this work. 

 Initially, a deeper look into the underlying mechanisms of why our two cervical 

cancer and PDAC models respond differently to bevacizumab/sunitinib treatment (e.g. 

by further genetic and protein analyses) could provide important clues as to the 

complete microenvironmental action of these agents. Furthermore, because certain 

studies have indicated that angiogenesis inhibitors may fuel tumor invasiveness and 

metastatic dissemination, it would be highly interesting to investigate whether this is the 

case also for bevacizumab or sunitinib treatment of our xenograft models. Thus, 

untreated and treated cervical cancer and PDAC xenografts could be compared with 

respect to metastatic propensity or, alternatively, the fraction of tumor cells with a 

particularly invasive and/or cancer stem cell-like phenotype. 

 The lack of a normalized tumor microenvironment following antiangiogenic 

therapy in the present studies does not exclude the possibility that such effects may 

occur in other preclinical settings. Hence, to further explore the validity of the 

normalization hypothesis, a natural follow-up of the current work would be to perform 

similar experiments with other cervical cancer and PDAC models, as well as xenograft 

models of other cancer types. Also, agents targeting alternative angiogenic pathways, 

such as the FGF/FGF receptor pathway and the ANGPT/tyrosine kinase with 
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immunoglobulin-like and epidermal growth factor-like domains (TIE) pathway, could be 

tested. Importantly, if normalization effects can be detected under any of these 

circumstances, it would be crucial to evaluate whether these are beneficial or not for the 

response of tumors to chemo- and/or radiotherapy. Lastly, there may be several ways 

to normalize the complex microenvironment within solid tumors. For instance, targeting 

and remodeling the tumor connective tissue basis rather than the microvasculature 

could represent an exciting opportunity. In any case, functional MRI techniques like 

DCE-MRI and DW-MRI may have the potential to non-invasively identify treatment-

induced changes in the tumor microenvironment. 
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Appendix 

 

Abbreviations and symbols 

 

ADC  Apparent diffusion coefficient (mm
2
/s) 

AIF  Arterial input function 

ANGPT Angiopoietin 

b  Diffusion encoding constant (s/mm
2
) 

DCE-MRI Dynamic contrast-enhanced magnetic resonance imaging 

DW-MRI Diffusion-weighted magnetic resonance imaging 

ECM  Extracellular matrix 

FGF  Fibroblast growth factor 

GEM  Genetically engineered mouse 

Gd  Gadolinium 

IFP  Interstitial fluid pressure (mmHg) 

K
trans

  Volume transfer constant (min
-1

) 

MVD  Microvascular density (mm
-2

) 

PDAC  Pancreatic ductal adenocarcinoma 

PDGF  Platelet-derived growth factor 

PDX  Patient-derived xenograft 

T1  Longitudinal relaxation time (ms) 

T2  Transverse relaxation time (ms) 

ve  Fractional distribution volume 

VEGF  Vascular endothelial growth factor 

VEGFR VEGF receptor 

VMI  Vascular maturation index 
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ABSTRACT

Four patient-derived xenograft (PDX) models (BK-12, ED-15, HL-16, LA-19) of 
carcinoma of the uterine cervix have been developed in our laboratory, and their 
stability during serial transplantation in vivo was investigated in this study. Two 
frozen cell stocks were established, one from xenografted tumors in passage 2 (early 
generation) and the other from xenografted tumors transplanted serially in mice 
for approximately two years (late generation), and the biology of late generation 
tumors was compared with that of early generation tumors. Late generation tumors 
showed higher incidence of lymph node metastases than early generation tumors in 
three models (ED-15, HL-16, LA-19), and the increased metastatic propensity was 
associated with increased tumor growth rate, increased microvascular density, and 
increased expression of angiogenesis-related and cancer stem cell-related genes. 
Furthermore, late generation tumors showed decreased fraction of pimonidazole-
positive tissue (i.e., decreased fraction of hypoxic tissue) in two models (HL-16, 
LA-19) and decreased fraction of collagen-I-positive tissue (i.e., less extensive 
extracellular matrix) in two models (ED-15, HL-16). This study showed that serially 
transplanted PDXs may not necessarily mirror the donor patients’ diseases, and 
consequently, proper use of serially transplanted PDX models in translational cancer 
research requires careful molecular monitoring of the models.

www.oncotarget.com                               Oncotarget, 2018, Vol. 9, (No. 30), pp: 21036-21051

INTRODUCTION

Preclinical xenograft models of human cancer 
reflecting the biology of the donor patients’ tumors 
are essential tools for conducting clinically relevant 
cancer research. Xenografted tumors initiated from well 
characterized established cell lines are used frequently to 
study molecular pathways of cancer evolution as well as 
antitumor effects of therapeutic agents. However, it has 
been revealed that cell line-derived xenograft (CDX) 
models do not mirror accurately the biology of human 
tumors, and furthermore, the response to treatment of 
CDX models may fail to predict the treatment response in 
cancer patients [1, 2].

The limited clinical relevance of CDX models has 
initiated an increased interest in establishing improved 

cancer models by transplanting surgical specimens from 
human tumors directly into immune-deficient mice [3, 4]. 
These models are referred to as patient-derived xenograft 
(PDX) models and are maintained in vivo without being 
exposed to cell culture conditions in vitro. It has been 
shown that PDX models retain the histopathological and 
genotypic characteristics of the donor patients’ tumor 
tissue, and comparative studies including several tumor 
types have revealed that PDX models and donor patients’ 
tumors show similar responses to treatment [3–6]. 
Consequently, it has been suggested that PDXs may be 
useful cancer models in many disciplines of oncologic 
research, including identification of novel biomarkers, 
evaluation of potentially useful anticancer agents, and the 
development of strategies for precision cancer medicine 
[1, 3, 4, 7, 8].

                             Research Paper
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In many laboratories, PDX models of human cancer 
are maintained by serial transplantation in immune-
deficient mice. It has been reported that PDX models 
show an unchanged gene expression profile during serial 
transplantation, and the response to treatment has been 
seen to be stable over multiple transplantations [9, 10]. 
However, shortly after Rygaard and Povlsen established 
the first PDX model of cancer in the congenitally 
athymic nude mouse in 1969 [11], they and several other 
investigators observed that the growth rate of human 
tumor xenografts initiated from surgical specimens 
increased gradually during serial transplantation in vivo, 
and furthermore, serially transplanted xenografted tumors 
were shown to develop a stroma consisting of cellular 
and extracellular matrix components of murine origin 
[12, 13]. Despite these early observations, little concern 
has been devoted to the possibility that PDX models of 
cancer may change significantly in biological properties 
and treatment response during serial transplantation and, 
hence, may evolve to a state where they have limited value 
as clinically relevant tumor models.

Four PDX models of squamous cell carcinoma 
of the uterine cervix were recently established in our 
laboratory [14], and it was shown that early generation 
tumors of these models mirror the histological 
appearance, angiogenic activity, and metastatic 
propensity of the donor patients’ tumors [15]. We 
have observed that the tumor take rate (transplantation 
efficiency) and the tumor growth rate of these models 
increase during serial transplantation in vivo, and 
therefore, quantitative studies of possible biological 
changes induced during serial transplantation were 
conducted. Two frozen stocks of the PDX models 
were established, one from xenografted tumors in 
passage 2 (early generation) and one from xenografted 
tumors transplanted serially in mice for two years (late 
generation). In this communication, biological properties 
of late generation tumors are compared with those of 
early generation tumors. Several significant differences 
were observed, and the implications of these findings for 
the use of PDX models in preclinical cancer research are 
discussed.

RESULTS

Tumor histology did not change during serial 
transplantation

To investigate whether late generation tumors 
differed from early generation tumors in histological 
appearance, histological preparations were stained with 
hematoxylin and eosin (HE) or immunostained for 
blood vessels, hypoxic tissue, or collagen-I. HE stained 
preparations showed that BK-12, ED-15, and LA-19 
tumors were moderately differentiated and HL-16 tumors 
were poorly differentiated, similar to the donor patients’ 

tumors, and furthermore, late generation tumors were 
indistinguishable from early generation tumors (Figure 1).

CD31 was used as a marker for blood vessel 
endothelial cells, and immunohistochemical preparations 
stained for CD31 revealed that the microvasculature 
differed among the tumor models. The vessels in BK-
12, ED-15, and HL-16 tumors were located primarily 
within stromal connective tissue, whereas LA-19 tumors 
frequently showed vessels also in the parenchyma. 
Moreover, the tumor models differed clearly in staining 
pattern, suggesting that they developed microvascular 
networks having significant architectural differences. 
Differences between early and late generation tumors 
could not be detected in any of the models (Figure 2), 
suggesting that the microvasculature did not change 
significantly during serial transplantation.

Pimonidazole was used as a hypoxia marker, 
and immunohistochemical preparations stained for 
pimonidazole revealed that the staining pattern differed 
among the tumor models. BK-12 and ED-15 tumors were 
characterized by perinecrotic as well as focal staining, HL-
16 tumors showed a predominant focal staining pattern, 
and LA-19 tumors developed large regions with necrotic 
tissue and showed primarily perinecrotic staining. Late 
generation tumors did not differ from early generation 
tumors in staining pattern (Figure 3), suggesting that serial 
transplantation did not induce significant changes in tumor 
oxygen distribution.  

Collagen-I has been identified as the most 
prominent component of the extracellular matrix of 
the tumor models [14], and to investigate whether the 
extracellular matrix changed during serial transplantation, 
histological sections of early and late generation tumors 
were immunostained for collagen-I. The extracellular 
matrix differed substantially among the models; BK-12 
tumors showed particularly thick filament bundles at low 
density, whereas the filament bundles in LA-19 tumors 
were thinner and more numerous. The staining pattern 
did not differ between early and late generation tumors 
in any of the models (Figure 4), suggesting that the basic 
structure of the extracellular matrix was retained during 
serial transplantation.  

Late generation tumors showed increased 
growth rate, angiogenesis, and metastasis 

Measurements of tumor growth revealed that 
the growth rate tended to increase during serial 
transplantation. Thus, the volume doubling time was 
significantly shorter in late than in early generation 
tumors of the ED-15 (P = 0.0024), HL-16 (P = 0.0012), 
and LA-19 (P = 0.011) models, whereas a significant 
difference was not seen in the BK-12 model (Figure 5A). 
The increase in growth rate was associated with increased 
angiogenesis. Late generation tumors showed significantly 
higher blood vessel density than early generation tumors, 
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both in the ED-15 (P = 0.0044), HL-16 (P = 0.0022), and 
LA-19 (P = 0.020) models, but not in the BK-12 model 
(Figure 5B). Furthermore, the tumor models that showed 
increased tumor growth rate and angiogenesis after 
serial transplantation also showed increased metastatic 
propensity (Figure 5C), primarily to the medial iliac 
lymph nodes and the renal lymph nodes. The incidence 
of lymph node metastasis (the percentage of mice that 
showed metastatic growth) had increased by a factor of 
~2.1 in the ED-15 model and by a factor of ~1.5 in the 
LA-19 model. Approximately 16% of the late generation 
HL-16 tumors developed lymph node metastases, whereas 
early generation HL-16 tumors did not metastasize. In the 

BK-12 model, the incidence of lymph node metastasis was 
similar in late and early generation tumors.         

Late generation tumors showed decreased 
fractions of pimonidazole-positive tissue and 
collagen-I-positive tissue

To investigate whether the extent of tumor hypoxia 
and the magnitude of the extracellular matrix changed 
during serial transplantation, immunohistochemical 
preparations stained for pimonidazole or collagen-I were 
subjected to quantitative studies. These studies revealed 
that the fraction of pimonidazole-positive tissue was lower 

Figure 1: Tumor histology. Histological preparations of early (A) and late (B) generation BK-12, ED-15, HL-16, and LA-19 tumors 
stained with hematoxylin and eosin.



Oncotarget21039www.oncotarget.com

in late than in early generation tumors of the HL-16 (P = 
0.022) and LA-19 (P = 0.0039) models, whereas late and 
early generation tumors of the BK-12 and ED-15 models 
did not differ significantly in hypoxic fraction (Figure 6A). 
Moreover, the fraction of collagen-I-positive tissue was 
lower in late than in early generation tumors of the ED-
15 (P = 0.015) and HL-16 (P = 0.013) models, but did 
not differ significantly between late and early generation 
tumors of the BK-12 and LA-19 models (Figure 6B).

Dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) and diffusion-weighted magnetic 
resonance imaging (DW-MRI) of CDXs of cervix 
carcinoma have been conducted in our laboratory, and these 
studies showed that Ktrans (the volume transfer constant of 
Gd-DOTA) was inversely correlated to fraction of hypoxic 
tissue [16], and ADC (the apparent diffusion coefficient) 
was inversely correlated to fraction of collagen-I-positive 

tissue [17]. We hypothesized that similar correlations existed 
for the PDX models, and therefore, serial transplantation-
induced changes in the extent of tumor hypoxia and the 
magnitude of the extracellular matrix were examined further 
by subjecting early and late generation tumors to DCE-MRI 
and DW-MRI. In accordance with our hypothesis, Ktrans was 
significantly higher in late than in early generation tumors 
of the HL-16 model (P = 0.0050) and on the borderline of 
being significantly higher in late than in early generation 
tumors of the LA-19 model (P = 0.093), but did not differ 
significantly between late and early generation tumors 
of the BK-12 and ED-16 models (Figure 6C). Moreover, 
ADC was higher in late than in early generation tumors of 
the ED-15 (P < 0.0001) and HL-16 (P = 0.033) models, 
whereas late and early generation tumors of the BK-12 
and LA-19 models did not differ significantly in ADC 
(Figure 6D). Consequently, the immunohistochemical and 

Figure 2: Tumor microvasculature. Histological preparations of early (A) and late (B) generation BK-12, ED-15, HL-16, and LA-19 
tumors immunostained for CD31 to visualize blood vessels. Scale bar: 200 μm.
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MRI data were in accordance, providing strong evidence 
that the hypoxic and extracellular matrix compartments of 
the tumors changed during serial transplantation in vivo. 
Representative examples of Ktrans and ADC images of early 
and late generation tumors are presented in Figure 7 and 
Figure 8, respectively. 

Late generation tumors showed increased gene 
expression 

To investigate whether the changes in 
tumor growth, angiogenesis, metastasis, hypoxia, 
and extracellular matrix induced during serial 
transplantation reflected changes in transcriptional 
regulation of angiogenesis-related and/or cancer 
stem cell-related genes, early and late generation 
tumors were subjected to quantitative PCR using 

commercially available 84-gene arrays. In the BK-
12 model, the expression levels were similar for late 
and early generation tumors, whereas late generation 
tumors generally showed higher expression than early 
generation tumors in the ED-15, HL-16, and LA-19 
models, both for angiogenesis-related genes (Figure 
9A) and cancer stem cell-related genes (Figure 9B). 
The ED-15, HL-16, and LA-19 models had seven 
angiogenesis-related genes in common and five 
cancer stem cell-related genes in common that were 
significantly up-regulated in late generation tumors 
(Table 1). The expression ratios of late to early 
generation tumors of these genes differed substantially 
among the tumor models and the genes, irrespective of 
whether the angiogenesis-related genes (Figure 10A) or 
the cancer stem cell-related genes (Figure 10B) were 
considered.   

Figure 3: Tumor hypoxia. Histological preparations of early (A) and late (B) generation BK-12, ED-15, HL-16, and LA-19 tumors 
immunostained for pimonidazole to visualize hypoxic tissue. Scale bar: 400 μm.
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DISCUSSION

PDX models of cancer have been reported to show 
phenotypic characteristics and genetic and molecular 
expression profiles similar to tumors in patients, whereas 
CDX models do not, and consequently, PDX models 
are increasingly being used to study tumor biology and 
response to treatment [1–8]. Most studies are conducted 
with PDX models of colorectal, melanoma, breast, lung, 
and pancreatic tumors, primarily because a large number 
of PDX models are available for these cancer types. More 
recently, PDX models have also been established for 
other types of cancer, including carcinoma of the uterine 
cervix [14, 18, 19]. Similar to most PDX models, the 
PDX models of cervix cancer demonstrate a histological 
appearance with a cellular complexity and stromal 
architecture that mirrors their human counterparts. 

Despite the fact that PDXs show increasing 
growth rate and develop a murine stroma during serial 
transplantation [12, 13], it has been claimed that PDX 
models transplanted serially for many generations may 
preserve the histological appearance, gene expression 
profile, and treatment response of the donor patients’ 
tumors [9, 10, 20]. Our study revealed that although 
the tumor histology was unchanged after two years of 
serial transplantation, the tumors of the ED-15, HL-16, 
and LA-19 models had developed a more aggressive 
phenotype. The late generation tumors showed increased 
growth rate, increased blood vessel density, increased 
metastatic propensity, and increased expression of 
several angiogenesis-related and cancer stem cell-related 
genes. Moreover, the fraction of hypoxic tissue and the 
magnitude of the extracellular matrix were reduced in two 
models.

Figure 4: Tumor extracellular matrix. Histological preparations of early (A) and late (B) generation BK-12, ED-15, HL-16, and 
LA-19 tumors immunostained for collagen-I to visualize the extracellular matrix. Scale bar: 200 μm.
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The BK-12 model was the only model that did 
not show significantly changed biological properties 
after two years of serial transplantation. However, this 
observation does not imply that serial transplantation has 
no influence on the biology of the tumors of this model. In 
a previous investigation, we observed that BK-12 tumors 
transplanted serially for 15–20 generations (i.e., for more 
than three years) showed increased growth rate, increased 
interstitial fluid pressure, decreased lymph vessel density, 
and altered expression of several genes associated with 
lymphangiogenesis [15]. BK-12 tumors have longer 
volume doubling times than ED-15, HL-16, and LA-19 
tumors, and because of the low growth rate, BK-12 tumors 

may require a long period of serial transplantation before 
significant biological changes can be detected.

It has been recommended that PDXs should be 
transplanted to orthotopic sites to allow the tumor cells to 
interact with the most relevant organ microenvironment 
[21]. In this study, the tumors were transplanted to an 
intramuscular site rather than to an orthotopic site, 
primarily because orthotopic transplantation of cervix 
carcinomas is technically challenging and not well 
suited for large scale investigations. It is not likely 
that the biological changes induced during the serial 
transplantation of ED-15, HL-16, and LA-19 tumors can 
be attributed to the transplantation site since it has been 

Figure 5: Tumor aggressiveness. Volume doubling time (A), blood vessel density (B), and metastatic frequency (C) of early and 
late generation BK-12, ED-15, HL-16, and LA-19 tumors. Columns and bars in (A and B): mean ± SE (n = 20). Columns and bars in (C) 
percentage of mice with at least one lymph node metastasis (n = 55–70).
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revealed that serial transplantation can induce changes in 
the biology of PDXs implanted in other ectopic sites as 
well as in orthotopic sites. Thus, it has been reported that 
PDX models of squamous cell carcinoma of the head and 
neck showed significantly increased tumor growth rate 
after serial subcutaneous transplantation [22]. Moreover, 
a study of PDX models of cervix carcinoma revealed 
that tumor blood vessel density and the incidence of 
lymph node metastases increased during serial orthotopic 
transplantation in SCID and NOD/SCID mice [19].

Human tumors transplanted to immune-deficient 
mice interact with a microenvironment that differs from 
their original microenvironment, independent of the 
transplantation site. First, the growth and metastasis of 
human tumors may be suppressed by immune reactions 
by the host, and these immune reactions are significantly 
changed in immune-deficient mice. Second, human 
tumors develop a stroma consisting of a variety of 
components, including an extracellular matrix, cancer-
associated fibroblasts, immune cells, and blood vessels 
lined by endothelial cells and a basement membrane, and 
this stroma is of murine origin in xenografted tumors. 
Human tumors transplanted serially in immune-deficient 
mice may thus change their biological properties because 
the tumor cells gradually adapt to and interact with 

a new microenvironment. The changes in biological 
properties of serially transplanted PDXs observed in 
this study were most likely a consequence of the tumor 
tissue being exposed to the general microenvironment of 
immune-deficient mice rather than to the organ-specific 
microenvironment of muscle tissue.

There is strong evidence that the aggressiveness 
of tumors is associated with characteristic features of 
the tumor microenvironment [23]. Studies of a large 
number of cancer types have revealed that high metastatic 
propensity and poor outcome of treatment are associated 
with an extensive, collagen-rich extracellular matrix [24, 
25], high fraction of hypoxic tissue [26, 27], or highly 
elevated blood vessel density [28, 29]. ED-15, HL-16, 
and LA-19 tumors showed increased growth rate and 
increased incidence of lymph node metastases after serial 
transplantation, and this increase was associated with 
increased blood vessel density. A similar increase in the 
fraction of collagen-I-positive tissue or the fraction of 
pimonidazole-positive tissue was not detected, suggesting 
that the increased aggressiveness was associated with 
increased angiogenesis rather than elevated collagen-I 
expression or increased hypoxia.

Moreover, quantitative PCR showed that seven 
angiogenesis-related genes were significantly up-regulated 

Figure 6: Tumor microenvironment. Fraction of hypoxic (pimonidazole-positive) tissue (A), fraction of collagen-I-positive tissue 
(B), Ktrans (volume transfer constant of Gd-DOTA) (C D) of early and late generation BK-12, 
ED-15, HL-16, and LA-19 tumors. Columns and bars: mean ± SE (n = 12–28).
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in late generation ED-15, HL-16, and LA-19 tumors. 
Four of the genes code for the inflammatory cytokines 
IL-1B, IL-6, IL-8, and TNF. Inflammatory cytokines 
promote tumor angiogenesis directly, but also indirectly 
by inducing increased expression of hypoxia-inducible 
factor-1 [30]. Elevated expression of inflammatory 
cytokines is associated with decreased progression-free 
survival in squamous cell carcinoma of the head and 
neck [31]. IL-8 plays an essential role in lymph node 
metastasis of early stage cervix cancer [32], and blocking 
of IL-8 can abrogate tumor growth and metastasis in CDX 
models of cervix carcinoma [33]. TNF promotes tumor 
angiogenesis by up-regulating the expression of several 
members of the vascular endothelial growth factor family 
[34]. The CXCL1 chemokine, also highly up-regulated in 
late generation ED-15, HL-16, and LA-19 tumors, has the 
ELR motif proximal to the CXC sequence, and all ELR 
containing CXC chemokines are potent promoters of 
tumor angiogenesis [35].

Late generation ED-15, HL-16, and LA-19 
tumors also showed significantly increased expression 

of five cancer stem cell-related genes, suggesting that 
their increased aggressiveness could be caused by an 
increased fraction of cancer stem cells. Cancer stem 
cells exhibit an aggressive phenotype [36], and in 
addition to being inherently highly metastatic, they may 
facilitate metastasis by promoting angiogenesis and 
lymphangiogenesis [37, 38]. Three of the up-regulated 
cancer stem cell-related genes (KLF4, MYC, and SNAI1) 
are transcription factors involved in rearrangement of the 
extracellular matrix and in epithelial to mesenchymal 
transition (EMT), processes that are important in tumor 
angiogenesis, invasion, and metastasis [39, 40]. It has 
been suggested that KLF4 together with SNAI1 may 
promote metastasis by inducing transdifferentiation of 
tumor cells into endothelial cells by an EMT-dependent 
mechanism [41, 42], while other studies have suggested 
that KLF4 also can promote metastasis by EMT-
independent mechanisms [43]. IL-8 (the angiogenesis 
factor discussed above) and PLAUR (also known as 
uPAR) were the other two genes on the cancer stem 
cell PCR array that were significantly up-regulated 

Figure 7: Dynamic contrast-enhanced magnetic resonance imaging-derived parametric images. Ktrans (volume transfer 
constant of Gd-DOTA) images of early (A) and late (B) generation BK-12, ED-15, HL-16, and LA-19 tumors. Scale bar: 2.0 mm.  
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in late generation ED-15, HL-16, and LA-19 tumors. 
Hypoxia-induced up-regulation of PLAUR has been 
shown to result in increased lymph node metastasis 
through degradation of the extracellular matrix in a CDX 
model of malignant melanoma [44], and the ligand of 
this receptor (uPA) has been revealed to be a possible 
biomarker for lymph node metastasis in cervix cancer 
[45].

The study reported here has significant 
implications for the use of PDX models in translational 
cancer research. It shows that PDX models of cancer 
may acquire a more aggressive phenotype during serial 
transplantation in vivo, and consequently, serially 
transplanted PDXs may not necessarily mirror the 
biology and treatment response of the donor patients’ 
tumors. If serial transplantation cannot be avoided, 
proper use of PDX models in cancer research requires 
careful phenotypic and molecular monitoring of the 
serially transplanted tumor tissue.

MATERIALS AND METHODS

Tumor models

Adult (8–12 weeks of age) female BALB/c nu/nu
mice were used as host animals for xenografted tumors. 
Four PDX models (BK-12, ED-15, HL-16, and LA-
19) of squamous cell carcinoma of the uterine cervix, 
established from patients with FIGO stage IIB disease 
prior to treatment, were included in the study [14]. 
These models have been maintained solely in vivo by 
transplanting tumor tissue from the donor patients directly 
into mice without going by short-term in vitro culture, and 
after the initial transplantation, by serial transplantation 
of tumor cell aliquots in mice. Two frozen cell stocks 
of these models have been established, one from 
xenografted tumors in passage 2 (early generation) and 
the other from xenografted tumors transplanted serially 
in mice for approximately two years (late generation). 

Figure 8: Diffusion-weighted magnetic resonance imaging-derived parametric images.
images of early (A) and late (B) generation BK-12, ED-15, HL-16, and LA-19 tumors. Scale bar: 2.0 mm.
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Experiments were carried out with early generation as well 
as late generation tumors. Tumors were initiated in the 
quadriceps femoris of mice by inoculating aliquots of 5 × 
105 cells derived from intramuscular tumors initiated from 
the frozen stocks, and they were included in experiments 

when having grown to a volume of 400–600 mm3. Animal 
care and experimental procedures were approved by 
the Institutional Committee on Research Animal Care 
and were conducted according to the Interdisciplinary 
Principles and Guidelines for the Use of Animals in 

Figure 9: Gene expression. The expression of angiogenesis-related genes (A) and cancer stem cell-related genes (B) in late generation 
versus early generation BK-12, ED-15, HL-16, and LA-19 tumors. Symbols: relative expression of single genes. Solid lines: 5-fold 
difference in expression level between late and early generation tumors. Dashed lines: 2-fold difference in expression level between late 
and early generation tumors. The expression levels were generally higher in late generation than in early generation tumors of the ED-15, 
HL-16, and LA-19 models, whereas a similar difference could not be detected for BK-12 tumors.
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and LA-19 cervix cancer models   

Angiogenesis-related genes 
CTGF (Connective tissue growth factor)
CXCL1 (Chemokine (C-X-C motif) ligand 1)
EDN1 (Endothelin 1)
IL1B (Interleukin 1 beta)
IL6 (Interleukin 6)
IL8 (Interleukin 8)
TNF (Tumor necrosis factor)

Stem cell-related genes
KLF4 (Kruppel like factor 4)
MYC (MYC proto-oncogene, bHLH transcription factor)
PLAUR (Plasminogen activator, urokinase receptor)
SNAI1 (Snail family transcriptional repressor 1)
IL8 (Interleukin 8)

Figure 10: Changes in gene expression. The gene expression ratio of late to early generation tumors of seven angiogenesis-related 
genes (A B
HL-16, and LA-19 models, but not in late generation tumors of the BK-12 model. Columns: mean of three late generation tumors divided 
by mean of three early generation tumors.



Oncotarget21048www.oncotarget.com

Research, Marketing, and Education (New York Academy 
of Sciences, New York, NY, USA).

Tumor growth and lymph node metastasis

Tumor volume (V) and tumor volume doubling 
time (Td) were calculated as V a × b × c and Td 
= ln2 × t/(lnVt – lnV0), where a, b, and c represent three 
perpendicular tumor diameters measured with calipers, 
and Vt and V0 represent tumor volume at time t and time 0, 
respectively. Euthanized mice were examined for lymph 
node metastases in six pairs of lymph nodes (i.e., popliteal 
lymph nodes, inguinal lymph nodes, proper axillary lymph 
nodes, accessory axillary lymph nodes, medial iliac lymph 
nodes, and renal lymph nodes), as described elsewhere 
[46]. The presence of metastatic growth in lymph nodes 
was confirmed by histological examination.

Immunohistochemical detection of tumor 
hypoxia, microvessels, and collagen-I

Histological sections were prepared by standard 
procedures and stained with hematoxylin and eosin or 
immunostained for hypoxic tissue, blood vessels, or 
collagen-I. Pimonidazole [1-[(2-hydroxy-3-piperidinyl)-
propyl]-2-nitroimidazole], injected as described earlier 
[47], was used as a marker of tumor hypoxia, and CD31 
was used as a marker of blood vessel endothelial cells. An 
anti-pimonidazole rabbit polyclonal antibody (Professor 
James A. Raleigh, University of North Carolina, Chapel 
Hill, NC, USA), an anti-mouse CD31 rabbit polyclonal 
antibody (Abcam, Cambridge, UK), or an anti-collagen-I 
rabbit polyclonal antibody (Abcam) was used as primary 
antibody. Quantitative studies were carried out on 
preparations cut through the central regions of tumors, 
and three sections of each staining were analyzed for each 
tumor. Microvessels were scored as described by Weidner 
[28]. Fraction of pimonidazole-positive tissue and fraction 
of collagen-I-positive tissue were assessed by image 
analysis [48] and were defined as the area fractions of the 
non-necrotic tissue showing positive staining.

Magnetic resonance imaging

MRI was carried out by using a Bruker Biospec 
7.05-T bore magnet and a mouse quadrature volume 
coil (Bruker Biospin, Ettlingen, Germany). The tumors 
were positioned in the isocenter of the magnet and were 
imaged with axial slices covering the entire volume. The 
mice were given gas anesthesia (~4.0% Sevofluran in 
O2; Baxter, IL, USA) at a flow rate of 0.5 l/min during 
imaging. Respiration rate and body core temperature were 
monitored continuously by using an abdominal pressure 
sensitive probe and a rectal temperature probe (Small 
Animal Instruments, New York, NY, USA). The body core 
temperature was kept at 37° C by automated hot air flow 

regulation, and the gas anesthesia was adjusted manually 
to maintain a stable respiration rate. 

DW-MRI was carried out as described previously 
[49]. Briefly, we applied a diffusion-weighted single-shot 
fast spin echo pulse sequence (RARE) with a repetition 
time (TR) of 1300 ms, an echo time (TE) of 26 ms, an 
image matrix of 64 × 64, a field of view (FOV) of 3 × 3 
cm2, a slice thickness of 0.7 mm, and a slice gap of 0.3 
mm. Four diffusion-weightings with diffusion encoding 
constants (b) of 200, 400, 700, and 1000 s/mm2, a diffusion 
gradient duration of 7 ms, and a diffusion separation time 
of 14 ms were used. Values of b ranging from 200 to 1000 
s/mm2 were chosen to avoid perfusion effects [50, 51]. 
Diffusion sensitization gradients were applied in three 
orthogonal directions, and ADC values were calculated for 
each direction by using in-house-made software developed 
in Matlab (MathWorks, Natick, MA, USA). Furthermore, 
the directional diffusion images were averaged on a voxel-
by-voxel basis to non-directional diffusion images, and 
these non-directional images were used to calculate ADC 
maps. 

DCE-MRI with Gd-DOTA (Dotarem, Guerbet, 
Paris, France) as contrast agent was performed as 
described earlier [49]. Briefly, a fast spin echo pulse 
sequence (RARE) with TRs of 200, 400, 800, 1500, 3000, 
and 5000 ms, a TE of 8.5 ms, an image matrix of 128 × 
128, a FOV of 3 × 3 cm2, a slice thickness of 0.7 mm, and 
a slice gap of 0.3 mm was used to measure precontrast 
T1-values (T10-map). Gd-DOTA was diluted to a final 
concentration of 0.06 M and administered in the tail vein 
in a bolus dose of 5.0 ml/kg body weight during a period 
of 5 s by using an automated infusion pump (Harvard 
Apparatus, Holliston, MA, USA). A three-dimensional 
SPGR pulse sequence (3D-FLASH) with a TR of 10 

matrix of 128 × 128 × 10, and a FOV of 3 × 3 × 1 cm3

was used to produce postcontrast T1-weighted images at 
a temporal resolution of 14.8 s. Numerical values of Ktrans

were determined on a voxel-by-voxel basis by using the 
Tofts pharmacokinetic model [52]. Calculation of Gd-
DOTA concentrations and pharmacokinetic modeling were 
done with in-house-made software developed in Matlab 
(MathWorks). 

Quantitative PCR

Total RNA was isolated from tumor tissue stabilized 
in RNAlater RNA Stabilization Reagent (Qiagen, 
Hilden, Germany). RNA isolation and cDNA synthesis 
were performed as described previously [53]. The RT2

Profiler PCR Arrays Human Angiogenesis (PAHS-024Z) 
and Human Cancer Stem Cells (PAHS-176Z) from 
SABiosciences (Frederick, MD, USA) were used for 
expression profiling of angiogenesis-related and cancer 
stem cell-related genes, respectively. Real-time PCR was 
performed as described earlier [53]. Fold difference in 
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T-method 
[54]. A CT-value of 35 (15 cycles above the positive 
PCR control) was set as detection limit. Each CT-value 
of a tumor was normalized to the mean CT-value of the 

T = CT
 gene of interest - CT

 mean of housekeeping 

genes). The normalized gene expression level of each PDX 
model was calculated from three tumors as 2 .

Statistical analysis

Data are shown as mean ± standard error. 
Comparisons of data were carried out by using the 
Student t test (single comparisons) or by one-way ANOVA 
followed by the Bonferroni’s test (multiple comparisons) 
when the data complied with the conditions of normality 
and equal variance. Under other conditions, comparisons 
were carried out by nonparametric analysis using the 
Mann–Whitney rank-sum test (single comparisons) or by 
Kruskal–Wallis ANOVA on ranks followed by the Dunn’s 
test (multiple comparisons). The Kolmogorov-Smirnov 
method and the Levene’s method were used to test for 
normality and equal variance, respectively. Probability 
values of P < 0.05 were considered significant. The 
statistical analysis was carried out with the SigmaStat 
statistical software. 
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Abstract 

Background: Abnormalities in the tumor microenvironment are associated with resistance to treatment, aggressive 

growth, and poor clinical outcome in patients with advanced cervical cancer. The potential of dynamic contrast-

enhanced (DCE) MRI to assess the microvascular density (MVD), interstitial fluid pressure (IFP), and hypoxic fraction of 

patient-derived cervical cancer xenografts was investigated in the present study.

Methods: Four patient-derived xenograft (PDX) models of squamous cell carcinoma of the uterine cervix (BK-12, 

ED-15, HL-16, and LA-19) were subjected to Gd-DOTA-based DCE-MRI using a 7.05 T preclinical scanner. Parametric 

images of the volume transfer constant (Ktrans) and the fractional distribution volume (ve) of the contrast agent were 

produced by pharmacokinetic analyses utilizing the standard Tofts model. Whole tumor median values of the DCE-

MRI parameters were compared with MVD and the fraction of hypoxic tumor tissue, as determined histologically, and 

IFP, as measured with a Millar catheter.

Results: Both on the PDX model level and the single tumor level, a significant inverse correlation was found between 

Ktrans and hypoxic fraction. The extent of hypoxia was also associated with the fraction of voxels with unphysiological 

ve values (ve > 1.0). None of the DCE-MRI parameters were related to MVD or IFP.

Conclusions: DCE-MRI may provide valuable information on the hypoxic fraction of squamous cell carcinoma of the 

uterine cervix, and thereby facilitate individualized patient management.
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Background
Despite recent advances in prevention and screening of 

human papilloma virus (HPV)-associated malignancies, 

carcinoma of the uterine cervix remains a life-threaten-

ing disease world-wide. The majority of cervical cancer 

patients is diagnosed with squamous cell carcinoma, for 

which concurrent chemoradiotherapy is the first-line 

treatment option in advanced cases [1]. Clinical outcome 

is, to a great extent, affected by the presence of severe 

abnormalities in the microenvironment of the primary 

tumor, such as elevated interstitial fluid pressure (IFP), 

high lactate concentration, low oxygen tension, and large 

hypoxic regions [2–5]. In order for improved and more 

personalized therapeutic strategies to be developed, bio-

markers reflecting the biological characteristics of the 

tumor tissue are needed.

Hypoxia has been associated with invasive growth, 

treatment resistance, and poor survival rates in many 

cancers, including cervical cancer [4–6]. Furthermore, 

both microvascular density (MVD) and IFP are thought 
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to influence the metastatic propensity of solid tumors [2, 

7, 8]. Accurate assessment of these critical parameters 

would therefore be of great prognostic value and facili-

tate clinical decision-making on an individual patient 

basis. As a noninvasive and commonly used method in 

the management of cervical cancer, dynamic contrast-

enhanced (DCE) MRI is an attractive technique for this 

purpose. Preclinical studies on cell line-derived tumor 

xenografts have suggested that DCE-MRI-derived 

parameters may have the potential to serve as biomark-

ers for microenvironmental features of cervical cancer 

[9–12]. Promising observations have also been made in 

clinical settings [13–15], but further investigations are 

required to explore the true benefits of DCE-MRI for 

other purposes than anatomical characterization of the 

tumor tissue.

In order to evaluate the hypothesis that DCE-MRI can 

provide clinically useful information about the tumor 

microenvironment, patient-derived xenograft (PDX) 

models were utilized in this study. Compared to the 

cell line-derived tumor models used in most preclinical 

in vivo studies of cervical cancer, PDX models are thought 

to mirror the biological characteristics of patient tumors 

to a larger extent [16, 17]. However, as the tumors of dif-

ferent patients within the same prognostic group tend to 

display substantial heterogeneity, a panel of PDX models 

is typically required for clinical issues to be addressed. 

Hence, four biologically dissimilar PDX models of squa-

mous cell carcinoma of the uterine cervix were subjected 

to DCE-MRI in the present investigation. Imaging results 

were compared with findings from immunohistochemi-

cal examinations and IFP measurements, with the overall 

aim to reveal potential associations between DCE-MRI-

derived quantities and parameters of the tumor microen-

vironment, both on the single tumor level and the PDX 

model level.

Methods
PDX models
Adult (8–12  weeks of age) female BALB/c nu/nu mice 

were used as host animals for xenografted tumors. Four 

PDX models (BK-12, ED-15, HL-16, and LA-19) of squa-

mous cell carcinoma of the uterine cervix, obtained from 

patients with FIGO stage IIB disease prior to treatment, 

were included in the study [18, 19]. We have established 

two frozen cell stocks of these models, one from xeno-

grafted tumors in passage 2 (early generation) and the 

other from xenografted tumors transplanted serially in 

mice for approximately 2 years (late generation). Experi-

ments were carried out with early generation as well as 

late generation xenografts. Tumors were initiated in the 

left quadriceps femoris of mice by inoculating aliquots of 

5 × 105 cells derived from intramuscular tumors initiated 

from the frozen stocks, and they were included in experi-

ments when having grown to a volume of 100–1600 mm3.

Magnetic resonance imaging
A Bruker Biospec 7.05 T bore magnet, equipped with a 

mouse quadrature volume coil (Bruker Biospin, Ettlin-

gen, Germany), was used for MR imaging. Early and 

late generation tumors (9–16 in number) of each PDX 

model were imaged with axial slices covering their entire 

volume. Mice were anesthetized with 0.5  l/min  O2 con-

taining ∼ 4.0% Sevofluran (Baxter, Illinois, USA) during 

scanning. Respiration rate and body core temperature 

were monitored continuously with a pressure sensitive 

abdominal probe and a rectal temperature probe (Small 

Animal Instruments, New York, NY, USA). Automated 

hot air flow regulation kept the body core temperature at 

37  °C, while a stable respiration rate was maintained by 

manual adjustment of the gas anesthesia.

Anatomical T2-weighted images were obtained with 

a fast spin echo pulse sequence (RARE) with a repeti-

tion time (TR) of 2500 ms, an echo time (TE) of 35 ms, 

an image matrix of 128 ×  128, a field of view (FOV) of 

3  ×  3  cm2, a slice thickness of 0.7  mm, a slice gap of 

0.3  mm, two averages, and fat suppression. DCE-MRI 

was performed as previously reported [20]. In short, pre-

contrast T1 values (T10 values) were measured by apply-

ing a fast spin echo pulse sequence (RARE) with TRs of 

200, 400, 800, 1500, 3000, and 5000 ms, a TE of 8.5 ms, 

an image matrix of 128  ×  128, a FOV of 3  ×  3  cm2, a 

slice thickness of 0.7 mm, and a slice gap of 0.3 mm. Gd-

DOTA (Dotarem, Guerbet, Paris, France), diluted to a 

final concentration of 0.06 M, was used as contrast agent. 

With an automated infusion pump (Harvard Appara-

tus, Holliston, MA, USA), Gd-DOTA was injected into 

the tail vein of mice in a bolus dose of 5.0  ml/kg dur-

ing a period of 5  s. Dynamic T1-weighted images were 

recorded at a temporal resolution of 14.8 s, using a three-

dimensional SPGR pulse sequence (3D-FLASH) with a 

TR of 10 ms, a TE of 2.07 ms, a flip angle of 20°, an image 

matrix of 128 × 128 × 10, and a FOV of 3 × 3 × 1 cm3.

The DCE-MRI series were analyzed using regions of 

interest (ROIs) encompassing the tumor tissue. ROIs 

were delineated in the T2-weighted anatomical images 

acquired prior to DCE-MRI. For each voxel, numerical 

values of the volume transfer constant (Ktrans) and the 

fractional distribution volume (ve) of Gd-DOTA were 

calculated by a best curve fit approach utilizing the Tofts 

pharmacokinetic model [21], with the arterial input func-

tion of Benjaminsen et al. [22]. Calculation of Gd-DOTA 

concentrations and pharmacokinetic modeling were 

performed with in-house-made software developed in 

Matlab (MathWorks, Natick, MA, USA). Voxels assigned 

unphysiological ve values (ve  >  1.0) were excluded from 
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further quantitative analysis, in which whole tumor 

median values of Ktrans and ve were considered.

Histological examination
Histological sections, prepared by standard proce-

dures, were stained with hematoxylin and eosin (HE) or 

immunostained for blood vessels or hypoxia. CD31 was 

used as a marker of endothelial cells, and pimonidazole 

[1-[(2-hydroxy-3-piperidinyl)-propyl]-2-nitroimidazole] 

was used as a marker of tumor hypoxia [23]. An anti-

mouse CD31 rabbit polyclonal antibody (Abcam, Cam-

bridge, UK) or an anti-pimonidazole rabbit polyclonal 

antibody (Professor Raleigh, University of North Caro-

lina, Chapel Hill, NC, USA) served as primary antibody. 

Diaminobenzidine was utilized as chromogen, and hema-

toxylin was used for counterstaining. For each immu-

nostaining, three sections cut through central regions of 

every tumor were analyzed. Microvessels were identified 

and scored manually as number of vessels per  mm2 of 

non-necrotic tissue [24]. The hypoxic fraction, defined 

as the area fraction of viable tissue staining positive for 

pimonidazole, was determined by image analysis [25]. 

For each of the four PDX models, MVD was assessed in 

20 early generation tumors, whereas hypoxia was quanti-

fied in 12–28 early and late generation tumors.

Interstitial fluid pressure
IFP was measured with a Millar SPC 320 catheter 

equipped with a 2F Mikro-Tip transducer (Millar Instru-

ments, Houston, TX, USA) [26]. A Millar TC-510 control 

unit and a preamplifier connected the catheter to a com-

puter, and the LabVIEW software (National Instruments, 

Austin, TX, USA) was used for data acquisition. Two IFP 

measurements were performed for each of 10–20 early 

generation tumors of each PDX model, with the probe 

inserted in central tumor regions. The mean of the two 

IFP values was included in the subsequent analyses.

Statistical analysis
The SigmaStat statistical software package (Systat Soft-

ware Inc., San Jose, CA, USA) was utilized for statistical 

analysis. Correlations between parameters were searched 

for using the Pearson product moment correlation test. 

Regression analysis was carried out to characterize 

parameter relationships. Probability values of P  <  0.05 

were considered statistically significant.

Results
Histological appearance
The histological appearance of the four PDX models dif-

fered notably (Fig.  1). While BK-12, ED-15, and LA-19 

tumors were moderately differentiated, tumors of the 

HL-16 model were poorly differentiated. CD31-positive 

vessels were located in central as well as peripheral 

tumor regions in all four models, and the vessel den-

sity increased from the tumor center towards the tumor 

periphery. Tissue staining positive for pimonidazole 

appeared as scattered foci of different size and shape 

in non-necrotic areas, or as a few cell layers thick rim 

encompassing necrotic regions. Both staining patterns 

were characteristic features of BK-12 and ED-15 tumors. 

In HL-16 tumors, little necrosis was detected, and focal 

staining constituted most of the regions defined as 

hypoxic. LA-19 tumors, on the other hand, showed large 

necrotic areas, and were dominated by a perinecrotic 

staining pattern. Early and late generation tumors of the 

same PDX model were qualitatively similar in terms of 

histological features and hypoxia staining.

DCE-MRI parameters
MR images of a representative tumor of each xenograft 

model are presented in Fig.  2. Anatomical T2-weighted 

images, T1-weighted images needed for calculation of 

precontrast T10 values, and dynamic T1-weighted images 

recorded prior to and 1 min after contrast administration 

have been included. The standard Tofts model yielded 

good fits to experimental data for individual voxels with 

highly different uptake of the contrast agent, as illus-

trated by the representative plots of Gd-DOTA concen-

tration versus time and the associated curve fits displayed 

in Fig. 3. Ktrans and ve images and frequency distributions 

for the same tumors as shown in Fig. 2 are presented in 

Fig.  4. Voxels with unphysiological ve values (ve  >  1.0) 

are white in parametric images and have been excluded 

from frequency distributions. Corresponding paramet-

ric images and frequency distributions prior to removal 

of unphysiological voxels are provided in Additional 

file 1: Figure S1. Tumor heterogeneity was considerable, 

both among tumors of the same PDX model and within 

individual tumors. On the single tumor level, Ktrans val-

ues had a tendency to be higher towards the periphery of 

the tumor tissue, whereas voxels with high ve values were 

distributed more evenly throughout the tumor volume or 

clustered closer to central regions. Qualitative differences 

between early and late generation xenografts of the same 

tumor model were not detectable.

Correlations between parameters
MRI and histology examinations were performed on 

different cohorts of mice for early generation xeno-

grafts, whereas the data for late generation xenografts 

were derived from the same tumors. Figure  5 presents 

quantitative relationships between DCE-MRI para-

meters and MVD and IFP for early generation tumors of 

each PDX model. As depicted, no statistically significant 

associations were found to be present. Figure 6 displays 
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quantitative relationships between DCE-MRI para meters 

and the extent of hypoxia. In Fig.  6a, median Ktrans, 

median ve, and the fraction of unphysiological voxels are 

plotted as a function of hypoxic fraction for early and late 

generation tumors. A significant correlation was found 

between Ktrans and hypoxic fraction (P = 0.0005), a cor-

relation that was well described by an exponential decay 

curve (y  =  y0  +  ae−bx). No association was detected 

between ve and the level of hypoxia, whereas there was 

a statistically significant linear correlation between the 

fraction of unphysiological voxels and hypoxic fraction 

(P  =  0.015). Individual late generation tumor values 

are presented in Fig.  6b. On the single tumor level, as 

on the PDX model level, a significant relationship was 

found between Ktrans and hypoxic fraction (P  <  0.0001), 

and between the fraction of unphysiological voxels and 

hypoxic fraction (P < 0.0001). 

Discussion
The potential of DCE-MRI to provide clinically valu-

able information on the tumor microenvironment has 

been investigated in numerous studies, both preclinical 

Fig. 1 Histological preparations of a BK-12, ED-15, HL-16, and LA-19 tumor, stained with hematoxylin and eosin (a), immunostained for CD31 (b), 

and immunostained with an anti-pimonidazole antibody for hypoxia (c). Scale bars: 100 μm (a), 250 μm (b), and 500 μm (c)
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and clinical. On the clinical side, significant correlations 

between DCE-MRI-derived parameters and microvascu-

lar density, IFP, and oxygen tension have been reported 

[14, 15, 27], as well as promising findings on the ability 

of semi-quantitative and quantitative DCE-MRI meas-

ures to predict response to therapy [13, 28, 29]. Never-

theless, correlations have in general been relatively weak, 

and semi-quantitative DCE-MRI analyses that are hard 

to standardize remain to be preferred over more com-

plex and labor intensive quantitative analyses in clinical 

practice.

A major advantage of preclinical studies compared to 

clinical studies in imaging-based research, is that the 

imaging conditions can be controlled more easily. High-

quality preclinical investigations may therefore be a pre-

requisite for the true value of imaging-based approaches 

to be explored. Moreover, as tumors of the same genetic 

basis can be established in several animals, multiple 

copies of a single patient tumor can be examined in the 

same experiment. These tumor copies will inevitably dif-

fer somewhat in vascular density, interstitial hyperten-

sion, and the level of hypoxia, as a result of the stochastic 

nature of angiogenesis and differences in lesion size 

[30]. They may therefore, collectively, depict some of the 

intratumor heterogeneity characteristic of many human 

tumors.

Fig. 2 MR images of a representative BK-12, ED-15, HL-16, and LA-19 tumor. Displayed from left to right are anatomical T2-weighted images, 

T1-weighted images acquired for calculation of precontrast T10 values, and T1-weighted DCE-MR images recorded before and 1 min after the admin-

istration of Gd-DOTA. Scale bars: 5 mm
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Previous DCE-MRI studies of human cervical can-

cer xenografts in mice have revealed robust correlations 

between pharmacokinetic parameters and IFP or the 

extent of hypoxia, i.e. the fraction of radiobiologically 

hypoxic cells or the fraction of hypoxic tissue as deter-

mined histologically [9, 10, 12]. A possible drawback of 

these encouraging preclinical investigations is, nonethe-

less, the use of xenografted tumors initiated from previ-

ously established cell lines. Increasing evidence suggests 

that cell line-derived tumor xenografts may be subop-

timal models of human cancer, primarily due to their 

limited capability of recapitulating the biological charac-

teristics and diversity of patient tumors, as well as their 

lack of success in predicting clinical treatment outcome 

[16]. In this regard, PDX models, established by trans-

planting samples of patient tumors directly into host ani-

mals and maintaining the tumor tissue exclusively in vivo, 

have shown promise [16, 17, 31]. Our group has devel-

oped a panel of four PDX models of squamous cell car-

cinoma of the uterine cervix, differing in molecular and 

biological properties. Despite being intramuscular and 

thus ectopic tumor models, previous validation of the 

BK-12, ED-15, HL-16, and LA-19 tumors has confirmed 

that essential features of the donor patients’ tumors are 

retained after xenotransplantation [18, 19]. Further-

more, the highly different MVDs, IFPs, and fractions 

of hypoxic tissue found among these tumor xenografts 

make them suitable models for evaluating the hypothesis 

Fig. 3 Concentration of Gd-DOTA versus time (dots) and the corresponding pharmacokinetic curve fit (solid lines) for individual voxels of a repre-

sentative BK-12 (a), ED-15 (b), HL-16 (c), and LA-19 (d) tumor. The Tofts pharmacokinetic model was used to determine the value of Ktrans and ve for 

each voxel
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of investigation in the present study. It should be noted, 

however, that since the stroma and hematopoietic system 

in xenografted tumors is of murine origin, the vascular 

density, IFP, and supply of oxygen may deviate from that 

in human tumors [16].

The Tofts pharmacokinetic model was used to analyze 

the imaging data acquired in this study. Among other 

frequently used pharmacokinetic models, e.g. the Brix 

model and the shutter-speed model, the standard Tofts 

model has been reported to be preferable in analysis of 

Fig. 4 Ktrans and ve images and frequency distributions of a representative BK-12 (a), ED-15 (b), HL-16 (c), and LA-19 (d) tumor. A central axial tumor 

section is shown in the parametric images, while individual voxel values from all tumor sections are included in the frequency distributions. Voxels 

with ve > 1.0 (white in parametric images) have been excluded. Tumor median values are indicated by vertical lines. Color bars: Ktrans or ve scales. 

Scale bars: 2 mm
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clinical DCE-MRI data [32]. Previous investigations in 

our group have shown that good fits to experimental 

data are obtained using this model [20, 33], as well as 

highly reproducible parametric images [34]. Important 

prerequisites for the Tofts model, such as insignificant 

effects of water exchange, uniform concentration of the 

contrast agent within each voxel, and negligible contri-

bution of intravascular contrast agent to the total tumor 

concentration, were assumed to be adequately fulfilled 

also in the present study. Although variation in arterial 

Fig. 5 Median Ktrans, median ve, and the fraction of unphysiological voxels versus microvascular density (MVD) (a) and interstitial fluid pressure (IFP) 

(b) for early generation tumors. Symbols and bars represent mean values ± SEM of 9–20 tumors
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input function between animals was not considered, this 

pharmacokinetic model appeared to be well suited for 

analyzing the current DCE-MRI data. Nevertheless, in 

all four PDX models, a sizeable fraction of the voxels was 

assigned unphysiological ve values, i.e. a fractional distri-

bution volume of the contrast agent higher than unity. 

Fig. 6 Median Ktrans, median ve, and the fraction of unphysiological voxels versus hypoxic fraction for early generation (triangles) and late genera-

tion (dots) tumors. a Symbols and bars represent mean values ± SEM of 9–28 tumors. b Symbols represent individual tumors. Solid lines are regres-

sion curves
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These voxels are likely to represent necrotic or fibrotic 

tissue, for which the Tofts pharmacokinetic model breaks 

down [35]. Consequently, voxels with ve  >  1.0 were 

excluded from the subsequent analysis. Exclusion of vox-

els with unphysiologically low ve values was also consid-

ered, but since removal of these voxels only had a minor 

impact on the tumor median Ktrans and ve values, sim-

plicity of the analysis was chosen over the introduction 

of more exclusion criteria. In the present investigation, 

positive correlations were detected between the fraction 

of unphysiological voxels and the extent of hypoxia, in 

accordance with the well-established fact that severe and 

prolonged hypoxia may lead to necrosis [36].

When the basic assumptions of the Tofts pharmacoki-

netic model are valid, the volume transfer constant Ktrans 

is determined by the blood perfusion and the perme-

ability surface area product of the vessel wall in varying 

proportions [37]. Considering the relatively high micro-

vascular permeability in many cancerous tissues, as 

well as the low molecular weight of Gd-DOTA, Ktrans is 

thought to be largely dependent on blood perfusion in 

our DCE-MRI examinations of cervical cancer. Both on 

the PDX model level and the single tumor level, we found 

significant correlations between Ktrans and hypoxic frac-

tion. Furthermore, the data were well described by com-

mon exponential decay curves, and comprised both early 

and late generation tumor xenografts. The indication that 

DCE-MRI can provide reliable information on the extent 

of hypoxia therefore holds true across varying transplan-

tation conditions and several patient-derived xenograft 

models differing in biological features.

Hypoxia is caused by an imbalance between oxygen 

supply and oxygen consumption [38]. The oxygen sup-

ply is governed by the blood perfusion, whereas the 

oxygen consumption depends on the respiratory activ-

ity of the tissue and, consequently, the density of cells. 

Hypoxic regions are therefore expected to coincide with 

areas characterized by poor blood perfusion and/or low 

extracellular volume fraction. No association was found 

between ve and the hypoxic fraction in this study, sug-

gesting that the level of hypoxia is determined primarily 

by the blood perfusion, i.e. the extent to which a func-

tional vascular network is present, in our cervical can-

cer models. Also, an abnormal microvasculature, with a 

varying fraction of non-perfused tumor vessels, can help 

explain why no correlation was seen between Ktrans and 

MVD in these experiments. Ktrans quantifies the function-

ing of perfused vessels, while the CD31 analysis incorpo-

rates all microvessels, both perfused and non-perfused.

As mentioned introductorily, elevated IFP is a com-

mon feature of malignant lesions [39]. Fluid is forced out 

of tortuous and leaky tumor vessels by the hydrostatic 

microvascular pressure, and accumulates in the tumor 

interstitium due to impaired lymphatic drainage [40]. In 

the present investigation, none of the DCE-MRI para-

meters were related to IFP, implying that neither the 

blood supply nor the extravascular extracellular volume 

fraction is determinative for the interstitial hypertension 

in these tumors.

Former characterization of BK-12, ED-15, HL-16, 

and LA-19 tumors has revealed fairly large fractions of 

stroma (∼ 20–35%) in these PDX models [18]. A densely 

structured extracellular matrix could possibly represent 

a barrier to the transvascular and interstitial transport 

of molecules [41], and one could therefore speculate 

whether the underlying assumptions of the Tofts phar-

macokinetic model are violated when subjecting our cer-

vical cancer models to DCE-MRI. However, the results 

reported here on the inverse association between Ktrans 

and hypoxic fraction are similar to previous findings on 

melanoma xenografts in our group [42, 43]. The PDX 

models of current interest differ significantly in histo-

logical appearance and stromal content from these mela-

noma xenografts, and it is thus possible that Ktrans may 

relate to tumor hypoxia in a qualitatively similar way for 

tumors showing substantial variation in extracellular 

composition.

Conclusions
For clinicians to provide individual cancer patients with 

the optimal treatment and a precise prognosis, true 

knowledge on the tumor microenvironment would be of 

great value. In the present study, strong correlations were 

detected between Ktrans and the amount of hypoxic tumor 

tissue in PDX cervix carcinoma models, supporting the 

development and integration of this imaging method 

in clinical management of cervical cancer. Moreover, as 

hypoxia represents a major obstacle for the cure of a wide 

range of cancers, these results may prove to be valuable 

also for patients with other diagnoses than squamous cell 

carcinoma of the uterine cervix.
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ABSTRACT

Apparent diffusion coefficient (ADC) values derived from diffusion-weighted 
magnetic resonance imaging (DW-MRI) are known to reflect the cellular environment 
of biological tissues. However, emerging evidence accentuates the influence of stromal 
elements on ADC values. The current study sought to elucidate whether a correlation 
exists between ADC and the fraction of collagen I-positive tissue across different 
tumor models of uterine cervical cancer. Early and late generation tumors of four 
patient-derived xenograft (PDX) models of squamous cell carcinoma (BK-12, ED-15, 
HL-16, and LA-19) were included. DW-MRI was performed with diffusion encoding 
constants (b) of 200, 400, 700, and 1000 s/mm2 and diffusion gradient sensitization 
in three orthogonal directions. The fraction of collagen I-positive connective tissue 
was determined by immunohistochemistry. Mono-exponential decay curves, from 
which the ADC value of tumor voxels was calculated, yielded good fits to the diffusion 
data. A significant inverse correlation was detected between median tumor ADC and 
collagen I fraction across the four PDX models, indicating that collagen fibers in the 
extracellular space have the ability to inhibit the movement of water molecules in 
these xenografts. The results encourage further exploration of DW-MRI as a non-
invasive imaging method for characterizing the stromal microenvironment of tumors.

INTRODUCTION

Diffusion-weighted magnetic resonance imaging 
(DW-MRI) is a non-invasive imaging method of 
increasing interest in the field of cancer. The technique 
exploits the thermally driven motion of water 
molecules in tissue, with image contrast arising from 
the varying microscopic mobility of water in different 
microenvironments [1, 2]. Tumors are known to exhibit an 
abnormal microenvironment, often characterized by high 
cellularity, a dense interstitial structure, and accumulated 
solid stress [3]. Such abnormal features have led scientists 
and clinicians to hypothesize that parameters derived 
from DW-MRI may have the potential to serve as cancer 
biomarkers. Moreover, as this imaging technique does 

not require any exogenous contrast agent, does not use 
ionizing radiation, and can be performed quite rapidly, the 
hypothesis is worthy of investigation.

The most commonly derived parameter from DW-
MRI is the apparent diffusion coefficient (ADC). This 
quantitative parameter describes the observable – or 
“apparent” – diffusion of water molecules within tissues, 
which is typically several-fold less than in pure water [2]. 
In vivo, the effective displacement of water molecules is 
highly influenced by the cellular environment, including 
the density and type of cells, their organization, and the 
intactness of their hydrophobic membranes [1]. Malignant 
lesions with high cellularity are therefore expected to 
have lower ADC values than their benign counterparts 
or normal tissues. This has been confirmed by a range 
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of studies [4-6], although the presence of cystic or 
necrotic regions (presenting with high ADC values due 
to unrestricted diffusion) may give rise to false-negative 
results [1]. Significant correlations between ADC 
values and cell density have been detected for several 
tumor types [5, 7-10]. However, for some malignancies, 
correlations with cellularity have been weak or absent [11-
13], indicating that in vivo water diffusivity is not solely 
explained by the cellular component of biological tissues.

Tumor tissue is composed of malignant parenchymal 
cells embedded in a supportive connective tissue basis; 
the tumor stroma. The stroma comprises blood vessels, 
immune cells, and activated connective tissue cells, 
e.g. fibroblasts, producing extracellular matrix (ECM) 
constituents, such as polysaccharides and various fiber 
proteins [14]. The main structural protein in mammalian 
connective tissues is collagen, of which type I collagen is 
the most abundant [15]. Tumor cells tend to interfere with 
the normal biosynthesis of the ECM, resulting in aberrant 
production and distribution of fibrous components of the 
tumor stroma [16, 17]. This has implications for cancer 
therapy, since collagen and other ECM proteins may serve 
as steric barriers to the interstitial diffusion of therapeutic 
agents [3, 18]. Moreover, a variety of signaling pathways 
has been reported to be influenced by collagen changes in 
the tumor microenvironment. These affect angiogenesis, 
cell migration, tumor invasiveness, and – consequently – 
the clinical outcome of cancer patients [19].

With increased appreciation of the role of the stromal 
microenvironment in tumor progression comes the desire 
for robust biomarkers, yielding information on the amount 
and distribution of connective tissue in tumors. Our group 
has previously discovered that ADC values are inversely 
correlated with the fraction of collagen in individual tumors 
of the CK-160 model – a cell line-derived xenograft model 
of uterine cervical cancer [20]. We therefore hypothesized 
that DW-MRI can provide information on the tumor 
stroma across several biologically different cervical cancer 
models. The present study aimed to investigate whether 
ADC values are associated with collagen I fraction in four 
patient-derived xenograft (PDX) models of squamous cell 
carcinoma of the uterine cervix. Early and late generation 
tumors of the BK-12, ED-15, HL-16, and LA-19 model 
were studied [21, 22].

RESULTS

Histological appearance

The four PDX models differed considerably in 
histological appearance, as illustrated by representative 
images in Figure 1. Tumors of the BK-12, ED-15, and LA-
19 model were moderately differentiated, whereas tumors 
of the HL-16 model were poorly differentiated. The 
appearance and distribution of connective tissue elements 
were easily spotted in HE stained sections (Figure 1A) as 

well as in sections immunostained for collagen I (Figure 
1B), with the latter being more suitable for quantitative 
analyses. Large intra- and intertumor heterogeneity 
were observed in all four models in terms of collagen 
I-positive tissue. However, while thick filament bundles 
were commonly seen in BK-12 and ED-15 xenografts, 
the collagen fibers in the two other xenograft models – 
and in LA-19 tumors in particular – were thinner, more 
numerous, and more dispersed. Early and late generation 
tumors of the same PDX model were qualitatively similar 
regarding histological features and collagen I staining.

DW-MRI results

DW-MRI was performed with four different diffusion 
encoding constants (b) of 200, 400, 700, and 1000 s/mm2

and diffusion gradient sensitization in three orthogonal 
directions. ADC values were calculated by using a mono-
exponential diffusion model. Good fits to experimental 
data were obtained, with correlation coefficients > 0.90 
for all tumors. A non-directional ADC map and parameter 
distribution for a representative tumor of each PDX model 
are displayed in Figure 2. Heterogeneity was substantial, 
both among tumors of the same PDX model and within 
individual tumors, with high ADC values located in 
peripheral as well as central tumor regions. Moreover, 
the shape of the parameter distributions varied notably 
from tumor to tumor. Qualitatively, no differences could 
be observed between the ADC maps of early and late 
generation xenografts of the same tumor model.

ADC values versus collagen I fraction

Figure 3 presents the quantitative relationship between 
ADC and the fraction of collagen I-positive tumor tissue. 
Whole tumor median ADC is plotted as a function of 
collagen I fraction for early and late generation tumors of 
the PDX models. Data point values are provided in Table 
1. A significant inverse correlation was found (P = 0.006), 
a correlation that was well described by a linear regression 
curve. Non-directional ADC values are presented, as the 
filament bundles of collagen fibers are expected to be 
randomly oriented in isotropic tumors like the cervical 
cancer xenografts of interest. Nevertheless, a statistically 
significant inverse relationship was also detected between 
ADC and collagen I fraction for each of the three orthogonal 
diffusion gradient directions (Supplementary Figure 1). Since 
different cohorts of tumor-bearing mice were subjected to 
MRI and histological examinations in these experiments, the 
association between ADC and collagen I fraction could not 
be analyzed on an individual tumor level in the current study.

DISCUSSION

Over the last decades, DW-MRI has developed 
into a powerful method in clinical practice. Even so, 
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Figure 1: Histological appearance of BK-12, ED-15, HL-16, and LA-19 xenografts. (A) Tumor preparations stained with 
(B)
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Figure 2: ADC maps and parameter distributions. ADC images and frequency distributions of a representative BK-12, ED-15, 
HL-16, and LA-19 tumor. ADC maps display a central axial tumor section, while frequency distributions include voxel values from the 
whole tumor. Tumor median values are indicated by vertical lines. Color bars: ADC scales. Scale bars: 2 mm.
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the factors and mechanisms governing the diffusion of 
water in biological tissues remain to be fully understood 
[2]. The present study sought to elucidate whether DW-
MRI-derived ADC values are related to collagen I amount 
across four PDX models of uterine cervical cancer. 
These PDX models have been found to be relevant 
models for human disease in previous experiments in 
our group, as they reflect essential biological properties 
of the donor patients’ tumors [21, 22]. Importantly, 
type I collagen is the most prominent component of the 
stroma in these xenografts, and the volume of the stromal 
compartment varies appreciably between the different 
models [21]. As such, our panel of PDX models is well 
suited for addressing the hypothesis of current interest. 
Since fundamental characteristics of PDX models may 

gradually be altered by a large number of murine serial 
transplantations, early as well as late generation xenografts 
were studied.

In imaging-based research, preclinical studies 
have the advantage over clinical studies that the imaging 
conditions can be controlled more easily. Besides, multiple 
tumors of the same genetic basis – representing several 
copies of an individual patient lesion – can be examined 
in the same experiment. As preclinical models, PDX 
models are thought to better recapitulate the biological 
diversity and therapeutic responsiveness of human 
cancers than tumor models derived from previously 
established cell lines [23, 24]. Nevertheless, also PDX 
models have inherent limitations worthy of attention. Of 
particular importance in the current context is the fact 

Figure 3: ADC versus collagen I fraction. Median ADC plotted as a function of collagen I fraction for early generation (triangles) and 
late generation (dots) tumors of each PDX model. Symbols: mean values ± SEM of 10–28 tumors. Curve: linear regression line.

Table 1: Collagen I fractions and ADC values

Collagen I fraction (%)* ADC (·10-4 mm2/s)**

BK-12 Early
Late

23.5 ± 0.9
25.5 ± 1.1

9.36 ± 0.17
9.11 ± 0.22

ED-15 Early
Late

32.2 ± 1.4
27.9 ± 1.0

8.33 ± 0.20
9.62 ± 0.21

HL-16 Early
Late

28.1 ± 0.9
24.8 ± 0.9

9.78 ± 0.26
10.57 ± 0.34

LA-19 Early
Late

18.4 ± 1.2
19.6 ± 1.1

11.69 ± 0.72
10.92 ± 0.33

*Mean ± SEM of 22–28 tumor values. **Mean ± SEM of 10–15 tumor median values.
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that only the parenchyma of patient-derived xenografts 
can be expected to be of human origin after a few serial 
transplantations in mice [24]. Consequently, the stromal 
compartment of patient-derived xenografts – as in other 
tumor xenografts – may not necessarily be representative 
for that of human tumors. Furthermore, the architecture 
and composition of the extracellular matrix are results of 
a dynamic interplay between parenchymal cells, activated 
connective tissue cells, and different types of immune cells 
[25]. Because patient-derived xenografts have to be grown 
in immune-deficient animals like the BALB/c nu/nu mice, 
inflammatory responses and, hence, the stromal conditions 
may differ from the ones seen in spontaneous animal 
lesions or tumors in man. This could also be the case in 
the four PDX models of current interest; nonetheless, 
these models reflect the appearance of the stroma and the 
inflammatory reaction of their respective donor patient 
tumor [21, 22].

Tissue diffusivity measurements are intrinsically 
sensitive to any biophysical process causing movement 
of molecules. Fluid flow, perfusion, and active transport 
may all potentially increase the apparent water mobility. 
Moreover, macroscopic tissue movements (e.g. cardiac 
and respiratory motions) can cause severe image artifacts, 
making accurate calculation of ADC values problematic. 
While motion correction algorithms, cardiac and 
respiratory gating, and signal averaging may help resolve 
the challenges related to bulk movements, an appropriate 
choice of b values is of crucial importance to minimize 
microenvironmental effects. In the present study, diffusion 
sensitization was achieved with four different diffusion 
encoding constants of 200, 400, 700, and 1000 s/mm2. This 
is in accordance with the recommendations of Padhani et 
al. [1], stating that two or more b values should be used 
for ADC quantification in DW-MRI. Further, the chosen 
b values should be sufficiently high to avoid influence of 
fluid flow and perfusion (b 2) and sufficiently 
low to diminish effects of intracellular diffusion of water 
molecules (b 2) [1, 26]. Hence, image contrast 
can most likely be attributed to extravascular extracellular 
diffusion phenomena in the current experimental setting.

Over a broad range of b values, the DW-MRI signal 
from biological tissues is known to decay in a multi-
exponential manner [27]. However, the data acquired 
in most clinical applications with b values between 
100 and 1000 s/mm2 are adequately modeled using a 
mono-exponential diffusion model [1]. Because mono-
exponential decay curves yielded good fits to the diffusion 
data obtained from the PDX models in question, the choice 
was made not to complexify the analysis method further.

As mentioned introductorily, it is widely accepted 
that ADC values are sensitive to tumor cellularity [1, 5, 
7-10, 27]. Investigations on the possible dependence 
of ADC values on connective tissue parameters, on the 
other hand, are less in number. Ko et al. [28] found 
significantly lower ADC values in estrogen receptor-

positive breast carcinomas with a collagen-dominant 
stroma type as compared to carcinomas with a fibroblast- 
or lymphocyte-dominant stroma type. Also, collagen-rich 
non-differentiated pancreatic ductal adenocarcinoma 
(PDAC) xenografts can be distinguished from collagen-
poor differentiated PDAC xenografts on the basis of ADC 
values [29]. Moreover, the study by Hompland et al. [20] 
revealed a significant inverse correlation between ADC 
and the fraction of collagen-containing connective tissue 
for xenografts of uterine cervical carcinoma, warranting 
the experiments described herein. These previous reports, 
and the current findings on the association between 
ADC and collagen I fraction across several different 
PDX models of cervical cancer, add further insight into 
the complexity of water diffusion in tumor tissue, and 
suggest that ADC values are not determined solely by 
the cell density. Thus, there is increasing evidence that 
collagen fibers in the extracellular space have the ability 
to inhibit the movement of water molecules, and that this 
is detectable by DW-MRI.

Qualitative examinations of HE-stained histological 
sections have uncovered that our PDX models do not differ 
significantly in tumor cell density [21, 22]. Furthermore, 
the cell density was equal in early and late generation 
tumors of the same model. As seen in Table 1, early 
generation tumors showed higher ADC values and lower 
collagen I fractions than late generation tumors in the BK-
12 and LA-19 models, whereas in the ED-15 and HL-16 
models, the ADC values were lower and the collagen I 
fractions were higher in early than in late generation 
tumors. Taken together, these observations reduce the 
probability that other histomorphological parameters than 
stromal content have confounded our data, and contribute 
to explain why ADC values do not reflect cellularity in all 
tumors [1, 13].

Clinical investigations have provided some evidence 
that low pretreatment ADC values are associated with 
tumor aggressiveness and poor treatment outcome in 
cervical carcinoma [30-32]. BK-12 and LA-19 tumors 
are highly aggressive and develop lymph node metastases 
frequently while ED-15 and HL-16 tumors do not 
metastasize readily [21, 22], and consequently, there is 
no association between ADC and metastatic propensity 
in these cervical cancer models. This observation is not 
unexpected because it is well established that lymph node 
metastasis in cervical carcinoma is associated with other 
microenvironmental parameters than high cellularity 
and a dense extracellular matrix, including extensive 
tumor hypoxia, elevated interstitial fluid pressure, and 
high lactate concentrations [33-38]. Furthermore, the 
high metastatic propensity of BK-12 and LA-19 tumors 
has been revealed to be associated with the presence of 
functional intratumoral lymphatics [22].

The high cellularity and dysfunctional vasculature 
commonly found in malignant lesions give rise to tumor 
hypoxia. In the search for robust biomarkers of hypoxia-
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related parameters in cervical cancer, dynamic contrast-
enhanced (DCE) MRI has shown promise [39-42]. Former 
experiments with the BK-12, ED-15, HL-16, and LA-19 
models in our laboratory have evinced strong correlations 
between DCE-MRI-derived parameters and the fraction 
of hypoxic tumor tissue [43]. DW-MRI and DCE-MRI 
are applicable in the same MR examination, and it is 
thus possible that these non-invasive imaging methods 
may complement each other in the characterization of the 
tumor microenvironment.

The clinical value of DW-MRI has been 
demonstrated by a large number of studies, including 
investigations on uterine cervical cancer. Evidence 
has been provided that DW-MRI can help differentiate 
malignant and benign cervical tissues and detect pelvic 
lymph node metastases [44-46]. Besides, ADC has proven 
to be a promising biomarker for treatment-induced tumor 
cell death and disease outcome [32, 47]. The observations 
reported in the present communication may contribute to 
further enhance the clinical utility of this non-invasive 
imaging technique. For instance, as tumors with a 
particularly stiff extracellular matrix are likely to exhibit a 
more aggressive phenotype [25], DW-MRI could be useful 
in treatment stratification, by identifying those patients 
in need of additional therapy. Further, the sensitivity of 
DW-MRI to potential delivery barriers to therapeutic 
agents in the tumor stroma provides added value to the 
use of ADC as a predictive biomarker for response to 
cancer therapy. Also, DW-MRI could play an important 
role in the development of drugs aiming to modify the 
stromal microenvironment in tumors, such as inhibitors 
of signaling molecules and remodeling enzymes like the 
sonic hedgehog (Shh), focal adhesion kinase (Fak), and 
lysyl oxidase-like-2 (LOXL2) [48, 49].

To summarize, the current preclinical study 
demonstrates that essential information on the connective 
tissue fraction in tumors can be obtained by DW-MRI. 
Across four biologically dissimilar PDX models of 
cervical cancer, representing four different patient tumors, 
we found a significant inverse correlation between ADC 
and the fraction of collagen I-positive tissue. Alongside 
the increased acknowledgement of the importance of the 
tumor stroma in cancer development and for the outcome 
of treatment, these results may prove valuable in a clinical 
setting.

MATERIALS AND METHODS

PDX models

Four PDX models (BK-12, ED-15, HL-16, and 
LA-19) of squamous cell carcinoma of the uterine 
cervix, derived from patients with FIGO stage IIB 
disease, were included in the study [21, 22]. Adult (8–12 
weeks of age) female BALB/c nu/nu mice were used 
as host animals. Two frozen cell stocks of these PDX 

models have been established in our group, one from 
xenografted tumors in passage 2 (early generation) and 
the other from xenografted tumors transplanted serially 
in mice for approximately two years (late generation). 
The experiments described herein were performed with 
early generation as well as late generation xenografts. 
Aliquots of 5 × 105 cells, obtained from intramuscular 
tumors initiated from the frozen stocks, were inoculated 
in the left quadriceps femoris of mice for tumor initiation. 
Xenografts of volume 150–1500 mm3 were included in 
the experiments. Animal care and experimental procedures 
were approved by the Institutional Committee on Research 
Animal Care and were performed in agreement with the 
Interdisciplinary Guidelines for the Use of Animals in 
Research, Marketing, and Education (New York Academy 
of Sciences, New York, NY, USA).

Histological examination

Histological sections were prepared by standard 
procedures and stained with hematoxylin and eosin (HE) 
or immunostained for collagen I. An anti-collagen I rabbit 
polyclonal antibody (Abcam, Cambridge, UK) was used 
as primary antibody. For each of 22–28 early or late 
generation tumors per PDX model, quantitative studies 
were carried out on three sections cut through central 
tumor regions. The fraction of collagen I-positive tissue, 
defined as the area fraction of non-necrotic tissue showing 
positive staining for collagen I, was assessed by image 
analysis.

Magnetic resonance imaging

Mice were imaged with a Bruker Biospec 7.05 
T bore magnet (Bruker Biospin, Ettlingen, Germany), 
situated at the MRI Core Facility for Preclinical Cancer 
Research, Oslo University Hospital. A mouse quadrature 
volume coil was utilized. For each PDX model, 
10–15 early or late generation tumors were scanned 
with axial slices covering the entire tumor volume. 
Mice were anesthetized with ~4.0 % Sevofluran in 
O2 (Baxter, IL, USA) at a flow rate of 0.5 l/min during 
scanning. Respiration rate and body core temperature 
were monitored continuously with a pressure sensitive 
abdominal probe and a rectal temperature probe (Small 
Animal Instruments, New York, NY, USA), respectively. 
The gas anesthesia was adjusted manually to maintain a 
stable respiration rate, whereas automated hot air flow 
regulation kept the body core temperature at 37°C.

A fast spin echo pulse sequence (RARE) with a 
repetition time (TR) of 2500 ms, an echo time (TE) of 
35 ms, an image matrix of 128 × 128, a field of view 
(FOV) of 3 × 3 cm2, a slice thickness of 0.7 mm, a slice 
gap of 0.3 mm, two averages, and fat suppression was 
applied to acquire anatomical T2-weighted images. DW-
MRI was accomplished as previously described [50]. 
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In brief, a diffusion-weighted single-shot fast spin echo 
pulse sequence (RARE) with a TR of 1300 ms, a TE of 
26 ms, an image matrix of 64 × 64, a FOV of 3 × 3 cm2, 
a slice thickness of 0.7 mm, a slice gap of 0.3 mm, and 
fat suppression was used. Diffusion sensitization was 
achieved with four different b values of 200, 400, 700, 
and 1000 s/mm2, a diffusion gradient duration of 7 ms, 
and a diffusion gradient separation time of 14 ms, in 
three orthogonal directions. Analysis of DW images 
was performed on a voxel-by-voxel basis using tumor 
regions of interest (ROIs) delineated in the T2-weighted 
images. In-house-made software developed in Matlab 
(MathWorks, Natick, MA, USA) was utilized to calculate 
directional and non-directional ADC values for each 
voxel, and thereby produce parametric ADC maps. The 
following mono-exponential model equation for signal 
intensity (S) was employed:

S b b cln   – ADC  ( )( ) = ⋅ +

where c equals the natural logarithm of the signal 
intensity without diffusion sensitization, i.e. ln (S(b = 0)) 
[1]. In the subsequent analysis, the median non-directional 
ADC value of the whole tumor was considered.

Statistical analysis

Statistical analysis was carried out with the 
SigmaStat statistical software package (Systat Software 
Inc., San Jose, CA, USA). Regression analysis and the 
Pearson product moment correlation test were used 
to study the relationship between ADC values and the 
fraction of collagen I-positive tumor tissue. Probability 
values of P < 0.05 were regarded as statistically 
significant.
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Diffusion-weighted MRI-derived ADC values reflect collagen I 
content in PDX models of uterine cervical cancer

SUPPLEMENTARY MATERIALS

Supplementary Figure 1: ADC versus collagen I fraction for each diffusion gradient direction. ADCx (A), ADCy (B), and 
ADCz (C) plotted as a function of collagen I fraction for early generation (triangles) and late generation (dots) tumors of each PDX model. 
Symbols: mean ± SEM of 10–28 tumor median values. Curves: linear regression lines.
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Insensitive to Changes in the
Tumor Microenvironment
Induced by Antiangiogenic
Therapy1,2
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Abstract
Antiangiogenic treatment (AAT) used in combination with radiation therapy or chemotherapy is a promising strategy
for the treatment of several cancer diseases. The vascularity and oxygenation of tumorsmay be changed significantly
by AAT, and consequently, a noninvasive method for monitoring AAT-induced changes in these microenvironmental
parameters is needed. The purpose of this study was to evaluate the potential usefulness of diffusion-weighted
magnetic resonance imaging (DW-MRI). DW-MRI was conducted with a Bruker Biospec 7.05-T scanner using four
diffusion weightings and diffusion sensitization gradients in three orthogonal directions. Maps of the apparent
diffusion coefficient (ADC) were calculated by using a monoexponential diffusion model. Two cervical carcinoma
xenograft models (BK-12, HL-16) were treated with bevacizumab, and two pancreatic carcinoma xenograft models
(BxPC-3, Panc-1) were treated with sunitinib. Pimonidazole and CD31 were used as markers of hypoxia and blood
vessels, respectively, and fraction of hypoxic tissue (HFPim) and microvascular density (MVD) were quantified by
analyzing immunohistochemical preparations. MVD decreased significantly after AAT in BK-12, HL-16, and BxPC-3
tumors, and this decrease was sufficiently large to cause a significant increase in HFPim in BK-12 and BxPC-3 tumors.
The ADC maps of treated tumors and untreated control tumors were not significantly different in any of these three
tumor models, suggesting that the AAT-induced microenvironmental changes were not detectable by DW-MRI. DW-
MRI is insensitive to changes in tumor vascularity and oxygenation induced by bevacizumab or sunitinib treatment.

Translational Oncology (2018) 11, 1128–1136

Introduction
Macroscopic tumor growth is in most cases angiogenesis dependent,

tissue in others [4,5]. Improved oxygenation may enhance the
antitumor effects of radiation therapy and some chemotherapeutic

ents, whereas increased hypoxia may impair the effects of most
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been identified, including the vascular endothelial growth factor
(VEGF) pathway [1]. Antiangiogenic treatment (AAT) is a promising
therapeutic modality for cancer, and many antiangiogenic agents
targeting the VEGF pathway have been identified, including
bevacizumab and sunitinib [2]. Clinical investigations have revealed
that the potential of AAT is limited when used as a single therapeutic
modality, but the therapeutic benefit may be significant when AAT is
used in combination with conventional chemotherapy or radiation
therapy [3].
Preclinical studies have revealed that AAT may cause significant

vessel pruning and increased hypoxia in some tumors and vessel
normalization, increased blood flow, and reduced fraction of hypoxic
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treatment modalities and promote the development of regional and
distant metastases [6]. The influence of AAT on the vascular network
and oxygenation of tumors may depend on the angiogenic profile and
microvascular architecture of the tumor tissue as well as time after
treatment and the AAT protocol, including antiangiogenic agent and
drug dose [7,8].
AAT used prior to or concurrent with chemotherapy or radiation

therapy cannot be expected to be beneficial if the AAT has
detrimental effects on tumor vascularization and oxygenation. A
noninvasive method is therefore needed to monitor the effects of AAT
on the tumor microenvironment, and it has been suggested that
diffusion-weighted magnetic resonance imaging (DW-MRI) would
be useful for that purpose [9,10]. DW-MRI is a well-established and
commonly used imaging modality in the diagnostics of cancer, and in
most clinical studies, parametric images of the apparent diffusion
coefficient (ADC) are used to visualize and quantify DW-MRI data
[11]. The ADC is sensitive to the Brownian motion of water
molecules, which is restricted by cell membranes, extracellular matrix,
and other extracellular tissue components [12].
AAT-induced changes in the ADC of tumors have been examined

in several clinical studies, and unfortunately, these studies have
Figure 1. Tumor histology. Representative histological preparations
hematoxylin and eosin (A), immunostained for CD31 to visualize bloo
hypoxic tissue (C). Scale bars, 200 μm in A and B and 500 μm in C.
ovided conflicting observations [11]. Some studies report increased
C values after AAT, whereas other studies suggest that AAT may
duce a decrease in ADC, and moreover, most of these studies do not
ovide a biological explanation of the observed change in ADC
–12]. Most likely, detailed preclinical studies are needed to reveal
hether ADC is sensitive to changes in the tumor microenvironment
duced by AAT.
The purpose of the study reported here was to investigate whether
e ADC of tumors given AAT differs from that of untreated tumors
d, hence, whether DW-MRI is a potentially useful imaging
odality for monitoring AAT-induced changes in the tumor
icroenvironment. Tumors of two patient-derived xenograft models
squamous cell carcinoma of the uterine cervix (BK-12 and HL-16)
d two cell line‐derived xenograft models of pancreatic ductal
enocarcinoma (BxPC-3 and Panc-1) were included in the study.
hese models were selected for the study because they were expected
differ significantly in ADC due to highly different tumor histology.
T was given by using bevacizumab and sunitinib as antiangiogenic
ents. Bevacizumab is a humanized monoclonal antibody that binds
all isoforms of VEGF-A, and this antibody is approved by the US
od and Drug Administration (FDA) for the treatment of several
of BK-12, HL-16, BxPC-3, and Panc-1 tumors stained with
d vessels (B), or immunostained for pimonidazole to visualize
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cancer diseases [13]. Sunitinib is an FDA-approved tyrosine kinase
inhibitor that targets VEGF receptors 1-3, platelet-derived growth
factor receptors α and β, fms-like tyrosine kinase receptor-3, and stem
cell growth factor receptor [14].
re
m

Figure 2. MVD and HFPim in untreated and treated tumors.
Untreated control tumors and treated tumors of the same size
(A) are compared with respect to MVD (B) and HFPim (C). BK-12 and
HL-16 tumors were treated with bevacizumab, and BxPC-3 and
Panc-1 tumors were treated with sunitinib. Columns and bars,
mean ± standard error (n = 7-19).
Materials and Methods

Tumor Models
BK-12 and HL-16 cervical carcinomas and BxPC-3 and Panc-1

pancreatic carcinomas grown in adult (8-12 weeks of age) female
BALB/c nu/nu mice were used as preclinical tumor models. The
cervical carcinoma models were established in our laboratory [15],
whereas the pancreatic carcinoma models were purchased from the
American Type Culture Collection, VA, USA. BK-12 and HL-16
tumors in passage 4 or 5 were used in this study, and the tumors were
initiated from our frozen stock (passage 2) as described earlier [15].
BxPC-3 and Panc-1 tumors were initiated from cells cultured in
RPMI-1640 (25 mmol/l HEPES and L-glutamine) medium
supplemented with 13% bovine calf serum, 250 mg/l penicillin,
and 50 mg/l streptomycin [16]. Approximately 5.0 × 105 BK-12 or
HL-16 cells or ~2.5 × 106 BxPC-3 or Panc-1 cells suspended in 10-
30 μl of Hanks’ balanced salt solution were inoculated in the left
quadriceps femoris to initiate tumor growth. The animal experiments
were approved by the Norwegian National Animal Research
Authority and were conducted in accordance with the Interdisciplin-
ary Principles and Guidelines for the use of Animals in Research,
Marketing, and Education (New York Academy of Sciences, New
York, NY, USA).

Antiangiogenic Treatment
Bevacizumab (Avastin; Hoffman-La Roche, Basel, Switzerland) was

dissolved in physiological saline and administered by intraperitoneal
injection. The injection volume varied with the mouse weight and was
0.25 ml for a 25-g mouse. Tumor-bearing mice were treated with 3
bevacizumab doses of 10 mg/kg or vehicle over a period of 8 days.
Sunitinib L-malate (LC Laboratories, Woburn, MA, USA) was

dissolved in hydrochloric acid (1.0 molar ratio of sunitinib).
Polysorbate 80 (0.5%; Sigma-Aldrich, Schnelldorf, Germany),
polyethylene glycol 300 (10%; Sigma Aldrich), sodium hydroxide
to adjust to a pH of 3.5, and sterile water were added to the solution.
Tumor-bearing mice were treated with 4 sunitinib doses of 40 mg/kg
or vehicle over a period 4 days. Sunitinib and vehicle were
administered orally in volumes of ~0.2 ml by using a gavage.
Treatment effects were evaluated by DW-MRI and/or immuno-

histochemistry. The DW-MRI was conducted 3 days after the last
bevacizumab dose or 1 day after the last sunitinib dose, and the
tumors were resected for immunohistochemical examinations shortly
after the DW-MRI.

Magnetic Resonance Imaging
MRI was carried out using a Bruker Biospec 7.05-T bore magnet

and a mouse quadrature volume coil (Bruker Biospin, Ettlingen,
Germany). The tumors were positioned in the isocenter of the
magnet and imaged with axial slices covering the entire volume. The
mice were given gas anesthesia (~4.0% Sevofluran in O2; Baxter, IL,
USA) at a flow rate of 0.5 l/min during imaging. Respiration rate and
body core temperature were monitored continuously by using an
abdominal pressure sensitive probe and a rectal temperature probe
(Small Animal Instruments, New York, NY, USA). The body core
mperature was kept at 37°C by automated hot air flow regulation,
d the gas anesthesia was adjusted manually to maintain a stable
spiration rate. Anatomical T2-weighted images were obtained prior
DW-MRI by using a fast spin echo pulse sequence (RARE) with a
petition time (TR) of 2500 milliseconds, an echo time (TE) of 35
illiseconds, an image matrix of 128 × 128, a field of view (FOV) of 3

Image of Figure 2
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× 3 cm2, a slice thickness of 0.7 mm, a slice gap of 0.3 mm, 2
averages, and fat suppression.
DW-MRI was conducted by using a diffusion-weighted single-shot

fast spin echo pulse sequence (RARE) with a TR of 1300milliseconds, a
TE of 26milliseconds, an imagematrix of 64 × 64, a FOV of 3 × 3 cm2,
a slice thickness of 0.7 mm, and a slice gap of 0.3 mm [17]. Four
diffusion weightings with diffusion encoding constants (b) of 200, 400,
700, and 1000 s/mm2, a diffusion gradient duration of 7 milliseconds,
and a diffusion gradient separation time of 14 milliseconds were used.
Diffusion sensitization gradients were applied in three orthogonal
directions, and ADC values were calculated for each direction by using a
monoexponential diffusion model and in-house-made software
developed in Matlab (MathWorks, Natick, MA, USA). Finally, the
directional diffusion images were averaged on a voxel-by-voxel basis to
nondirectional diffusion images, and these nondirectional images were
used to calculate ADC maps.
The analysis of the DW-MRI data was based on the entire volume

of the tumors without including peritumoral muscle tissue. Regions
of interest (ROIs) encompassing the tumor tissue were depicted in the
T2-weighted anatomical images acquired prior to the DW-MRI, and
these ROIs were transferred to the DW images, as illustrated and
described in detail elsewhere [16]. Moreover, it was verified that the
tumors did not move during imaging [16], and consequently, motion
correction algorithms were not used.
Figure 3. Monoexponential diffusion model. Representative plots of −
constant) and the corresponding curve fits for single voxels of BK-12, H
slopes of the curves, and the data in each panel refer to two voxels, on
munohistochemistry
Histological sections were stained with hematoxylin and eosin or
munostained for blood vessels or hypoxia. Pimonidazole [1-[(2-
droxy-3-piperidinyl)-propyl]-2-nitroimidazole] was administered
described elsewhere and used as a marker of tumor hypoxia [18].
anti-pimonidazole rabbit polyclonal antibody (Professor James A.
leigh, University of North Carolina, Chapel Hill, NC, USA) or an
ti-mouse CD31 rabbit polyclonal antibody (Abcam, Cambridge,
K) was used as primary antibody. Diaminobenzidine was used as
romogen, and hematoxylin was used for counterstaining. Quan-
ative studies were carried out on preparations cut through the
ntral regions of tumors, and three randomly selected sections of
ch staining were analyzed for each tumor. Blood vessel density was
ored by counting CD31-positive vessels in whole tumor cross-
ctions as described elsewhere [19]. Fraction of pimonidazole-
sitive tissue (i.e., hypoxic fraction) was defined as the area fraction
non-necrotic tissue showing positive staining and assessed by image
alysis [20].

atistical Analysis
The Spearman rank order correlation test was used to search for
rrelations between parameters. Comparisons of data were conduct-
by using the Student t test (single comparisons) or by one-way
OVA followed by the Bonferroni test (multiple comparisons)
ln[S(b)/S(0)] versus b (S, signal intensity; b, diffusion encoding
L-16, BxPC-3, and Panc-1 tumors. ADC was calculated from the
e with a low and the other with a high ADC value.
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when the data complied with the conditions of normality and equal
variance. Under other conditions, comparisons were carried out by
nonparametric analysis using the Mann-Whitney rank-sum test
(single comparisons). The Kolmogorov-Smirnov method and the
Levene’s method were used to verify normality and equal variance,
respectively. Probability values of P b .05, determined from two-
Figure 4. Directional ADC data. ADCmaps and frequency distributions o
tumor recorded in the X, Y, and Z directions. The maps refer to a scan thr
to the entire tumor volume. Vertical line in the ADC frequency distribut
ed tests, were considered significant. The statistical analysis was
rried out with SigmaStat statistical software.

esults
he tumors of the four models differed substantially in histological
pearance (Figure 1). BK-12 tumors were moderately differentiated,
f a representative BK-12 (A), HL-16 (B), BxPC-3 (C), and Panc-1 (D)
ough the tumor center, whereas the frequency distributions refer
ions, median value. Scale bars, 2.0 mm.
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whereas HL-16 tumors were poorly differentiated, consistent with the
donor patients’ tumors. BxPC-3 tumors showed distinct ductal
structures and were moderately differentiated, whereas Panc-1 tumors
were nondifferentiated and showed an apparently random distribu-
tion of the tumor cells. Staining for CD31 revealed that blood vessels
were located primarily in connective tissue in all tumor models, but
HL-16 and Panc-1 tumors also showed some blood vessels in the
tumor parenchyma. Staining for pimonidazole showed that the extent
of hypoxia and the staining pattern differed among the tumor models.
Hypoxia was seen primarily in central regions in BK-12 and BxPC-3
tumors, whereas HL-16 and Panc-1 tumors showed foci of hypoxic
tissue scattered throughout the sections.
BK-12 and HL-16 tumors were treated with bevacizumab, and

BxPC-3 and Panc-1 tumors were treated with sunitinib, and there
were significant differences in microvascular density (MVD) and
hypoxic fraction (HFPim) between treated and untreated tumors. By
comparing treated and untreated tumors of approximately the same
size (Figure 2A), it was revealed that AAT induced a decrease in MVD
in BK-12 (P b .001), HL-16 (P b .001), and BxPC-3 (P b .001)
Figure 5. ADC data of untreated and treated tumors. Nondirectional AD
and treated BK-12 (A), HL-16 (B), BxPC-3 (C), and Panc-1 (D) tumors. BK-1
and Panc-1 tumors were treated with sunitinib. The maps refer to a sca
refer to the entire tumor volume. Vertical line in the ADC frequency dis
mors (Figure 2B) and an increase in HFPim in BK-12 (P = .045) and
PC-3 (P b .001) tumors (Figure 2C). On the other hand, treated and
treated Panc-1 tumors did not differ significantly in MVD or HFPim.
DW-MRI was carried out with four diffusion encoding constants
d diffusion gradient sensitization in three orthogonal directions.
C was calculated by using a monoexponential diffusion model,
d good fits to the acquired data were obtained for all three gradient
rections, with correlation coefficients of R2 N 0.85 (Figure 3). As
pected for isotropic tumors, ADC was independent of the direction
the diffusion sensitization gradients (Figure 4).
Figure 5 depicts representative examples of nondirectional ADC
aps and frequency distributions of untreated and treated tumors. In
neral, the ADC maps differed among the models, with the highest
C values in BxPC-3 tumors and the lowest ADC values in Panc-1
mors. The heterogeneity in ADC was substantial, both among
mors of the same model and within individual tumors, with high
C values in peripheral as well as central tumor regions.
To investigate whether AAT-induced changes in MVD or HFPim
n be detected by DW-MRI, tumors were given AAT or vehicle
C maps and frequency distributions of representative untreated
2 and HL-16 tumors were treated with bevacizumab, and BxPC-3
n through the tumor center, whereas the frequency distributions
tributions, median value. Scale bars, 2.0 mm.



treatment before being subjected to DW-MRI and histological
examinations. Tumors differing considerably in volume were
included in the study to ensure a wide range of MVD and HFPim

tumor vascularity and oxygenation. Taken together, the data
presented in Figures 2, 6, and 7 demonstrate that DW-MRI is
insensitive to intertumor heterogeneity in MVD and HFPim as well as
AA
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Figure 6. ADC, tumor volume, MVD, and HFPim. Median ADC versus tumor volume (A), MVD (B), and HFPim (C) for treated and untreated
BK-12, HL-16, BxPC-3, and Panc-1 tumors. The BK-12 and HL-16 tumors were treated with bevacizumab, and the BxPC-3 and Panc-1
tumors were treated with sunitinib. Symbols, individual tumors.
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values. Median ADC did not correlate with tumor volume
(Figure 6A), MVD (Figure 6B), or HFPim (Figure 6C) in any of
the tumor models, regardless of whether the tumors were treated or
not (P N .05). Furthermore, median ADC differed among the tumor
models (P b .05 for BxPC-3 versus BK-12, HL-16, and Panc-1; and
Panc-1 versus BK-12 and HL-16) but not between treated and
untreated tumors of the same model, with the only exception that
median ADC was higher in treated than in untreated Panc-1 tumors
(Figure 7). Because AAT had no effect on MVD or HFPim in Panc-1
tumors (Figure 2), the AAT-induced increase in median ADC was
most likely due to microenvironmental changes other than changes in
T-induced changes in MVD and HFPim.

iscussion
ost experimental tumors show decreasing vascular density and
creasing hypoxic fraction during growth [21]. In preclinical studies
antiangiogenic agents, it is of utmost importance to discriminate
tween treatment-induced and growth-induced changes in the
mor microenvironment. The study reported here was designed to
cilitate this discrimination. It showed that ADC does not vary with
mor volume, MVD, or HFPim while confirming that ADC can
ffer significantly among tumor models. Moreover, our study



revealed that untreated tumors and tumors given AAT can differ
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Figure 7. ADC data of untreated and treated tumors. The ADC of
tumors treated with bevacizumab or sunitinib is compared with
that of untreated control tumors. Columns and bars, mean of
median ± standard error (n = 9-20).
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significantly in MVD and HFPim and that ADC maps are insensitive
to these differences. Consequently, it is unlikely that DW-MRI can
be used to monitor AAT-induced changes in the microenvironment
of tumors.
Preclinical DW-MRI studies have significant advantages to clinical

studies since the imaging conditions can be controlled more easily. In
this study, the physiology of the imaged mice was monitored
carefully, ensuring that the microenvironment of the tumor tissue was
not perturbed during image acquisition. After imaging, it was verified
that the tumors had not moved during the MRI, securing that reliable
voxelwise ADC values could be calculated. Four diffusion encoding
constants were used, and it was seen that a monoexponential diffusion
model provided good fits to the data with high correlation coefficients
and that the calculated ADC values were independent of the direction
of the diffusion sensitization gradients.
The ADC of tumors depends on several properties of the imaged

tissue [12,22], and it has been revealed that low ADC values can be a
consequence of high cell density [23] or a collagen-rich extracellular
matrix with a high density of protein fibers [16,24]. Tumors showing
ductal structures may have high ADC values owing to little restriction
to water diffusion within the ducts [16], and the ADC values of
tumors with extensive necrotic regions are usually high because the
membrane structures limiting the diffusion of water in viable tissue
are broken down in tumor necroses [12,22,23]. In our study, AAT
did not induce significant changes in the histological appearance of
the tumor tissue, as revealed by comprehensive qualitative examina-
tions of tumor cellularity, extracellular matrix, and ductal structures.
Moreover, with the exception that a few minor necrotic foci could be
detected in some BK-12 tumors, the tumors in this study did not
show necrotic regions, and necroses were not induced by AAT,
similar to what is seen in most human tumors treated with acceptable
doses of antiangiogenic agents.
Some clinical investigations have suggested that tumors may show

increased ADC after AAT [9,11,12,22]. Unfortunately, most of these
investigations were not supported by histological examinations of the
imaged tissue. However, when the histology was examined, the
examination provided significant evidence that the increased ADC
as caused by an AAT-induced increase in tumor necrosis. Studies of
current glioblastomas with severe necrotic regions have shown
creased ADC after AAT, and the decrease in ADC was attributed to
creased necrosis caused by treatment-induced vessel normalization
d increased blood perfusion [25,26]. In a preclinical study of non-
crotic melanoma xenografts, it was shown that treatment with high
ses of sunitinib induced necrotic regions and resulted in increased
C [27], whereas treatment of the same melanoma model with
oderate doses of bevacizumab did not induce necrosis and had no
fect on ADC [17]. Thus, there is some evidence that the ADC of
mors may change after AAT, but the evidence is limited to
atments causing significant changes in tumor necrosis.
Our study suggests that adequate monitoring of AAT-induced
anges in the microenvironment of tumors requires quantitative
RI strategies other than DW-MRI. There is some evidence that
icrovascular changes induced by AAT are detectable in parametric
ages provided by dynamic contrast-enhanced MRI, susceptibility
ntrast MRI, and intravoxel incoherent motion MRI [28–31].
oreover, it has been suggested that AAT-induced changes in tumor
ygenation may be monitored by MRI methods using ultrasmall
perparamagnetic iron oxide particles as contrast agents [32,33].
In summary, this study revealed that AAT with bevacizumab or
nitinib as antiangiogenic agent can induce significant changes in the
VD and HFPim of cervical and pancreatic carcinoma xenografts.
he ADC maps of treated tumors did not differ from those of
treated tumors, and ADC was shown to be insensitive to
tertumor heterogeneity in MVD and HFPim. Consequently, DW-
RI may not be a useful imaging modality for detecting changes in
e microenvironment of tumors induced by AAT.
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DCE-MRI of Sunitinib-Induced
Changes in Tumor Microvasculature
and Hypoxia: A Study of Pancreatic
Ductal Adenocarcinoma Xenografts1,2
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Abstract
The purpose of this study was dual: to investigate (a) whether sunitinib may induce changes in tumor
microvasculature and hypoxia in pancreatic ductal adenocarcinoma (PDAC) and (b) whether any changes can be
detected by DCE-MRI. Sunitinib-treated and untreated control tumors of two PDAC xenograft models (BxPC-3 and
Panc-1) were subjected to DCE-MRI before the imaged tumors were prepared for quantitative analysis of
immunohistochemical preparations. Pimonidazole was used as a hypoxia marker, and fraction of hypoxic tissue
(HFPim), density of CD31-positive microvessels (MVDCD31), and density of αSMA-positive microvessels (MVDαSMA)
were measured. Parametric images of K trans and ve were derived from the DCE-MRI data by using the Tofts
pharmacokinetic model. BxPC-3 tumors showed increased HFPim, decreased MVDCD31, unchanged MVDαSMA, and
increased vessel maturation index (VMI = MVDαSMA/MVDCD31) after sunitinib treatment. The increase in VMI was
seen because sunitinib induced selective pruning rather than maturation of αSMA-negative microvessels. Even
though the microvessels in sunitinib-treated tumors were less abnormal than those in untreated tumors, this
microvessel normalization did not improve the function of the microvascular network or normalize the tumor
microenvironment. In Panc-1 tumors, HFPim, MVDCD31, MVDαSMA, and VMI were unchanged after sunitinib
treatment. Median K trans increased with increasing MVDCD31 and decreased with increasing HFPim, and the
correlations were similar for treated and untreated BXPC-3 and Panc-1 tumors. These observations suggest that
sunitinib may induce significant changes in the microenvironment of PDACs, and furthermore, that K trans may be
an adequate measure of tumor vascular density and hypoxia in untreated as well as sunitinib-treated PDACs.

Neoplasia (2018) 20, 734–744

Introduction
In 1971, Judah Folkman proposed that antiangiogenesis would be

Abbreviations: αSMA, α smooth muscle actin; ANGPT/TIE, angiopoietin/tyrosine kinase with
immunoglobulin-like and epidermal growth factor-like domains; DCE-MRI, dynamic contrast-
enhanced magnetic resonance imaging; FOV, field of view; HE, hematoxylin and eosin; HF,
hypoxic fraction; IL-8/NF-κB, interleukin-8/nuclear factor-κB; Ktrans, volume transfer constant;

VD, microvessel density; PDAC, pancreatic ductal adenocarcinoma; ROI, region of interest;
, echo time; TR, repetition time; ve, fractional distribution volume; VEGF/VEGF-R, vascular
dothelial growth factor/VEGF-receptor
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significant evidence that tumor growth is angiogenesis dependent [2].
The pioneering work of Folkman created strong interest in tumor
angiogenesis and antiangiogenic treatment of cancer, and today,
antiangiogenic therapy is considered to be a promising cancer
treatment modality [3]. Several molecular pathways promoting tumor
angiogenesis have been identified, including the interleukin-8 (IL-8)/
nuclear factor-κB (NF-κB) pathway, the angiopoietin (ANGPT)/
tyrosine kinase with immunoglobulin-like and epidermal growth
factor-like domains (TIE) pathway, and the vascular endothelial
growth factor (VEGF)/VEGF receptor (VEGF-R) pathway [4,5].
The VEGF/VEGF-R pathway seems to be the most important

http://crossmark.crossref.org/dialog/?doi=10.1016/j.neo.2018.05.006&domain=pdf
einar.k.rofstad@rr-research.no
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neo.2018.05.006
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pathway, and many therapeutic drugs targeting this pathway have
been developed, including the antibody bevacizumab and the tyrosine
kinase inhibitors sorafenib and sunitinib [5,6]. A large number of
clinical studies have been conducted, and it has been revealed that
antiangiogenic therapy may not have a future as monotherapy, but
used in combination with conventional chemotherapy or radiation
therapy, antiangiogenic drugs may be important in the treatment of a
large number of malignant diseases [5,7].
However, many factors limiting the effect of antiangiogenic drugs

have been identified, one of which is the impact on the
physicochemical microenvironment of tumors, particularly tumor
oxygenation. This is a controversial issue, as some investigations
suggest that antiangiogenic therapy may cause excessive vessel
pruning leading to increased tumor hypoxia, whereas other
investigations provide evidence that antiangiogenic therapy may
lead to vessel normalization, increased perfusion, and improved
tumor oxygenation [8,9]. Improved tumor oxygenation may decrease
tumor aggressiveness and increase the effect of radiation therapy,
immunotherapy, and some forms of chemotherapy, whereas elevated
tumor hypoxia may impair the effects of most treatment modalities
and promote tumor cell dissemination, invasion, and metastatic
growth [10,11]. Importantly, it has been demonstrated that
inhibition of the VEGF/VEGF-R pathway may increase the
invasiveness and augment the metastatic potential of experimental
tumors [12,13].
Noninvasive methods are needed to monitor the effect of

antiangiogenic therapy on tumor oxygenation, and it has been suggested
that physiological magnetic resonance imaging (MRI) may provide
relevant parametric images [14–16]. This suggestion is supported by
some preclinical studies that have compared the effect of antiangiogenic
therapy on MRI-derived tumor parameters with that on tumor
microenvironmental parameters assessed by invasive methods. Thus, it
has been shown that multiparametric MRI, susceptibility contrast MRI,
and MRI methods making use of ultrasmall superparamagnetic iron
oxide particles as contrast agent may provide valid information on
microvascular changes induced by antiangiogenic drugs [17–20].
However, similar studies examining the potential usefulness of
established clinical MRI methods are sparse [21,22].
In our laboratory, studies of orthotopic A-07 melanoma xenografts –

tumors that show a microenvironment characterized by highly
permeable blood vessels and limited amounts of extracellular matrix
components – have suggested that dynamic contrast-enhanced (DCE)-
MRI is a potentially useful method for monitoring sunitinib-induced
changes in tumor hypoxia [22]. This possibility was challenged in the
study reported here by using pancreatic ductal adenocarcinoma
(PDAC) xenografts as tumor models. The microenvironment of
PDACs is characterized by an abundant desmoplastic stroma that may
occupy large fractions of the tumor volume [23], and a dense
extracellular matrix and poorly permeable blood vessels are important
hallmarks of this stroma [24–26].
The purpose of this study was to investigate whether sunitinib can

induce significant changes in the physicochemical microenvironment
of PDAC xenografts, and furthermore, whether any changes can be
detected by DCE-MRI. Tumors of two PDAC models (BxPC-3 and
Panc-1) were included in the study. These models were selected
because they differ substantially in tumor growth rate, differentiation,
extracellular matrix distribution, angiogenic activity, microvascular
density, and fraction of hypoxic tissue [27]. Sunitinib-induced
changes in tumor microvasculature and hypoxia were assessed by
antitative analysis of histological preparations, and to investigate
hether DCE-MRI is sensitive to sunitinib-induced changes,
rametric images derived by pharmacokinetic analysis of DCE-
RI series were compared with the histological data.
aterials and Methods

umor Models
BxPC-3 and Panc-1 (American Type Culture Collection, VA,
SA) human PDAC xenografts grown in adult (8–12 weeks of age)
male BALB/c nu/numice were used as tumor models. Tumors were
itiated from cells cultured in RPMI-1640 (25 mmol/l HEPES and
glutamine) medium supplemented with 13% bovine calf serum,
0 mg/l penicillin, and 50 mg/l streptomycin. Approximately
5 × 106 cells in 25 μl of Hanks' balanced salt solution were
oculated intramuscularly in the left hind leg, and tumors were
cluded in MRI experiments when having grown to a volume of
–1200 mm3.

nitinib Treatment
Sunitinib L-malate (LC Laboratories, Woburn, MA, USA) was
ssolved in hydrochloric acid (1.0 molar ratio of sunitinib).
lysorbate 80 (0.5%; Sigma-Aldrich, Schnelldorf, Germany),
lyethylene Glycol 300 (10%; Sigma Aldrich), sodium hydroxide
adjust to a pH of 3.5, and sterile water were added to the solution.
umor-bearing mice were treated orally with sunitinib (40 mg/kg/
y) or vehicle for 4 days.

agnetic Resonance Imaging
MRI was carried out by using a Bruker Biospec 7.05-T bore
agnet and a mouse quadrature volume coil (Bruker Biospin,
tlingen, Germany). The tumors were positioned in the isocenter
the magnet and were imaged with axial slices covering the entire
lume. The mice were given gas anesthesia (~4.0% Sevofluran in
2; Baxter, IL, USA) at a flow rate of 0.5 l/min during imaging.
espiration rate and body core temperature were monitored
ntinuously by using an abdominal pressure sensitive probe and
rectal temperature probe (Small Animal Instruments, New York,
Y, USA). The body core temperature was kept at 37 °C by
tomated hot air flow regulation, and the gas anesthesia was
justed manually to maintain a stable respiration rate.
DCE-MRI with Gd-DOTA (Dotarem, Guerbet, Paris, France) as
ntrast agent was performed as described earlier [27]. Anatomical T2-
eighted images were obtained prior to DCE-MRI by using a fast spin
ho pulse sequence (RARE) with a repetition time (TR) of 2500 ms, an
ho time (TE) of 35 ms, an image matrix of 128 × 128, a field of view
OV) of 3 × 3 cm2, a slice thickness of 0.7mm, a slice gap of 0.3mm, 2
erages, and fat suppression. A fast spin echo pulse sequence (RARE)
ith TRs of 200, 400, 800, 1500, 3000, and 5000 ms, TE of 8.5 ms, an
age matrix of 128 × 128, a FOV of 3 × 3 cm2, a slice thickness of 0.7
m, and a slice gap of 0.3mmwas used tomeasure precontrastT1-values
10-map). Gd-DOTA was diluted to a final concentration of 0.06 M
d administered in the tail vein in a bolus dose of 5.0ml/kg body weight
ring a period of 5 s by using an automated infusion pump (Harvard
paratus, Holliston, MA, USA). A 3D SPGR pulse sequence (3D-
ASH) with a TR of 10 ms, a TE of 2.07 ms, a flip angle (α) of 20°, an
agematrix of 128 × 128 × 10, and a FOV of 3 × 3 × 1 cm3 was used
produce postcontrast T1-weighted images at a temporal resolution of
.8 s.
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The analysis of the MRI data was based on the entire volume of the
tumors. Regions of interest (ROIs) encompassing the tumor tissue
were depicted in the T2-weighted anatomical images, and these ROIs
were transferred to the T1-weighted images [27]. Numerical values of
K trans (the volume transfer constant of Gd-DOTA) and ve (the
fractional distribution volume of Gd-DOTA) were determined on a
voxel-by-voxel basis by using the arterial input function reported by
Benjaminsen et al. [28] and the Tofts pharmacokinetic model [29].
The pharmacokinetic analysis provided unphysiological ve values
(ve N 1.0) for b10% of the voxels, and these voxels were excluded. It
was verified that the tumors did not move during the imaging [27],
and consequently, motion correction algorithms were not used.

Immunohistochemistry
Histological sections were prepared by standard procedures and stained

with hematoxylin and eosin (HE) or immunostained for hypoxia, blood
vessels, or pericytes, using a peroxidase-based immunohistochemical assay
[30]. Pimonidazole [1-[(2-hydroxy-3-piperidinyl)-propyl]-2-nitroimida-
zole], injected as described earlier [30], was used as a marker of tumor
hypoxia. CD31 andα-smoothmuscle actin (αSMA)were used asmarkers
of blood vessel endothelial cells and pericyte-covered blood vessels,
respectively. An anti-pimonidazole rabbit polyclonal antibody (Professor
James A. Raleigh, University of North Carolina, Chapel Hill, NC, USA),
an anti-mouse CD31 rabbit polyclonal antibody (Abcam, Cambridge,
UK), or an anti-mouse αSMA rabbit polyclonal antibody (Abcam) was
used as primary antibody. Diaminobenzidine was used as chromogen, and
hematoxylin was used for counterstaining. Quantitative studies were
carried out on preparations cut through the central regions of tumors, and
three sections of each staining were analyzed for each tumor. Microvessel
density was scored by counting CD31-positive vessels (MVDCD31) and
αSMA-positive vessels (MVDαSMA) in whole tumor cross-sections [31].
Vessel maturation index (VMI) was calculated as VMI = MVDαSMA/
MVDCD31. Fraction of pimonidazole-positive tissue (i.e., hypoxic fraction;
HFPim) was assessed by image analysis [32] and was defined as the area
fraction of the non-necrotic tissue showing positive staining.

Quantitative PCR
The RT2 Profiler PCR Array Human Angiogenesis (PAHS-024Z;

SABiosciences, Frederick,MD, USA) was used for expression profiling of
angiogenesis-related genes. Total RNA was isolated from tumor tissue
stabilized in RNAlater RNA Stabilization Reagent (Qiagen, Hilden,
Germany). RNA isolation, cDNA synthesis, and real-time PCR were
carried out as described earlier [33]. Fold difference in gene expressionwas
calculated by using the ΔΔCT-method [34]. A CT-value of 35 (15 cycles
above the positive PCR control) was set as detection limit. The arrays
included 5 housekeeping genes [β-actin (ACTB), β-2-microglobulin

Figure 1. Tumor angiogenesis. (A) Adjacent histological preparations staine

tumor. Black arrows, examples of vessels showing positive staining for CD31
for bothCD31andαSMA. (B)Density of vessels stainingpositive for CD31 (M
vessel maturation index (VMI = MVDαSMA/MVDCD31) for BxPC-3 and Panc
expression of 84 angiogenesis-related genes in two BxPC-3 tumors plotted a
illustrating that theexpressiondidnotdiffer significantlybetweensingle tumor
in expression between the two tumors compared in each panel. (D) The expr
with that in Panc-1 tumors. Points, mean values for single genes calculated f
difference in expression between BxPC-3 and Panc-1 tumors. Red symbols
Panc-1 tumors. Green symbols, genes showing N5-fold higher expression in P
genes that showed N5-fold higher expression in Panc-1 tumors than in BxPC
higher expression in BxPC-3 tumors than in Panc-1 tumors. Columns and ba
2M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypo-
nthine phosphoribosyltransferase 1 (HPRT1), ribosomal protein lateral
lk subunit P0 (RPLP0)], and each CT-value of a tumor was normalized
the mean CT-value of these genes as:

CT ¼ CT
gene of interest−CT

mean of housekeeping genes:

Normalized gene expression levels were calculated from three
mors as 2 -mean ΔCT.

xperimental Design
To investigate whether sunitinib may induce changes in tumor
icrovasculature and hypoxic fraction and whether any changes can
detected by DCE-MRI, tumors varying substantially in size were
died. Sunitinib treatment was given as described above, and the tumors
ere subjected to DCE-MRI one day after the last sunitinib dose.
monidazole was administered after the DCE-MRI when the mice had
oken up and recovered from the anesthesia, and 3 to 4 hr. later, the
mors were resected and prepared for immunohistochemical examina-
ns. Detailed studies with our anti-pimonidazole antibody have revealed
at optimal discrimination between hypoxic and normoxic tumor tissue
achieved by allowing a time interval of 3 to 4 hr. between pimonidazole
ministration and tumor resection [35].

atistical Analysis
The Pearson product moment correlation test was used to search
r correlations between parameters. Curves were fitted to data by
gression analysis. Comparisons of data were conducted by using the
udent t test. The Kolmogorov–Smirnov method and the Levene's
ethod were used to verify normality and equal variance, respectively.
obability values of P b .05, determined from two-sided tests, were
nsidered significant. The statistical analysis was carried out with
gmaStat statistical software.

esults

ifferences in Growth and Angiogenesis between BxPC-3 and
anc-1 Tumors
BxPC-3 tumors were differentiated and showed distinct ductal
uctures, whereas Panc-1 tumors were non-differentiated and showed
apparently random distribution of malignant cells (Supplementary
gure S1A). Growth rate measurements revealed that BxPC-3 tumors
ew faster than Panc-1 tumors and, hence, had a shorter volume
ubling time (P b .0001; Supplementary Figure S1B).
Adjacent histological preparations were stained for CD31 or αSMA to
sualize blood vessels. The blood vessels were located in connective tissue
ther than in parenchymal tissue, and this was particularly prominent in

for CD31 or αSMA to visualize blood vessels in aBxPC-3 and aPanc-1

, but not for αSMA. Red arrows, examples of vessels staining positive
VDCD31), density of vessels stainingpositive forαSMA (MVDαSMA), and
-1 tumors. Columns and bars, mean ± SE of 20 tumors. (C) The
gainst each other and two Panc-1 tumors plotted against each other,
sof thesamemodel. Points, singlegenes.Solid lines, 5-folddifference
ession of 84 angiogenesis-related genes in BxPC-3 tumors compared
rom three BxPC-3 tumors and three Panc-1 tumors. Solid lines, 5-fold
, genes showing N5-fold higher expression in BxPC-3 tumors than in
anc-1 tumors than in BxPC-3 tumors. (E) The expression levels of the
-3 tumors. (F) The expression levels of the genes that showed N5-fold
rs in (E) and (F), mean ± SE of three tumors.
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BxPC-3 tumors. In both tumormodels, only a low fraction of the CD31-
positive vessels stained positive for αSMA (Figure 1A). Quantitative
examinations revealed thatMVDCD31was higher in BxPC-3 tumors than
in Panc-1 tumors (P b .0001), whereas Panc-1 tumors showed higher
MVDαSMA (P b .0001) and higher VMI (P b .0001) than BxPC-3
tumors (Figure 1B).
The differences in growth rate and MVDCD31 between BxPC-3 and
nc-1 tumors suggested that BxPC-3 tumors evoked higher angiogenic
tivity than Panc-1 tumors. The difference in angiogenic activity was
died further bymeasuring the expression levels of 84 angiogenesis-related
nes, using a quantitative PCR assay. Three tumors of each model were
amined, and significant differences between tumors of the same model

Image of 


could not be detected (Figure 1C). However, the expression levels differed
substantially between the two models (Figure 1D). Twenty genes showed
more than 5-fold higher expression in Panc-1 tumors than in BxPC-3

of sunitinib-treated and untreated control tumors were immunostained
for CD31 or αSMA and subjected to quantitative analysis. MVDCD31
andMVDαSMA decreased with increasing tumor volume in bothmodels,
re
Bx
(P
tre
tre
m
di
im
of

sta
H

Figure 2. Tumor vascular density. Density of CD31-positive vessels (MVDCD31), density of αSMA-positive vessels (MVDαSMA), and vessel
maturation index (VMI = MVDαSMA/MVDCD31) versus tumor volume for untreated and sunitinib-treated BxPC-3 (A) and Panc-1 (B) tumors.
Points, single tumors. Curves, linear regression lines. A single curve was fitted to the data when the data for untreated and sunitinib-
treated tumors were not significantly different.
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tumors (Figure 1E), whereas the expression level of 12 genes was more the
5-fold higher in BxPC-3 tumors than in Panc-1 tumors (Figure 1F). These
12 genes included VEGF-A, IL-8, and ANGPT2, suggesting that the
elevated angiogenesis of BxPC-3 tumors wasmediated by several pathways,
including the VEGF/VEGF-R, IL-8/NFκB, and angiopoietin/TIE
pathways. Because sunitinib binds to VEGF-R2, it is of interest to notice
that Panc-1 tumors, in contrast to BxPC-3 tumors, showed significant
VEGF-R2 expression (Figure 1E).

Sunitinib-Induced Changes in TumorMicrovasculature andHypoxia
To investigate whether sunitinib induced changes in the

microvasculature of BxPC-3 and Panc-1 tumors, histological sections
gardless of whether the tumors were treated or not (Figure 2). Studies of
PC-3 tumors showed that sunitinib induced a decrease in MVDCD31
b .001), whereas MVDαSMA was not changed after sunitinib
atment (P N .05). Consequently, VMI was higher in sunitinib-
ated than in untreated tumors (P b .001, Figure 2A). In the Panc-1
odel on the other hand, sunitinib-treated and untreated tumors did not
ffer inMVDCD31 (P N .05), MVDαSMA (P N .05), or VMI (P N .05),
plying that sunitinib had no significant effect on the microvasculature
Panc-1 tumors (Figure 2B).
Sunitinib-induced changes in tumor hypoxia were studied by
ining histological sections for the hypoxia marker pimonidazole.
FPim increased with increasing tumor volume in treated as well as

Image of Figure 2


untreated tumors (Figure 3). BxPC-3 tumors showed hypoxia
staining mainly in central tumor regions, and these regions appeared
to be larger in treated than in untreated tumors (Figure 3A), an

that the treated tumors had a lower HFPim than the untreated tumors
(P b .05), suggesting that the blood and oxygen supply per
microvessel had increased after sunitinib treatment. Significant
di
de

D
T

ki
an
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w

Figure 3. Tumor hypoxia. (A) Histological preparations stained for pimonidazole to visualize regions with hypoxic tissue in untreated and
sunitinib-treated BxPC-3 and Panc-1 tumors. Scale bars, 2.0 mm. (B) Fraction of hypoxic tissue (HFPim) versus tumor volume for untreated
and sunitinib-treated BxPC-3 and Panc-1 tumors. Points, single tumors. Curves, linear regression lines. The arrows identify the points
referring to the tumors depicted in (A). A single curve was fitted to the Panc-1 data since the data for untreated and sunitinib-treated
tumors were not significantly different.
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observation that was confirmed by quantitative assessment of HFPim
(P b .005, Figure 3B). In contrast, Panc-1 tumors showed foci of
hypoxic tissue scattered throughout the entire tumor volume, and
HFPim did not differ between treated and untreated tumors (P N .05,
Figure 3, A and B).
Relationships between tumor hypoxia and microvasculature in

sunitinib-treated and untreated tumors were studied by plotting
MVDCD31 versus HFPim (Figure 4). As expected, MVDCD31
decreased with increasing HFPim in both tumor models, regardless
of whether the tumors were treated or not. By comparing treated and
untreated BxPC-3 tumors with the same MVDCD31, it was revealed
fferences between treated and untreated tumors could not be
tected for the Panc-1 model (P N .05).

CE-MRI of Sunitinib-Treated versus Untreated Control
umors
The DCE-MRI data of the tumors were subjected to pharmaco-
netic analysis using the Tofts model. Parametric images of K trans

d ve and the corresponding K
trans and ve frequency distributions of

presentative treated and untreated BxPC-3 and Panc-1 tumors are
esented in Figure 5. The intratumor heterogeneity in K trans and ve
as substantial in both tumor models. K trans generally showed higher

Image of Figure 3


values in the tumor periphery than in central tumor regions, with an extensive stroma. The microenvironment of most exper-
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Figure 4. Tumor hypoxia and vascular density. Density of CD31-positive vessels (MVDCD31) versus fraction of hypoxic tissue (HFPim) for
untreated and sunitinib-treated BxPC-3 and Panc-1 tumors. Points, single tumors. Curves, linear regression lines. A single curve was fitted
to the Panc-1 data since the data for untreated and sunitinib-treated tumors were not significantly different.
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particularly in the BxPC-3 model, whereas high ve values were seen
both peripherally and centrally.
Quantitative analysis of the BxPC-3 tumors revealed that untreated

tumors showed higher median K trans than sunitinib-treated tumors
(P b .01, Figure 6A), whereas median K trans did not differ between
treated and untreated Panc-1 tumors (P N .05, Figure 6B).
Furthermore, median ve did not differ between treated and untreated
tumors in either of the models (P N .05; Figure 6, A and B). These
observations are thus consistent with our hypothesis that low values of
K trans are associated with poor tumor vascularization and extensive
tumor hypoxia [36–38].
This possibility was investigated further by plotting median K trans

versus MVDCD31 and HFPim (Figure 7). There was a strong positive
correlation between median K trans and MVDCD31 and a strong
inverse correlation between median K trans and HFPim, both for
BxPC-3 tumors (P b .0001, Figure 7A) and Panc-1 tumors
(P b .0001, Figure 7B). By comparing treated and untreated
BxPC-3 tumors with the same MVDCD31, it was seen that the
treated tumors had a higher median K trans than the untreated tumors
(P b .05), suggesting that the blood supply per microvessel had
increased after sunitinib treatment. A corresponding difference
between treated and untreated tumors could not be detected for
the Panc-1 model (P N .05). By comparing treated and untreated
tumors having similar HFPim, it was revealed that median K trans did
not differ significantly between the two tumor groups in any of the
models (P N .05). Furthermore, the relationships between median
K trans and MVDCD31 and between median K trans and HFPim were
similar for BxPC-3 and Panc-1 tumors, as illustrated by presenting
the data for the two tumor models in the same plot (Figure 7C).

Discussion
This study used PDAC xenografts as preclinical tumor models and
provides significant evidence that antiangiogenic treatment with
sunitinib may induce changes in the microenvironment of tumors
ental tumors becomes increasingly more hostile during tumor
owth, with decreasing microvessel density and increasing fraction of
poxic tissue [39]. It is therefore important to discriminate between
atment-induced and growth-induced microenvironmental changes
preclinical studies. If growth-induced changes are misinterpreted as
atment-induced changes, erroneous conclusions may be drawn.
ur study was designed carefully to avoid this potential pitfall. Thus,
mors varying in size were studied, microenvironmental parameters
ere plotted versus tumor volume, and the regression curves for
eated and untreated tumors were compared.
Clinical studies involving several histological types of cancer have
vealed that some tumors respond to sunitinib treatment whereas
hers do not, but the reasons for this heterogeneity have not been
entified conclusively [4–7]. Our study showed that sunitinib
duced significant changes in the microvasculature of BxPC-3
mors, whereas the microvasculature of Panc-1 tumors was
changed after treatment. BxPC-3 tumors evoked higher angiogenic
tivity, grew faster, and developed a more immature microvascula-
re than Panc-1 tumors. Angiogenesis was probably mediated by the
EGF/VEGF-R, IL-8/NFκB, and angiopoietin/TIE pathways in
th tumor models, but the expression of VEGF-A, IL-8, and
GPT2 were more than 5-fold higher in BxPC-3 tumors than in
nc-1 tumors. Moreover, in contrast to BxPC-3 tumors, Panc-1
mors showed significant expression of VEGFR-R2, an important
rget for sunitinib.
Effects of sunitinib on the microvasculature of tumors may depend
the sunitinib dose per treatment, the time between each treatment,
d the number of treatments [7,40]. A relatively short treatment
riod of 4 days with daily sunitinib doses of 40 mg/kg was used in
r study. It is possible that a longer treatment period or a higher
nitinib dose per treatment is required to induce microvascular
anges in Panc-1 tumors.
Some investigators have provided evidence that antiangiogenic
eatments targeting the VEGF/VEGF-R pathway may induce

Image of Figure 4


microvessel normalization in tumors and thus have suggested that also
the tumor microenvironment may be normalized [40,41]. In the
BxPC-3 model, VMI was higher in sunitinib-treated than in

increased HFPim, implying that sunitinib induced selective pruning
rather than increased pericyte coverage of αSMA-negative micro-
vessels. Due to the decreased MVDCD31, the function of the
m
lea
ra

no
tu

Figure 5. DCE-MRI-derived parametric images. Representative Ktrans (A) and ve (B) images and frequency distributions of an untreated
BxPC-3 tumor, a sunitinib-treated BxPC-3 tumor, an untreated Panc-1 tumor, and a sunitinib-treated Panc-1 tumor. A central axial tumor
section is shown in the parametric images, while individual voxel values from all tumor sections are included in the frequency
distributions. Voxels with unphysiological ve values (i.e., ve N 1.0) were excluded and appear white in the parametric images. Vertical lines
in the frequency distributions, median values. Color bars, Ktrans or ve scales. Scale bars, 2.0 mm.
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untreated tumors, and the supply of oxygen per microvessel was
elevated after sunitinib treatment. The microvessels of sunitinib-
treated tumors were thus less abnormal than those of untreated
tumors. However, this microvessel normalization did not lead to
normalization of the tumor microenvironment. Sunitinib-treated
tumors showed decreased MVDCD31, unchanged MVDαSMA, and
icrovascular network was impaired after sunitinib treatment,
ding to a more hypoxic and hostile tumor microenvironment
ther than microenvironmental normalization.
It has been claimed that antiangiogenic treatment-induced
rmalization of the microvasculature and microenvironment of
mors requires treatment doses that are sufficiently low to avoid

Image of Figure 5


microvessel pruning [40]. Panc-1 tumors were given sunitinib
treatment according to the same protocol as BxPC-3 tumors, and

distribution volume of the contrast agent, whereas K trans is
determined by the blood perfusion and the vessel permeability –
ve
pr
th
tis
su
m
Bx
tr
in
an
hi
re
su
K
un
di

H
m
w
sim
ch
m
tu

in

Figure 6. Ktrans and ve. Median Ktrans and median ve versus tumor volume for untreated and sunitinib-treated BxPC-3 (A) and Panc-1 (B)
tumors. Points, single tumors. Curves, linear or exponential regression lines. A single curve was fitted to the data when the data for
untreated and sunitinib-treated tumors were not significantly different.
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even though a large fraction of the microvessels in Panc-1 tumors
were immature and lacked pericyte coverage, the treatment did not
cause microvessel pruning. VMI, MVDCD31, and MVDαSMA were
similar in sunitinib-treated and untreated tumors, and furthermore,
HFPim was not reduced in sunitinib-treated tumors, implying that
sunitinib did not induce normalization of the microenvironment in
Panc-1 tumors either.
There is significant evidence from preclinical studies that DCE-

MRI may be a useful imaging modality for characterizing the
physiological microenvironment of untreated tumors [21,38,42], and
the possibility that DCE-MRI may be useful also for monitoring
changes in the tumor microenvironment induced by antiangiogenic
treatment was investigated in this study. Preclinical studies have
significant advantages to clinical investigations because the imaging
conditions can be controlled more easily. In the study reported here,
the physiology of the imaged mice was monitored carefully, ensuring
that tumor blood perfusion was not perturbed during image
acquisition. After image acquisition, it was verified that the tumors
had not moved during the imaging, thus allowing reliable voxelwise
parametric images to be calculated from the DCE-MRI series. The
DCE-MRI series were analyzed by using the Tofts pharmacokinetic
model, and as illustrated elsewhere, this model gives good curve fits to
single voxel data of BxPC-3 and Panc-1 tumors acquired with our
DCE-MRI protocol [27].
The pharmacokinetic analysis provided parametric images of K trans

and ve. According to the Tofts model, ve is a measure of the
ssel surface area product of the imaged tumor tissue [29]. In
evious studies, we have shown that median K trans is associated with
e density of the microvascular network and the fraction of hypoxic
sue in untreated tumors [36–38]. The present study provided data
ggesting that median K trans is also sensitive to changes in tumor
icrovasculature and hypoxia induced by sunitinib treatment. In the
PC-3 model, median K trans was significantly lower in sunitinib-
eated tumors than in untreated tumors, mirroring that sunitinib
duced microvessel pruning and, hence, a decrease in MVDCD31 and
increase in HFPim. At the same MVDCD31, median K trans was
gher in sunitinib-treated tumors than in untreated tumors,
flecting that the blood supply per microvessel was elevated after
nitinib treatment. In the Panc-1 model, on the other hand, median
trans did not differ significantly between sunitinib-treated and
treated tumors, in accordance with the observation that sunitinib
d not cause significant changes in MVDCD31 or HFPim.
Moreover, the associations between median Ktrans and MVDCD31 or
FPim were similar for sunitinib-treated and untreated tumors in both
odels. By plotting the data for BxPC-3 and Panc-1 tumors together, it
as seen that the data were well fitted by single curves, implying that
ilar relationships may exist for tumors differing clearly in biological
aracteristics and histological appearance. Consequently, DCE-MRI
ay have the potential to monitor changes in the microenvironment of
mors induced during sunitinib treatment.
It should be noticed that our study was conducted by using
tramuscular rather than orthotopic PDAC xenografts as preclinical

Image of Figure 6


models of human PDAC. This is a limitation of the study because
experimental PDACs transplanted to an ectopic site may not mirror
the biology of human PDACs to the same extent as PDACs

In summary, sunitinib may induce changes in the physicochemical
microenvironment of PDAC xenografts. The sensitivity to sunitinib
differs between tumor models, depending on the biology of the models.
M
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Figure 7. Ktrans, tumor vascular density, and tumor hypoxia. Median Ktrans versus density of CD31-positive vessels (MVDCD31) and fraction
of hypoxic tissue (HFPim) for untreated and sunitinib-treated BxPC-3 tumors (A), untreated and sunitinib-treated Panc-1 tumors (B), and
untreated and sunitinib-treated BxPC-3 and Panc-1 tumors plotted together (C). Points, single tumors. Curves, linear or exponential
regression lines. A single curve was fitted to the data when the data for untreated and sunitinib-treated tumors were not significantly
different.
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transplanted to the pancreas of mice [43,44]. However, an
intramuscular site was chosen to avoid tumor movement due to
respiration during the DCE-MRI. We have shown previously that
intramuscular BxPC-3 and Panc-1 tumors have several microenvi-
ronmental features in common with human PDACs, including a
histological appearance characterized by a dense collagen-rich
extracellular matrix [38,45]. Furthermore, the numerical values of
fraction of hypoxic tissue, microvascular density, and interstitial fluid
pressure of intramuscular BxPC-3 and Panc-1 tumors are similar to
those reported for orthotopic and genetically engineered mouse
models of PDAC as well as human PDACs [45].
edian K trans is associated with microvascular density and fraction of
poxic tissue in sunitinib-treated and untreated tumors, and conse-
ently, sunitinib-induced changes in the microenvironment in PDACs
ay be assessed by pharmacokinetic analysis of DCE-MRI recordings.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2018.05.006.
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Summary Purpose: This study had a dual purpose: to investigate (1) whether bevacizumab ca
This study investigated the r
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potential of bevacizumab to
decrease tumor hypoxia and
the ability of dynamic
contrast-enhanced magnetic
resonance imaging to
monitor bevacizumab-
induced changes in tumor
hypoxia in patient-derived
xenograft models of carci-
noma of the uterine cervix.
Bevacizumab-treated tumors
may show less-abnormal
microvessels, lower micro-
vascular density, and higher
fraction of hypoxic tissue
than untreated tumors. Dy-
namic contrast-enhanced
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change the microvasculature and oxygenation of cervical carcinomas and (2) whethe
any changes can be detected with dynamic contrast-enhanced magnetic resonance im
aging (DCE-MRI).
Methods and Materials: Two patient-derived xenograft models of cervical cance
(BK-12 and HL-16) were included in the study. Immunostained histologic prepara
tions from untreated and bevacizumab-treated tumors were analyzed with respect t
microvascular density, vessel pericyte coverage, and tumor hypoxia using CD31
a-SMA, and pimonidazole as markers, respectively. DCE-MRI was performed a
7.05 T, and parametric images of Ktrans and ve were derived from the data using th
Tofts pharmacokinetic model.
Results: The tumors of both models showed decreased microvascular density
increased vessel pericyte coverage, and increased vessel maturation after bevacizuma
treatment. Bevacizumab-treated tumors were more hypoxic and had lower Ktrans value
than untreated tumors in the BK-12 model, whereas bevacizumab-treated and un
treated HL-16 tumors had similar hypoxic fractions and similar Ktrans values. Signi
icant correlations were found between median Ktrans and hypoxic fraction, and the dat
for untreated and bevacizumab-treated tumors were well fitted by the same curve i
both tumor models.
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magnetic resonance imaging
is a promising imaging mo-

Conclusions: Bevacizumab-treated tumors show less abnormal microvessels than un-
treated tumors do, but because of treatment-induced vessel pruning, the overall func-
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dality for monitoring
changes in tumor perfusion
-

MRI have investigated the impact of antiangiogenic treat-
and hypoxic fraction after
bevacizumab treatment of
cervical carcinoma.
Introduction
tion of the microvasculature might be impaired after bevacizumab treatment, resultin
in increased tumor hypoxia. DCE-MRI has great potential for monitorin
bevacizumab-induced changes in tumor hypoxia in cervical carcinoma. � 2019 Else
vier Inc. All rights reserved.
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Concurrent cisplatin-based chemoradiation therapy ha
been the preferred therapeutic option in locally advance
cervical carcinoma for decades, for lack of clinical studie
demonstrating any survival benefit for alternative ap
proaches.1 This absence of progress could be ascribe
partly to the harsh microenvironment in cervical lesion
often characterized by an aberrant vasculature and exten
sive regions with low oxygenation.2 There is strong ev
dence that tumor hypoxia is associated with aggressiv
growth, treatment resistance, and poor outcome in cervica
cancer.3,4

Since the early 1970s, angiogenesis has been considere
a potential target for anticancer therapy.5 Because th
growth of most solid tumors is angiogenesis dependen
several strategies to inhibit angiogenesis have been deve
oped, of which the majority have been directed toward th
vascular endothelial growth factor (VEGF)eVEGF recep
tor pathway.6 Considerable evidence exists that cervica
tumors also depend on angiogenesis.7,8 In 2014, bev
acizumab was approved as the first antiangiogenic drug fo
women with persistent, recurrent, or metastatic cervica
cancer in the United States.7

The impact of antiangiogenic treatment on tumo
oxygenation is disputable. Some studies have shown tha
antiangiogenic treatment can normalize the tumor vascu
lature and thus increase the intratumoral supply of bloo
and oxygen, whereas other studies have reported that suc
drugs cause excessive vessel pruning and exacerbate
hypoxic tumor microenvironment.6,9,10 The latter coul
lead to more invasive and treatment-resistant disease,6,10,1

and would have severe consequences if antiangiogeni
agents were combined with other therapeutic modalitie
such as chemotherapy, radiation therapy, or immuno
therapy. It is therefore of outmost importance to monito
the effect of these drugs on tumor oxygenation.

Imaging plays a vital role in the diagnostics, therap
planning, and treatment assessment of cervical cancer, an
dynamic contrast-enhanced magnetic resonance imagin
(DCE-MRI) is currently an integral part of the standar
imaging protocol in an increasing number of institutions.
is well documented that this noninvasive imaging metho
can provide important information regarding the physico
chemical microenvironment of solid tumors, includin
measures of blood supply and tumor hypoxia in cervica
lesions.12,13 In addition, several studies incorporating DCE
encouraging results have been achieved for many cance
types, but they are sparse regarding cervical cancer.12,14,1

The experiments described in this communication wer
performed for 2 purposes: first, to explore whether bev
acizumab treatment has a significant impact on the phys
cochemical microenvironment of cervical cance
xenografts, and second, to determine whether such change
can be detected with DCE-MRI. The effect of bevacizuma
on the microvasculature and hypoxic fraction of tumor
was evaluated using quantitative analysis of histologi
sections. Next, to reveal whether DCE-MRI reflects an
treatment-induced changes, parameters derived from phar
macokinetic analysis of DCE-MRI series were compare
with the histologic findings.

Methods and Materials
Tumor models

Tumors of 2 PDX models (BK-12 and HL-16) of uterin
cervical cancer, derived from patients with Internationa
Federation of Gynecology and Obstetrics (FIGO) stage IIB
squamous cell carcinoma, were grown intramuscularly i
the left hind leg of adult (8 to 12 weeks old) female BALB
c nu/nu mice.16 Experiments were performed with tumor
in passage 4 or 5. Animal care and experimental procedure
were conducted in accordance with the Interdisciplinar
Principles and Guidelines for the use of Animals i
Research, Marketing, and Education (New York Academ
of Sciences, New York, NY).

Bevacizumab treatment and experimental design
Bevacizumab (Avastin; Hoffman-La Roche, Base
Switzerland) was diluted to a concentration of 1.0 mg/m
in physiologic saline and administered by intraperitonea
injection. Tumor-bearing mice were given 3 bevacizuma
doses of 10 mg/kg over a period of 8 days. Three days afte
the last dose, bevacizumab-treated tumors and untreate
control tumors were subjected to DCE-MRI and/or resecte
for immunohistochemical examinations. Tumors with vo
umes varying from 80 to 1100 mm3 were included in ex
periments, and they were all vascularized at the start o
bevacizumab treatment.
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data were conducted with the Student t test when the data

i-

d
e
-
t

t

s,
e
’
s,
6
e
r
e
e

R
i.
ls
-
2
f

c
y
;
2
d
6
-
s
6
-
y.
-
6

r

e
-
t

Hauge et al. International Journal of Radiation Oncology � Biology � Physics668
A Bruker Biospec 7.05-T bore magnet and a mouse quad
rature volume coil (Bruker Biospin, Ettlingen, Germany
were used for MRI. Anatomic T2-weighted images wer
acquired before DCE-MRI by using a fast spin echo puls
sequence. DCE-MRI was performed as reported earlier,1

with Gd-DOTA (Dotarem; Guerbet, Paris, France) a
contrast agent. Briefly, precontrast T1 values (T10 values
were measured with a fast spin echo pulse sequence (rapi
acquisition of repeated echoes; RARE) with repetition time
(TRs) of 200, 400, 800, 1500, 3000, and 5000 millisecond
an echo time (TE) of 8.5 milliseconds; an image matrix o
128 � 128; a field of view of 3 � 3 cm2; a slice thickness o
0.7 mm; and a slice gap of 0.3 mm. Postcontrast T1-weighte
images were recorded at a temporal resolution of 14.8 sec
onds by applying a 3-dimensional spoiled gradient recalle
echo pulse sequence (3D-fast low angle shot; 3D-FLASH
with a TR of 10milliseconds, a TE of 2.07milliseconds, a fli
angle of 20�, an image matrix of 128� 128� 10, and a fiel
of view of 3 � 3 � 1 cm3.

The entire tumor volume was included in the analysis o
the MRI data. Regions of interest encompassing the tumo
tissue were delineated in the T2-weighted anatomic image
and transferred to the DCE-MRI series.17 On a voxel-by
voxel basis, numeric values of Ktrans (the volume transfe
constant of Gd-DOTA) and ve (the fractional distributio
volume of Gd-DOTA) were calculated with a best curve fi
approach using the Tofts pharmacokinetic model18 and th
arterial input function of Benjaminsen et al.19 Voxe
assigned nonphysiologic ve values (ve > 1.0) wer
excluded. Additional details are provided in Methods E
(available online at https://doi.org/10.1016/j.ijrobp.2019
03.002).

Microvascular density, pericyte coverage, vessel
maturation, and tumor hypoxia

Microvascular density (MVD), pericyte fraction (PFa-SMA

vascular maturation index (VMI), and hypoxic fractio
(HFPim) were quantified as described in Methods E
(available online at https://doi.org/10.1016/j.ijrobp.2019
03.002).

Quantitative polymerase chain reaction

Expression profiling of angiogenesis-related and cance
stem cellerelated genes was performed as described i
Methods E1 (available online at https://doi.org/10.1016/
ijrobp.2019.03.002).

Statistical analysis
o
d

e
-
b

The Pearson product moment correlation test was used t
study relationships between parameters. Curves were fitte
complied with the conditions of normality and equal var
ance. Under other conditions, the Mann-Whitney rank-sum
test was applied. Probability values of P < .05, determine
from 2-sided tests, were considered significant. Curv
fitting and statistical analyses were executed in the Sig
maPlot graphing and statistical analysis software (Systa
Software, San Jose, CA).

Results

BK-12 and HL-16 xenografts are clinically relevan
tumor models

To examine the clinical relevance of the PDX model
tumor features of particular importance for this study wer
assessed and compared with those of the donor patients
tumors (Fig. 1A-E). Consistent with the patients’ tumor
BK-12 tumors were moderately differentiated, and HL-1
tumors were poorly differentiated. Furthermore, th
microvascular staining pattern mirrored that of the dono
patients’ tumors (Fig. 1A, 1B). Quantitative polymeras
chain reaction (PCR) was performed to measure th
expression of angiogenesis-related and cancer stem
cellerelated genes, using commercially available PC
arrays (Tables E1 and E2; available online at https://do
org/10.1016/j.ijrobp.2019.03.002). The expression leve
in the xenografted tumors reflected those in the donor pa
tients’ tumors (Fig. 1C, 1D). Moreover, the MVD of BK-1
and HL-16 tumors was similar to that of their tumors o
origin (P > .05; Fig. 1E).

Importantly, there was a clear difference in angiogeni
activity between the 2 PDX models. MVD was significantl
higher in BK-12 tumors than in HL-16 tumors (P Z .003
Fig. 1E), and in agreement with this observation, BK-1
tumors showed high expression of angiogenesis-relate
and cancer stem cellerelated genes compared with HL-1
tumors (Fig. 1F). The expression of 25 angiogenesis
related genes and 21 cancer stem cellerelated genes wa
more than 5-fold higher in BK-12 tumors than in HL-1
tumors, whereas the equivalent numbers for HL-16 tu
mors versus BK-12 tumors were 3 and 4, respectivel
Interestingly, the expression of VEGF-A, the target angio
genic factor of bevacizumab, was 1.5-fold higher in HL-1
tumors than in BK-12 tumors (P Z .077).

Bevacizumab treatment induces changes in tumo
microvasculature and hypoxia

The effect of bevacizumab on tumor microvasculatur
was assessed by examining histologic sections immuno
stained for CD31 and a-SMA. The staining pattern did no
differ between treated and untreated tumors for any of th
markers; however, quantitative studies of treated and un
treated tumors of the same size revealed that bevacizuma

https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002
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induced significant changes in the tumor microvasculature
(Fig. 2A, 2B). For both models, bevacizumab-treated
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A second study was performed to evaluate whether
bevacizumab-induced microvascular changes could result
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Fig. 2. Effect of bevacizumab on tumor microvasculature. Histologic preparations of (A) BK-12 and (B) HL-16 xenografts
immunostained for CD31 or a-SMA. Accompanying bar charts show microvascular density (MVD), pericyte fraction (PFa-
SMA), and vascular maturation index (VMI) for untreated and bevacizumab-treated tumors of similar size. The tumor volumes
at the start of treatment were 350 to 400 mm3 (BK-12) and 400 to 450 mm3 (HL-16) and did not differ significantly between
the bevacizumab-treated group and the control group in any of the tumor models. Columns indicate mean � SE for 7 to 12
tumors. Scale bars, 100 mm.
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tumors had lower MVD (P < .001, BK-12; P Z .001
HL-16) and higher PFa-SMA (P Z .059, BK-12; P Z .011
HL-16) than untreated tumors. Consequently, VMI wa
elevated in treated tumors (P < .001, BK-12; P < .001
HL-16).

Fig. 1. Clinical relevance of the PDX models. (A, B)
=

corresponding xenografts (PDX) stained with hematoxylin and
angiogenesis-related and cancer stem cellerelated genes in
between PDXs and DPTs. Points indicate mean values (n Z
(n Z 6 sections) and PDXs (n Z 20 tumors). (F) Expression
BK-12 versus HL-16 xenografts. Solid lines indicate a 5-fold
mean values (n Z 3). Scale bars, 100 mm.
in changes in the extent of tumor hypoxia. Tumor hypoxi
was assessed by subjecting histologic preparations immu
nostained for pimonidazole to image analysis. Treated an
untreated tumors of the same PDX model showed simila
staining; however, the staining pattern differed between th

ologic preparations of the donor patients’ tumors (DPT) an

eosin (HE) or immunostained for CD31. (C, D) Expression of
PDXs versus DPTs. Solid lines indicate a 5-fold difference
3). (E) Mean microvascular density (MVD) � SE for DPTs
of angiogenesis-related and cancer stem cellerelated genes in
difference between BK-12 and HL-16 tumors. Points indicate



models: BK-12 tumors showed a predominant perinecrotic
staining pattern, whereas HL-16 tumors primarily showed a
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tumors with the same MVD (P < .05, BK-12; P < .05, HL-
16), suggesting that the oxygen supply per microvessel was
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Fig. 3. Effect of bevacizumab on tumor hypoxia. (A) Histologic preparations of BK-12 and HL-16 xenografts immuno-
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single tumors. Curves indicate regression lines. A single dashed line was fitted to the data when the data for untreated and
bevacizumab-treated tumors were not significantly different. Scale bars, 250 mm.
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focal staining pattern (Fig. 3A).
Because the effect of bevacizumab can depend on tumo

volume, tumors differing substantially in size were include
in the second study. As expected, MVD decreased and HFPi
increased with increasing tumor volume, regardless o
whether the tumors were treated (Fig. 3B, 3C
Bevacizumab-treated tumors showed decreased MVD
(P< .01, BK-12; P< .01, HL-16), and this decrease resulte
in increased HFPim in BK-12 tumors (P < .05) but did no
change HFPim in HL-16 tumors (P> .05). Interestingly, plot
of HFPim versus MVD revealed that untreated and treate
tumors with similarMVD differed in HFPim (Fig. 3D). HFPi
was lower in bevacizumab-treated tumors than in untreate
enhanced after bevacizumab treatment.

Ktrans is sensitive to bevacizumab-induced change
The tumors providing the data in Figure 3B to 3D
were subjected to DCE-MRI shortly before they wer
resected. The DCE-MRI data were analyzed using th
Tofts model to investigate whether Ktrans and/or ve image
might mirror the vascular and hypoxic microenviron
ments of untreated and bevacizumab-treated tumors
Representative examples of Ktrans and ve maps are show



in Figure 4, along with the corresponding Ktrans and ve
frequency distributions.
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untreated HL-16 tumors (P > .05; Fig. 5A). Furthermore,
Ktrans was higher in bevacizumab-treated tumors than in
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Relationships between the DCE-MRI data and the his
tologic data were sought by plotting median Ktrans an
median ve versus MVD and HFPim. K

trans is related to tumo
perfusion, and as expected, Ktrans decreased with increasin
tumor volume, increased with increasing MVD, an
decreased with increasing HFPim (Fig. 5), whereas ve di
not vary with tumor volume, MVD, or HFPim (Fig. E1
available online at https://doi.org/10.1016/j.ijrobp.2019.03
002). In the BK-12 model, Ktrans was lower i
bevacizumab-treated tumors than in untreated tumor
(P < .05), but Ktrans did not differ between treated an
untreated tumors with similar MVD (P < .05, BK-12
P < .05, HL-16; Fig. 5B), suggesting that the blood sup
ply per vessel was enhanced in bevacizumab-treated tu
mors. Importantly, Ktrans did not differ betwee
bevacizumab-treated tumors and untreated tumors with th
same HFPim (P > .05, BK-12; P > .05, HL-16; Fig. 5C).

Discussion

There is significant evidence that poor outcome of cervica
cancer is associated with severe abnormalities in th

https://doi.org/10.1016/j.ijrobp.2019.03.002
https://doi.org/10.1016/j.ijrobp.2019.03.002


physicochemical tumor microenvironment, including
extensive hypoxia and highly elevated interstitial fluid
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pressure.20-23 It has been hypothesized that antiangiogeni
agents can normalize the microvasculature and the micro
environment of tumors and hence improve the outcome o
radiation therapy and chemotherapy.9 The validity of thi
hypothesis has been investigated in a large number o
studies using a wide range of angiogenesis inhibitors, an
these studies have provided conflicting conclusion
possibly because different experimental designs, assay
and tumor models were used to show normalization.24-28
were similar to the donor patients’ tumors with respect t
histologic appearance, vessel growth pattern and density
and gene expression. Because the effect of antiangiogeni
agents might depend on the angiogenic profile of tu
mors,6,11 and because cancer stem cells can promote tumo
angiogenesis by several mechanisms,29,30 it is highl
essential that the expression of angiogenesis-related an
cancer stem cellerelated genes is retained afte
xenotransplantation.



Substantial experimental evidence is required to verify
the normalization hypothesis. It is not sufficient to show
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detrimental effects on the outcome of cervical carcinoma.
This possibility implies that bevacizumab should not be
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that antiangiogenic agents induce a normalized micro
vascular morphology (e.g., increased vessel pericyt
coverage); it should also be shown that the normalize
morphology results in improved vascular function (eg
increased blood perfusion) and a normalized physico
chemical microenvironment (eg, improved oxygenation
reduced fraction of hypoxic tissue, decreased interstitia
fluid pressure). Furthermore, to be of clinical interest,
has to be shown that the microenvironmental normaliza
tion is sufficiently extensive to enhance the efficacy o
chemotherapy or radiation treatment. Unfortunately
many studies suggesting that the outcome of cancer migh
be improved by giving antiangiogenic treatment befor
conventional therapy do not provide sufficient evidenc
for their suggestions.

Our study revealed that vessel pericyte coverage, vesse
maturation, and the supply of blood and oxygen per vesse
were higher in bevacizumab-treated tumors than in un
treated BK-12 and HL-16 tumors. The increased pericyt
coverage was partly a consequence of selective pruning o
immature vessels and partly a consequence of pericyt
recruitment. The mechanisms governing pericyte recrui
ment in tumor angiogenesis are not fully understood, bu
current studies suggest involvement of platelet-derive
growth factor/platelet-derived growth factor receptor-b
angiopoietin-1/tyrosine kinase-2, transforming growth fac
tor-b, and several matrix metalloproteinases.31-33

Although the microvessels of bevacizumab-treated tu
mors were less abnormal than those of untreated tumor
the microvascular networks were not normalized (ie, the
function was not improved) after bevacizumab treatmen
primarily because the treatment caused severe vesse
pruning and significantly reduced MVD. The overa
function of a microvascular network is determined by th
function of the individual vessels and their density, and i
the BK-12 model, the effect of vessel pruning was large
than the effect of improved oxygen supply per vesse
resulting in tumors with a more hypoxic microenvironmen
after bevacizumab treatment. In the HL-16 model, th
fraction of hypoxic tissue was similar in bevacizumab
treated and untreated tumors, implying that the decrease i
vessel density after bevacizumab treatment was counte
balanced by the improved function of individual vessels.

Studies investigating the effects of bevacizumab on th
physicochemical microenvironment of cervical carcinoma
have not been reported thus far. However, patients wit
locally advanced cervical cancer are currently being treate
with bevacizumab in combination with radiation therap
and chemotherapy. A recent review concluded that bev
acizumab therapy has provided promising clinical resul
and could have exciting potential in the future managemen
of cervical cancer.34 The preclinical study reported her
suggests that bevacizumab can impair the physicochemica
microenvironment of cervical tumors. Consequentl
treatment with this antiangiogenic agent could hav
used in the therapy of cervical cancer without carefu
monitoring of the microenvironment of the tumor tissue.

A noninvasive method for assessing bevacizumab
induced changes in the extent of tumor hypoxia in cerv
cal carcinoma is warranted, and the potential of DCE-MR
was investigated in this preclinical study. The DCE-MR
data were analyzed using the Tofts model, and as reporte
previously, single voxel data of BK-12 and HL-16 tumor
acquired with our protocol are well fitted by this pharma
cokinetic model.35 According to the Tofts model, Ktrans

determined by vessel blood flow and the product of vesse
permeability and vessel surface area.18 Preclinical studie
have provided evidence that the uptake of low-molecula
weight contrast agents in tumors is limited by the bloo
supply rather than the vessel permeability, implying that th
magnitude of Ktrans is determined primarily by perfu
sion.36,37 Furthermore, recent clinical studies of cervica
carcinoma have revealed that differences in the magnitud
of Ktrans between tumors are dominated by differences i
tumor perfusion, whereas the influence of differences i
vessel permeability is nonessential.38

The study reported here suggests that the magnitude o
Ktrans is limited by tumor perfusion rather than vesse
permeability in bevacizumab-treated tumors as well. B
comparing bevacizumab-treated and untreated tumor
having the same MVD, it was unveiled that Ktrans wa
higher in the treated than in the untreated tumors in bot
tumor models. Theoretically, this difference in Ktrans coul
be caused by higher blood flow or elevated vessel perme
ability in the bevacizumab-treated tumors. Howeve
because inhibition of VEGF-A has been shown to decreas
blood vessel permeability,39 the higher Ktrans of the treate
tumors was most likely a consequence of increased vesse
blood flow. This suggestion is in agreement with the his
tologic findings of higher VMI in the bevacizumab-treate
tumors than in the untreated tumors.

Significant correlations were found between media
Ktrans and MVD, both for BK-12 and HL-16 tumor
whereas in a previous study, significant correlations be
tween median Ktrans and MVD could not be detected.35 I
that study, we searched for correlations across differen
PDX models of cervical carcinoma, whereas in the curren
study, single tumors of the same model were considered
The apparent discrepancy occurred because many CD31
positive vessels in tumors are not perfused, and the frac
tion of nonperfused vessels can differ substantially amon
tumor models.40

Median Ktrans decreased with increasing HFPim in bot
tumor models, and the data for untreated and bevacizumab
treated tumors were well fitted by a single linear curve
Consequently, a given value of median Ktrans corresponde
to the same HFPim value in untreated and treated tumor
This observation suggests that DCE-MRI could be a sui
able method for monitoring bevacizumab-induced change
in tumor hypoxia in cervical carcinoma.



Our study has some limitations. First, the treatment ef-
fect was evaluated at a single time point of 3 days after the
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last bevacizumab dose. This evaluation point is well withi
the normalization window suggested for bevacizuma
treatment of tumors.41,42 Nevertheless, the possibilit
cannot be excluded that other evaluation points would hav
resulted in a more favorable balance between vesse
normalization and vessel pruning. Second, only 1 metho
was used to quantify tumor hypoxia. However, we hav
shown previously that HFPim correlates with hypoxic frac
tion assessed with radiobiologic assays and thus should be
robust measure of tumor hypoxia.43 Third, different histo
logic sections were used to measure MVD and PFa-SMA

and consequently, colocalization of pericytes and endo
thelial cells could not be studied. Despite these limitation
important and clinically relevant conclusions can b
derived from this preclinical investigation.

Conclusion
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By making use of PDX models mirroring importan
angiogenic characteristics of the donor patients’ tumor
this study showed that bevacizumab treatment can induc
severe changes in the microenvironment of cervical carc
nomas. Bevacizumab-treated tumors show less abnorma
microvessels than untreated tumors do, but because o
treatment-induced microvascular pruning, some tumor
might show elevated fraction of hypoxic tissue after bev
acizumab treatment. Bevacizumab should not be include
in the management of locally advanced cervical cance
without careful monitoring of tumor hypoxia. This stud
revealed that treatment-induced changes in tumor hypoxi
can be monitored with DCE-MRI.

References
d

nt

y.

n

ol

d

e-

ol

J

-

1;

-

n

4;

al

1;

d

t-

2:

s

r-

s

f

ol

a-

ar

5.

e

in

-

e-

d

1. Barbera L, Thomas G. Management of early and locally advance

cervical cancer. Semin Oncol 2009;36:155-169.
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Supplementary Methods 

 

Magnetic resonance imaging 

 A Bruker Biospec 7.05 T bore magnet and a mouse quadrature volume coil (Bruker Biospin, 

Ettlingen, Germany) were used for MR imaging. Tumors were positioned in the isocenter of the 

magnet and imaged with axial slices covering the entire tumor volume. Mice were anesthetized 

with ~4.0% Sevofluran (Baxter, IL, USA) in O2 at a flow rate of 0.5 l/min during scanning, while 

respiration rate and body core temperature were monitored with a pressure sensitive abdominal 

probe and a rectal temperature probe (Small Animal Instruments, New York, NY, USA), respectively. 

The gas anesthesia was adjusted manually to maintain a stable respiration rate, and automated 

hot air flow regulation kept the body core temperature at 37°C.  

Anatomical T2-weighted images were acquired prior to DCE-MRI by using a fast spin echo 

pulse sequence (RARE) with a repetition time (TR) of 2500 ms, an echo time (TE) of 35 ms, an 

image matrix of 128 × 128, a field of view (FOV) of 3 × 3 cm
2
, a slice thickness of 0.7 mm, a slice 

gap of 0.3 mm, two averages, and fat suppression. DCE-MRI was performed as reported earlier 

(1), using Gd-DOTA (Dotarem®; Guerbet, Paris, France) as contrast agent. Briefly, precontrast 

T1-values (T10-values) were measured with a fast spin echo pulse sequence (RARE) with TRs of 

200, 400, 800, 1500, 3000, and 5000 ms, a TE of 8.5 ms, an image matrix of 128 × 128, a FOV of 

3 × 3 cm
2
, a slice thickness of 0.7 mm, and a slice gap of 0.3 mm. Gd-DOTA was diluted to a final 

concentration of 0.06 M and administered in the tail vein of mice in a bolus dose of 5.0 ml/kg body 

weight during a period of 5 s. An automated infusion pump (Harvard Apparatus, Holliston, MA, USA) 

was utilized for this purpose. Six precontrast and 59 postcontrast T1-weighted images were recorded 

at a temporal resolution of 14.8 s by using a three-dimensional SPGR pulse sequence (3D-FLASH) 

with a TR of 10 ms, a TE of 2.07 ms, a flip angle of 20°, an image matrix of 128 × 128 × 10, and a 

FOV of 3 × 3 × 1 cm
3
.  

 The entire tumor volume was included in the analysis of the MRI data. Regions of interest 

(ROIs) encompassing the tumor tissue were delineated in the T2-weighted anatomical images and 

transferred to the DCE-MRI series (2). On a voxel-by-voxel basis, numerical values of K
trans

 (the 

volume transfer constant of Gd-DOTA) and ve (the fractional distribution volume of Gd-DOTA) were 

calculated by a best curve fit approach using the Tofts pharmacokinetic model (3) and the arterial 

input function of Benjaminsen et al. (4). Voxels assigned unphysiological ve values (ve > 1.0) were 

excluded. Calculation of Gd-DOTA concentrations and pharmacokinetic modeling were performed 

with in-house-made software developed in Matlab (MathWorks, Natick, MA, USA).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/contrast-medium


 

Microvascular density, pericyte coverage, vessel maturation, and tumor hypoxia 

 Histological sections were stained with hematoxylin and eosin or immunostained for blood 

vessels, pericytes, or hypoxia. CD31 and α-smooth muscle actin (α-SMA) were used as markers 

of endothelial cells and pericytes, respectively. The hypoxia marker pimonidazole [1-[(2-hydroxy-3-

piperidinyl)-propyl]-2-nitroimidazole] was administered as described earlier (5). An anti-mouse 

CD31 rabbit polyclonal antibody (Abcam, Cambridge, UK), an anti-mouse α-SMA rabbit polyclonal 

antibody (Abcam), or an anti-pimonidazole rabbit polyclonal antibody (Professor Raleigh, University 

of North Carolina, Chapel Hill, NC, USA) was utilized as primary antibody. Diaminobenzidine served 

as chromogen, and hematoxylin was used for counterstaining. Histological preparations cut through 

central tumor regions were subjected to quantitative analysis, and three sections were analyzed for 

each tumor and staining. Microvascular density (MVD) was scored by counting CD31-positive 

vessels in non-necrotic tumor regions, and the area fraction of viable tissue staining positive for 

α-SMA (i.e., pericyte fraction; PFα-SMA) or pimonidazole (i.e., hypoxic fraction; HFPim) was deter-

mined by image analysis. Vascular maturation index (VMI) was calculated as VMI = PFα-SMA/MVD. 

For the donor patients’ tumors, MVD was scored in three sections from each of two biopsies from 

different tumor regions. 

 

Quantitative PCR 

 Expression profiling of angiogenesis-related and cancer stem cell-related genes was carried 

out with the RT
2
 Profiler PCR Arrays Human Angiogenesis (PAHS-024Z) and Human Cancer Stem 

Cells (PAHS-176Z) from SABiosciences (Frederick, MD, USA). Total RNA was isolated from tumor 

tissue stabilized in RNAlater RNA Stabilization Reagent (Qiagen, Hilden, Germany). RNA isolation, 

cDNA synthesis, and real-time quantitative PCR were performed as described earlier (6). Fold 

difference in gene expression was calculated by the ΔΔCT-method (7), with a detection limit of 

CT = 35 (15 cycles above the positive PCR control). The arrays included five housekeeping genes 

[β-actin (ACTB), β-2-microglobulin (B2M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

hypoxanthine phosphoribosyltransferase 1 (HPRT1), and ribosomal protein lateral stalk subunit P0 

(RPLP0)], and each CT-value of a sample was normalized to the mean CT-value of these genes as 

ΔCT = CT
gene of interest

 - CT
mean of housekeeping genes

. Normalized gene expression levels were calculated 

from three tumors (PDX models) or three independent tissue samples from a single biopsy (donor 

patients’ tumors) as 2
-mean ΔCT

. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polyclonal-antibodies
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/primary-and-secondary-antibodies
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Supplementary Table E1. Angiogenesis-related genes included in the PCR array* 

Gene Refseq** Symbol Name  

NM_005163 AKT1 V-akt murine thymoma viral oncogene homolog 1 
NM_001145 ANG Angiogenin, ribonuclease, RNase A family, 5 
NM_001146 ANGPT1 Angiopoietin 1 
NM_001147 ANGPT2 Angiopoietin 2 
NM_001039667 ANGPTL4 Angiopoietin-like 4 
NM_001150 ANPEP Alanyl (membrane) aminopeptidase 
NM_001702 BAI1 Brain-specific angiogenesis inhibitor 1 
NM_002986 CCL11 Chemokine (C-C motif) ligand 11 
NM_002982 CCL2 Chemokine (C-C motif) ligand 2 
NM_001795 CDH5 Cadherin 5, type 2 (vascular endothelium) 
NM_030582 COL18A1 Collagen, type XVIII, alpha 1 
NM_000091 COL4A3 Collagen, type IV, alpha 3 (Goodpasture antigen) 
NM_001901 CTGF Connective tissue growth factor 

NM_001511 CXCL1 
Chemokine (C-X-C motif) ligand 1 (melanoma growth stimulating 
activity, alpha) 

NM_001565 CXCL10 Chemokine (C-X-C motif) ligand 10 
NM_002994 CXCL5 Chemokine (C-X-C motif) ligand 5 
NM_002993 CXCL6 Chemokine (C-X-C motif) ligand 6 (granulocyte chemotactic protein 2) 
NM_002416 CXCL9 Chemokine (C-X-C motif) ligand 9 
NM_001955 EDN1 Endothelin 1 
NM_182685 EFNA1 Ephrin-A1 
NM_004093 EFNB2 Ephrin-B2 
NM_001963 EGF Epidermal growth factor 
NM_000118 ENG Endoglin 
NM_004444 EPHB4 EPH receptor B4 
NM_004448 ERBB2 V-erb-b2 receptor tyrosine kinase 2 
NM_001993 F3 Coagulation factor III (thromboplastin, tissue factor) 
NM_000800 FGF1 Fibroblast growth factor 1 (acidic) 
NM_002006 FGF2 Fibroblast growth factor 2 (basic) 
NM_000142 FGFR3 Fibroblast growth factor receptor 3 
NM_004469 FIGF C-fos induced growth factor (vascular endothelial growth factor D) 
NM_002019 FLT1 Fms-related tyrosine kinase 1 (VEGFR1) 
NM_002026 FN1 Fibronectin 1 
NM_000601 HGF Hepatocyte growth factor (hepapoietin A; scatter factor) 

NM_001530 HIF1A 
Hypoxia inducible factor 1, alpha subunit (basic helix-loop-helix 
transcription factor) 

NM_006665 HPSE Heparanase 
NM_002165 ID1 Inhibitor of DNA binding 1, dominant negative helix-loop-helix protein 
NM_024013 IFNA1 Interferon, alpha 1 
NM_000619 IFNG Interferon, gamma 
NM_000618 IGF1 Insulin-like growth factor 1 (somatomedin C) 
NM_000576 IL1B Interleukin 1, beta 
NM_000600 IL6 Interleukin 6 (interferon, beta 2) 
NM_000584 IL8 Interleukin 8 
NM_002210 ITGAV Integrin, alpha V (vitronectin receptor, alpha polypeptide, antigen CD51) 
NM_000212 ITGB3 Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 
NM_000214 JAG1 Jagged 1 
NM_002253 KDR Kinase insert domain receptor (a type III receptor tyrosine kinase) 
NM_007015 LECT1 Leukocyte cell derived chemotaxin 1 



NM_000230 LEP Leptin 
NM_002391 MDK Midkine (neurite growth-promoting factor 2) 
NM_004995 MMP14 Matrix metallopeptidase 14 (membrane-inserted) 

NM_004530 MMP2 
Matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type 
IV collagenase) 

NM_004994 MMP9 
Matrix metallopeptidase 9 (gelatinase B, 92kDa gelatinase, 92kDa type 
IV collagenase) 

NM_000603 NOS3 Nitric oxide synthase 3 (endothelial cell) 
NM_004557 NOTCH4 Notch 4 
NM_003873 NRP1 Neuropilin 1 
NM_003872 NRP2 Neuropilin 2 
NM_002607 PDGFA Platelet-derived growth factor alpha polypeptide 
NM_000442 PECAM1 Platelet/endothelial cell adhesion molecule 
NM_002619 PF4 Platelet factor 4 
NM_002632 PGF Placental growth factor 
NM_002658 PLAU Plasminogen activator, urokinase 
NM_000301 PLG Plasminogen 
NM_021935 PROK2 Prokineticin 2 

NM_000962 PTGS1 
Prostaglandin-endoperoxide synthase 1 (prostaglandin G/H synthase 
and cyclooxygenase) 

NM_001400 S1PR1 Sphingosine-1-phosphate receptor 1 

NM_000602 SERPINE1 
Serpin peptidase inhibitor, clade E (nexin, plasminogen activator 
inhibitor type 1), member 1 

NM_002615 SERPINF1 
Serpin peptidase inhibitor, clade F (alpha-2 antiplasmin, pigment 
epithelium derived factor), member 1 

NM_021972 SPHK1 Sphingosine kinase 1 
NM_000459 TEK TEK tyrosine kinase, endothelial 
NM_003236 TGFA Transforming growth factor, alpha 
NM_000660 TGFB1 Transforming growth factor, beta 1 
NM_003238 TGFB2 Transforming growth factor, beta 2 
NM_004612 TGFBR1 Transforming growth factor, beta receptor 1 
NM_003246 THBS1 Thrombospondin 1 
NM_003247 THBS2 Thrombospondin 2 
NM_005424 TIE1 Tyrosine kinase with immunoglobulin-like and EGF-like domains 1 
NM_003254 TIMP1 TIMP metallopeptidase inhibitor 1 
NM_003255 TIMP2 TIMP metallopeptidase inhibitor 2 
NM_000362 TIMP3 TIMP metallopeptidase inhibitor 3 
NM_000594 TNF Tumor necrosis factor 
NM_001953 TYMP Thymidine phosphorylase 
NM_003376 VEGFA Vascular endothelial growth factor A 
NM_003377 VEGFB Vascular endothelial growth factor B 
NM_005429 VEGFC Vascular endothelial growth factor C 

*Human angiogenesis RT² Profiler™ PCR array (Catalog number PAHS-024Z, SABiosciences/Qiagen).     
**NCBI reference sequence database. 



Supplementary Table E2. Cancer stem cell-related genes included in the PCR array* 

Gene Refseq** Symbol Name 

NM_178559 ABCB5 ATP-binding cassette, sub-family B (MDR/TAP), member 5 

NM_004827 ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 

NM_001627 ALCAM Activated leukocyte cell adhesion molecule 

NM_000689 ALDH1A1 Aldehyde dehydrogenase 1 family, member A1 

NM_000051 ATM Ataxia telangiectasia mutated 

NM_000332 ATXN1 Ataxin 1 

NM_001699 AXL AXL receptor tyrosine kinase 

NM_005180 BMI1 BMI1 polycomb ring finger oncogene 

NM_001719 BMP7 Bone morphogenetic protein 7 

NM_013230 CD24 CD24 molecule 

NM_001773 CD34 CD34 molecule 

NM_001775 CD38 CD38 molecule 

NM_000610 CD44 CD44 molecule (Indian blood group) 

NM_001274 CHEK1 CHK1 checkpoint homolog (S. pombe) 

NM_004392 DACH1 Dachshund homolog 1 (Drosophila) 

NM_001954 DDR1 Discoidin domain receptor tyrosine kinase 1 

NM_012242 DKK1 Dickkopf homolog 1 (Xenopus laevis) 

NM_005618 DLL1 Delta-like 1 (Drosophila) 

NM_019074 DLL4 Delta-like 4 (Drosophila) 

NM_001379 DNMT1 DNA (cytosine-5-)-methyltransferase 1 

NM_001963 EGF Epidermal growth factor 

NM_000118 ENG Endoglin 

NM_002354 EPCAM Epithelial cell adhesion molecule 

NM_004448 ERBB2 
V-erb-b2 erythroblastic leukemia viral oncogene homolog 2, 
neuro/glioblastoma derived oncogene homolog (avian) 

NM_000126 ETFA Electron-transfer-flavoprotein, alpha polypeptide 

NM_000141 FGFR2 Fibroblast growth factor receptor 2 

NM_004475 FLOT2 Flotillin 2 

NM_021784 FOXA2 Forkhead box A2 

NM_032682 FOXP1 Forkhead box P1 

NM_003507 FZD7 Frizzled family receptor 7 

NM_002051 GATA3 GATA binding protein 3 

NM_002093 GSK3B Glycogen synthase kinase 3 beta 

NM_004964 HDAC1 Histone deacetylase 1 

NM_002165 ID1 
Inhibitor of DNA binding 1, dominant negative helix-loop-helix 
protein 

NM_001556 IKBKB 
Inhibitor of kappa light polypeptide gene enhancer in B-cells, 
kinase beta 

NM_000584 IL8 Interleukin 8 

NM_002203 ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 

NM_000885 ITGA4 
Integrin, alpha 4 (antigen CD49D, alpha 4 subunit of VLA-4 
receptor) 

NM_000210 ITGA6 Integrin, alpha 6 

NM_002211 ITGB1 
Integrin, beta 1 (fibronectin receptor, beta polypeptide, antigen 
CD29 includes MDF2, MSK12) 

NM_000214 JAG1 Jagged 1 



NM_004972 JAK2 Janus kinase 2 

NM_000222 KIT 
V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene 
homolog 

NM_003994 KITLG KIT ligand 

NM_173484 KLF17 Kruppel-like factor 17 

NM_004235 KLF4 Kruppel-like factor 4 (gut) 

NM_004690 LATS1 LATS, large tumor suppressor, homolog 1 (Drosophila) 

NM_024674 LIN28A Lin-28 homolog A (C. elegans) 

NM_001004317 LIN28B Lin-28 homolog B (C. elegans) 

NM_014757 MAML1 Mastermind-like 1 (Drosophila) 

NM_006343 MERTK C-mer proto-oncogene tyrosine kinase 

NM_021950 MS4A1 Membrane-spanning 4-domains, subfamily A, member 1 

NM_001018016 MUC1 Mucin 1, cell surface associated 

NM_002467 MYC V-myc myelocytomatosis viral oncogene homolog (avian) 

NM_005378 MYCN 
V-myc myelocytomatosis viral related oncogene, 
neuroblastoma derived (avian) 

NM_024865 NANOG Nanog homeobox 

NM_003998 NFKB1 
Nuclear factor of kappa light polypeptide gene enhancer in B-
cells 1 

NM_000625 NOS2 Nitric oxide synthase 2, inducible 

NM_017617 NOTCH1 Notch 1 

NM_024408 NOTCH2 Notch 2 

NM_000442 PECAM1 Platelet/endothelial cell adhesion molecule 

NM_000930 PLAT Plasminogen activator, tissue 

NM_002659 PLAUR Plasminogen activator, urokinase receptor 

NM_002701 POU5F1 POU class 5 homeobox 1 

NM_006017 PROM1 Prominin 1 

NM_000264 PTCH1 Patched 1 

NM_002838 PTPRC Protein tyrosine phosphatase, receptor type, C 

NM_021818 SAV1 Salvador homolog 1 (Drosophila) 

NM_012238 SIRT1 Sirtuin 1 

NM_005631 SMO Smoothened, frizzled family receptor 

NM_005985 SNAI1 Snail homolog 1 (Drosophila) 

NM_003106 SOX2 SRY (sex determining region Y)-box 2 

NM_003150 STAT3 
Signal transducer and activator of transcription 3 (acute-phase 
response factor) 

NM_000116 TAZ Tafazzin 

NM_004612 TGFBR1 Transforming growth factor, beta receptor 1 

NM_006288 THY1 Thy-1 cell surface antigen 

NM_000474 TWIST1 Twist homolog 1 (Drosophila) 

NM_057179 TWIST2 Twist homolog 2 (Drosophila) 

NM_003390 WEE1 WEE1 homolog (S. pombe) 

NM_005430 WNT1 Wingless-type MMTV integration site family, member 1 

NM_015238 WWC1 WW and C2 domain containing 1 

NM_006106 YAP1 Yes-associated protein 1 

NM_030751 ZEB1 Zinc finger E-box binding homeobox 1 

NM_014795 ZEB2 Zinc finger E-box binding homeobox 2 

*Human cancer stem cells RT² Profiler™ PCR array (Catalog number PAHS-176Z, SABiosciences/Qiagen). 
**NCBI reference sequence database. 



Supplementary Figure E1 

 

 

 

Supplementary Fig. E1. ve and the tumor microenvironment. Median ve versus tumor volume (A), 

MVD (B), and HFPim (C) for untreated and bevacizumab-treated BK-12 and HL-16 tumors. Points, 

single tumors. 

 




