
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Collective cancer cell invasion in vivo: 
function of β1 and β3 integrins in perivascular invasion and 

resistance to therapy 
 
 

Kollektive Tumorzellinvasion in vivo: Funktion von β1 und β3 Integrinen 
in perivaskulärer Invasion und Therapieresistenz 

 
 
 
 
 

Doctoral thesis for a doctoral degree 
at the Graduate School of Life Sciences, 
Julius-Maximilians-Universität Würzburg, 

Section Biomedicine 
 
 

submitted by 
 

Stephanie Alexander 
 

from 
 

Cottbus 
 
 
 
 
 
 

Würzburg, 2010 



 2

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Submitted on:   April 30, 2010 

Members of the Promotionskomitee: 

Chairperson: Prof. Ulrike Holzgrabe  

Primary Supervisor: Prof. Peter Friedl 

Supervisor (Second):  Prof. Manfred Schartl 

Supervisor (Third):  Prof. Helga Stopper 

Date of Public Defence: …………………………………………….…………  

Date of Receipt of Certificates: ……………………………………………….  



 3

TABLE OF CONTENTS  Page 

 

1  ABSTRACT/ZUSAMMENFASSUNG   7/8 

 

2  INTRODUCTION   9 

2.1  Invasion of cancer    9 

2.1.1  Principles of cancer cell invasion   10 

2.1.1.1  Individual cell migration   10 

2.1.1.2  Collective cell migration in morphogenesis and regeneration   11 

2.1.1.3  Collective migration and invasion of cancer   13 

2.1.1.4  Plasticity of tumor cell migration   14 

2.1.2  Molecules involved in migration and invasion   15 

2.1.2.1  Cell adhesion molecules   15 

2.1.2.2  Matrix degradation   17 

2.1.2.3  Pro-migratory signaling   18 

2.1.2.4  Cell-cell adhesion molecules   19 

2.2  Models of cancer cell invasion   20 

2.2.1  Experimental models to investigate migration and invasion   20 

2.2.1.1  In vitro models    20 

2.2.1.2  Interstitial in vivo models   22 

2.2.2  Biological models   24 

2.2.2.1  Fibrosarcoma   25 

2.2.2.2  Melanoma   26 

2.3  Microscopical techniques to study invasion in vivo   27 

2.4  Purpose of the study   29 

 

3  RESULTS   30 

3.1  Advantages of near-infrared and infrared multiphoton microscopy 

  for intravital imaging   30 

3.1.1  Two-photon excitation and emission spectra of red dyes and 

  fluorescent proteins   30 

3.1.2  Photobleaching and photodamage   31 

3.1.3  Deep tissue imaging   32 

3.2  Establishment of a modified orthotopic intradermal tumor xenograft 

  model to monitor in vivo growth and invasion   33 

3.2.1  Modification of the dorsal skinfold chamber towards a 3D environment   34 

3.2.2  Kinetics of tumor growth   35 

3.2.3  Kinetics of mitosis and apoptosis    36 

3.2.4  Temperature dependence of intradermal tumor models   37 



 4

3.3  Efficient and diverse fibrosarcoma invasion in vivo   38 

3.3.1  Diversity of invasion modes   38 

3.3.2  Visualizing the tumor-stroma interface and guidance structures of 

  invasion   39 

3.3.2.1  Collagen, muscle strands and fat tissue   39 

3.3.2.2  Lymphatic Vessels   39 

3.3.2.3  Blood Vessels   40 

3.3.3  Invasive growth   41 

3.3.3.1  Invasion efficiency   41 

3.3.3.2  Components of invasive growth   42 

3.3.4  Collective invasion in human fibrosarcoma   44 

3.4  Growth and invasion of orthotopic melanoma models   44 

3.4.1  Growth of orthotopic melanoma lesions   45 

3.4.2   Pigment-induced phototoxicity in B16/F10 lesions 

  – limitations for multiphoton microscopy   46 

3.4.3.  Invasion pattern   46 

3.4.4  Invasive growth of melanoma   48 

3.5  Collective invasion: a radioresistance niche   49 

3.5.1  Radiation therapy: Heterogeneity of response   49 

3.5.1.1  Heterogenous response rate to irradiation   49 

3.5.1.2  Heterogeneity between mitosis and apoptosis   50 

3.5.1.3  Heterogeneity between main mass and invasion strands   51 

3.5.2  Radioresistance of human melanoma (MV3)   53 

3.6  Molecular mechanisms of collective invasion and radioresistance   54 

3.6.1   Radioresistance despite chemotherapy (doxorubicin)   54 

3.6.2  Epidermal growth factor   56 

3.6.3  Integrins   57 

3.6.3.1  Establishment of stable knockdown cell lines   58 

3.6.3.1.1 Knock down of β1 integrin   58 

3.6.3.1.2  Double knockdown of β1 and β3 integrin   59 

3.6.3.2   In vitro characterization of β1RNAi and β1/β3RNAi cells   60 

3.6.3.3  Role of β1 and β3 integrin in tumor progression in vivo   61 

3.6.3.3.1 Tumor growth   61 

3.6.3.3.2 Role of β1 and β3 integrins in collective invasion    63 

3.6.3.4  Prevention of radioresistance by β1 and β3 integrin knockdown   64 



 5

4  DISCUSSION   67 

4.1  Improved tissue penetration and imaging of red dyes using IR-MPM   67 

4.2  Impact of the implantation site and maintenance temperature on 

  biology of tumor lesions (dorsal skinfold chamber)   68 

4.3  Collective cancer invasion in fibrosarcoma and melanoma: 

  principles, guidance and plasticity    69 

4.3.1  Diversity of invasion in vivo: Collective invasion is predominant in 

fibrosarcoma and melanoma lesions   70 

4.3.2  Components of invasive growth in vivo   71 

4.3.3  Guidance and mechanisms of migration   72 

4.3.3.1  Path of least resistance   73 

4.3.3.2  Contact guidance   74 

  a) Structural components 

  b) Cellular components 

4.3.3.3  Chemotaxis and microenvironmental factors   75 

4.3.4 Match of preclinical mouse model with human disease: similarities 

 and differences   76 

4.4     Microenvironmental control of altered biology in collective invasion  

 strands: identification of a resistance niche   77 

4.4.1 Altered tumor microenvironment   77 

4.4.2 Altered biology of tumor cells    78 

4.4.2.1 Radiation and chemoresistance   78 

4.4.2.2  Importance of β1 and β3 integrins in vivo: pro-survival rather than 

  pro-invasion functions   80 

4.4.2.3  β1 and β3 integrin mediating radioresistance   81 

4.5  Implications for human therapy: be aware of the invasive niche!   82 

4.5.1  Deep tissue invasion: a matter of resection margins   82 

4.5.2  Anti-angiogenic therapy: no matter regarding early invasion   83 

4.5.3  Radio- and chemotherapy: a matter of tumor-compartment   83 

4.5.4   Multimodal therapy: Key to success!   84 

4.6  Concluding remarks   86 

 

5  MATERIAL & METHODS   87 

5.1   Antibodies, Pharmaceuticals, Inhibitors   87 

5.2  Cells and cell culture   88 

5.3  Generation of stable knockdown cell lines by lentiviral shRNA   88 

5.4  In vitro assays for proliferation, migration and protein expression   89 

5.4.1  Cell proliferation   89 

5.4.2  Cell migration assays   89 



 6

5.4.3  Flow cytometry   89 

5.4.4  Protein gelelectrophoreses and Western Blot   90 

5.5  Dorsal skinfold chamber (DSFC) model   90 

5.6  Histochemistry   91 

5.6.1  Dorsal skinfold chamber skin   91 

5.6.2  Human primary fibrosarcoma samples (carried out by Uta Flucke)   91 

5.7  Bright-field time-lapse videomicroscopy   92 

5.8  Confocal microscopy   92 

5.9  Near-infrared and infrared multiphoton microscopy (NIR- and IR-MPM)   92 

5.9.1  Microscope components   92 

5.9.2  Spectroscopy   93 

5.9.3  Time-lapse microscopy of photobleaching, photodamage and migration   93 

5.9.4  Intravital microscopy   94 

5.10  Image analysis   94 

5.11  Statistical analysis   94 

 

6  REFERENCES   95 

 

7  APPENDIX   106 

  Abbreviations   106 

  Movie legend   108 

  List of figures   109 

  List of tables   110 

  Acknowledgement   111 

  Curriculum vitae including list of publications   112 

 Affidavit    115 

 CD-ROM with movies 



 7

1 ABSTRACT 

 

Pro-migratory signals mediated by the tumor microenvironment contribute to the cancer 

progression cascade, including invasion, metastasis and resistance to therapy. Derived 

from in vitro studies, isolated molecular steps of cancer invasion programs have been 

identified but their integration into the tumor microenvironment and suitability as 

molecular targets remain elusive. The purpose of the study was to visualize central 

aspects of tumor progression, including proliferation, survival and invasion by real-time 

intravital microscopy. The specific aims were to monitor the kinetics, mode, adhesion and 

chemoattraction mechanisms of tumor cell invasion, the involved guidance structures, 

and the response of invasion zones to anti-cancer therapy. To reach deeper tumor 

regions by optical imaging with subcellular resolution, near-infrared and infrared excited 

multiphoton microscopy was combined with a modified dorsal skinfold chamber model. 

Implanted HT-1080 fibrosarcoma and B16/F10 and MV3 melanoma tumors developed 

zones of invasive growth consisting of collective invasion strands that retained cell-cell 

contacts and high mitotic activity while invading at velocities of up to 200 µm per day. 

Collective invasion occurred predominantly along preexisting tissue structures, including 

blood and lymph vessels, collagen fibers and muscle strands of the deep dermis, and was 

thereby insensitive to RNAi based knockdown and/or antibody-based treatment against 

β1 and β3 integrins, chemokine (SDF-1/CXCL12) and growth factor (EGF) signaling. 

Therapeutic hypofractionated irradiation induced partial to complete regression of the 

tumor main mass, yet failed to eradicate the collective invasion strands, suggesting a 

microenvironmentally privileged niche. Whereas no radiosensitization was achieved by 

interference with EGFR or doxorubicin, the simultaneous inhibition of β1 and β3 integrins 

impaired cell proliferation and survival in spontaneously growing tumors and strongly 

enhanced the radiation response up to complete eradication of both main tumor and 

invasion strands. In conclusion, collective invasion in vivo is a robust process which 

follows preexisting tissue structures and is mainly independent of established adhesion 

and chemoattractant signaling. Due to its altered biological response to irradiation, 

collective invasion strands represent a microenvironmentally controlled and clinically 

relevant resistance niche to therapy. Therefore supportive regimens, such as anoikis-

induction by anti-integrin therapy, may serve to enhance radio- and chemoefficacy and 

complement classical treatment regimens. 
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ZUSAMMENFASSUNG  

 

Die Progression von Tumorerkrankungen, einschließlich Tumorinvasion, Metastasierung 

und Therapieresistenz wird unter anderem durch migrationsfördernde Signale aus der 

Tumorumgebung vermittelt. Zur bisherigen Aufklärung einzelner Schritte des 

Tumorinvasions- und Progressionsprogramms trugen dabei wesentlich In-vitro-Studien 

bei, jedoch erfordert die Darstellung der Relevanz molekularer Zielstrukturen und deren 

Funktion im Tumormikromilieu die Validierung in geeigneten In-vivo-Tumormodellen. Ziel 

dieser Studie war, zelluläre und molekulare Mechanismen der Tumorprogression inklusive 

Proliferation, Überleben und Invasion mittels Echtzeit-Intravitalmikroskopie darzustellen. 

Untersucht wurden insbesondere die Kinetik und Arten der Tumorzellinvasion, die 

zugrunde liegenden Adhäsionswege und pro-migratorischen Signale (EGF, SDF-1), 

beteiligte Leitstrukturen des Tumorstromas, und Strategien, therapeutisch gegen 

Invasionszonen vorzugehen. Um tiefe Tumorareale mittels subzellulär aufgelöster 

optischer Bildgebung zu erreichen, wurde nah-infrarote und infrarote 

Multiphotonenmikroskopie mit einem modifizierten Rückenkammermodell kombiniert. 

Orthotope Xeno- und Allotransplantate von HT-1080-Fibrosarkom- und B16/F10- oder 

MV3-Melanomzellen entwickelten dabei ausgeprägte invasive Wachstumszonen 

bestehend aus kollektiven Invasionssträngen mit intakten Zell-Zell-Kontakten und 

zeitgleicher Mitoseaktivität, die Geschwindigkeiten von bis zu 200 µm pro Tag erreichten. 

Diese kollektive Invasion orientierte sich bevorzugt entlang von Funktionsstrukturen der 

tiefen Dermis wie Blut- und Lymphgefäßen, Kollagenfasern und Muskelsträngen. RNAi-

basierende Herrunterregulation und/oder Injektion blockierender Antikörper gegen β1 

und β3 Integrine, wie auch Inhibition von EGF führten nur zu minimaler Änderung der 

Invasionseffizienz. Therapeutische hypofraktionierte Bestrahlung induzierte partielle bis 

komplette Regression der Tumorhauptmasse, nicht jedoch der kollektiven 

Invasionsstränge, was auf eine kombinierte Invasions- und Resistenznische hinweist. 

Weder Doxorubicin noch gegen EGFR gerichtete Antikörper steigerten die 

Radiosensitivität, jedoch führte die simultane Inhibition von β1 und β3 Integrinen zu 

einer starken Hemmung von Proliferation und Überleben spontan wachsender Tumoren 

(Anoikis) und verstärkte die Strahlungssensitivität bis hin zum kompletten Verschwinden 

von sowohl Tumorhauptmasse wie auch Invasionsträngen. Kollektive Invasion ist somit 

ein wichtiger Invasionsmodus, der sich an vorbestehenden Gewebsstrukturen orientiert 

und unabhängig von Integrinen und EGF- und SDF-1-Signalen erfolgt. Die kollektiven 

Stränge entwickeln dabei eine vom Haupttumor verschiedene biologische Reaktion auf 

Bestrahlung und entsprechen damit einer durch die Mikroumgebung kontrollierten und 

von Integrinsignalen abhängenden Resistenznische. Somit könnte eine zusätzliche anti-

Integrin-Therapie die Effizienz von Bestrahlung und Chemotherapie erhöhen und 

klassische Behandlungsschemen/-programme ergänzen. 
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2 INTRODUCTION 

 

Migration and invasion are essential processes for cells to change their position during 

embryonic development, wound healing, and immune response, as well as, 

pathologically, during cancer cell invasion and metastasis. The invasive and metastatic 

potential of tumors is thereby of central importance for prognosis of affected patients. 

Although many research studies are concerned with the molecular mechanisms 

underlying invasion, the invasive process in vivo and its interdependence with the tumor 

microenvironment are poorly understood. To date orthotopic tumor models in small 

animals that reflect pathogenesis of tumors in all its aspects and especially invasion 

processes are still rare and often poorly validated towards human tumor disease. 

 

2.1 Invasion of cancer   

 

To spread within tissues, tumor cells utilize migration mechanisms similar or identical to 

those used by normal, non-neoplastic cells during physiological processes like embryonic 

development, angiogenesis, wound healing, and immune response. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Cell morphologies and nomenclature of migration modes. The nomenclature of interstitial migration modes is 
based on typical cell morphology (rounded or spindle-shaped) and pattern (individual, loosely connected, or collective). 
Each migration mode is dependent on a set of molecular mechanisms, the regulation of which can change the style of 
migration. Most widely studied examples for alterations of migration mode are the mesenchymal-to-amoeboid transition or 
the collective-to-individual transition. Arrows in morphology schemes, direction of migration. Arrows in between migration 
modes, described transitions. Taken from Friedl P & Wolf K, 20101.

Migration
mode

Morphology

Amoeboid
(blebby)

Amoeboid
(pseudopodal,

filopodal)

Mesenchymal

Multicellular
streaming

Collective

Migration
mode

Morphology

Amoeboid
(blebby)

Amoeboid
(pseudopodal,

filopodal)

Mesenchymal

Multicellular
streaming

Collective



 10

2.1.1 Principles of cancer cell invasion 

 

In vitro and in vivo studies have shown that tumor cells invade the surrounding tissue in 

diverse patterns. They can disseminate as individual cells – amoeboid or mesenchymal, 

or expand in solid multicellular strands, sheets, files or clusters, termed collective 

migration (Fig. 1)1-3. 

Whereas prerequisites and mechanisms of single-cell cancer migration are well studied, 

collective invasion is less understood and its investigation is increasingly difficult based 

on the underlying biological complexity and technical demands on migration models. 

 

2.1.1.1 Individual cell migration 

 

In solid tumors, individual motile tumor cells originate from the interstitial stroma or 

from a multicellular compartment, such as epithelium. After loosening their cell contacts, 

individual cells detach and migrate through the adjacent connective tissue4. Based on cell 

type, integrin engagement, cytoskeletal structure and protease production, single-cell 

migration can occur in different morphological variants: 

 

Mesenchymal movement. Mesenchymal cells move via a five-step migration 

cycle2: (1) actin-driven protusion of the leading edge, (2) cell-matrix interaction and 

formation of focal contacts, (3) recruitment of surface proteases to extracellular matrix 

(ECM) contacts and focalized proteolysis, (4) cell contraction by actomyosin, and (5) 

detachment of the trailing edge. Further, they appear fibroblast-like spindle-shaped (Fig. 

1) and are dependent on integrin-mediated adhesion dynamics2,5,6. Mesenchymal 

movement is predominantly found in cells from connective tissue tumors, such as 

fibrosarcoma7 or melanoma8, in epithelial cancers following progressive 

dedifferentiation9, or in gliomas6. 

Amoeboid migration. The characteristics of this movement have been established 

through studies of the single cell amoeba, Dictyostelium discoideum10 and the underlying 

molecular mechanisms are varying, but generally include weak adhesion to the ECM and 

physical adaptation to preformed matrix structures, extension of lateral footholds11,12, 

and the formation of constriction rings at regions of narrow space13,14 (Fig. 1). Such 

shape-driven migration allows cells to circumnavigate, rather than degrade, their ECM 

barriers. These cells are highly deformable, due to their lack of focal contacts, allowing 

them to move at 10– to 30-fold higher velocities than cells that use mesenchymal 

migration mechanisms13-15. In higher eukaryotes, signs of amoeboid movement are 

retained in leukocytes and some tumor cells10,16-18. Amoeboid migration has been shown 

for lymphoma and myeloic leukaemia cells 19, carcinoma cells from kidney and lung20,21, 

but also for fibrosarcoma cells after protease blockade14. 
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Cell streams and chains. Individual cells can form cell streams and chains (Fig. 1) 

so they move behind each other along tracks of remodeled ECM, and lack stringent cell–

cell junctions but rather maintain repetitive tip-like loose interactions22,23. This type of 

movement is known from neural crest cell23,24 and myoblast migration25. These chains 

have been further observed in infiltrating lobular or metaplastic breast carcinoma26,27, 

ovarian cancer28, and melanoma of a vascular-type pattern22,29. The arrangement of 

invading tumor cells in chains seems to represent a particularly effective penetration 

mechanism that confers high metastatic capacity and poor prognosis26,29. 

 

2.1.1.2 Collective cell migration in morphogenesis and regeneration 

 

Collective migration differs from single cell migration since cells remain tightly connected 

during movement*, which results in migrating cohorts and varying degrees of tissue 

organization30-32. Collective migration of cohesive cell groups in vivo is particularly 

prevalent during morphogenesis, but also regeneration, and drives the formation of 

many complex tissues and organs. A similar collective behavior, known as invasion, is 

displayed by many invasive cancer types3. 

Typically collective cell migration is characterized by33: (1) physical and functional 

connections between cells during the migration process to preserve integrity of cell–cell 

junctions, including desmosomal junctions, tight junctions and, likely, gap 

junctions31,34,35, (2) generation of traction and protusion force for migration and 

maintenance of cell-cell junctions by multicellular polarity and ‘supracellular’ organization 

of the actin cytoskeleton, and (3) modification of tissue along the migration path, either 

by clearing the track or by causing secondary ECM modification, including the deposition 

of a basement membrane (BM)33,36. 

 

Based on morphogenetic studies different types of collective invasion can be 

distinguished (Fig. 2)3. 

Cell sheets. Cell sheet formation and migration as monolayer is known from 

keratinocyte movement during wound closure37 (Fig. 2a). In epithelial and endothelial 

sheets cells are connected among each other via respective E- and VE-cadherin. Hereby 

actin-rich pseudo- and lamellipodia tentatively guide invasion and cells interact via 

integrins with ECM components like collagen, fibrin and BM molecules. In addition, 

growth factors secreted by stromal cells are involved in guidance (fibroblast growth 

factor (FGF), keratinocyte growth factor (KGF), transforming growth factor β (TGFβ)). 

                                                 
* Cell streaming or single cell migration coordinated by chemokines, eventually defined as collective migration32 
are here not included as these migration types rather base on single cell migration principles than on migration 
of many cells connected to a bigger, complex functional unit. 
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Collective invasion with lumen formation and tip cell. In vascular sprouting of 

newly forming or regenerating vessels (Fig. 2c) a tip cell with filopodial protrusions leads 

the migration of a multicellular stalk of endothelial cells, which are connected by VE-

cadherin at cell–cell junctions and successively form an inner lumen38. Tip and stalk cell 

fate are determined by differential response to extracellular gradients of vascular 

endothelial growth factor (VEGF) isoforms and the Notch-Delta axis38. During migration 

BM components are deposited by both endothelial cells and pericytes and serve as a 

guidance track. Further, tracheal branching morphogenesis is characterized by formation 

of pseudo- and filopodia generating tip cells induced by FGF expression of surrounding 

cells39. High levels of FGF signaling in tip cells additionally increase the expression of the 

Notch ligand Delta, which, in turn, silences actin dynamics in neighboring stalk cells by 

rendering them less responsive to the FGF signal40. 

Collective migration with lumen formation without tip cells. Branching 

morphogenesis of terminal end buds during breast development is characterized by a 

collective migration of epithelial cells in coordination with myoepithelial cells jacketing 

and stabilizing the bud shaft (Fig. 2b)41. Whereas myoepithelial cells are more loosely 

connected and migrate along the abluminal surface of ductal epithelial cells, the junctions 

between luminal cells are tight and baso-apical polarity is maintained during sprouting41. 

The extending bud tip forms a blunt-shaped multilayered bulb in which luminal epithelial 

cells remain laterally connected by E-cadherin but frequently exchange positions41. 

Because defined tip-cell and actin-based cell protrusions are lacking, terminal end bud 

protrusion could be the consequence of a pushing, rather than a pulling mechanism. 

After proteases released from stromal cells and probably also by the bud cells locally 

degrade the preexisting ECM42, secondary remodeling leads to deposition of a BM around 

the duct by both ductal and myoepithelial cells42. Mammary gland sprouting and 

branching are dependent on FGF receptor 2 (FGFR2)43, similar to tracheal branching.  

Collective migration of cell clusters. (a) The primordium of the zebrafish lateral 

line organ is a cohesive cohort composed over 100 cells that migrate along the flank of 

the embryo and become assembled into a series of connected epithelial rosette-like 

mechanosensory organs44. Molecules that ensure coordinated cell movements are still 

elusive, but intravital imaging revealed that during migration not exclusively tip cells 

form filo- and pseudopods, but cytoplasmic processes are also found at cells migrating at 

the side of the primordium, indicating that many cells respond directly to extrinsic 

guidance cues45. The directional persistence of the group is determined by the stromal 

cell-derived factor 1 (SDF-1/CXCL12) - CXCR4 signaling axis46. Whereas all cells express 

CXCR4, only cells at the leading tip need to activate this receptor to direct the entire 

group45. (b) Border cells form a tightly packed cluster of six to ten follicle cells 

surrounding two less motile polar cells during oogenesis in D. melanogaster, which 

migrate together along nurse cells in the egg chamber31,47 (Fig. 2e). Border cells 
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generate anterior Rac-dependent actin-rich protrusions in one or two leading cells48, and 

are connected via E-adherin with surrounding nurse cells49. The directional migration of 

the border cell cluster occurs along epidermal growth factor (EGF), PVF1 (platelet-derived 

growth factor- and VEGF-related factor 1) and PVF2 gradients50. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.1.3 Collective migration and invasion of cancer 

 

As time-resolved studies of cancer invasion in vivo are difficult to proceed, less is known 

about the frequency and mechanisms of collective invasion of cancer and most 

observations are indirect. These few findings result from histopathological analyses, 

tissue explants, and two- (2D) and three-dimensional (3D) in vitro culture experiments, 

yet direct in vivo evidence is lacking. When explanted into a 3D environment, many 

cancers including rhabdomyosarcoma, oral squamous cell carcinoma, colorectal 

carcinoma and melanoma exhibit predominantly collective cell invasion and form 

migrating multicellular strands and clusters35,51-53 (Fig. 2d, f). Likewise, cell lines from 

Figure 2. Types and variants of collective cell migration. Cell morphology and cell–cell and cell–extracellular matrix 
(ECM) adhesion in different forms of collective migration. Adapted from Friedl P & Gilmour D, 20093. 
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melanoma, colorectal carcinoma, breast cancer, fibrosarcoma and endometrial carcinoma 

move as 2D sheets or as 3D strands (Fig. 2d) in scratch wound54-56 or spheroid-invasion 

cultures14, respectively (O. Iliyna, K. Wolf, A. Khalil, P. Friedl personal communication 

and own unpublished observations). In fixed histopathological samples, most epithelial 

cancers display the hallmarks of collective invasion into surrounding tissues, including 

intact cell–cell junctions, expression of cadherins and/or expression of other homophilic 

cell–cell adhesion receptors in tumor regions deep inside the normal stroma35,57. 

Likewise, in some invasive cancer types such as melanoma58, breast59, pancreas60 or oral 

carcinoma61 cell-cell coupling and multicellular organization are likely retained, suggested 

by detected cell-cell adhesion and gap junctional proteins62. Moreover, in vitro studies 

investigating fibrosarcoma strand and colorectal sheet invasion highlight the importance 

of ECM remodeling by matrix metalloproteinases especially MT1-MMP14,63. 

Comparison of types and mechanisms of collective cancer cell invasion discovered so far 

to morphogenetic or regenerative collective processes suggests that cancer cells are 

mimicking and reactivating embryonic pathways and patterns of cell movement3. 

 

2.1.1.4 Plasticity of tumor cell migration 

 

Although many cell types prefer a certain type of migration, cells can also adapt their 

migration mode to changed microenvironments and/or changed or impaired protein 

expression1 (Figs. 1, 3). 

One of the best described transitions from one to the other migration type is epithelial-

to-mesenchymal transition (EMT). EMT is involved in many developmental processes and 

in invasive cancers like breast, colorectal or ovarian carcinoma4,34, and includes 

downregulation of epithelial markers, mainly the loss of E-cadherin, and the upregulation 

of motility and invasiveness increasing molecules like proteases4,34. Currently, also the 

reverse transition MET (mesenchymal-to-epithelial) is discussed in the process of 

metastasis seeding of breast cancer64 or during progression of mesenchymal tumors e.g. 

synovial carcinomas65. In vitro a collective-to-amoeboid transition can be observed when 

integrin or protease blockade induce disintegration of collective strands or clusters 

resulting in individual, amoeboid migrating cells14,52. Conversely, if individually moving 

cells up-regulate cell–cell adhesion molecules, then cell aggregation leads to individual-

to-collective transition4. Mesenchymal-to-amoeboid transition is mainly caused by an 

inhibition or downregulation of Rac and a stimulation or upreguation of Rho/ROCK 

signaling66 and can be further provoked by blockade of pericellular proteolysis7. 
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Various factors regarding the cell itself or its environment influence the migration 

pattern1 (Fig. 3). Cell intrinsic factors influenced by protein expression are (1) strength of 

cell-cell contacts, (2) expression of adhesion molecules, (3) cytoskeletal contractility, (4) 

generated traction force, and (5) proteolytic capacity1. Environmental factors include (1) 

matrix density, whereby migration is fastest if ECM gaps match cell size11,67; (2) stiffness 

or matrix rigidity – cells tend to migrate towards the substrate of greater stiffness, 

termed durotaxis68; and (3) orientation of ECM molecules - alignment of ECM molecules 

favors multicellular streaming in chainlike patterns in 3D tissue1. 

 

2.1.2 Molecules involved in migration and invasion 

 

2.1.2.1 Cell adhesion molecules 

 

The integrin superfamily and its members are the most important receptors for adhesion 

to the ECM and affect thereby all migration modes. Besides ECM substrates also cell 

surface and soluble ligands can be bound69 (Table 1). Integrins form αβ heterodimers 

integrated into the cell membrane whereby both chains are required for ligand-binding 

and cytoplasmic coupling to the actin cytoskeleton. To date 18 α and 8 β subunits are 

known in humans that form 24 heterodimers. 

The major receptors for fibrillar collagen are α2β1, for laminin α3β1 and α6β1, for 

fibronectin αVβ3 and αVβ5 (Table 1). Integrin signaling is bidirectional; intracellular 

signals influence integrin binding activity to the ECM (inside-out-signaling) and integrin 

binding to ECM molecules transmit signals into the cell (outside-in-signaling)70. The 

binding is reversible and calcium dependent, and results in coupling to the actin 

cytoskeleton and further signaling molecules (PI3K/Akt, JNK/Jun, or Ras/Raf/MEK/Erk) 

via adaptor proteins, including talin, paxillin, α-actinin or focal adhesion kinase (FAK)71. 

The accumulation and clustering of integrins, cytoskeletal and signaling proteins is called 

Figure 3. The tuning model of cell migration. An integrated multiscale model to combine multiple interdependent 
parameters that impact migration mode. Each parameter is experimentally testable individually; however, in most cases 
they are interconnected with others. Approximated parameter profiles of selected migration modes are indicated (coloured 
lines). Modulation by increasing or decreasing the magnitude of any parameter may impact the resulting migration mode as 
well as the input strength of co-regulated parameters. Adapted from Friedl P & Wolf K, 20101.
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focal adhesion or contact2. After the initial formation of focal adhesions, ECM contacts 

and adhesion can be stabilized and strengthened by stress fibers consisting of 

polymerized actin (F-actin). If the cell is in a migrating state, dynamic extensions like 

filopodia and lamellipodia are formed at the leading edge. The polymerization and 

contraction of F-actin networks is controlled by small GTPases of the Rho-family. 

Whereas Rho supports increasing adhesion by induction of focal adhesion and stress fiber 

formation72, Cdc42 and Rac induce filo- and lamellipodia formation, respectively, which 

favor cell migration73,74. The same events occur cyclically during cell migration as cells 

extend lamellipodia and form focal adhesions to derive the traction necessary for 

movement. Integrins are of major importance in the adhesion process on 2D substrata, 

but 3D culture and in vivo studies have delivered controversial results. Studies showed 

that e.g. α2β1 and αVβ3 integrin can support invasion in melanoma75 or ovarian cancer76, 

respectively, however, also impede invasion in breast carcinoma cells77 or melanoma78, 

respectively. 

 
Table 1. Ligand-binding specificities of human integrins. Adapted from Takada Y et al. 200769. 

Integrins Ligands 

α1β1 Laminin, collagen 

α2β1 Laminin, collagen, thrombospondin, tenascin 

α3β1 Laminin, thrombospondin, uPAR 

α4β1 Thrombospondin, MAdCAM-1, VCAM-1, fibronectin, osteopontin, ADAM, ICAM-4 

α5β1 Fibronectin, osteopontin, fibrillin, thrombospondin, ADAM, COMP, L1 

α6β1 Laminin, thrombospondin, ADAM, Cyr61 

α7β1 Laminin 

α8β1 Tenascin, fibronectin, osteopontin, vitronectin, nephronectin 

α9β1 Tenascin, VCAM-1, osteopontin, uPAR, plasmin, angiostatin, ADAM, VEGF-C, VEGF-D 

α10β1 Laminin, collagen 

α11β1 Collagen 

αVβ1 Fibronectin, osteopontin, L1 

αLβ2 ICAM, ICAM-4 

αMβ2 ICAM, iC3b, factor X, fibrinogen, ICAM-4, heparin 

αXβ2 ICAM, iC3b, fibrinogen, ICAM-4, heparin, collagen 

αDβ2 ICAM, VCAM-1, fibrinogen, fibronectin, vitronectin, Cyr61, plasminogen 

αIIbβ3 Fibrinogen, thrombospondin, , fibronectin, vitronectin, vWF, Cyr61, ICAM-4, L1, CD40 ligand 

αVβ3 Fibrinogen, vitronectin, vWF, thrombospondin, fibrillin, tenascin, PECAM-1, fibronectin, osteopontin, 

BSP, MFG-E8, ADAM-15, COMP, Cyr61, ICAM-4, MMP, FGF-2, uPA, uPAR, L1, angiostatin,  

plasmin, cardiotoxin, Del-1 

α6β4 Laiminin 

αVβ5 Osteopontin, BSP, vitronectin, CCN3 

αVβ6 Fibronectin, osteopontin, ADAM 

α4β7 MAdCAM-1, VCAM-1, fibronectin, osteopontin 

αEβ7 E-cadherin 

Not otherwise used abbreviations: ADAM, a disintegrin and metalloprotease; BSP, bone sialic protein; CCN3, 
an extracellular matrix protein; COMP, cartilage oligomeric matrix protein; Cyr61, cysteine-rich protein 61; L1, 
CD171; iC3b, inactivated complement component 3; PECAM-1, platelet and endothelial cell adhesion 
molecule 1; uPA, urokinase; uPAR, urokinase receptor; VEGF, vascular endothelial growth factor; vWF, von 
Willebrand Factor. 
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In addition to their well-established role in migration and invasion, integrins also regulate 

proliferation and survival71. Integrin binding to receptors controls the expression of key 

cell cycle proteins, including cyclin D179 and the cyclin-dependent kinase inhibitor family, 

which regulate entry into the S-phase of the cell cycle80. Moreover, ligated integrins 

prevent pro-apoptotic signaling cascades initiated by integrin-mediated death/anoikis 

(cell death induced by inadequate or inappropriate cell-matrix interactions)81, and 

increase survival signaling by upregulation of anti-apoptotic proteins and p53 

inactivation, as well as activation of the PI3K/Akt pathway and NF-κB signaling71,82. 

 

Other, non-integrin adhesion molecules are CD44, mediating binding to hyaluronic acids 

and, at lower affinity, to chondroitin sulfate, heparan sulfate, fibronectin, and 

osteopontin8, discoidin domain receptors (DDR1 and 2) binding to collagen83, and surface 

proteoglycans forming complexes with other proteoglycans, hyaluronans and fibrous 

matrix proteins such as collagen of the ECM.  

 

2.1.2.2 Matrix degradation 

 

The engagement of integrins and other adhesion receptors leads to the recruitment of 

surface proteases towards attachment sites, which, in turn, degrade ECM components 

that are in close proximity to the cell surface. Besides serine, cysteine and aspartatic 

proteases, the family of matrix metalloproteinases (MMPs) strongly contributes to cell 

migration in general. MMPs are either secreted as soluble proteases or transmembrane 

proteases which together degrade diverse substrates including virtually all structural 

extracellular matrix proteins84. Proteases can directly bind to integrins e.g. membrane-

type MMP-1 (MT1-MMP), an important collagenase, and MMP2 co-localize with β1 or β3 

integrins as they adhere to collagen fibers7,85,86. ECM degradation occurs while the 

advancing cell body gains volume towards the ECM scaffold and is likely to provide the 

space required for cell expansion and migration, leaving behind tube-like matrix defects 

along the migration track that can be used by following single cells or associated cell 

collectives14,22,87. 

The requirement for proteases during cancer progression is controversially discussed. The 

upregulation of MMPs, uPA and cathepsins is a uniform process in many different cancer 

cell types, and has been positively correlated with tumor progression and metastasis88,89. 

So far, studies of protease influence are mainly performed on in vitro migration 

processes14,90 or the metastatic potential after orthotopic implantation91,92. In this context 

it could be shown that interference with MMPs can affect the invasive potential of tumor 

cells dramatically. Dependent on the density of the ECM inhibition of MT1-MMP results in 

mesenchymal-to-amoeboid transition7,93 or complete migration arrest94. In vivo, the 

direct influence of proteases invasion is elusive, but for instance the metastatic efficiency 
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is not diminished by protease inhibitors in breast95, oesophageal and ovarian carcinoma 

models96. Clinical trials on MMP inhibitors in late-stage cancer patients have yielded an 

inconsistent outcome — in some cases, significant progression occurs despite treatment, 

so that the clinical relevance of matrix proteases in cancer metastasis awaits direct 

proof97.  

 

2.1.2.3 Pro-migratory signaling 

 

Besides the intrinsic ability of a cell to migrate, the microenvironment plays a 

fundamental role in cell migration. Cell invasion can be initialized and guided by signals 

provided by stromal cells and mechanisms known from morphogenetic and regenerative 

processes are often also relevant in cancer cell migration. In Table 2 soluble factors 

provided by the microenvironment are listed that guide morphogenetic and cancer cell 

invasion. 

 

Table 2. Soluble factors that induce migration/are involved in metastatic dissemination secreted by stromal cells. 

Soluble factor Morphogenetic/regenerative migration 

processes 

Cancer cells Secreted by 

EGF Border cell migration50 Breast CA98,99 Tumor-associated 

macrophages 

(TAM)  

FGF Wound healing37/Tracheal branching 100 Pancreas CA101 Stromal cells 

TGFß Wound healing37 Breast CA102 Stromal cells 

HGF Migration of muscle progenitor cells 

during generation of skeletal muscle103 

Gallbladder104, non-small and small cell 

lung105, cervical106, and oral squamous 

cell CA107, breast cancer102 

Stromal cells 

SDF-1 Primordium migration45 Breast CA108 Myoepithelial cells, 

myofibroblasts 

 

Downstream signaling of growth factors includes besides various effects on cell 

proliferation and survival also migration-associated signals. Binding of EGF to EGFR 

results mainly in signaling via the MAPK and PI3K/Akt pathway triggering pro-

proliferative and anti-apoptotic signals, but also has multiple effects increasing cell 

motility mediated by PI3K/FAK and the small GTPases Rac, Rho and Cdc42109. Moreover, 

as consequence of binding, MMPs are upregulated via Ras signaling, and cell-cell 

adhesion molecules like E-cadherin are downregulated109. Similarly, FGF and TGFβ 

increase invasiveness101,102. FGF is shown to induce EMT in breast and pancreatic tumor 

cells via its receptor FGFR1 and associated MAPK signaling110. Although TGFβ is known to 

induce growth arrest and apoptosis it can also result in EMT-promoting gene transcription 

via Ras and Smad signaling and activation of Cdc42 and Rho111,112. In addition, integrin 

and growth factor signaling is tightly connected109,113. On the one hand, integrin-binding 

to ECM molecules can induce transactivation of growth factor receptors without ligand 
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binding109,113. On the orther hand, FGF binding might cause upregulation of α5β1, TGFβ 

binding upregulation of β1 and β5 and further de novo synthesis of αVβ6113. Although 

best characterized for its role in the recruitment of haematopoietic cells to sites of injury 

or infection, the chemokine SDF-1 can be also secreted by stromal cells of the tumor 

microenvironment; e.g. myoepthelial cells and myofibroblasts close to invasive breast 

tumors, but not those associated with ductal carcinoma in situ or normal breast tissue, 

secrete SDF-1108. CXCR4 (the respective receptor) signaling leads to the activation of 

multiple small G protein pathways includes PI3K/Cdc42/Rac and Raf/MAPK resulting in 

increased mobility of cells114 including upregulation of integrins such as α5β1 and 

αvβ3115,116. Reciprocally, integrin binding can regulate CXCR4 expression117. 

In addition to pro-migratory molecules provided by the microenvironment, many factors 

are also produced by the tumor cells theirselves, released into the surrounding and act 

than autocrine such as autocrine motility factor (AMF) thereby stimulating migration118-

122. Further molecules acting as promigratory factors are lysophophatidic acid, insulin-like 

growth factor-1, and enzymes degrading ECM components thereby leading to the 

engagement of integrins2. 

Taken together, although many soluble factors are known to be involved in cancer cell 

invasion, the specific role of each factor in tumor cell invasion still needs to be dissected.  

 

2.1.2.4 Cell-cell adhesion molecules 

 

If cells migrate as multicellular groups, an intercellular connection is a prerequisite to 

retain cell-cell cohesion, mechanical integrity, and cell polarity33. Known junctions are: 

(a) adherens junctions defined as a cell junction whose cytoplasmic face is linked to the 

actin cytoskeleton consisting mainly of cadherins, α and β catenin, and transmembrane 

proteins of the immunoglobulin superfamily like ALCAM or L1CAM33, (b) desmosomes are 

characterized by a wide intercellular space and attach the cell surface adhesion proteins 

to intracellular keratin cytoskeletal filaments, (c) tight junctions and involved proteins 

like claudins, occludin and ZO-1 form a virtually impermeable barrier to fluid, and (d) gap 

junctions mainly consist of connexins and directly connect the cytoplasm of two cells, 

which allows various molecules and ions to pass freely between cells.  

The role of specific junctions in collective invasion of cancer cells still needs to be 

elucidated, but it is already known that the composition of adherens junctions is of main 

importance: e.g. a slight downregulation of one junctional protein (E-cadherin) and the 

upregulation of another (N-cadherin) can thereby be sufficient to initiate collective 

invasion in carcinoma cells123. In contrast to E-cadherin, adhesion forces mediated by N-

cadherin are 4- to 7-fold weaker124. Similarly the composition of desmosoms might be 

important for collective invasion. In general, desmosomal proteins are markers of 

epithelial differentiation, and loss of their expression results in the EMT during 
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morphogenesis and cancer progression125,126, but for instance a upregulation of 

desmocollin 1 and 3 can be used as indicator for collective invasion of colorectal adeno 

carcinoma127. Moreover, tight junctions and related proteins are detectable in invasion 

zones of squamous cell carcinomas and melanomas128,129 and can colocalize with N-

cadherin129. In many cancer cells, including melanoma and lung squamous cell 

carcinomas, the homotypic gap junction between cancer cells themselves and the 

heterotypic gap junctions between cancer cells and dermal fibroblasts are mediated by 

connexins CX26 and CX43, respectively130, yet their direct contribution remains to be 

shown. Besides, also integrins are discussed in context of cell-cell contacts in tumors33. 

Blocking of β1 integrin can result in disintegration of migrating melanoma cell 

collectives52 and α5β1 integrin was shown to interact with fibronectin along interfaces 

between ovarian carcinoma cells131 or fibroblasts132. Remarkably, tumor cells can also 

upregulate leukocyte-specific integrins (LFA-1/αLβ2)133 that are able to bind to ICAM 

molecules expressed e.g. by endothelial cells. 

 

2.2 Models of cancer cell invasion 

 

2.2.1 Experimental models to investigate migration and invasion 

 

To study invasion and migration of cancer cells various in vitro and in vivo models can be 

used. 

 

2.2.1.1 In vitro models  

 

In comparison to in vivo models, in vitro models are easy to handle, relatively simple in 

their application and cheap. They are tightly controllable concerning composition of ECM 

molecules, participation of cells and interfering molecules, and further multiple ways exist 

to fast and multifaceted analyze experimental outcome including diverse microscopy 

techniques as well as protein expression studies by FACS or immunoblotting. 

2D migration. 2D migration of adherent, individual or as sheets connected cells 

can be studied on plastic cell culture dishes or glass and easily combined to microscopy 

techniques (time-lapse videomicroscopy, confocal microscopy etc.). To investigate the 

role of ECM components, such as collagen, fibrin, BM components (Matrigel) or 

fibronectin coating of plastic dishes or glass can be performed prior to seeding of cells. 

Cell-cell interaction can be further studied by seeding cells of interest onto an adherent 

layer of a second cell type. Sheet migration can be tested by the wound closure/scratch 

assay, which was recently translated to high-content imaging134. As cells are not 

embedded in thick matrices subsequent cellular immunostaining of molecules of interest 

and their analysis are easy to perform. 
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Boyden chamber transwell migration. A popular method to study motility of cells is 

the transwell migration assay consisting of an upper and a lower compartment separated 

by a porous polycarbonate membrane with defined pore sizes that cells need to pass 

through to migrate from the upper to lower filter surface135. This model is popular for 

studying chemotaxis effects by adding chemoattractants to or by seeding cells in the 

lower compartment. Migration through ECM or BM can be tested by coating of the filter 

membrane with respective components136. Inversely, migration of cells attached to the 

lower filter surface through the filter and ECM layers can be tested137. Moreover the 

assay can be easily combined with confocal microscopy and ultrastructral analysis138. 

3D migration. During the past 20 years differences between 2D and 3D cell 

movement have been taken into account resulting in a wealth of 3D models of cell 

migration aiming at improvement of in vivo relevance15,139,140.  

(A) Popular is the use of fibrillar collagen lattices composed of pepsinized or non-

pepsinized collagen molecules, substituted or not with additional ECM components like 

vitronectin, matrigel, fibronectin and others93. Here within either individual cells (also 

suspension cell-culture cells such as leukocytes), cell spheroids, or tissue explants can be 

embedded or seeded on top. Importantly, migration modes depend on the type of 

implantation; imbedded individually, cells perform single-cell migration7,8, whereas 

spheroids or tissue explants bear in addition collective invasion types14,52. To reflect in 

vivo complexicity in humans, layers of different density or composition can be combined; 

e.g. organotypic skin models consist mostly of different layers of collagen partially mixed 

with cellular components like fibroblasts and/or keratinocytes141-143. 

(B) Fresh human dermis (left-over from skin surgeries) and sectioned, cryopreserved 

skin144 serve as more complex substrates for 2D and 3D migration studies. Likewise, off-

the shelf scaffolds comprise cadaveric human or porcine acellular dermal matrices which 

have been developed for skin grafting on acute and chronic wounds145 can be used 

further to study interaction of cells with ECM.  

In vitro migration and invasion can be assessed by time-lapse bright-field or fluorescence 

microscopy techniques146. Computer-assisted cell tracking and analysis allows thereby 

quantification of migration parameters such as distances, velocities, but also other 

cellular parameters like cell shape146,147. The use of confocal or mulitiphoton microscopy 

facilitates not only detailed observation of tumor cells, but also enables display of e.g. 

collagen fibers by reflection and second harmonic generation microscopy, respectively93. 

 

Consequently, the choice of an in vitro model is strongly dependent on the cell type, the 

migration mode of interest, the manipulations and interferences that should be tested, 

and finally the strived convergency to the in vivo situation.  
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2.2.1.2 Interstitial in vivo models 

 

To fully reflect in vivo complexity which depends upon the interaction between cancer 

cells and the reactive tumor stroma, in vivo monitoring of tissue invasion is required. 

Besides releasing invasion promoting factors such as growth factors and chemokines (see 

paragraph 2.1.2.3), the tumor stroma provides complex interfaces and anatomic 

structures including various cell types and ECM components arranged in different 

composition and density. Further, the tumor stroma contains blood and lymph vessels 

which ultimately serve for distant metastatic dissemination and determine the perfusion 

state of the lesion. All these factors massively determine if and how efficient cancer cells 

invade the surrounding environment148-150. 

Orthotopic in vivo models of cancer combined with histopathology allow reconstruction of 

the outcome of cancer growth and invasion151,152, but for direct examination of 

microvascular structures, cell dynamics, tumor-stroma interactions or early steps of 

tumor metastasis, models are necessary that provide additionally access to microscopy 

techniques93. 

Connective tissue models. The connective tissues from different locations (i.e. 

mesenterium, cremaster muscle, skull dermis of the frontoparietal scalp, back dermis, 

mammary fat pad) contain fibrillar collagen networks of very heterogeneous architecture; 

structurally loose areas with gaps and clefts of various sizes (up to 20 µm) are bordered 

by denser regions of thick collagen bundles partially aligned in parallel in the absence of 

obvious gaps and spaces93. The mesenterium displays a well-vascularized, thin 

connective tissue membrane with high collagen density which has been used preferably 

from rats or rabbits153. It is amenable to study microvessel dynamics and leukocyte 

extravasation153. The highly vascularized cremaster muscle holding and regulating the 

vicinity of the testes towards the abdomen is also suitable and accessible for imaging of 

leukocyte migration154. The muscle is laterally bordered by thick, loose collagen layers, 

where fibers are mainly organized in parallel7. Skin of the frontoparietal mouse scalp 

consists of several collagen-rich connective tissue layers in the dermis underneath an 

epidermis with heterogeneous structure and density which can be used for the injection 

of fluorescently labeled cells to study invasion pattern and parameters of tumor cells7. 

Similarly, migration behavior of tumor cells after injection or prior tumor implantation 

into lateral and dorsal skin of the mouse can be observed in the skin flap model155,156. To 

date, these models have been used to study only single cell migration7,153,154. The great 

advantages of these models are the relatively easy accessibility also by bright-field 

microscopy techniques153,154 and the simple tissue preparation. However, they have in 

common that they require fresh tissue preparation on the anesthetized animal and 

thereby prohibit long-term studies and repeated imaging of a specific site of interest, last 

but not least also due to scar generation and possible infections.  
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Window models. Window models allow repetitive optical and often high-resolution 

observations of cell and tissue dynamics, including microcirculatory function, 

angiogenesis, tumor cell-host interactions and invasion, and evaluation of effects of 

various treatments on these factors157. 

 

Table 3. Established window models for cancer studies.  

Tumor studies Window model Tissue 

Microcirculatory 

function 

Angiogenesis Tumor-host cell 

interaction 

Brain Mostany et al158 Goldbrunner et al159  Cranial window 

Brain – experimentally 

metastasized lung CA 

and melanoma cells 

  Kienast et al160 

Mammary window Mamma / Shan et al161 Kedrin et al162 

Dorsal skinfold 

chamber 

Subcutis of dorsal skin Asaichi et al163, 

Boucher et al164, 

Leunig et al165, Reyes-

Aldasoro et al166 

Boucher et al164, Guba 

et al167, Leunig et al165 

Vajkoczy et al168 (not 

orthotopic) 

 

Established models for cancer studies (Table 3) are developed for skin tissue of the 

mouse, hamster or rat back (dorsal skinfold chamber)157, mammary tissue (mammary 

window)162 and brain tissue of the mouse (cranial window)159. Further window models, 

not used for cancer research so far, are the femur chamber169 and the ‘body window’ to 

the kidney capsule170. The dorsal skinfold chamber (DSFC) is the most widely used in 

vivo model in preclinical cancer research for drug testing, angiogenesis and tumor 

progression studies, as well as vascular leakage and intratumoral pressure 

measurements of various cancer types including melanoma and fibrosarcoma157,163-167. As 

technical variants, cells are implanted between the dermal fascia and the cover slip of the 

chamber, either as tumor cell suspensions164,165, pellets167, and spheroids171, or solid 

tumor explants163, with or without a carrier such as matrigel172. As the prepared tissue is 

covered by a cover slip a closed system is formed which is less susceptible to infections. 

During the experimental period the tumor and surrounding tumor stroma are easily 

accessible and can be constantly observed using diverse microscopy techniques including 

bright-field and epifluorescence microscopy157. To visualize cellular and stromal details 

high-resolution is necessary. Recently multiphoton microscopy became the method of 

choice for intravital deep tissue imaging173-175 (see paragraph 2.3), but although this 

technique is available and imaging access to the interface between tumor and stroma is 

guaranteed by the DSFC, studies of tumor invasion of orthotopically implanted cancer 

cells are still absent. Extension of the skin also due to gravity and fluid coalescence in the 

visual field limit the DSFC model and observation of tumor progression to a two weeks 

time window. 
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Chick embryo CAM model. The chorioalloantoic membrane (CAM) of the chick 

embryo is a traditional model for monitoring tumor growth and dissemination, related 

angiogenesis, and metastasis93,176. The CAM displays a specialized, highly vascularized 

tissue that mediates gas exchange between the developing chick embryo and the 

atmosphere through the calcified eggshell. The fully developed CAM (day 10 of 

embryonic development) consists of ectoderm, mesoderm, and endoderm, whereby the 

approximately 100 µm thick mesoderm comprises a loose collagen-rich connective tissue 

containing blood vessels and capillaries176. The collagen meshwork is, in contrast to 

mouse connective tissue, of quite homogeneous order with gap diameters ranging from 4 

to 10µm93. Invasion is generally monitored from the ectodermal layer across a basal 

membrane into very loose connective tissue and, within few days, metastasis seeding 

into the chick embryo is detectable. 

Zebrafish and medaka model. Also D. rario (zebrafish) and O. latipes (medaka) 

can be used as model to investigate tumor cell invasion and metastatic processes177-179. 

Human cancer cells or small tumor explants e.g. from gastrointestinal tumors can be 

fluorescently labelled and xenotransplanted orthotopically into zebrafish embryos thereby 

allowing rapid analysis of invasion and metastasis formation combined with easy imaging 

access178. Further, early steps of metastasis like intravasation and influence of metastasis 

promoting factors can be studied in adult translucent zebrafish179. 

 

In summary, diverse in vivo models are available that allow imaging of tumor cell 

migration processes in different animals. In contrast to invasive connective tissue models 

where imaging is restricted to a single time point, translucent and non/once-invasive 

models like the CAM or xenografting in fish allow time-course specific observation of 

tumor progression. Nevertheless, the latter cases are in disadvantage regarding the 

evolutional distance to humans. Window models in mammals represent a good 

compromise to reach comparability to the human system and to study tumor progression 

in long-term and repetitively. 

 

2.2.2 Biological models 

 

Despite the chosen in vitro or in vivo tumor migration model, self-evidently the cancer 

cell type is of main importance determining whether a cell is able to migrate or not; and 

if able, which migration modes it is using (see paragraphs 2.1.1 and 2.2.1). Although 

invasiveness is considered to be linked to the metastatic potential of a tumor, the direct 

connection between invasion and metastasis is not fully established. Some locally highly 

invasive cancer types like basal cell carcinoma180 or glioma181 form very rarely distant 

metastasis. Moreover, invasion is often defined differentially between cancer types. 

Whereas in epithelial cancer invasion is defined by cells breaking through the BM, in 
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sarcomas invasion more generically is linked to cell spread into the surrounding, non-

neoplastic tissue. To adapt to a mesenchymal way of movement and acquire the 

capability to invade, naturally resident epithelial cells like breast cancer cells have to 

undergo EMT4 (see also paragraph 2.1.1.4) and/or need the assistance of stromal 

cells149. In contrast, many highly invasive cancer cell lines constitutively generate 

mesenchymal migration in vitro such as fibrosarcoma or melanoma cells (see also 

paragraph 2.1.1.1), thereby providing direct inside into the mechanisms required for 

migration.  

 

2.2.2.1 Fibrosarcoma 

 

Fibrosarcoma belong to the heterogeneous malignant group of soft tissue sarcomas 

(STS) arising from fibrous tissues (tendons and ligaments), i.e. mesenchymal stem 

cells182. STS have an incidence of 1 – 2% of all malignancies in adults and 5 – 8% of 

paediatric solid tumors182. They are highly invasive, often form locally secondary tumors, 

and have also after treatment a high rate of local recurrence182. Approximately 50% of all 

patients develop metastatic disease, most frequently to the lung, and if untreated, the 

median survival-time is < 12 months182. 

Little is known about the mechanisms underlying fibrosarcoma invasion in vivo. A few 

histopathological analyses of fibrosarcoma or invasive dermatofibrosarcoma protuberans 

material from patients or animal models show a multicellular invasion pattern as well as 

diffuse infiltration into the surrounding14,183,184, and since dynamic intravital studies are 

absent, invasion efficiency is measured from the outcome of distant metastasis185. In 

vitro fibrosarcoma cell migration and invasion was shown to be divers. Experimentally 

dispersed human HT-1080 fibrosarcoma move as single cells mainly mesenchymally and 

generate proteolytic migration tracks14,186. After blockade of matrix proteases HT-1080 

cells can switch to an amoeboid type of movement comparable to leukocytes 

characterized by shape change and formation of constriction rings7 (Fig. 1). In these 

cells, the blockade of integrins (β1 and αV) results in a residual minimal blebby amoeboid 

movement (Fig. 1). If implanted as multicellular spheroids into a 3D fibrillar collagen 

matrix, migration of HT-1080 cells, similar to other cancer cell types, may occur as 

collective strands within proteolytic migration tracks of least physical resistance 

generated by MT1-MMP dependent collagenolysis14. After interference with pericellular 

proteolysis or knockdown of MT1-MMP transition from collective to amoeboid migration 

occurs in these cells14. Thus, fibrosarcoma cells appear to utilize diverse migration modes 

in vitro and dispose substantial plasticity. Besides the involvement of integrins and 

proteinases, further in vitro studies highlight the importance of NF-κB185 and Met 

signaling187 for fibrosarcoma migration. 
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However, despite this abundant literature about in vitro invasion patterns and 

participating mechanisms, little is known about their relevance for fibrosarcoma invasion 

into host tissue in vivo. 

 

2.2.2.2 Melanoma 

 

Malignant melanoma is the most aggressive form of skin cancer arising de novo from 

normal melanocytes or from potential precursor lesions, such as atypical dysplastic or 

congenital nevi188. Melanomas are generally highly invasive and metastatic. Relapse rates 

range between 20 and 80% dependent on the staging of the primary tumor189. 

Historically, the most important prognostic factors in patients without metastases are the 

tumor thickness190 and, to a lesser extent, the level of invasion191. With early detection 

and treatment, the cure rate for melanoma is about 95%; 5-year survival with distant 

metastasis 16%. 70% of diagnosed cases belong to the superficial spreading melanoma 

which are characterized by an prolonged radial growth phase, where the lesion remains 

thin, eventually followed by a vertical growth phase where the tumor increases in 

thickness192. In contrast, the nodular melanoma (about 15% of diagnosed cases), the 

most aggressive form, has no detectable radial growth phase, but grows in vertical 

direction from the outset and very fast (months)192,193. 

Since melanoma cells are of neuroectodermal origin (derived from neural crest cells), 

mechanisms were found to be important comparable to neural crest cells, including single 

cell migration in spindle-shaped, mesenchymal mode and, often, multicellular streaming 

in vitro8. In addition, using explant culture, collective cluster migration was reported52, 

and further, derived from histopathological sections, in patients strand-like multicellular 

invasion into deep dermal layers (vertical growth) could be detected192. Taken together, 

similar to fibrosarcoma, melanoma cells dispose a spectrum of invasion modes, yet 

dynamic microscopical studies investigating the early steps of melanoma invasion and 

underlying principles in an intravital model are missing.  

Integrins are of major importance for the invasiveness of melanoma cells in collagen 

based migration models. In vitro studies reveal a α2β1 integrin-dependency of migration; 

interference with β1 integrin thereby results in migration abrogation in single cells8, or 

loss of cluster polarity, disruption and collective-to-amoeboid transition52. Furthermore, 

application of an αV integrin blocking antibody decreased cell adhesion to fibronectin, 

migration and invasion in a transwell assay in vitro194. As indicated in paragraph 2.1.2 

integrin expression and adhesion to the ECM is influenced by a variety of other 

molecules. For instance, also ephrinB2, part of a cell-cell signaling system that directs 

cellular migration during development195,196, is expressed in the invasive front of 

malignant melanoma and was shown to increase integrin-mediated ECM adhesion and 

motility in transwell and scratch assays in vitro197. Comparable to other tumor models, 
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also proteases support melanoma cell invasion185,188; they are upregulated in the invasive 

front of malignant melanoma, increase the invasiveness in vitro and the metastatic 

potential in vivo188. Similarly, chemokines play an important role in mediating melanoma 

cell invasion. For instance it has been shown that CCL21 secreted by lymph endothelial 

cells in a constitutive manner can attract melanoma cells towards lymphatic vessels198. 

Moreover, melanoma cells are able to induce chemokine production (IL-1B, IL-8, IL-6 

and CCL2/MCP1) in tumor-associated stromal cells generating thereby a pro-invasive 

microenvironment for themselves199. 

Similar to studies investigating fibrosarcoma invasion many molecules are known which 

influence the migratory behavior in vitro, but the in vivo correlation is mostly measured 

as metastatic outcome without clear link to invasion programs.  

 

2.3 Microscopical techniques to study invasion in vivo 

 

To directly visualize cancer invasion in deep tissues in a living animal fluorescence 

microscopy is the method of choice. Thereby the use of fluorescent molecules and 

proteins to stain tumor cells allows separation of invading cells from the surrounding host 

tissue. For overview imaging and for purposes that require low resolution epifluorescence 

microscopy is suitable157, but to resolve topographic complexity at cellular level and 

provide a time-resolved read-out from the same sample, non-invasive intravital confocal 

or multiphoton imaging of cancer lesions provides kinetic resolution by serial 

reconstruction over an extended observation period173. 

Multiphoton microscopy (MPM) has emerged as a significant detection and visualization 

method for intravital and live cell studies in neuroscience, immunology, and cancer 

research. The main advantage of MPM over other imaging approaches is its ability to 

observe cell migration, cell–cell interaction, and intracellular signaling deeply inside 

dense tissues and organs in live animals with unmatched resolution and photodamage173-

175. Compared to confocal microscopy that relies on single-photon excitation, MPM utilizes 

near-infrared (NIR) radiation that increases the maximum imaging depth from a few 10 

µm up to nearly 1 mm in certain types of tissues, such as brain200. Further advantages 

over confocal microscopy are an inherent submicron spatial resolution that still allows 

revelation of subcellular details and fine tissue structures; reduced scattering and 

absorption due to longer excitation wavelengths and significantly reduced phototoxicity 

and photobleaching in out-of-focus regions201. All other currently available optical 

imaging techniques either lack the capability to image deeply in scattering tissue or lack 

submicron spatial resolution. In addition, MPM enables excitation of the characteristic 

ultraviolett absorption bands of endogenous fluorophores and second harmonic 

generation (SHG) of anisotropic biological structures like collagen and skeletal muscle 

fibers that possess large hyperpolarisabilities202-204. 
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However despite these advantages, MPM up to now faces significant limitations. In 

biomedical research, MPM is typically carried out using a Titanium:Sapphire (Ti:Sa) laser 

that emits light in the range of 680 to 1080 nm. These lasers excite blue, green and 

yellow fluorophores and fluorescent proteins with satisfactory efficiency. In contrast the 

excitation of red and NIR fluorophores is inefficient without applying very high laser 

powers that provoke light-induced toxicity205. Moreover, penetration depth and the 

associated spatial resolution decrease with increasing optical density in connective and 

cell-rich tissues like skin206, muscle207 or tumors148 caused by light scattering208. 

To investigate invasion of cancer cells and interaction with surrounding host-tissue the 

improvement of these mentioned limitations is of particular importance. The use of red 

and NIR dyes in addition to blue to yellow dyes would broaden the spectrum of structures 

that could be visualized simultaneously in the living animal and facilitate spectral 

separation. Moreover, many red-shifted dyes have become standard sensors for 

transcutaneous detection of deep tissue lesions in live animals, including whole-body 

imaging209. Last but not least, an increase in depth for subcellular resolved microscopy is 

necessary to visualize processes happening deep in the tumor such as central necrosis or 

tumor-host-cell interaction in the tissue depth. 
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2.4 Purpose of the study 

 

Although aspects of cancer invasion in general and especially fibrosarcoma and 

melanoma invasion are known from in vitro studies, these data neglect the complexity of 

live tissue whereas othotopic in vivo models usually lack sufficient transparency and 

controlled stability for direct and repetitive access to the invasion cascade. 

The general aim of this study was to set up an orthotopic model for visualizing the key 

steps leading to tumor growth and invasion into healthy tissue and exploit this model for 

molecular studies on cancer invasion and response to therapy.  

 

The specific aims were: 

 

• to technically modify multiphoton microscopy for improved tissue penetration, 

imaging of red fluorophores, and visualization of interaction between the tumor and 

the surrounding tissue; 

 

• to establish an in vivo model for HT-1080 fibrosarcoma and B16/F10 or MV3 

melanoma cell invasion in interstitial mouse dermis as a matching model to 

previously used 3D collagen lattices; 

 

• to validate in vivo migration pattern found in vitro; 

 

• to determine molecular basics of invasion in vivo; 

 

• to test consequences of clinical standard treatments on invasion, particularly 

ionizing radiation and chemotherapy, but also molecular and innovative therapy 

approaches (anti-EGFR, anti-integrin). 

 



 30

3 RESULTS 

3.1 Advantages of near-infrared and infrared multiphoton microscopy for 

intravital imaging 

 

Multiphoton microscopy (MPM) is the method of choice for investigating cells and cellular 

functions in deep tissue sections and organs. To make MPM feasible for deep tumor 

imaging initial experiments aimed to optimize excitation and detection efficiency for the 

used tumor model and fluorescent dyes.  

 

3.1.1 Two-photon excitation and emission spectra of red dyes and 

fluorescent proteins 

 

The measurement system consisted of a Ti:Sa femtosecond laser synchronously pumping 

an optical parametric oscillator (OPO) with a periodically pooled crystal tuned in the 

ranges of 715 to 980 and 1060 to 1450 nm, respectively144. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The excitation and emission spectra of EGFP and DsRed2 were obtained from living dual-

color human fibrosarcoma cells (HT-1080) expressing both nuclear EGFP/Histone-2B 

(H2B) and cytoplasmic DsRed2209 and isolated proteins, extracted from the cells and 

eletrophoretically separed (Fig. 4a). The most efficient excitation of EGFP was at 930 nm, 

as reported210, but it could not be excited above 1060 nm (Fig. 4b). In contrast, DsRed2 
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Figure 4. NIR and IR 2-
photon excitation and 
emission spectra. (a) HT-
1080 cells expressing 
cytoplasmic DsRed2 and 
Histone-2B-EGFP before 
and after SDS-PAGE under 
native conditions. Boxes, 
regions of measurement. (b) 
2-photon excitation spectra 
of EGFP, DsRed2, and 
Alexa Fluor 660. Solid lines, 
isolated protein in SDS-
PAGE or soluble Alexa Fluor 
660. Dashed lines, living 
dual-color cells. (c) IR 2-
photon generated second 
harmonic signal. Box, region 
of measurement. (d) SHG 
spectra from collagen-rich 
regions of native human 
dermis. (e) Emission spectra 
at 1100 nm from human 
skin. The boxes indicate the 
regions in stratum corneum, 
epidermis, and dermis 
where the spectra were 
taken from. The SHG peak 
for fibrillar collagen is at half 
of the excitation wavelength. 



 31

showed a minor excitation peak at 760 nm and highly efficient excitation from 1090 to 

1120 nm (Fig. 4b). Alexa Fluor 660 showed a strong excitation band between 1070 to 

1300 nm with peaks at 1100 and 1180 nm (Fig. 4b). To simultaneously detect 

fluorescence and other specific signals emitted from tissue structures like second 

harmonic generation (SHG), optimal laser wavelengths for combined excitation were 

determined. Fibrillar collagen exhibited narrow SHG bands from a broad input wavelength 

range with peaks at 1100 and 1180 nm (Figs. 4c, d). The ratio of SHG to autofluorescent 

signals was approximately 500:1 which exceeds typical SHG to autofluorescence ratios 

obtained with Ti:Sa lasers (Fig. 4e). 

Thus, 1100 nm is a suitable wavelength emitted by the OPO for simultaneous excitation 

of DsRed2, Alexa Fluor 660 and SHG of collagen-rich tissue. For excitation of EGFP a 

subsequent scan with near-infrared wavelengths is necessary. 

 

3.1.2 Photobleaching and photodamage 

 

For live microscopy, photobleaching of fluorophores is associated with de novo formation 

of reactive oxygen intermediates and heat causing cytotoxicity211 and critically limits 

imaging sensitivity and cell viability during repeated exposure to laser light.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photobleaching of DsRed2 in live cells at 1100 nm was 4- and 10-times lower compared 

to excitation at 880 and 760 nm, respectively (Fig. 5a). At high laser power of 117 mW, 

respective aggregation of EGFP and DsRed2 in live cells was reached after 500 and 1700 

Figure 5. Photobleaching, phototoxicity, and tissue penetration of IR-MPM. (a) Photobleaching of DsRed2 measured as 
decrease in emission during consecutive scanning at 760, 880, and 1100 nm excitation wavelengths and a power of 75 mW. 
The samples were subjected to 250 consecutive scans and the emission intensity was quantified as average pixel intensity of 
the entire scanning field and normalized to the intensity of the first frame. Dashed lines, bleaching efficiency normalized to the 
end-point of the decay of emission intensity at 1100 nm. (b) Protein condensation due to continuous excitation. Continuous 
imaging of dual-color HT-1080 cells at a high excitation power (110 mW) and a frame rate of 2.8 fps. Arrowheads and 
asterisks indicate aggregates of condensed protein. (c) Undiminished emigration of HT-1080 cells from a multicellular 
spheroid on a dermis slice during continuous excitation at 1100 nm and 117 mW power in the focus. The numbers indicate 
the elapsed time (min). The population velocity obtained by cell tracking was compared to cells monitored by conventional 
bright-field microscopy. The near-completely overlapping regression curves of migration speed are shown. Bar, 150 µm.
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consecutive scans corresponding to 3 and 10 min illumination time at 760 nm and 880 

nm (Fig. 5b). In contrast, no protein aggregation was detected after up to 10000 scans 

or 1 hr of exposure time using an excitation wavelength of 1100 nm (Fig. 5b). To exclude 

latent photodamage, actin-driven cell migration was tested due to its immediate energy-

dependency and sensitivity to physical or chemical assault. No signs of compromised 

migration or laser-induced toxicity including cell rounding, protein condensation, or loss 

of fluorescence were detected despite continuous sample exposure to 1100 nm excitation 

over 14 h (Fig. 5c). Thus, IR-MPM shows low levels of photobleaching and photodamage. 

 

3.1.3 Deep tissue imaging 

 

In contrast to visible light NIR radiation is poorly absorbed by water. Nevertheless water 

absorption increases for excitation wavelengths above 900 nm212 and thus imposes a 

potential limitation of IR-MPM for biomedical applications in live, hydrated tissues. 

Despite this increase in light absorption by water, the maximum imaging depth for 

fibrillar collagen in native human dermis was increased by 2-fold for SHG excitation at 

1100 nm compared to 880 nm excitation (Fig. 6a). 

 

 

 

 

 

 

 

 

 

 

 

Likewise, DsRed2 fluorescent cells in aqueous medium could be detected in 2-fold deeper 

layers within a solid multicellular spheroid (Fig. 6b). Consequently, in thick xenografts of 

dual-color HT-1080 cells, eight days after implantation into the mouse dermis, the 

detection of DsRed2 signal at 1100 nm was also increased 2-fold reaching up to 500 µm 

tissue penetration, compared with excitation at 880 nm (Figs. 7a–c). 

Another limitation for deep tissue MPM compromising image quality is the decrease in 

spatial resolution with increasing imaging depth. Figure 7d shows that despite sufficient 

signal coming out of deep tissue regions, the resolution of cell borders and subcellular 

detail is strongly affected in scattering tumor tissue. However, compared to NIR-MPM IR-

MPM provides resolution sufficient to image cellular details like the negative signal of the 

nucleolus in invasion areas close to the tumor edge down to 200 µm depth (Fig. 7e; 
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Figure 6. Deep IR multiphoton microscopy. Penetration depth measurements for SHG (a) of 4 mm thick native human 
dermis slice and for fluorescence (b) of dual-color HT-1080 cell spheroid of 1 mm in diameter. For both, 3D dermis or 
multicellular spheroid, excitation of 880 and 1100 nm was used at an intensity of 75 mW and the respective SHG or 
fluorescence emission was collected at identical PMT sensitivity. Dashed lines in (a) and (b) indicate 50% emission signal 
intensity measured as normalized mean pixel intensity of the entire scanning field. 
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arrowhead, EGFP-negative nucleolus). Thus, for a certain depth window and dependent 

on tissue density IR-MPM delivers images of unrivaled quality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taken together, IR-MPM is superior to NIR-MPM regarding excitation efficiency of red 

dyes and internal tissue signals, reduced phototoxicity and imaging depths. 

Consequently, to display blue and green emission together with red fluorescence signal 

combined IR and NIR excitation was used throughout this study. 

 

3.2 Establishment of a modified orthotopic intradermal tumor xenograft 

model to monitor in vivo growth and invasion 

 

To establish an orthotopic xenograft model for mechanistic studies on tumor cell invasion 

pattern and kinetics in vivo the dorsal skinfold chamber (DSFC) model was set up to 

allow repetitive non-invasive imaging of the same lesions over time. Additionally, stably 

transfected, double-labeled (H2B-EGFP, cytoplasmic DsRed2) variants of established 

cancer cell lines (human fibrosarcoma cell line HT-1080; human amelanotic MV3 

melanoma cells; murine melanotic B16/F10 melanoma cells) allowed direct visualization 

of tumor development in vivo without any staining procedures. 

 

Figure 7. Deep tissue IR-MPM of DsRed2 expressing xenografts in vivo. (a), (b) 3D data stack of human dual-color 
xenograft of HT-1080 fibrosarcoma cells implanted into the mouse dermis using (a) 880 and (b) 1100 nm excitation at a 
power of 75 mW in the sample. Step-size in z-direction was 5 µm. V indicates a region with a large blood vessel (negative 
contrast). (c) Normalized fluorescence intensity for DsRed2 as a function of penetration depth. The initial slope of the 
intensity profile corresponds to the position of the lesion 10 to 50 µm below the dermis interface. (d) Decrease in spatial 
resolution with increasing penetration depth using 1100 nm excitation in the z-planes indicated by the dashed lines in (d). 
The insets show magnified details from the overview images. (e) Deep tumor region (170 µm) with invading cells at 
different excitation wavelengths. Excitation power in the focal plane (125 mW) and PMT sensitivity were kept constant. 
Amplification of residual signal. Bars, 100 µm ((a), (b), (e)), 50 µm ((d); (e), XY details) and 20 µm ((d), insets). 
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3.2.1 Modification of the dorsal skinfold chamber towards a 3D environment 

 

First, cell application into the skinfold chamber as drop-on of pelleted tumor cells onto 

the dermal tissue was tested (Fig. 8a, c). It resulted in tumor growth between two 

different interfaces: (i) the underlying mouse dermal tissue and (ii) the overlaying cover 

slip. Within few days after application, concentric, spherical tumors were formed that 

induced de novo angiogenesis yet lacked signs of cell invasion onto the host tissue (Fig. 

8c, details). To provide better access to the surrounding host tissue and thereby avoid 

tumor growth at a 2D interface between dermis and cover slip, in a second trial pelleted 

tumor cells were injected directly into the deep dermis and adjacent subcutaneous 

connective tissue layers (Fig. 8b, d). This modified application procedure allowed to 

monitor early tumor stages, including early growth and tissue invasion (Fig. 8d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using NIR-excited MPM it could be proven that tumors were completely surrounded by 

dermal and subcutaneous tissue structures (Figs. 9a-d, compare to skin layers in 9e; see 

also Movie 1). The upper tumor region was bordered by stroma (Fig. 9a; stromal cell 

nuclei visible in 9f, detail) including collagen fibers (Fig. 9a, black arrowheads) and 

striated muscle strands (Fig. 9a, white arrowheads) visualized by SHG, as well as 

perfused blood vessels of the deep dermal plexus. By contrast to anatomically ordered, 

linear blood vessels surrounding the tumor margin (Fig. 9a, green arrowheads), inner 

tumor regions contained irregularly-shaped, newly-formed vessels (Fig. 9d, blue 

arrowheads) and, with increasing penetration depth rarefied collagen fiber networks 

(Figs. 9b-d). 

Figure 8. Comparison of drop-on 
and injection methods of HT-1080 
fibrosarcoma cells in the dorsal 
skin-fold chamber. Principle of 
cell application, position of growth 
(a, b), and macroscopic tumor 
morphology after 6 (c) and 7 days 
(d) visualized by bright-field and 
epifluorescence microscopy. In 
established models a suspension 
or a pellet of cells is allowed to 
adhere to the interface of the 
surgically prepared dermis, 
leading to 3D tumor growth 
between the dermis layer and 
cover slip (a, c). The injection of a 
cell pellet with a small needle into 
the dermis prevents interaction 
with the cover glass and yields 
growth inside the dermis (b, d). 
Bars, 1 mm (overview) and 250 
µm (details). 
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Thus, after intradermal injection, the tumors are surrounded by an intact tumor-stroma 

interface including extracellular matrix, muscle cells, and blood vasculature. 

 

3.2.2 Kinetics of tumor growth 

 

In the modified DSFC model, xenograft growth led to sphere- to ovoid-shaped tumors in 

the horizontal plane (i.e. in parallel to the cover glass of the chamber) and an ellipsoid, 

bean-shaped cross-section (Fig. 9f). Consequently, the formula to calculate spherical 

tumor volumes (Tumor volume (V) = (tumor width)² x (tumor length)/6) was modified 

and additionally divided by two to best approximate the flattened vertical dimension. 

Growth of human fibrosarcoma xenografts (HT-1080) started initially slowly (volume 

doubling within 6 days), but after the onset of angiogenesis (between day 3 and 4; Fig. 

10a, insets), a second growth phase yielded in accelerated growth (volume doubling 

within 3 to 4 days; Figs. 10b). The onset of invasion occurred 2 to 3 days after 

implantation and new invasion zones appeared during the complete observation period 

(Fig. 10a, white arrowheads). Thus, the kinetics of angiogensis and exponential tumor 

Figure 9. Dermal surrounding of HT-1080 dual color tumors (a-d) Near-infrared multiphoton microscopy. Z-series from the 
tumor margin (-50 µm) to intratumoral region (-80 µm) of a 6 day-old tumor (cytoplasm, red; nuclei, yellow). Perfused blood 
vessels (green) were visualized by FITC-dextran injection, preexisting linear-shaped (green arrowheads) and irregular-
shaped neo-vessels (blue arrowheads). Collagen fibers (black arrowheads) and muscle strands (white arrowheads), 
detected by second harmonic generation (gray scale). Bar, 50 µm. See also Movie 1. Compare to (e) Dorsal skin-fold 
chamber skin preparation. H&E staining. Skin layers are named. (f) Cross-section of skin containing a xenograft monitored 
by confocal microscopy. Tumor mass visualized by tumor nuclei containing H2B-EGFP (green/cyan), blood vessels stained 
by CD31 (red); stromal cell nuclei stained by DAPI (blue). Inset illustrating that tumor is surrounded by stromal cells on 
coverslip side. Bar, 250 µm. 
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growth are here also connected, as described for other tumor models213 whereas local 

invasion occurred independently.  

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Kinetics of mitosis and apoptosis  

 

In addition to volume measurement, the underlying mechanisms were derived from the 

presence of mitotic and apoptotic nuclear morphologies in situ. 

Cells that underwent mitosis were determined using NIR-MPM of the H2B-EGFP label (Fig. 

11a). The high spatial resolution allowed the identification of all mitotic stages (Fig. 11a, 

details). Dividing cells of mitotic prophase showed condensed chromosomes with thread-

like EGFP signal, in metaphase the chromosomes were aligned, and during anaphase 

segregated again (Fig. 9a, details). The Mitotic frequencies varied between 0% and 6% 

in the course of tumor progression with a steady-state average of 1 to 2% (Fig. 9b).  

Likewise, the frequency of spontaneous apoptosis as a measure of cell viability was 

derived from the H2B-EGFP label based on EGFP-positive nuclear fragments and 

averaged below 1% (Fig. 9). 

Thus, net tumor growth is determined by mitotic rates that exceed the apoptotic 

incidence. 

 

 

 

 

 

 

 

 

 

 

Figure 11. Quantification of mitotic and apoptotic fractions. Intravital detection of nuclear morphology of tumor cells 
containing expressing H2B-EGFP. (a) 3D reconstruction of a central tumor zone using multiphoton microscopy at excitation 
wavelength of 832 nm. Mitotic (white arrowheads) and apoptotic figures (black arrowhead) at d6. Bar, 50 µm. Insets show 
prophase (P), metaphase (M), late anaphase (LA) and apoptotic figure (A). (b) Time-resolved quantification of the 
frequency of mitosic and apoptotic nuclei. Data show the means ± SEM of 10 to 20 independent fields from 3-4 
independent tumors. 

Figure 10. Phases of HT-1080 tumor growth. (a) Representative time course of xenograft growth and invasion (white 
arrowheads) monitored by epifluorescence microscopy. Insets, absence (day 3) and presence (day 7) of neovessels. 
Bar, 1 mm. (b) Tumor volume growth normalized to the size of day 1. Mean values ± SD (n = 9). 
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3.2.4 Temperature dependence of intradermal tumor models 

 

Establishing an orthotopic tumor model includes not only the correct implantation site but 

also environmental conditions. Mice are kept usually at room temperature (21°C), thus 

we hypothesized that the metal chamber on the back could cool down the tissue 

contained therein and thereby negatively impact tumor cell activity, such as mitosis or 

motility. Therefore, we tested whether the maintenance of mice at lower (21°C) or higher 

temperature (28°C) has an influence on tumor growth and invasion, using HT-1080 

human fibrosarcoma and murine B16/F10 melanoma cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to 21°C, tumor growth in mice maintained at 28°C was strongly accelerated in 

both, HT-1080 fibrosarcoma (Figs. 12a, b) and B16/F10 melanoma grafts (Figs. 12d, e). 

HT-1080 xenografts at 28°C entered an accelerated growth phase between day 4 and 6 

and reached a 10-fold volume at day 13, whereas tumors from mice maintained at 21°C 

did not show growth exceeding the initial volume. Neoangiogenesis was delayed by seven 

days at 21°C compared to 28°C housing temperature, but largely intact (Fig. 12a). 

Likewise, invasion activity was significantly reduced (Fig. 12c). Between d7 and d14 after 

implantation HT-1080 cells invaded in average 50 µm/d at 28°C, at 21°C this was 

decreased to 15 µm/d. The progression of dual-color B10/F10 melanoma lesions was also 

temperature-sensitive. The tumor volume at the end-point of maintenance at 28°C (day 

12) reached approx. 100-fold of the initial size, whereas at 21°C a 20-fold volume was 

Figure 12. Tumor growth and collective invasion dependent on temperature of mouse housing. Time-course of HT-1080 
(a-c) and B16/F10 (d-f) xenograft growth and invasion at 21°C and 28°C monitored by epifluorescence microscopy. Bars, 1 
mm. Reduced tumor growth of HT-1080 (a) and B16/F10 (e) at 21°C compared to 28°C. Mean values ± SD (n = 3-19). 
Quantification of HT-1080 (c) and B16/F10 (f) collective invasion speed between d7 an d14 at 21°C and 28°C. Median, 
25th and 75th percentile (box) and 5th/95th percentiles (whiskers; 38 to 51 strands). *** p<0.001 (unpaired Mann-Whitney 
U-test). 
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reached (Figs. 12d, e), corresponding to growth inhibition of 80%. Likewise, the invasion 

efficiency of B16/F10 cells was reduced by 40% (Fig. 12f). 

Thus, the biological activity of two different tumor models is compromised if mice 

carrying the DSFC are housed at room temperature. This includes cell growth, 

neoangiogenesis and local invasion. Consequently, to obtain a temperature environment 

for tumors comparable to the conditions in natural skin, tumor bearing mice were housed 

at 28°C. 

 

3.3 Efficient and diverse fibrosarcoma invasion in vivo  

 

As direct consequence of an intact 3D stroma-tumor interface fibrosarcoma cells were 

able to engage with stromal components and invade into the surrounding tissue.  

 

3.3.1 Diversity of invasion modes 

 

Different morphological and functional types of cell invasion into non-tumor regions 

developed spontaneously, including single cell and collective invasion modes (Fig. 13a). 

Whereas a minor proportion of tumors lacked invasion or showed dissemination of 

individual single cells that lost cell-cell junctions, the majority of the lesions exerted 

collective invasion (Fig. 13b). Two types of collective invasion were further distinguished. 

The diffuse type originated from individual single cells that were followed by an 

irregularly-shaped mass invasion. Alternatively, solid, well-organized strands containing 

multiple cells at constant diameter invaded in a finger-like fashion outward from the 

tumor edges (Fig. 13a). The underlying mechanisms of these different invasion modes 

are presently unclear, but likely reside in structural and molecular heterogeneity of the 

tissue structures encountered by tumor cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Invasion 
modes of HT-1080 dual 
color cells in vivo. (a) 
Classification of invasion 
types 6 days post 
injection. Lack of invasion 
(top, left) and 
disseminating single cells 
(top, right; white 
arrowheads), diffuse or 
compact strand-like 
collective invasion (lower 
panels). Bar, 250 µm. (b) 
Frequency of different 
invasion modes displayed 
in (a) from 45 consecutive 
independent tumors. Bar, 
100 µm. 
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3.3.2 Visualizing the tumor-stroma interface and guidance structures of 

invasion 

 

Tumor cell migration and invasion are dependent on the physical interaction of the tumor 

cell with surrounding structures or extracellular or cellular stroma components to 

generate (protrusion or traction) force. The tissue structures which guide invasion in vivo 

were thus monitored by intravital multiphoton imaging. 

 

3.3.2.1 Collagen, muscle strands and fat tissue 

 

SHG microscopy revealed that a fraction of collective fibrosarcoma strands was 

associated with aligned collagen fibers or adjacent striated muscle fibers (Fig. 14a). 

Conversely, nearby fatty connective tissue predominant single-cell invasion was observed 

to be followed by diffuse and/or collective invasion (Fig. 14b). Here, individual cancer 

cells moved along fat cells, which were visible by their negative fluorescence signal (Fig. 

14b, white asterisks) caused by the absorption of the laser light. Eventually this 

migration of tumor cells was followed by complete inclusion of fat cells by the tumor 

mass. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2.2 Lymphatic Vessels 

 

Further pro-invasive tissue structures were lymphatic vessels (Fig. 15). The small FITC-

tagged peptide LyP-1 binds to the cell surface protein p32 on macrophages incorporated 

into walls of tumor-associated lymphatic vessels214. After intravenous injection it bound 

to lymph vessels of the tumor margin, but not to those in the central region of the tumor 

(data not shown). Individually migrating cells and multicellular strands were aligned 

along the outer surface of lymph vessels (Fig. 15; black arrowheads). In addition, a small 

Figure 14. Collagen and fat 
tissue as guidance structures 
of invasion. (a) Orientation of 
collective invasion strands 
along striated muscle fibers on 
day 11. Imaging depth is 
indicated. (b) Single cell 
invasion into fat tissue followed 
by diffuse and, in part, 
collective invasion. Contrast-
deficient roundish fat cells 
(asterisks) surrounded by HT-
1080 cells. Excitation wave-
length was 1100 nm for 
detection of perfused blood 
vessels (Alexa Fluor 660-
dextran, red), tumor cytoplasm 
(false-color green), SHG 
(grayscale) and 832 nm for 
tumor cell nuclei (white). Bar, 
100 µm. 
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proportion of fibrosarcoma cells was also located inside lymph vessels, suggestive of 

early lymphatic intravasation (Fig. 15, white arrowheads). 

 

 

 

 

 

 

 

 

 

 

3.3.2.3 Blood Vessels 

 

Moreover, collective invasion occurred along blood vessels aligned to the longitudinal 

tissue of the deep dermis (Fig. 16).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To test whether collective strands directly engaged with blood vessels, vessel structures 

were fluted with fluorescently labeled dextran solutions after intravenous injection. 

Dextran molecules of 40 kD size were washed out rapidly after 2 to 3 min into the vessel 

DsRed2   FITC-LyP-1 / EGFP-H2B  SHG                            DsRed2   FITC-LyP-1 / EGFP-H2B  SHG                            

Figure 16. Collective invasion guided by preexisting blood vessels. (a) Collective invasion strands in parallel alignment 
with perfused blood vasculature. Reconstruction at 1100 nm excitation of tumor cells (DsRed2, false-color green) and 
blood vessels (Alexa Fluor 660; red) of 250 μm deep zone. Details, strand alignment along blood vessels at the tumor 
basis as well as the leading edge (dashed boxes). Bars, 100 μm and 25 μm (details). (b) Still images of 3D rotation of 
multicellular tumor strand (red) cuffing a central blood vessel (green). See also Movie 2. Overview epifluorescence (c) and 
high-resolution MPM reconstruction (d) of collective invasion along linear but not irregularly-shaped vessels. Bars, 50 µm 
(a), 1 mm (c), 100 μm (d). (e) Tortuosity of vessels in regions devoid of invasion compared to vessels associated with 
collective invasion strands. Data show the medians (horizontal line) of individual vessels from 5 independent lesions. *** 
p<0.001 (unpaired Mann-Whitney U-test).

Figure 15. Invasion of HT-
1080 cells along lymphatic 
vessels detected with FITC-
conjugated LyP-1 peptide. 
Intra- (white arrowheads) and 
perilymphatic invasion (black 
arrowheads). Projection of 3D 
stack. Bars, 100 µm. 
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surrounding tissue, whereas the 70 kD variant was retained within blood vessels for 

longer time periods, allowing imaging for 3 to 4 hours (data not shown). The conjugation 

of dextran molecules with Alexa Fluor 660 further increased the imaging quality allowing 

sustained detection of vessels together with cellular morphology and nuclear states by 

sufficient spectral separation from H2B-EGFP and cytoplasmic DsRed2. 

Blood vessel display revealed that multicellular strands were in direct anatomic 

association with perfused capillaries and small vessels either adjacent to or completely 

embedding individual vessels (Figs. 16a, b; see also Movie 2). This vessel guided 

invasion was selective, as only anatomically linear, constitutively preexisting vessels but 

not irregularly shaped, more tortuous neovessels promoted collective invasion (Figs. 16c-

e). The lack of an invasion-promoting role of neovessels was further supported by the 

onset of invasion 1 to 3 days prior to tumor-induced neoangiogenesis (Figs. 10a). 

 

Taking the availability of various guidance structures into account, fibrosarcoma invasion 

in vivo is diverse in response to the heterogeneity of encountered tissue structures. 

 

3.3.3 Invasive growth 

 

Time-lapse MPM imaging of collective strands revealed collective invasion as multi-

component process which included cell movement, the retention of cell-cell junctions, 

and mitotic activity (Fig. 17, see also Movie 3). 

 

 

 

 

 

 

 

 

 

3.3.3.1 Invasion efficiency 

 

To determine the invasion speed of collective invasion time-lapse MPM at various 

organizational and time levels was used for quantitative analysis. 

Using different observation intervals, i.e. for individual nuclei minutes (Fig. 17, dotted 

box; Fig. 18a; see also Movie 3), for individual strand tips hours (Fig. 18b), and for 

complete invasion strands days (Fig. 18c), a uniform mean velocity of 100 μm/day was 

measured (0.1 μm/min; Fig. 18d) with an absolute range from –125 µm (spontaneous 

retraction) to 260 µm. This migration speed is approximately 3- to 5-fold slower than 

Figure 17. Invasive growth: 
collective invasion coupled to 
proliferation in HT-1080 dual-color 
xenografts. Multicellular collective 
invasion zone (cytoplasm red, nuclei 
yellow). Dotted box, position nuclear 
dynamics comp (Fig. 18b). Dashed 
box, position mitotic dynamics comp 
(Fig. 19a). Arrow, direction of 
invasion. See also Movie 3. Bar, 
100 μm. 
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single-cell speeds obtained from in 3D collagen lattices in vitro14 and 30-fold slower 

compared with amoeboid single cells in the MMTV breast cancer model in vivo155,173. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To generate representative and statistically robust data of invasion speed, 3D stacks 

were collapsed and the invasion distance of each strand was quantified for subsequent 

days of tumor progression (Fig. 18c). As topographic reference blood vessels in non-

invaded dermis were found to be stable in position and primarily used to identify similar 

regions for alignment of images taken in the course of 2 weeks (Fig. 18c, white dashed 

lines). The cytoplasmic DsRed2 signal was than used to determine strand lengths. 

Starting from the former position of a strand tip (Fig. 18c, colored dashed lines) length 

increase (further invasion; Fig. 18c, S1, green arrow) or decrease (spontaneous 

retraction; Fig. 18c, S2, red arrow) to a second imaging time point was measured as 

positive or negative speeds, respectively. 

 

3.3.3.2 Components of invasive growth 

 

Short-term time-lapse microscopy of nuclear DNA using the H2B-EGFP label confirmed 

not only nuclear movement in collective strands but also concurrent mitotic activity (Fig. 

17, dashed boxes; Fig. 19a). Mitotic frequency amounted during tumor progression to 0 

to 6 % of all nuclei, corresponding to values determined in cells migrating in 3D collagen 

matrices in vitro (data not shown) and in the main mass. Strikingly, mitotic planes were 
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Figure 18. Collective invasion speed. (a) 
Nuclear dynamics in multicellular 
invasion zone obtained from dotted box 
in (Fig. 17). Arrowheads, position of 
nuclear tip at different time points: 0 min, 
white; 15 min, cyan; 30 min, blue. Arrow, 
direction of invasion. (b) Protrusion of the 
tip of a multicellular invasion strand 
monitored by time-lapse MPM. The 
strand was normalized in position 
(dashed line) and the movement within 4 
h displayed in false color (t1, yellow; t2, 
magenta; t3, blue; arrows, position 
change of the leading edge). (c) Invasion 
speed of multicellular strands obtained 
from repetitive 3D microscopy over days. 
Collapsed MPM stacks (1100 nm 
excitation) were obtained at different 
time-points and aligned in position using 
the (constant) blood vessel pattern (white 
lines). Fluorescence channel with 
cytoplasmic signal used to measure 
length of various strands e.g. strand 1 
and 2 (S1, S2). Starting from former 
position of strand tip (S1 = L1, S2 = L2) 
increase (S1, green) or decrease (S2, 
red) in length is measured at time point 2. 
Bars, 10 µm (a), 50 µm (b), 250 µm (c). 
(d) Invasion speed of collective strands. 
The migrated distance per day was 
measured from the position change of 
individual tips from d4 to d6. Negative 
values represent occasional retraction of 
the tip of a strand. Horizontal line, 
median. 
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preferentially oriented perpendicular to the invasion direction as detected from the angle 

distribution (Figs. 17, 19; see also Movie 3), suggesting that cells remain coupled in their 

orientation during collective invasion. 

 

 

 

 

 

 

 

To test whether cell proliferation contributes to cell strand protrusion efficiency, tumor 

growth and mitotic activity were arrested by low-dose fractionated irradiation (Figs. 20a, 

43; irradiation protocol) and thereby uncoupled from the migration activity (Figs. 20b-g). 

Despite mitotic arrest (Figs. 20d, e) collective invasion persisted for several days at 

velocities ranging from 50 to 120 μm/d during the irradiation phase, until it slowed down 

after irradiation was terminated (Figs. 20f, g). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Mitotic activity in collective strands. (a) 
Segregation of chromosomes from time-lapse 
sequence of H2B-EGFP obtained from the box in (Fig. 
17). Arrow, direction of invasion. Bar, 10 μm. (b) 
Angle distribution of mitotic planes relative to the 
invasion direction in collective invasion strands and 
the adjacent main tumor mass. Horizontal line, 
median. 
 

Figure 20. Uncoupling of mitotic activity 
from collective invasion. (a) Time scale 
and dosing overview for anti-proliferative, 
fractionated low-dosis irradiation of HT-
1080 xenografts (cumulative dose 12 
Gy). (b) Growth arrest in 2 xenografts 
during (d4 to 11) and after (d11-13) 
irradiation). Day 6 to 13 show ongoing 
collective invasion (arrowheads) despite 
stable tumor volume after d6. (c) 
Arrested growth in irradiated lesions, 
compared to untreated separate mice 
(external control) or a non-irradiated 
contralateral xenograft in the same 
mouse (internal control). Dashed lines, 
time points of irradiation (4 x 3 Gy). Data 
show the means ± SD for 2 to 9 
independent lesions. (d) Loss of mitotic 
figures (arrowheads) before and during 
irradiation detected from H2B-EGFP 
label of tumor nuclei. (e) Mitotic activity 
before, during and after irradiation 
quantified from independent fields of 
view. (f) Progressing invasion despite 
mitotic arrest. Collapsed MPM stacks 
(1100 nm excitation). The number 
indicates invasion distance of the upper 
collective strand during and after 
irradiation. (g) Invasion speed of 
individual collective strands determined 
before, during and after irradiation. (e,g) 
Horizontal line, median. *** p<0.001 
(unpaired Mann-Whitney U-test). Bars, 1 
mm (b), 25 µm (d), 100 µm (f). 
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Thus, HT-1080 fibrosarcoma xenografts generate a predominant collective invasion 

pattern together with ongoing mitotic activity; whereas the invasion process occurs 

independently of cell division, proliferation is a supporting factor mid-term, possibly by 

aiding volume expansion or supporting cell polarity. 

 

3.3.4 Collective invasion in human fibrosarcoma 

 

The histomorphological characteristics of the 3D spheroid injection model, in particular 

the topology of invasion, were validated using human lesions of the classical 

fibrosarcoma type (Fig. 21). 

Human fibrosarcoma invaded the adjacent stroma as multicellular strands with sharp 

boundary to the reactive connective tissue (monitored by α-smooth muscle actin positive 

fibroblasts) (Fig. 21a). Collective strands oriented along regular-shaped, erythrocyte-

containing blood vessels with peripheral pericytes which frequently were located inside 

the invasion strands (Fig. 21b). Lastly, mitotic planes in human fibrosarcoma were 

oriented in perpendicular direction to strand extension (compare Fig. 17, dashed 

squares; Fig. 21c). 

 

 

 

 

 

 

 

 

 

Thus, collective invasion along regular perfused blood vessels and concurrent mitotic 

activity are hallmarks of invasive growth in both othotopic mouse model and human 

fibrosarcoma lesions. 

 

3.4 Growth and invasion of orthotopic melanoma models 

 

To estabilish a second, independent invasion model in the skinfold chamber, growth and 

invasion of melanoma allo- and xenografts were established and compared to 

fibrosarcoma invasion. Murine B16/F10 and human MV3 melanoma cells were used as 

dual-color variant (cytoplasmic DsRed2, H2B-EGFP) and injected into the dermis as 

described for HT-1080 cells (Fig. 8). 

Figure 21. Collective invasion 
pattern in human adult 
fibrosarcoma (primary lesion in 
subdiaphragmal location). (a) 
Multicellular elongated strand 
bordered by reactive α-smooth 
mucle actin (SMA) positive 
stoma (b) along regularly-
shaped CD31-positive 
preexisting vessels. (c) Mitotic 
figures perpendicular to strand 
orientation. Arrowheads, 
mitotic cells. 
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3.4.1 Growth of orthotopic melanoma lesions 

 

B16/F10 and MV3 cells grew with different efficiency; B16/F10 tumors developed 

exponential growth at doubling rates of 1-2 days (Figs. 22a, b), whereas MV3 xenografts 

showed a near-linear growth with a doubling time of 6-10 days (Figs. 22c, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To better understand these differences in growth, the mitotic and apoptotic frequencies 

were compared (Fig. 23a). Both melanoma cell lines showed significantly more cell 

divisions than the HT-1080 cells, but no significant differences in apoptosis (Fig. 23a). 

Although MV3 divide 2-fold more often, xenografts grew slower (Fig. 22d). To explain 

this discrepancy the net survival was calculated for all cell lines (average mitotic 

frequency divided by average apoptosis rate; Fig. 23b). The mitosis/apoptosis index 

(MAI) was 6.5 in B16/F10, consistent with rapid tumor growth (Fig. 22b) and 2.3 for MV3 

and HT-1080 lesions, consistent with moderate volume expansion of the lesion (Fig. 

22d). 

 

 

 

 

 

 

 

 

 

Figure 23. Mitotis and apoptosis 
in tumor main masses of HT-
1080, B16/F10 and MV3 grafts. 
(a) Quantification of mitotic and 
apoptotic frequencies (HT-1080, 
MV3: day 6; B16/F10: day 3). 
Data show mean proportions of 
independent microscopic fields 
from 2 to 4 independent tumors. 
(b) Net survival (Mitosis/ 
Apoptosis Index). 
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Figure 22. Melonama growth 
after implantation into the 
mouse dermis. (a,c) Time-
course of B16/F10 (a) and 
MV3 (c) xenograft growth and 
invasion (white arrowheads) 
monitored by epifluorescence 
microscopy. Insets, absence 
(day 3) and presence 
(B16/F10: day 5, MV3: day 6) 
of neovessels. Generation of 
melanin (black arrowheads). 
Bars, 1 mm. (b,d) Tumor 
volume growth of B16/F10 (b) 
and MV3 (d) tumors compared 
to HT-1080 and normalized to 
the volume of day 1. Mean 
values ± SD (n = 4-9). * p<0.05 
** p<0.01 (unpaired Mann-
Whitney U-test).  
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3.4.2  Pigment-induced phototoxicity in B16/F10 lesions – limitations for 

multiphoton microscopy 

 

Although B16/F10 cells are amelanotic in cell culture in vitro, xenografts produced 

melanin starting at day 5 (Fig. 22a).  

 

 

 

 

 

 

 

 

 

Melanin absorbs UV light with maximum efficiency as well as, at lower efficiency, NIR and 

IR wavelengths215, which in turn results in the generation of heat and thereby skin 

damage216. Consistent with a previous report216  repeated exposure of B16/F10 allografts 

to NIR irradiation required for in vivo microscopy (power range 75 - 125 mW) led to focal 

necrosis in the main tumor mass (Fig. 24) and associated vessel damage detected by 

leakage of Alexa 660 dextran (Fig. 24, white arrowhead). In addition, tumor cells became 

fragmented in regions of photodamage (Fig. 24, black arrowheads), and cytoplasmic 

DsRed2 signal was lost (Fig. 24, asterisk). In contrast to the main mass collective 

invasion strands were free of melanin probably due to the lower cell amount (Fig. 22a). 

Consequently, B16/F10 lesions may be amenable to early monitoring in non-pigmented 

state and/or single time-point measurements during pigmentation, not however for 

repetitive imaging required for longitudinal analysis of tumor progression and regression 

used in this study.  

In contrast MV3 tumors produced no melanin up to day 14 which allows MPM to follow 

tumor development also at late stages (Fig. 22c). 

 

3.4.3. Invasion pattern 

 

After intradermal injection, B16/F10 and MV3 melanoma lesions showed invasion 

patterns similar to the HT-1080 model. The majority of cells invaded collectively retaining 

direct cell-cell contacts (Fig. 25). Likewise, individual B16/F10 and MV3 strands oriented 

along preexisting blood vessels of the deep dermis (Figs. 25c, f; white arrowheads). A 

considerable proportion of MV3 and B16/F10 collective strands was compact and 

contained one to 10 cell layers in width (Figs. 25b, e). 

Figure 24. Tissue destruction (loss of 
cytoplasmic DsRed2 signal, asterisk; 
fragmented tumor cells, black arrowheads; 
leaky vessels, white arrowheads) caused by 
absorption of laser light. MPM reconstruction, 
excitation wavelength 1100 nm. Bar, 100 µm.  
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Whereas HT-1080 and B16/F10 lesions developed predominantly compact collective 

invasion yet limited single-cell dissemination, invasion areas of MV3 xenografts contained 

a spectrum of invasion patterns, including besides compact invasion strands, chains of 

multiple cells migrating in more loose collectives with tip-to-tip interactions (Fig. 25f, 

black arrowheads), as well as the migration of detached cell clusters or individual cells 

(Fig. 25d, white arrows). In loose chains, cell-cell contacts lacked continuous contact 

planes between each other but rather maintained filopods (black arrowheads; Figs. 18f, 

h), which is reminiscent of neural crest migration24. Thus, B16/F10 grafts represent 

mainly a model for compact collective invasion of limited use for sequential multiphoton 

imaging, whereas MV3 lesions represent a model for the study of natural variability of 

cancer invasion, including collective invasion, multicellular streaming as well as single-

cell dissemination. 

 

Figure 25. Collective melanoma invasion in skinfold chamber model. (a,d) Exemplary B16/F10 (a-c) and MV3 (d-f) tumor 
with mainly collective invasion areas. 3D reconstructions using MPM excitation at 1100 nm (B16/F10, d5; MV3, d11). 
Arrows, detached cells. (b,e) Collective invasion strands. Magnified region from (a, d; squares). Upper row MPM excitation 
1100 nm, lower row 832 nm. Green arrowheads, mitosis; orange arrowheads, apoptosis. Insets, exemplary mitotic and 
apoptotic figures. (c,f) Guidance of collective invasion strands by perfused blood vessels (white arrowheads) in B16/F10 
(c) and MV3 (f) tumors. Images are single focal planes with imaging depth indicated. Black arrowheads, loose cell-cell 
contacts via filopods. (a) – (h) 1100 nm: Tumor cytoplasm (green), Blood vessels and macrophages (red), Collagen (blue). 
832 nm: Tumor nuclei (white). Bars, 250 µm (a, d) and 100 µm. 
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3.4.4 Invasive growth of melanoma 

 

HT-1080, B16/F10 and MV3 cells all invaded collectively into the same 

microenvironment, but their invasion speed varied substantially (Fig. 26a). Whereas MV3 

cells invaded as efficiently as HT-1080 cells (~ 100 µm/d; Fig. 26a), B16/F10 were by 

50% slower (40 µm/day; Fig. 26a). The migration speed of MV3 cells is 3- to 5-fold 

slower than single-cell speeds obtained from 3D collagen lattices (data not shown) which 

is comparable to the reduction in velocity of HT-1080 cells. In contrast B16/F10 cells 

invaded collectively faster as as single cells in vitro (data not shown) indicating optimal 

migration conditions in vivo. 

Similar to HT-1080 cells, collectively invading melanoma strands contained both mitotic 

and apoptotic figures (Figs. 25b, e, respective green and orange arrowheads). HT-1080 

and MV3 invasion strands showed similar mitotic frequencies which were 2- to 3-fold 

higher compared to B16/F10 strands (Fig. 26b) whereas apoptotic rates were similar in 

HT-1080 and B16/F10 strands and 2-fold increased in MV3 strands (Fig. 26b). As 

consequence of these differences of mitosis and apoptosis rates, the net growth in 

invasion strands derived from the MAI was highest in HT-1080 cells and lowest in MV3 

cells (Fig. 26c). Because MV3 cell strands were as fast as HT-1080 strands, these data 

indicate that collective invasion may comprise an active, migration driven and a passive, 

proliferation-driven component both of which differ between MV3 and HT-1080 cells. In 

B16/F10 strands, the comparably slow invasion speed is consistent with the decreased 

MAI in invasion strands compared to HT-1080 cells (Fig. 26c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. Speed, mitosis and apoptosis in invading collective melanoma strands. (a) Speed of individual collective 
strands. Median, 25th and 75th percentile (box) and 5th / 95th percentiles (whiskers; 17 to 45 strands). (b) Frequency of 
mitosis and apoptosis in invasion strands of B16/F10 and MV3 compared to HT-1080 tumors (HT-1080, MV3: day 6; 
B16/F10: day 3 (earlier time point because of accelerated progression of B16/F10 lesions)). Data points represent 
independent microscopic fields from 2-4 independent tumors. Line, median. (c) Net-survical as mitosis/apoptosis index. * 
p<0.05, *** p<0.001 (unpaired Mann-Whitney U-test). 
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3.5 Collective invasion: a radioresistance niche 

 

3.5.1 Radiation therapy: Heterogeneity of response 

 

In fibrosarcoma and other soft tissue sarcomas, standard post-surgery treatment is  

achieved by irradiation of the wound bed and adjacent healthy tissue, leading to greatly 

decreased rates of local tumor relapse182. The nearby location of invasion strands to 

blood vessels suggestive of high oxygenation and nutrient delivery217,218; consequently, 

we hypothesized that collective invasion strands represent a region of particular 

radiosensitivity.  

 

3.5.1.1 Heterogenous response rate to irradiation 

 

To test the radiosensitivity of HT-1080 fibrosarcoma xenografts, established tumors 

including progressive invasion and neoangiogenesis were irradiated fractionally with 5 x 4 

Gy (Figs. 27a, 43, radiation protocol).  
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Figure 27. Radiotherapy of HT-1080 
xenografts. (a) Time scale and dosing 
overview for fractionated irradiation of HT-
1080 xenografts (cumulative dose 20 Gy). 
(b) Time course of completely (top), 
subtotally (middle) and partial regression 
(bottom) in independent xenografts. The 
regression response (%) of the main tumor 
mass on d13 is indicated (compared to d6). 
Bar, 1 mm. (c) Tumor growth before, during 
(dashed lines; 5 x 4 Gy) and after irradiation 
compared to untreated control tumors in 
independent mice (external control) or a 
non-irradiated contralateral xenograft in the 
same mouse (internal control). Data show 
means ± SD (n = 3 – 9 independent 
tumors). Statistical analysis of tumors in 
independent mice (Ext. Ctrl.) vs. irradiated 
lesions. * p<0.05, ** p<0.01 (unpaired 
Mann-Whitney U-test). 



 50

This regimen resulted in partial to complete regression ranging from 33.5% (partial 

regression) to 100% (complete regression; Fig. 27b). Thus, although the same source 

cell and irradiation regimen was used, tumors could be grouped into high (>50% 

regression) and low responders (<50%), thereby mimicking the natural variability of 

response rates after treatment in patients. In high responders reduction of tumor volume 

started 1 to 3 days after the onset of irradiation, whereas in low responders a phase of 

persistence was followed by slow regression, usually after irradiation was completed (day 

11; Fig. 27b). In most lesions growth slowed down significantly after 2 irradiation cycles 

(cumulative 8 Gy) and tumors regressed to 30% of the initial volume (Fig. 27c). Thus, 

albeit at variable time course and magnitude, the irradiation scheme led reproducibly to 

regression of the main mass of HT-1080 xenografts. 

 

3.5.1.2 Heterogeneity between mitosis and apoptosis 

 

To investigate the underlying mechanisms we determined irradiation response at the 

nuclear level and the time course of mitotic and apoptotic frequencies of the tumor mass 

was quantified. Two hours after the first irradiation, proliferation was significantly 

reduced or even ablated in some lesions (Figs. 28a). After 3 irradiation cycles 

(cumulative 12 Gy) proliferation was blocked completely in all tumors (Fig. 28a). In 

contrast, the apoptotic rate remained near-constant immediately after first irradiation 

(Fig. 28a). During the following days apoptosis rates increased slowly and finally doubled 

with a peak 168 h after the onset of irradiation (Figs. 28a). Thus, cell damage induced by 

radiotherapy first prevents cell division probably by cell cycle arrest to allow damage 

repair219, and leads delayed to cell death218. 

 

 

 

 

 

 

 

 

 

 

Differentiation of high and low responders showed that positive outcome was associated 

with higher apoptosis frequency compared to poor responders (Fig. 28b), whereas 

proliferation was completely arrested in all tumors and hence not predictive (data not 

shown).

Figure 28. Impact of radiation therapy on mitosis 
and apoptosis rates in the main tumor mass. (a) 
Rapid proliferation arrest 2h after first irradiation 
whereas apoptosis rates remained constant (> 
48 h and 5 irradiations). Time course of mitotic 
(white) and apoptotic fractions (black). Data 
show mitotic and apoptotic fraction of 20 
independent fields of view from 3 – 4 
independent lesions; median, 25th and 75th 
percentile (box) and 5th / 95th percentiles. Grey 
dashed lines, irradiation. Statistical comparison: 
time points after 1st irradiation vs. initial fraction 
2h before irradiation. (b) Reduced apoptotic 
response of high vs. low-responding tumors after 
completed irradiation (d11 and 13). Horizontal 
line, median. * p<0.05, *** p<0.001 (unpaired 
Mann-Whitney U-test).
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3.5.1.3 Heterogeneity between main mass and invasion strands 

 

It is known that microenvironmental factors like the oxidative status or factors secreted 

by stromal cells have significant impact on the sensitivity or resistance of cancer cells to 

therapy182,218,220. 3D whole-field reconstructions before, during and after irradiation 

showed that incipient collective invasion was first insensitive and later partially sensitive 

to therapeutic irradiation during growth arrest phase (Fig. 29a; see also Movie 4). 

Although the average invasion speed slowed down dramatically and strands even 

retracted during regression phase (Fig. 29b), 30% of the strands were forward 

protruding several days after irradiation was completed (Fig. 29c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29. Relative radioresistance of collective invasion strands. (a) Time course of collective invasion efficiency before 
(d4), during (d11) and after (d14) irradiation compared to untreated control sample. Z-stacks of 120 to 250 μm depth were 
obtained by 1100 nm excitation and displayed as projections of tumor cytoplasm (DsRed2, green), blood vessels (Alexa 
Fluor 660-dextran, red) and SHG (blue; top images). A subsequent scan was obtained using 832 nm excitation for 
detzecting H2B-EGFP expressing nuclei (white signal, bottom images). White asterisks, regression of main mass in 
irradiated tumor. (b) Time-dependent invasion speed of untreated and irradiated strands. Median, 25th and 75th percentile 
(box) and 5th / 95th percentiles (whiskers; 17 to 45 strands). (c) Fraction of actively protruding strands in control and 
irradiated tumors as mean value from 20-60 measured strands of 3 independet tumors. Dashed lines, time-points of 
irradiation. Bar, 100 μm. *** p < 0.001 (unpaired Mann-Whitney U-Test).
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The kinetics of mitotic and apoptotic frequencies were assessed to monitor radiation 

sensitivity of collective strands relative to the central tumor mass. The mitotic arrest was 

uniform in main mass and invasion strands alike and persisted during and after 

irradiation was completed (Figs. 30a, b). In contrast, apoptotic rates in the main mass 

increased in average by 2-fold whereas only marginal increases were obtained in the 

invasion strands (Figs. 30a, c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To quantify the regression of the invasion area, 2D images were reconstructed from z-

stacks and the invasion areas were obtained by segmentation and pixel count (Fig. 31). 

First, tumor appearance at day 6 (maximum invasion area) was reconstructed and a 

mask for the tumor main mass area was created. Dependent on the vessel alignment this 

mask was applied to the tumor reconstruction of day 13 (end-point of experiment) and 

used to subtract the former area of the main mass. Afterwards the invasion area was 

determined to calculate the absolute and relative regression. 

Consistent with incomplete apoptotic response in invasion strands, their response to 

irradiation was significantly less pronounced compared to the main tumor mass (Fig. 

30d). Consequently, even in completely regressing main lesions collective invasion 

strands persisted in a morphologically intact and viable state, including non-fragmented 

interphase nuclei and non-compromised DsRed2 containing cytoplasm. 
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Figure 30. Relative resistance to radiation-
induced apoptosis in invasion strands but not in 
main tumor mass. (a) Images show detail of (Fig. 
29, d14). Circles, apoptotic nuclei. Insets, 
exemplary apoptotic nuclei. Bar, 50 μm. 
Frequency of mitotic (b) and apoptotic figures (c) 
in main mass and collective invasion strands. 
Data show the fraction from different microscopic 
fields representing 3-4 irradiated tumors. Line, 
median. (d) Residual tumor volume (main mass) 
and residual tumor area (invasion) after 
completed irradiation (d13) compared to d6. 4 
representative and fully analyzable tumors (high- 
and low-responders). Line, median. ** p < 0.01; 
*** p < 0.001 (Paired T-Test). 
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3.5.2 Radioresistance of human melanoma (MV3) 

 

To confirm the altered biology, i.e. radioresistance of collective invasion strands in a 

different tumor model, human MV3 melanoma cells were implanted into the DSFC and 

irradiated. In pilot experiments, cumulative irradiation doses of 20 or 50 Gy, 

respectively, led to growth arrest but lacked regression or only partial, not however 

complete regression of the main mass (Fig. 43, irradiation protocols). High resolution 

MPM imaging of irradiated lesions revealed that either proliferation was not blocked (20 

Gy) or after completed irradiation mitotic activity was switched on again (50 Gy; data not 

shown). A modified protocol of increased efficiency was used to avoid a restart of mitosis 

after completion of irradiation (Fig. 32a) and further prevent skin damage which was 

otherwise obtained using doses higher than 50 Gy (data not shown). This modified 

protocol resulted in growth arrest followed by partial regression of the tumor main mass 

(Figs. 32b, c). Topographic quantification of relative regression rates revealed that 

collective invasion strands, again, showed a trend to regress less efficiently, compared to 
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Figure 31. Quantification of the residual tumor area in invasion strands after irradiation. The area measured at d6 was set 
as 100 %, the area at d13 was used as residual tumor area. Bar, 250 µm. 
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the tumor mass (average 20% less; Figs. 32b, d) due a significantly weaker induction of 

apoptosis (Fig. 32f). As in the HT-1080 model proliferation was arrested completely in 

both, main mass and strands (Fig. 32e). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These findings, in part confirm a decreased radiosensitivity in collective invasion strands 

in MV3 melanoma lesions, which are a model of high radioresistance similar to clinical 

experience with melanoma in humans221.  

 

3.6 Molecular mechanisms of collective invasion and radioresistance 

 

3.6.1  Radioresistance despite chemotherapy (doxorubicin) 

 

Doxorubicin belongs to the group of alkylating agents which are cytostatica that prevent 

DNA replication by binding to nucleic acids thereby leading to cell cycle arrest similar to 

irradiation. In addition to surgical tumor resection and irradiation, doxorubicin is a most 

effective chemotherapeutic agent (25% of patients respond) in treatment of advanced 

soft tissue sarcoma in adults182. 

Figure 32. Relative radioresistance of invasion strands and disseminated single cells in MV3 tumors. (a) Time scale and 
dosing overview for modified fractionated irradiation of MV3 xenografts (cumulative dose 50 Gy). (b) Time course of 
irradiation response and partial regression after application of modified irradiation protocol (a). Bar, 1 mm. (c) Tumor 
volume before, during (dashed lines; 5 x 10 Gy) and after irradiation compared to untreated control tumors in independent 
mice. Data show the means ± SD (n = 4 - 7 independent tumors). (d) Residual tumor volume (main mass) and residual 
tumor area (invasion) after completed irradiation (d15) compared to d6). Data points represent the combined values of 
bilateral invasion zones from 3 independent lesions. Line, median. Paired t-test. (e) Mitotic and (f) apoptotic fraction of 
untreated and irradiated cells on d6. Main mass compared to invading cells. Data points represent the percentages from 
multiple independent microscopic regions per lesion from 3 independent tumors. Line, median. ** p < 0.01; *** p < 0.001 
(Unpaired Mann-Whitney U-Test). 
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We therefore determined whether doxorubicin, either alone or in combination with 

irradiation, had an impact on the persistence of both, main tumor mass and/or collective 

strands in mice bearing established HT-1080 tumors (Fig. 43, medication protocol).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As maximum cumulative dose of doxorubicin, 9 µg per g body weight were used since 

higher doses led to the onset of therapy-induced lethality 5 to 7 days after first injection 

Figure 33. Response of HT-1080 xenografts to systhemic chemotherapy with doxorubicin. (a) Time course of growth and 
invasion of HT-1080 xenograft during and after treatment with doxorubicin (Doxo; lower row) in comparison to untreated 
control tumor (upper row). White arrowheads, collective invasion strands. (b) Time course of tumor volume in the presence 
(orange) or absence (white) of doxorubicin treatment. Mean values from 2 to 4 independent tumors. (c) Mitotic and 
apoptotic fractions of independent visual fields from 2 to 4 independent tumors. Left, tumor main mass. Right, invasion 
strands. Line, median. (d) Lack of radiosensitization by doxorubicin. Growth response and regression of tumors during and 
after radiotherapy in absence (black) or presence (orange) of doxorubicin. Mean of 2 to 4 independent tumors. (f) 
Radioresistance of tumor main mass and collective strands was increased by treatment with doxorubicin. Epifluorescence 
images before (left) and after (right) radiotherapy. (f) Viable collective invasion strands after irradiation and doxorubicin 
treatment (detail from (e, dashed box). Z-projections of MPM 3D stacks (120 to 160 μm depth) using 1100 nm excitation. 
Cytoplasm of tumor cells (DsRed2, green), blood vessels (Alexa Fluor 660-dextran, red) and SHG (blue; top images). A 
subsequent scan using 832 nm excitation shows tumor nuclei (H2B-EGFP, white) detection (bottom). Bars, 1mm (a), 250 
µm (e) and 100 µm (f). *** p<0.001 (unpaired Mann-Whitney U-test).
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(data not shown). Treatment of xenografts with doxorubicin alone resulted in growth 

arrest of the tumor main mass (Figs. 33a, b) due to strongly decreased mitotic and a 

constant apoptotic rate (Fig. 33c) consistent with effects of the expected cell cycle arrest. 

Compared with the main mass proliferation was equally well inhibited in collective 

invasion strands (Fig. 33c) but spontaneous apoptosis was ablated. Similar to irradiation, 

chemotherapy with doxorubicin neither prevented the onset nor reduced the progression 

of collective invasion strands (Fig. 33a, white arrowheads). 

If combined with irradiation, administration of doxorubicin had no additional effect on the 

radiation response of the main mass and rather blunted its efficacy compared to single-

modality radiotherapy (Fig. 33d). This could be caused by the induced partial cell cycle 

arrest prior to irradiation that reduces tumor growth and thereby also vulnerability 

towards irradiation. Moreover, as in irradiated control tumors, viable strands were 

observed after irradiation was completed (Figs. 33e, f) excluding a radiosensitizing effect 

of doxobubicin on invasion strands. Thus, although doxorubicin induces per se growth 

arrest of HT-1080 xenografts, it showed no additional efficacy on radiation therapy. 

 

3.6.2 Epidermal growth factor 

 

EGF is known to guide collective invasion of border cells in the Drosophila egg222; 

inibiting EGF receptor (EGFR) signaling has further been shown to increase 

radiosensitivity in head and neck cancer223. In vitro, HT-1080 cells express EGFR and 

show phosphorylation in response to EGF signaling224. 

To test whether EGF signaling contributes to collective invasion of fibrosarcoma lesions 

and further address its role in radioresistance of invasion strands, the antibody 

cetuximab which blunts EGFR signaling was injected into mice bearing HT-1080 

xenografts and combined to irradiation applying dosing regimen comparable to successful 

studies on squamous cell carcinoma223 (Fig. 43, application protocol). 

Although cetuximab led to reduced mitosis in the tumor main mass (day 11) net tumor 

growth was not inhibited (Figs. 34a-c). Further, cetuximab neither inhibited the onset nor 

progression of collective invasion despite the application of repeated doses (Fig. 34a, 

white arrowheads). 

Combined application of irradiation with cetuximab (before, during and after completed 

irradiation) showed no increased regression of main mass or invasion strands, compared 

to in parallel irradiated control tumors (Figs. 34d, e), which resulted in viable invasion 

strands after irradiation (Fig. 34f). 

Thus, EGF plays no auxiliary role in collective invasion of HT-1080 xenografts and EGF 

receptor inhibition cannot prevent radioresistance. 
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3.6.3 Integrins 

 

The β1 integrin subfamily plays a central role in tumor cell migration7,225 as well as in 

tumor growth and survival by providing costimulatory signaling to input from growth 

factor receptors113. Functional blockade of β1 integrin in vitro strongly reduces single cell 

migration of HT-1080 and MV3 cells or collective migration from melanoma explants in 

3D collagen lattices7,8,52 and might be therefore efficient to block invasive migration 

and/or growth in xenografts in vivo. In addition, β1 integrin has been shown to increase 

the radiosensitivity of a breast cancer xenografts in mice226. Therefore we tested whether 

interference with β1 integrin enhances radiosensitivity in the main tumor mass, collective 

invasion strands, or both. 

 

 

Figure 34. Contribution of EGF signaling on HT-1080 tumor growth and invasion. (a) Time course of growth and invasion 
of HT-1080 tumor during treatment with Cetuximab (Cetux, EGFR blocking antibody. White arrowheads, collective strands. 
(b) Time course of tumor volume with (blue) and without (white) Cetuximab treatment. Mean of 2 to 4 independent tumors. 
(c) Mitotic (left) and apoptotic fractions (right) of independent visual fields from 2 to 4 independent tumors on d11. Fields 
located in tumor main mass. Line, median. (d) Unchanged regression of tumors during and after radiotherapy in absence 
(black) or presence (blue) of Cetuximab. Mean of 2 to 4 independent tumors. (e) Persisting radioresistance of collective 
invasion strands despite Cetuximab treatment. Epifluorescence before (left) and after (right) radiotherapy. (f) Viable 
collective strands after irradiation. MPM detail of d13 (e, dashed box).  3D stacks (120 to 160 μm in depth) were obtained 
by 1100 nm excitation and reconstructed. Tumor cell cytoplasm (DsRed2, green), blood vessels (Alexa Fluor 660-dextran, 
red) and SHG (blue; top images). A subsequent scan using excitation at 832 nm was used to detect tumor cell nuclei (H2B-
EGFP, white) . Bars, 1 mm (a), 250 µm (e) and 100 µm (f). * p<0.05, *** p<0.001 (unpaired Mann-Whitney U-test). 
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3.6.3.1 Establishment of stable knockdown cell lines 

 

3.6.3.1.1 Knock down of β1 integrin  

 

As initial approach, stable knockdown of β1 integrin expression by lentiviral vectors 

encoding a short hairpin RNA (shRNA) directed against ITGB1 in HT-1080 cells was used 

to test the role of β1 integrin on tumor cells in vivo while avoiding interference towards 

the host microenvironment. Four different sequences were tested and the clone with 

highest knock down efficiency (80%, clone 2) was selected for further experiments (Figs. 

35a, b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Stable lentiviral shRNA knockdown of β1 integrin. (a) Knockdown efficiency of 4 different shRNA probes against 
β1 integrin detected by Western Blot in HT-1080 and dual-color HT-1080 (DC) cells. As control wild-type and with empty 
vector (p-puro) transfected cells were used. β-tubulin was used as loading control. (b) Knockdown efficiency of surface β1 
integrin on shRNA clone 2 assessed by flow cytometry. (c) Surface expression profile of known integrin β and α chains as 
well as CD44 on HT-1080 p-puro (vector control) and HT-1080/β1kd (β1RNAi clone 2). (b, c) To mimic ligand-induced 
regulation states, integrins were measured on cells after 24 h incubation in 3D collagen lattices after retrieval using 
collagenase digestion. Isotypic control (black line), antibody signal (blue line – vector, red line - β1RNAi). Numbers indicate 
relative integrin fluorescence intensity minus isotype value.
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To address whether other integrin chains were up- or downregulated as consequence of 

β1 integrin knockdown the surface expression profile of all integrin chains was obtained 

by flow cytometry. Besides β1, only β3 integrin was weakly expressed on the surface of 

HT-1080 cells (Fig. 35c, vector control), whereas none of the other integrin β-chains 

were either present constitutively or upregulated after β1 integrin knockdown (Fig. 35c). 

The knockdown of β1 induced a mild upregulation of β3 by 35% (Fig. 35c, β1RNAi), 

whereas all α chains potentially associated with β1 were strongly downregulated (α1: 

35%, α2: 15%, α3: 44%, α5: 15%, α6: 16%; Fig. 35c). As only exception, the αv chain 

which is the sole binding partner of β3 was slightly upregulated (Fig. 35c). 

  

3.6.3.1.2  Double knockdown of β1 and β3 integrin 

 

Inhibition of αvβ3 was shown to reduce cell migration of cervival tumor cells227 and 

radioresistance in melanoma, head and neck cancer, glioblastoma, and colon cancer cells 

by inhibiting angiogenesis228.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Stable lentiviral knockdown of β3 integrin in combination with β1 integrin knockdown. (a) Knockdown 
efficiency of 3 different shRNA probes against β3 integrin assessed by flow cytometry in HT-1080 cells. As control cells 
transfected with empty vector (p-neo) were used. (b)  Surface expression profile of known integrin β and α chains as 
well as CD44 on  HT-1080 p-puro/p-neo (double vector control) and HT-1080/β1/β3kd (β1RNAi clone 2, β3RNAi 
clone1). Upper row, integrin β chains. Lower row, integrin α chains and CD44. (b, c) To mimic ligand-induced regulation 
states, integrins were measured on cells after 24 h incubation in 3D collagen lattices after retrieval using collagenase 
digestion. Isotypic control (black line), antibody signal (blue line – vector, red line - β1RNAi). Numbers indicate relative 
integrin fluorescence intensity minus isotype value.
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To control for potential compensation by β3 integrin after knockdown of β1, a second 

series of experiments aimed at double-interference against β1 and β3 integrins. Three 

β1/β3 double knock down cell lines using different shRNA clones were established, and 

the most effective shRNA sequence was selected for use  in β1RNAi clone 2 (Fig. 36a). 

Whereas the αv chain was not affected in cells after β1 knockdown alone, additional 

knockdown of the β3 chain led to near-complete loss of β3 and strong downregulation of 

the αv chain (60%; Fig. 36b).  

 

3.6.3.2  In vitro characterization of β1RNAi and β1/β3RNAi cells 

 

The stability of integrin downregulation was tested by culturing HT-1080/β1kd and HT-

1080/β1β3kd cells in the absence of antibiotic selection pressure for 4 weeks. After this 

period antibiotics puromycin and/or neomycin were added again to the medium. The re-

onset of selection caused no increased cell death compared to cells cultured continuously 

with antibiotics (data not shown), indicating that the HT-1080/β1β3kd cell line is stable 

even in the absence of selection pressure for at least 4 weeks, making these cells 

suitable for in vivo use. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To characterize the phenotype of β1 and β1/β3 knock down cells in vitro net survival was 

determined first. The same amount of HT-1080/β1kd and HT-1080/β1β3kd cells or cells 

expressing control vector (pLBM-puro (single vector control) and pLBM-puro/pLBM-neo 

(dual-Vector control)) were cultured in standard liquid culture plates, and the cell 

numbers were counted after 48h of growth. Single- or dual-knockdown of β1 and β3 

integrin had no effect on cell numbers compared to control vector (Fig. 37a). In contrast 

to growth, knockdown negatively impacted the migration of HT-1080 cells in 3D collagen 

lattices. β1RNAi reduced migration speed by 60% and no additional effect was achieved 

after β3 knockdown (Fig. 37b). This subtotal inhibition was further enhanced by addition 

Figure 37. In vitro characterization of HT-1080 cells after stable knockdown of β1 or β1 and β3. (a) Proliferation. Cell 
numbers after 48h in cell culture were obtained from HT-1080/β1kd and β1/β3kd cells as well as repective vector control 
cells (Vector, pLBM-puro; Vector (2x), pLBM-puro/pLBM-neo). Mean ± SD of 3 independent samples. (b) Migration 
efficiency. HT-1080 cells were incorporated in 3D collagen lattices in the presence or absence of β1 integrin blocking 
antibody (clone 4B4) or cRGD peptide for 24h. Migration velocities were obtained by single-cell tracking. Median, 25th and 
75th percentile (box) and 5th / 95th percentiles (whiskers; 20 to 30 cells). *** p<0.001 (unpaired Mann-Whitney U-test). 
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of adhesion perturbing anti-β1 integrin antibody (clone 4B4) reaching 80% reduction in 

speed in all cell lines, but not by additional blockade of RGD binding integrins (including 

αv integrins) using cyclic RGD peptide (Fig. 37b). Thus, HT-1080 cell migration in 

collagen lattices but not in vitro growth in culture plates was dependent upon β1 integrin 

and no effect was noted for β3 integrin. These in vitro data further suggest that the 

knockdown of β1 integrin is incomplete; to reach maximum efficiency additional 

neutralization of residual integrin activity by blocking antibody is necessary, as 

determined by in vitro migration efficiency as read-out. The additional knockdown of β3 

integrin was not sufficient to decrease migration efficiency below values achieved by 

complete blockade of β1 integrin function indicating a minor role for β3 integrin in vitro 

migration. 

 

3.6.3.3 Role of β1 and β3 integrin in tumor progression in vivo 

 

To investigate the contribution of β1 and β3 integrin to tumor growth and collective 

invasion in vivo β1 single and β1/β3 dual integrin knockdown HT-1080 cells were 

implanted in to the deep mouse dermis of the skinfold chamber and monitored for 2 

weeks. 

 

3.6.3.3.1 Tumor growth 

 

In contrast to control shRNA in combination with IgG1 isotype treatment, knockdown of 

β1 integrin resulted in by 70% decelerated tumor volume growth however failed to 

achieve growth arrest or regression of the lesion (Figs. 38a, b, d).  

Additional administration of mAb 4B4 at 5 mg per kg body weight, which was the most 

effective dosage of comparable antibodies in previous studies229 (Fig. 43, administration 

protocol), induced tumor growth arrest with a tendency to regression of the tumor main 

mass (Figs. 38b, d). This growth defect was associated with both decreased mitotic and 

significantly increased apoptosis frequencies (Fig. 38e). With similar efficiency tumor 

growth was arrested by knocking down both β1 and β3 integrins (Figs. 38c, d). However, 

when 4B4 was additionally injected, tumors after β1/β3 knockdown underwent 

spontaneous, complete regression (Figs. 32c, d) due to strongly increased apoptosis and 

partial mitosis arrest (Fig. 38e). 
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Figure 38. Contribution of β1 and β3 integrins to tumor growth and survival. (a-c) Time course of growth and invasion of 
(a) dual-vector control tumors without (1st row) and with IgG1 isotype control treatment (2nd row) was compared to (b) 
β1RNAi and (c) β1/β3RNAi tumors without (1st row) or with (2nd row) additional treatment with anti-β1 integrin mAb 4B4. 
White arrowheads, collective invasion strands. Numbers in the right column indicate the mean regression (%) of the tumor 
main mass on d13 compared to day 6 (obtained from 3 to 4 independent tumors). Bars, 1 mm. (d) Time course of tumor 
volume of dual-vector control (IgG1 isotype control treatment), β1RNAi and β1/β3RNAi tumors with and without 
combinatorial treatment with β1 integrin blocking antibody (clone 4B4). Mean ± SD of 3 to 4 independent tumors. (e) Mitotic 
(left) and apoptotic fractions (right) displayed as the medians, 25th / 75th (box) and 5th / 95th percentiles (whiskers; 20 
independent fields from fields located in tumor main mass). * p<0.05, ** p<0.01, *** p<0.005 (unpaired Mann-Whitney U-
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3.6.3.3.2 Role of β1 and β3 integrins in collective invasion  

 

Although knockdown and blocking of β1 and β3 impair tumor growth dramatically 

suggesting that the approach efficiently interferes with integrin function, collective 

invasion was not prevented (Fig. 38b, c; white arrowheads; 39a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 39. Contribution of 
β1 and β3 integrins to 
individual and collective 
invasion. (a) Early onset 
followed by decay of 
collective invasion of HT-
1080/β1/β3kd xenograft 
treated with anti-β1 integrin 
mAb 4B4. Green 
arrowheads, collective 
strands; red arrowheads, 
fragmented strands and 
clusters; green star, 
persisting collective strands 
throughout observation 
period. Occasional individual 
detached cells were 
observed to migrate 
independently of invasion 
strands. Boxes, region of 
MPM reconstructions in (c, 
d). (b, e) Mitotic (left) and 
apoptotic frequencies (right) 
in collective strands. 
Independent visual MPM 
fields from 3 to 4 
independent tumors at d6 
(b) and d13 (e). Line, 
median. (c,d). MPM z-
projections at d6 (c) and d13 
(d) of 120 µm deep 3D 
stacks obtained by 1100 nm 
excitation for display of 
tumor cytoplasm (DsRed2, 
green), blood vessels (Alexa 
Fluor 660-dextran, red) and 
SHG (blue; top image) and a 
subsequent scan using 832 
nm excitation for tumor 
nuclei (H2B-EGFP, white) 
detection (bottom). Insets, 
mitotic figures in collective 
cell clusters. Bars, 250 μm. * 
p<0.05, ** p<0.01, *** 
p<0.005 (unpaired Mann-
Whitney U-test).  
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As in untreated control tumors, invasion after β1/β3 knock-down started 1 to 3 days 

after implantation and appeared mainly, but not exclusively as collective strands (Fig. 

39a, green arrowheads). In contrast to controls some collective strands partially 

fragmented at various time points and locations (Fig. 39a, red arrowheads), whereas 

others remained intact during invasion progression (Fig. 39a, strand group marked with 

green star). In the time span from day 4 to 8, individual intact strands migrated with 30 

to 86 µm per day, which was 50% slower compared to untreated control tumors 

(compare Fig. 18) and similar to invasion strands after mitosis-arrest, suggesting that 

the proliferation-enhancing rather than a direct promigratory integrin function was 

inhibited in this phase. Beyond day 8 no prolongation of strands could be detected (Fig. 

39a) suggesting that maximum extension of strands was achieved and further migration 

could result in disruption of strands.  

Mitotic and apoptotic frequencies in invasion strands from β1/β3kd tumors were similar 

to those of the tumor main mass at day 6 (compare Fig. 38e and 39b); significantly 

reduced mitosis and increased apoptosis rate. Remarkably, on d13, after migration arrest 

and despite strand fragmentation and individualization of cells, the mitotic fraction 

increased minimally whereas the apoptotis decreased. This resulted in stabilization of the 

cell amount (compare d6 Figs. 39b, c to d13 Figs. 39d, e) so that after main mass 

regression was complete, only cells after invasion survived (Figs. 38a, 39a) and 

maintained low-level mitotic activity (Fig. 39e).  

Thus, although the importance of β1 and β3 integrin for tumor cell migration is 

established in defined in vitro models, collective invasion in vivo occurs largely 

independent of β1 and β3 integrin function. Moreover, despite their contribution of cell 

survival in the main mass, the survival advantage of invasion strands was not 

substantially compromised even after combining β1 and β3 knockdown with blocking 

anti-β1 integrin antibody. Taken together, the data suggest that in vivo alternative 

and/or compensatory mechanisms exist for invasion of as well as cell survival within 

collective strands in the invasive niche which diminish the role of β1 and β3 integrins 

established in vitro.  

 

3.6.3.4 Prevention of radioresistance by β1 and β3 integrin knockdown 

 

To test whether β1 and β3 integrin mediate radioresistance of collective invasion strands, 

HT-1080/β1 and β1/β3kd xenografts were irradiated and additionally treated with mAb 

4B4. 

Dual-vector control xenografts showed no significant differences in basic growth and 

invasion parameters, therefore irradiation effects in knockdown xenografts were 

compared to HT-1080 wild-type dual-color xenografts. Compared to control tumors 

irradiation of tumors after β1 and β1/β3 knock-down resulted in fast regression (Figs. 40, 
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compare Fig. 27b) starting after the first irradiation cycle (Fig. 40c). Given that β1 and 

β3 knock-down leads to tumor regression per se (Fig. 38c), irradiation caused an 

acceleration of the process (Fig. 40b, c). Moreover, three days after irradiation was 

completed the tumor main mass was eliminated in a very reproducible manner, which 

differed from the otherwise obvious tumor-to-tumor variability (compare Fig. 40b to 

27b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Despite interference with β1 and β3 integrins the initial collective invasion capability 

remained intact (Figs. 38b, c; 39). Also additional radiotherapy did not prevent formation 

of new collective strands neither in tumors after β1 (Fig. 40a) nor β1/β3 knockdown 

(Figs. 40b; 41a, d6: green arrowhead). Whereas invasion was not altered, irradiation 

induced the regression (Fig. 40b; Fig. 41a, red arrowheads) and fragmentation of 

collective strands which resulted in enhanced individualization of tumor cells (Fig. 40b, 

Fig. 41a, yellow arrowheads). Knockdown of β3 in addition to interference with β1 

integrin accelerated this process (compare Figs. 40a and 40b). Although irradiation could 

not further increase the apoptotic frequency in the main mass, it did so in invasion 

strands (Fig. 41c). As end-point, mainly individualized, residual individual cells of 

compromised survival ability and pygnotic, dying cells with residual nuclear EGFP-H2B 

signal were left behind (Figs. 41a: red arrowhead, individual cells; white star, pygnotic, 

dying cells; 41b).  

Figure 40. Irradiation-induced regression after interferences with β1 and β3 integrins. (a,b) Time course of regression of 
(a) β1RNAi and (b) β1/β3RNAi tumors and additional 4B4 treatment during and after irradiation (5 x 4Gy). Numbers in the 
right column indicate the mean regression (%) of the tumor main mass on d13 compared to day 6 (obtained from 3 to 4 
independent tumors). (b) Uniform response to irradiation of tumors after β1/β3RNAi treated with mAb 4B4. (c) Time course 
of tumor volume regression during and after irradiation treatment (5 x 4Gy) of HT-1080, β1RNAi and β1/β3RNAi tumors 
treated with mAb 4B4. Means ± SD of 3 to 4 independent tumors. Bars, 1 mm (a-c, e) and 250 μm (e, details). 
Significance: HT-1080 vs. β1/β3RNAi + 4B4; ** p < 0.01; *** p < 0.001 (unpaired Mann-Whitney U-test). 
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Thus, irradiation combined with anti-integrin therapy led to the complete regression of 

the main tumor mass and an almost complete regression of invasion strands minimizing 

differences in radiosensitivity between main mass and invasion strands (Figs. 41b, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Taken together, although collective invasion in vivo can occur independently of β1 and β3 

integrin function, interference with these molecules is sufficient to compromise tumor 

growth and survival and break radioresistance of collective invasion strands. 
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Figure 41. Increased radiosensitivity after interference with β1 and β3 integrins. (a) Time course of regression after β1/β3 
knockdown and treatment with mAb 4B4 during and after irradiation (5 x 4Gy). Exemplary tumor, detail of Fig. 40b, 1st row. 
Green arrowhead, progressing invasion; red arrowheads, regressing invasion strands; yellow arrowheads, fragmented 
strands resulting in individualized tumor cells; white asterisks, pygnotic dying cells. (b) Comparison of residual tumor mass 
in HT-1080 tumors after β1RNAi and β1/β3RNAi (incl. 4B4 treatment) compared to control tumors. Left, epifluorescence 
image of a representative tumor at d13. Dashed boxes, position of MPM imaging field. Right, MPM z-projections of 120 µm 
deep 3D stacks obtained by 1100 nm excitation for display of tumor cytoplasm (DsRed2, green), blood vessels (Alexa 
Fluor 660-dextran, red) and SHG (blue; top image) and a subsequent scan using 832 nm excitation for tumor nuclei (H2B-
EGFP, white) detection (bottom). White asterisks, pygnotic dying cells. (c) Apoptotic frequency in tumor main mass and 
collective strands at d6 in non-irradiated and irradiated tumors after β1/β3RNA knockdown treated with mAb 4B4. Median, 
25th / 75th (box) and 5th / 95th percentiles (whiskers; 4 to 20 independent fields). (d) Residual tumor volume (main mass) 
and residual tumor area (cells after invasion) after irradiation (d13) compared to d6. Line, median. Bars, 1 mm (b, 
overview) and 250 μm (a; b, details). Significance highlighting the different response rate to irradiaton between main mass 
and invasion strands (red asterisks; paired t-test) and between treatment conditions (black asterisks; unpaired Mann-
Whitney U-test. * p < 0.05; ** p < 0.01. 
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4  DISCUSSION 

 

This study provides novel tools for deep cell and tissue imaging using two-photon near-

infrared (NIR) and infrared (IR) excitation and leads to refined orthotopic cancer models 

for fibrosarcoma and melanoma for direct visualization of tumor growth, invasion and 

response to therapy. The data show that cooption of preexisting vessels conveys 

collective invasion as well as a pro-survival niche during radiotherapy and pharmaceutical 

interference. Whereas invasion strands were resistant to any single-modality 

interference, multimodal therapy using irradiation combined with integrin blockade 

successfully interfered with this resistence niche.  

 

4.1   Improved tissue penetration and imaging of red dyes using IR-MPM 

 

Multiphoton microscopy (MPM) has emerged as a significant measurement method for 

intravital and live cell studies in neuroscience, immunology, and cancer research. Using 

NIR wavelengths the main advantage of MPM over other imaging approaches is its ability 

to observe cell migration, cell–cell interaction, and intracellular signaling deeply inside 

tissues and organs in live animals173-175,200. In addition, MPM enables excitation of the 

characteristic UV absorption bands of endogenous fluorophores and SHG202-204. Since 

MPM is typically carried out using a Ti:Sa laser emitting light in the range of 680 to 1080 

nm, fluorescent proteins in the blue to yellow are efficiently excited whereas red and NIR 

fluorophores are not without applying very high laser powers that provoke light-induced 

toxicity205. Moreover, penetration depth and spatial resolution decrease with increasing 

depth and optical density of tissues148,206-208. Whereas with NIR excitation for lymph node 

imaging sufficient penetration is reached to image the T cell zone up to a depth of 200 

µm from the lymph node cortex, the same excitation is insufficient to penetrate beyond 

the tumor surface, due to increased densities and light scattering by peritumoral tissue.  

By applying an optical parametric oscillator, improved excitation and detection conditions 

for fluorescent dyes were established and revealed that IR-MPM is superior to NIR-MPM 

for deep tumor imaging. IR-MPM-excited fluorescence and SHG imaging is suitable for 

non-toxic time-resolved reconstruction of cell behavior, particularly in deep tissue 

regions. As advantage compared to other pulsed femtosecond IR laser systems, including 

Cr:forsterite (1230 nm) and Fianium fiber (1064 nm) lasers, the wavelength generated 

by the OPO is tuneable and suited to accommodate red and NIR fluorophores at their 

excitation peak. Without a major compromise in resolution, the wavelength range of 

1100 to 1200 nm is well suited for the excitation of red and NIR fluorophores like DsRed2 

and AlexaFluor660, as well as for genetically encoded red-shifted fluorescent proteins 

and broad-band SHG. In addition it benefits from the restrictive water absorption of 

wavelength below 1300 nm212 and is therefore ideally suited for deep tissue microscopy. 
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The increase in IR-MPM imaging depth approximates 100% compared to conventional 

NIR excitation, which will be instrumental in dynamically addressing cell functions in deep 

cancer lesions. Dual-color tumor cells used in this study express cytoplasmic DsRed2 and 

EGFP coupled to histone 2B209. Although NIR-MPM is restricted in deep resolution as well 

as phototoxicity, it is necessary to combine IR and NIR excitation to simultaneously 

visualize blue and/or green fluorescent proteins, including EGFP.  

Therefore, a combination of IR and NIR excitation is most suitable to exploit a maximal 

amount of fluorescent signals from the green to the NIR range and to display the 

respective associated cellular and tissue structures, thereby utilizing advantages of IR-

MPM for deep tumor imaging. 

 

4.2  Impact of the implantation site and maintenance temperature on 

biology of tumor lesions (dorsal skinfold chamber) 

  

The dorsal skinfold chamber (DSFC) is broadly used for monitoring primary tumor 

biology157. As technical variants, cells are implanted between the dermal fascia and the 

cover slip of the chamber, either in form of tumor cell suspensions164,165, pellets167, and 

spheroids171, or solid tumor explants163, with or without a carrier172. These models 

provide direct optical access to tumor growth and angiogenesis, but yet fail to 

recapitulate other aspects of the tumor–stroma interaction, including active invasion. As 

alternative approach, the injection of pelleted tumor cells into the tissue was used here, 

which likely provides orthotopic and appropriate 3D tumor–stroma interaction to greater 

extent than other approaches230. In contrast to DSFC applications where tumor cells or 

spheroids are implanted by placing them directly onto the surface157, direct access to 3D 

tissue structures combined with intact cell–cell junctions between the tumor cells 

supports early invasion. The application of NIR- and IR-MPM further revealed that 

invading tumor cells directly interact with surrounding tissue structures which influence 

and determine diverse modes of invasion (see paragraph 4.3). Fibrosarcoma and 

melanoma cells were spontaneously and early able to migrate into the surrounding 

before tumors reached the onset of neoangiogenesis and exponential growth indicating 

that no complex microenvironmental changes are necessary to start invasion in highly 

motile HT-1080 fibrosarcoma, and B16/F10 and MV3 melanoma cells. This is consistent 

with their mesenchymal nature and stands in contrast to epithelial cancer, where 

invasive and metastatic progression are thought to involve at least transient EMT induced 

by the microenvironment and the detachment of individually migrating cells from the 

tumor mass57,155,231,232. Moreover, since the tumor is topographically confined by the 

surrounding tissue directly after injection, the volume even in relatively small tumors can 

be reliably assessed. In line with other tumor models, time-resolved quantification of 

tumor growth after injection shows an initially slow and linear preangiogenic phase 
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followed by near-exponential growth after the angiogenic switch, consistent with 

observations in other models213. High-resolution NIR-MPM further allowed direct 

assessment of mitotic and apoptotic frequencies from the progressing tumor with 

relevance for kinetic monitoring of tumor progression and therapy-induced regression 

(further discussed in paragraph 4.4.2). 

In addition to a 3D environment tumor biology is influenced by the maintenance 

temperature of mice carrying a dorsal skinfold chamber. Mice are kept usually at room 

temperature, thus we hypothesized that the metal chamber on the back could cool down 

the tissue contained therein and thereby might negatively impact tumor cell motility as 

described for epidermal or neural cells in 2D in vitro studies233,234; data on cell migration 

in 3D tissues are lacking. Compared to a housing temperature at 28°C, housing at room 

temperature affected dramatically the biological activity of two different tumor models, 

fibrosarcoma and melanoma including growth, neoangiogenesis and local invasion. It 

remains to be elucidated if further tumor functions like the metastatic potential are 

decreased in these “colder” tumors, comparable to studies in frogs which showed a 

temperature dependence of metastatic potential of Lucké renal adenocarcinoma cells235. 

Besides affecting tumor biology low temperature likely affects the biology of the 

microenvironment by reducing microvascular perfusion which in turn slows down tumor 

growth236.  

To optimize environmental conditions and elucidate the exact temperature of tissue 

contained in a skinfold chamber exact temperature measurements are necessary and 

might require additional isolation of the chamber. Additionally, a further increase of 

housing temperature above 28° might be applicable as preliminary studies showed that 

mice behavior was not impaired also at 31°C. 

 

In conclusion, by injecting tumor cells directly into the dermal tissue and maintaining 

mice carrying the skinfold chamber at 28°C we have established an in vivo model that 

allows the analysis of tumor progression including invasion into the surrounding healthy 

tissue suitable. The model thus provides visual access to early stages and molecular 

mechanisms of cancer invasion and metastasis via repeated imaging of the same tumor 

sample in context with the tumor stroma.  

 

4.3  Collective cancer invasion in fibrosarcoma and melanoma: principles, 

guidance and plasticity  

 

From in vitro studies, collective invasion is considered as invasion pattern in several 

human cancer types, including sarcoma, epithelial cancer and melanoma35,51,52,57,149, but 

this study provides the first evidance for collective invasion of fibrosarcoma and 

melanoma in vivo and its underlying mechanisms.  
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4.3.1  Diversity of invasion in vivo: Collective invasion is predominant in 

fibrosarcoma and melanoma lesions  

 

Epifluorescence and NIR/IR-MPM imaging combined with 3D reconstruction showed that 

orthotopic fibrosarcoma and melanoma xeno- and allografts transplanted into the dorsal 

skinfold chamber invaded the adjacent microenvironment by different mechanisms. 

These include individual, but preferentially collective invasion modes which are 

dependent on the guiding structure surrounding the invading tumor cell (guiding 

structures see paragraph 4.3.3). The diversity is consistent with in vitro invasion assays, 

where the migration mode is determined by the type of cell embedding into the 3D 

matrix and the composition and density of the matrix. Imbedded as single cells into a 

collagen matrix, HT-1080 fibrosarcoma as well as MV3 melanoma cells fail to arrange in 

multicellular chains but migrate individually7,8. If HT-1080 cells invade from multicellular 

spheroids into 3D ECM, a combined invasion pattern of single cells and collective strands 

along ECM tracks and ordered patterns emerges14. Similarly, explants of 

rhabdomyosarcoma51, a further soft tissue sarcoma (STS) malignancy, and melanoma52 

develop individual as well as collective invasion patterns. Seeded on top of matrigel HT-

1080 cells form collective grid-like networks that rather digest their way into the matrigel 

than conventionally migrate (own observations). From histological sections multicellular 

invasion patterns are prevalent in mesenchymal tumors and more abundant than 

disseminated single cell patterns183,192. In a recent study multicellular drifts at the border 

of breast cancer xenografts were identified, which include some hallmarks of collective 

cohesive movement (cell-cell junctions), but lack others (defined leading edge/tip cells; 

guidance structures)232. In contrast the dermis model is spatiotemporally well controlled 

and shows clear progression of collective invasion strands into and along surrounding 

tissue, that is independent of proliferative volume expansion and pushing (see discussion 

below 4.3.2). These differences of cell displacement in different in vivo models call for 

careful technical and biological control and analysis of collective processes and allow a 

better classification of different modes of collective invasion.  

The process and topographic organization of collective cell movement in cancer lesions is 

reminiscent of multicellular dynamics in regeneration and morphogenesis, including 

vascular and epithelial sprouting3. Collective cancer strands thereby mimic the overall 

appearance, and partially consist of tip cells with extensive filopods guiding following 

cells. In addition collective invasion pattern in MV3 melanoma cells mimics that of their 

developmental ancestors - neural crest cells24, whereby cells do not form tight/compact 

collectives but rather cell chains, one individual cell after the other, partially loosely 

connected via filopods that touch the adjacent cell or the cell ahead. Therefore, collective 

invasion of cancers likely recapitulates morphogenetic movements, but it is yet unclear 

whether collective invasion in cancer and morphogenesis use homologous mechanisms3. 
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Similar to the adoption of particular migration modes to environmental niches and 

consistent with data described by in vitro studies7,52 this study indicates that 

mesenchymal tumor cells can alter and thereby adapt their migration mode in response 

to molecular interference in vivo. When integrin function was impaired, collective strands 

tended to disintegrate resulting in collective cell clusters and amoeboid movement of 

individual cells (own observation from time-lapse movies). Therefore, cells adapt also in 

vivo to their background repertoire of molecules in response to extracellular signals (see 

detailed discussion 4.4.2.2.).  

 

4.3.2 Components of invasive growth in vivo 

 

The term “invasive growth” is a broadly-used concept describing mainly an invasion of 

tumor cells originating from a proliferating tumor, often associated with the term 

EMT4,111,231, however the interconnection between the parameters migration and growth 

as well as an exact definition of invasive growth remain unclear. 

In vivo imaging and dynamic time-lapse histopathology of concurrent cell functions, that 

are migration, cell-cell interaction and mitotic activity (derived from chromosomal H2B), 

provide the mechanisms of collective invasive growth for fibrosarcoma and melanoma. As 

hallmark, moving cell collectives feature both phenomena simultaneously – ongoing cell 

division of included cells while the collective as a functional unit further invades into the 

surrounding tissue, indicative of a division of tasks. Cells that actively propel migration 

are coupled with cells that concentrate on proliferation and expansion of cell mass within 

the collective. Thereby in the same group two potentially conflicting cell functions (cell 

division, actin-based migration) occur concurrently instead of sequentially. 

The orientation of mitotic planes perpendicular to the invasion direction suggests thereby 

that cells remain coupled in their orientation during collective invasion and implies cell-

to-cell signaling control, e.g. via paracrine loops, such as of c-Met/HGF pathway or SDF-

1, or gap junctional communication33,45,231,237. To test whether mitotic activity was 

required for the invasion process, a mitosis-arrest protocol (fractionated low-dosis 

irradiation leading to proliferation block) was used to interfere with the growth aspect 

only. After the first irradiation mitosis was immediately blocked completely, resulting in a 

residual migration speed of ~50 µm, which was further decreased by additional 

irradiation probably by slight increase in apoptosis. The further progression of collective 

invasion suggests that invasion and proliferation are coinciding but independently 

occurring features. Thereby proliferation could be a supporting factor, such as volume 

expansion and passive cell drift and thereby support the invasion process.  

Although proliferation and migration are found in collective strands of all tested cell lines, 

the relations between varied. B16/F10 melanoma cells migrated slower (50 µm/d) than 

HT-1080 fibrosarcoma cells, MV3 melanoma cells invaded similarly efficiently (100 
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µm/d). The relatively low velocity of B16/F10 compared to HT-1080 strands may be 

connected to their low proliferation rates (1% vs. 3.8% resp.). In contrast, the velocity in 

MV3 strands cannot be caused by their higher mitotic rates as the net growth (mitosis-

to-apoptosis ratio) is worse than in HT-1080 as well as B16/F10, suggesting that passive 

mass expansion is less relevant for the increase in strand length of MV3 cells. 

Consequently, invasive growth can be defined as concurrent collective cell migration 

(active movement) and ongoing mitotic activity (passive movement), which result both in 

forward migration of the strand. Invasive growth is thus neither reflected by single-cell 

dissemination after EMT, i.e. sequential migration versus cell division, nor the smoothly-

shaped, blunt interface of expansive growth which lacks the migration component. 

Although all studied tumor cell lines exert this type of invasive growth, the relative 

contribution of active and passive migration may be diverse.  

 

4.3.3  Guidance and mechanisms of migration 

 

MPM allowed to three-dimensionally display important tissue structures of the deep 

dermis surrounding and guiding invading tumors: (i) collagen fibers and muscle strands 

visualized by SHG, (ii) lymphatic vessels at the tumor border displayed by FITC-labeled 

LyP-1 peptide after intravenous injection, (iii) perfused blood vessels detected by 

medium-sized fluorescent dextran molecules (70 kD), and (iv) delayed after injection, 

interstitial phagocytes which take up dextran leaked out from vessels into the tissue. 

3D reconstruction of invasion strands and adjacent tissue structures suggests the 

invasion type to be governed by both, the tumor cells and the microenvironment. Single-

cell dissemination is predominantly occurring superficially in connective tissue between 

the muscle layer and the cover slip or in the fatty tissue layer, both representing areas of 

very loose (collagen) structures. In contrast to collective invasion that invades deep into 

the host tissue guided by preexisting and, in the mouse dermis, mostly aligned tissue 

patterns including collagen fiber strands, muscle strands, lymphatic, and often blood 

vessels, individual cells were only found close to the tumor mass borders. This indicates 

either slow migration speed and early cell death, or a return to the tumor main mass, 

thereby supporting the hypothesis that the collective invasive niche provides pro-survival 

signals (see following paragraphs). The cancer cell invasion along preexisting vascular 

tracks, a process termed vascular cuffing, angiotropism, cooption, or extravascular 

migratory metastasis is already known from the histopathological pattern of invasive 

cancers, including prostate cancer238, melanoma239 and glioma240. Due to the lack of 3D 

data and dynamic imaging studies thus far this process was not understood as collective 

invasion but rather described as source for secondary tumor growth240 and place of 

intravasation for distant metastasis241. The mechanisms underlying the cooption of 

preexisting vessels could be of diverse nature and are poorly understood (Fig. 42). 
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4.3.3.1 Path of least resistance 

 

Invasion using preexisting tissue structures is consistent with the concept of contact 

guidance (see 4.3.3.2.), i.e. the migration along tissue discontinuities such as a vessel or 

muscle strand. Thereby cell movement is further facilitated by the space provided by 

paths of least resistance (Fig. 42, A). Skin of the back dermis comprises loose as well as 

more ordered regions with longitudinally oriented collagen fiber bundles of 

heterogeneous density and interfibrillar spaces93. Non-random, ordered tissue alignments 

are often associated with adjacent macroscopic structures, such as hair follicles, glands, 

and parallel muscle strands or blood vessels93. Thus, instead of following anfractuous and 

poorly structured small tracks in connective tissue areas, such as random collagen 

networks that might require extensive pericellular proteolysis and/or shape change, cells 

prefer to move along preexisting linear structures which appear to promote particularly 

high invasion efficiency. Ordered collagen fibers are often thicker and may represent a 

stiffer matrix compared to chaotic, loose ECM networks and hence support invasion by 

providing mechanical cues, a process termed durotaxis68.  

From in vitro studies it is known that invading fibrosarcoma and melanoma cells exert 

pericellular proteolysis so that hollow tracks are formed within the tissue14,188. These 

tube-like matrix defects then can be used by following cells, thereby promoting forward 

movement along aligned ECM structures14. In vitro MT1-MMP is sufficient to abrogate 

matrix defect generation and collective invasion completely resulting in collective-to-

amoeboid transition14. Due to the heterogeneity of the collagenous organization in 

interstitial/connective tissue, it is not clear whether such invasion rules also apply in vivo. 

In ongoing experiments stable knockdown of MT1-MMP in HT-1080 fibrosarcoma cells 

Figure 42. Perivascular invasive niche: stromal, cellular and molecular components and potential interaction sites. Letters 
indicate location of interaction. Arrow, invasion direction. Abbreviations: BM: basement membrane; ECM: extracellular 
matrix; ICAM: Intercellular adhesion molecule. 
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was recently established (data not shown) so that in future experiments the contribution 

of tumor-cell derived MT1-MMP to perivascular collective invasion can be tested. 

 

4.3.3.2 Contact guidance 

 

Besides providing tracks of least resistance the perivascular, perilymphatic and 

perimuscular niches include various possibilities for contact guidance by structural or 

cellular components.  

 

a)   Structural components 

 

Adhesion is a prerequisite for invasion (Fig. 42, B). In addition to the interstitial collagen 

fibers (discussed in paragraph 4.3.3.1), the basement membrane (BM) is an important 

structural component separating interstitial tissue compartments, such as by ensheeting 

blood and lymphatic vessels, as well as muscle strands. Components of the BM include 

fibronectin, laminins or collagen type IV all of which have been reported to increase 

cancer cell migration241,242. In case of melanoma, it has been shown ultrastructurally that 

the melanoma cells are linked to endothelium by an amorphous matrix containing 

disorganized laminin which is not organized in bona fide BMs239. Accordingly, the C16 

laminin peptide, a synthetic laminin 1 fragment, enhances melanoma cell migration in 

vitro and cooption of blood vessels in vivo in the CAM model241. In vitro, most of such 

ECM derived promigratory signals are transmitted by integrins, such as α3β1 and α6β1 

for laminin and α2β1 for fibrillar collagen (Table 1)69. However, interference against β1 

and β3 integrins did not ablate collective invasion along the same tissue tracks in vivo, 

suggesting that adhesion via integrins is not a prerequisite for guidance within the 

perivascular, perilymphatic or perimuscular niches. We excluded ectopic upregulation of 

other integrins in β1/β3 knockdown cells in vitro, thus it is unlikely albeit not fully 

excluded that yet another set of integrins (see Table 1) provide functional compensation 

in knockdown cells. Likewise, non-integrin adhesion molecules including CD448, DDRs83 

or surface proteoglycans might be expressed and contribute to collective migration and 

guidance. 

 

b)   Cellular components 

 

High-resolution 3D reconstructions of fibrosarcoma and melanoma strands showed no 

spatial separation between blood vessels and tumor cells indicating very close proximity 

(pixel resolution in deep tissue regions around 1 µm). For cooption of blood vessels by 

melanoma and lung carcinoma after metastatic seeding also direct interaction of tumor 

cells with endothelial cells or their BM is suggested, but underlying mechanisms remain 
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unclear243 (Fig. 42, C). Ephrin/Eph-receptor signaling plays a central role in regulating 

cell-cell interactions involved in cell migration during development195,196. Members of this 

protein family are expressed on a wide range of tumor cells, as well as on endothelial 

cells of the lymphatic and blood vascular system244-246. Overexpression of ephrinB2 

enhances cell migration and invasion of melanoma cells in vitro197 as well as of glioma 

cells in vitro and in vivo247. Since endothelial cells of blood and lymphatic vessels express 

EphB4196, the receptor for ephrinB2, and given that vascular BM comprise regions of 

weakened architecture constitutively248 a direct interaction via these molecules is possible 

but await direct proof. EphrinB2 and EphB4 are also expressed by HT-1080 fibrosarcoma 

cells (own preliminary data), yet their role in guiding collective perivascular invasion is 

unclear. Future experiments are required to address whether stable ephrinB2/EphB4 

knockdown will affect their invasion and guidance by blood/lymph vessels. Other direct 

cell-cell interaction could include molecularly β2 integrin/ICAM interactions between 

tumor and endothelial cells133. The participation of additional cell types, including 

pericytes, macrophages and myofibroblasts in guided invasion also remains to be 

elucidated. 

 

4.3.3.3 Chemotaxis and microenvironmental factors 

 

Due to the close proximity of collective tumor cell strands to blood vessels oxygen and 

nutrients supplied by preexisting capillaries may support the metabolic needs of cell 

invasion (Fig. 42, D). Moreover, the perivascular stroma is rich in growth factors and 

chemokines and thus could support altered biology of passenger cells, including invading 

cancer cells249,250. Growth factors and chemokines play key roles in any guidance of 

collective invasion during morphogenetic and regenerative processes such as EGF in 

border cell migration, FGF in tracheal sprouting or SDF-1 in primordium migration3. For 

instance tumor-associated macrophages originating in the circulation are recruited to the 

tumor site by tumor-derived attractants and preferentially localize at the tumor–host 

tissue interface251 and release EGF which, in turn, attracts carcinoma cells98,99. 

Visualization of dextran uptake revealed that phagocytes localized in high numbers 

around preexisting blood vessels (not shown). Interference with EGF receptor by EGFR 

blocking antibody (Cetuximab) did not prevent collective fibrosarcoma invasion 

suggesting that EGF is not essential in promotion and guidance of invasion. Other growth 

factors not addressed here, including FGF, TGFβ or HGF secreted by endothelial cells, 

pericytes, myoepithelial cells, macrophages or fibroblasts can induce migration of various 

cancer types101,102,104-106,198 and might be important in the fibrosarcoma and melanoma 

models.  

SDF-1 is known to play an essential role in collective primordium migration in zebrafish3. 

Similarly, myoepthelial cells and myofibroblasts close to invasive breast tumors, but not 
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those associated with ductal carcinoma in situ or normal breast tissue secrete SDF-1108. 

Own preliminary experiments with fibrosarcoma xenografts using a CXCR4 (SDF-1 

receptor) specific blocking peptide (CTCE-9908)252 revealed that collective invasion was 

uncompromised, suggesting that SDF-1 is not a prerequisite for collective invasion. 

However, due to the complexity of the chemokine system, many other chemokines have 

to be taken into account for compensation. HT-1080 cells express a variety of receptors 

including CCR3, CCR6, CCR8, CCR10, CXCR1, CXCR3 and CX3CR1 (data not shown). 

Moreover, chemokines can attract tumor cells to lymphatic vessels, as for CCL21 

secreted by lymph endothelial cells in melanoma198. Thus, likely as consequence of the 

many growth factor and chemokine receptors expressed by HT-1080 and other tumor 

cells, no dominant soluble factor driving collective cancer cell invasion in vivo could be 

identified yet.  

 

4.3.4 Match of preclinical mouse model with human disease: similarities and 

differences 

 

Direct injection of cancer cells into the deep dermis and subcutaneous tissue layers is 

superior to the commonly used 2D application of cell suspensions onto the tissue 

interface of xenografts in the skinfold chamber167,253 in promoting 3D interaction of the 

cancer cells with the host tissue. For HT-1080 fibrosarcoma cells this strategy supported 

a histomorphology strongly mimicking human fibrosarcoma lesions, including the 

orientation of invasion along small blood vessels and the surrounding pattern of the 

connective tissue. Importantly, deep 3D scanning allows complete reconstruction of 

collective invasion strands, whereas 2D histological slicing usually yields potentially 

misleading round-shaped nests from cross-sectioned invasion strands so that detection of 

bona fide strands requires controlled parallel slicing. 

In human melanoma, malignant progression and transition to metastatic state are 

associated with a vertical growth phase, i.e. deep invasion into the dermis192. Due to the 

limited penetration depth using MPM we were not able to detect vertical growth of 

melanoma in the skinfold chamber, yet the interstitial implantation into the deep dermis 

mimics tumor progression during vertical growth phase, i.e. direct interaction of 

melanoma cells with collagenous and vascular tissue structures after loss of BM. Analysis 

of human melanoma biopsies material show a diversity of invasion pattern including 

multicellular strands and clusters, as well as individual cells35. Melanoma xenografts 

implanted in the DSFC bear similarly a great variety of migration modes. Moreover, the 

cells mimic a phenomenon described to be typically in human malignant melanoma – 

extravascular migratory metastasis254. Histopathological assessment of human biopsis 

material detected microscopically melanoma cells in close proximity to microvessels in a 
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pericytic location254 which is perfectly reflected by B16/F10 and MV3 cells migrating along 

aligned capillaries of the deep dermal plexus in the dorsal skinfold chamber. 
 

Together, this kinetic study delivers formal evidence for collective invasion from cancer 

lesions in vivo, defines invasive growth as concurrent collective invasion and 

proliferation, and represents an in vivo model that matches the histomorphological 

invasion patterns of human lesions. The results suggest an important role of the tumor 

stroma, particularly the performed vascular pattern in governing diversity of invasion 

modes which may explain heterogeneous invasion patterns often observed within the 

same cancerous lesion2,255. The here discussed negative data suggest a robust invasion 

route independent of integrins, EGF/EGFR and the SDF-1/CXCR4 (preliminary) axis which 

poorly responds to molecular interference. Taking this into account, it becomes obvious 

that invasion and guidance principles in vivo are complex and likely depend upon a 

variety of congruent pathways.  

 

4.4  Microenvironmental control of altered biology in collective invasion 

strands: identification of a resistance niche 

 

Besides addressing the mechanisms underlying invasion, the use of the modified dorsal 

skinfold chamber model allows to directly visualize and quantify the response of different 

tumor compartments to experimental therapy, both conventional as well as novel, 

molecular therapeutic strategies. The data show an enhanced radio- and 

chemoresistance of collective invasion strands compared to the tumor main mass and 

implicate a role for signals provided by the tumor microenvironment in altered tumor 

biology. 

 

4.4.1  Altered tumor microenvironment 

 

3D reconstruction shows in a controlled way the different anatomic zones of a tumor, 

suggesting that the tumor main mass and collective invasion strands are surrounded by 

distinct microenvironments. In the tumor main lesion stromal components such as 

collagen fibers of intra-tumoral macrophages/phagocytes are rare and tumor cells 

included mainly exert cell-cell contacts to neighboring tumor cells. In contrast, cells in 

invasion strands maintan both, cell-cell contacts to tumor cells and to various stromal 

cells including endothelial cells, pericytes, fibroblasts and macrophages, together with 

ECM components, that could be of importance in mediating migration, but importantly 

also in cell survival (see paragraph 4.3.3).  

Cell survival may be supported by different pathways located in different regions of the 

tumor. Altered composition of ECM molecules may mediate integrin-dependent survival 
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signals71, and stromal cells surrounding the tumor may provide soluble factors such as 

EGF, FGF, TGF or HGF, thereby altering gene expression and pro-survival 

signaling101,102,104-106,198,256. A further major factor is the amount and type of blood 

vessels. Whereas in the tumor main mass mainly neoangiogenic, tortuous vessels are 

found that fail to support cell invasion along their outside interface, invasion orientates 

along aligned preexisting vessels. Newly formed vessels are supposed to be inefficient in 

nourishing surrounding tissue257; they have a tortuous and irregular shape with abnormal 

branching patterns and blind ends, lack sphincters and pericytes which make them 

largely independent from the normal mechanisms regulating capillary blood flow, and are 

leaky regarding esp. macromolecules258. Cells included in invasion strands do not induce 

neovessels in the course of 13 days of observation and should be therefore well-supplied 

with oxygen. Further, the absence of pimonidazole staining (that is an i.v. administered 

hypoxia marker taken up by hypoxic cells) in histological DSFC samples (data not shown) 

indicate a normoxic status of collective strands. Due to these anatomic differences, likely 

oxygen and nutrient delivery differ between invasion strands and main tumor mass. 

Collective invasion strands may be exposed to more constant oxygen conditions due to 

close proximity to the preexisting, well-established blood vessel network of the dermal 

tissue, whereas the growing tumor mass may be confronted with alternating levels of 

oxygen ranging from normoxia to –hypoxia and thereby impacting proliferation and 

aopotosis259,260.  

Together, anatomic, molecular and functional differences may account for altered cell 

behavior in different tumor regions. 

 

4.4.2  Altered biology of tumor cells  

 

4.4.2.1 Radiation- and chemoresistance 

 

In fibrosarcoma and other STS, standard post-surgery treatment is achieved by 

irradiation of the wound bed and adjacent healthy tissue182. Irradiation thereby is known 

to induce a great variety of DNA damages including strand breaks, leading to cell cycle 

arrest thereby allowing damage repair, and if irreparable, induction of apoptosis261. 

Further, STS are a heterogenous group of malignancies in which chemotherapeutic 

efficacy is difficult to achieve. After surgical tumor resection and irradiation, doxorubicin 

is thus far the third standard therapy for adult patients with advanced and/or metastatic 

STS (response rate 25%)182. Doxorubicin belongs to the group of alkylating agents which 

are cytostatica that prevent DNA replication by binding to nucleic acids thereby leading to 

cell cycle arrest similar to irradiation.  

Microenvironmental factors that modulate the sensitivity to radiation and 

chemotherapeutics are the oxidative260 and the adhesive status of a cell262. Well 
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oxygenated areas such as the invading strands (see paragraph 4.4.1) are supposed to be 

more radiosensitive260, hence we hypothesized that invasion strands should respond 

better to radiotherapy than the tumor main mass. Against expectation the tumor main 

mass regressed efficiently upon irradiation whereas the invasion strands showed near-

complete radioresistance and regressed not or only partially. 

Besides oxygenation, adhesion to the ECM is known to support radioresistance in 

different cancer cell lines in vitro, including lung, colon, prostate, pancreas, cervix and 

head and neck, as well as glioblastoma and melanoma, which was termed cell-adhesion 

mediated radioresistance (CAM-RR)263. Similarly, cell-adhesion mediated drug resistance 

(CAM-DR) was detected in glioblastoma264 and myeloma265 cells in vitro, yet whether in 

vivo counterparts to CAM-RR and CAM-DR exist is not known. As one of the main hubs 

for ECM-derived outside-in signaling in vitro, integrin engagement regulates cell cycle 

progression through G1-phase by controlling the expression of key cell cycle proteins, 

including cyclin D171. Consistent with that we found slightly higher mitotic rates in 

invasion strands compared to the main mass. As part of the cell response to irradiation, 

contact to ECM proteins supports G1- and G2-cell cycle arrest which prevents cells from 

potentially damaging replication and provides time for DNA damage repair262. The fact 

that both main mass and invasion strands underwent complete mitosis arrest excludes 

differential cell cycle stages/repair of DNA damage as reasons for the difference in 

radiosensitivity between collective strands and main mass. Conversely, in response to 

irradiation most invasion strands showed decreased apoptotic rates compared to the 

tumor main mass. Besides regulating the cell cycle ligated integrins impede pro-apoptotic 

signaling by upregulation of anti-apoptotic proteins and p53 inactivation, as well as 

activation of the PI3K/Akt pathway and NF-κB signaling71,82 thereby preventing anoikis81. 

Additionally, for small-cell lung cancer β1 integrin-mediated ECM contact and PI3K 

activation overrides cell cycle arrest and apoptosis induced by etoposide (a 

chemotherapeutic agent similar to doxorubicin) treatment in vitro, so that cells survive 

despite persistent DNA damage266. Consistently, doxorubicin treatment of fibrosarcoma 

xenografts in vivo resulted in increased apoptotic frequencies in the tumor main mass 

but not in invasion strands. An additional link between integrin and chemoresistance was 

found in pancreatic cancer; here, L1CAM binding to α5 integrin (e.g. expressed 

myofibroblasts) leads to the induction of the inducible nitric oxide synthetase and, via 

nitric oxide release reduces  caspase activity267. Furthermore, integrin binding to the ECM 

can lead to transactivation of EGF receptor signaling without EGF as ligand triggering 

pro-proliferative and anti-apoptotic signals via the MAPK and PI3K/Akt pathway109. 

Besides CAM-RR, other mechanisms underlying radiation resistance observed here could 

be independent from adhesion; Lewis and colleagues described anchorage-independent 

radio- and chemoresistance in HT-1080 as well as A375 melanoma cells through 

modulation of p53268. However, the facts presented in this paragraph suggest 
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microenvironmental integrin ligands as reason for the differential radiation response in 

tumor subregions independent of the hypoxic status. 

The fate of surviving tumor regions remains unknown at present, due to the currently 

limited DSFC observation period of 2 weeks. Potentially, cells surviving irradiation could 

have repaired DNA damage and/or have bypassed apoptosis despite persisting DNA 

damage, and thereby might restart proliferative activity and form secondary local 

tumors, as described for glioma240,269. Such post-therapy relapse is not uncommon in 

fibrosarcoma182,191, and therefore future long-term studies with an extended observation 

window are needed, such as by using low-weight chambers or re-cultivate explanted 

(residual) tumor cells to monitor acquired DNA damage. 

 

In contrast to the obvious differential response of tumor main mass and collective 

invasion strands towards irradiation and doxorubicin, both compartments were similarly 

resistant to cetuximab treatment, an EGFR blocking antibody and known 

radiosensitizer223. Although cetuximab monotherapy induces tumor regression in 

approximately 10–20% of advanced cancer patients, many tumors eventually manifest 

acquired resistance to treatment270. Here, additional resistance mechanisms from those 

mentioned above may have to be taken into account. In vitro, secondary to alterations in 

trafficking and degradation cetuximab-resistant tumor cells exert increased steady-state 

EGFR expression, and manifested strong activation of HER2, HER3 and c-Met270. 

 

Taken together, the data provide evidence for collective invasion strands in a specific 

anatomic region of the peri-tumor microenvironment as location for radio- and 

chemoresistance in vivo. Because of the structural and quantitative differences of 

available ECM molecules in the perivascular and interstitial dermal niche, interference 

with integrin function was pursued in order to overcome radioresistance in collective 

invasion strands. 

 

4.4.2.2 Importance of β1 and β3 integrins in vivo: pro-survival rather than 

pro-invasion functions 

 

Because of their role in mediating invasion and increased ECM-dependent survival in 

various tumor cells, interference with integrins was used as potential targeting strategy 

of fibrosarcoma invasion and radioresistance. To reach maximum interference efficiency 

of tumor-cell derived integrins and to avoid interference towards the host 

microenvironment we utilized cells after stable β1 and β3 RNAi knockdown and 

supplemented the animal with human-specific anti-β1 integrin blocking antibody 4B4. 

Functional blockade of β1 integrin in vitro strongly reduces single cell migration efficiency 

of HT-1080 cells7 and leads to the disintegration of collective melanoma clusters52. In 
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vivo however, interference with β1 and β3 only moderately affected collective invasion in 

fibrosarcoma lesions. Whereas initial invasion velocities of collective strands after integrin 

interference were comparable to strands with functional integrins, further invasion 

beyond day 8 was impeded similar to radiation-induced mitosis-arrest, probably due to 

an anti-proliferative rather than an anti-invasive effect of integrin interference. This 

moderate anti-invasive effect might result from compensative upregulation of other 

integrin β chains in vivo, which however was excluded in vitro, or the presence of non-

integrin adhesion molecules, such as CD44. In contrast, in a non-redundant manner 

interference with β1 and β3 integrin strongly affected net-survival of implanted tumor 

cells by decreasing mitotic and increasing apoptotic frequencies in both, tumor main 

mass as well as invasion strands. Based on a combined proliferation and survival defect 

with apoptotic levels elevated above the mitotic level, tumors spontaneously regressed 

which indicates that integrin-mediated adhesion signaling towards cell survival is 

massively disturbed during β1 and β3 integrin interference and not compensated by 

other receptor pathways. Thus, in HT-1080 fibrosarcoma lesions, integrin functions are 

essential in pro-survival signaling but not in invasion. These data contrast with the 

historical view on integrin functions in cancer as to mainly mediate cell adhesion and 

migration271, and rather emphasize outside-in-signaling of integrins in mediating growth 

aspects of cells272. 

The preferential survival of multicellular invasion strands after interference with integrins 

further suggests that diminished integrin signaling is compensated by additional signals, 

a phenomenon that was not observed for survival in the main mass. Candidate pathways 

that might compensate for ablated integrin function include non-integrin adhesion 

molecules, such as CD44, and growth factor signaling. CD44 is a multifunctional surface 

receptor to hyaluronic acid and fibronectin which induces phosphorylation of Fyn and Src 

which are also responsible for regulation of cell proliferation by integrins or growth 

factors273,274. Other survival-promoting factors include chemokines and growth factors 

present in the perivascular niche101,102,104-106,198,256. Lastly, cell-cell adhesions exclusively 

present in this niche (see paragraph 4.3.3.2 b) might account for non-integrin pro-

survival signaling. 

 

4.4.2.3 β1 and β3 integrin-mediated radioresistance 

  

Consistent with the concept of CAM-RR263, radiotherapy combined to interference with β1 

and β3 integrin resulted in decreased radioresistance with three aspects: (1) accelerated 

regression of the tumor main mass, (2) significant increase of radiosensitivity of 

collective invasion strands, and (3) uniform response that lacked the otherwise notable 

tumor-to-tumor variability. Thus, in combination anti-integrin and radiation therapy 

caused that tumor masses formerly persisting of nearly half a million cells melt away to 
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few individualized, residual cells. Thereby the combined interference with β1 and β3 

integrin is of vital importance as single interference of β1 alone done before or in other 

preclinical studies before226,228 led to only incomplete tumor regression leaving a 

substantial amount of viable tumor cells behind. Since high-resolution imaging was not 

previously used for preclinical studies on anti-integrin therapy, underestimation of 

residual cell masses is probable226,228. Further, it was not object of these studies, if 

secondary outgrowth as consequence of remaining cells occurs226,228. Preliminary studies 

testing the efficiency of anti-β1 and αV (the only binding partner for β3) antibody 

treatment on established HT-1080 and MV3 tumors show efficiencies similar to double 

knockdown approach combined with mAb 4B4, which further supports combinatorial cell-

adhesion targeting therapies as attractive radiosensitizing therapy. 

 

In conclusion, we identify a microenvironmentally controlled invasion niche that not only 

supports efficient collective invasion but also provides integrin-dependent and 

independent pro-survival signals that compromise therapeutic radio- and chemoefficacy. 

Dual-interference with β1 and β3 integrin was sufficient to abrogate the survival 

advantage leading to complete regression of tumor lesions. 

 

4.5  Implications for human therapy: be aware of the invasive niche! 

 

Patients suffering from fibrosarcoma and other STS malignancies receive as first-line 

treatment resection of the primary tumor combined to radiotherapy182; in case of 

advanced STS disease Doxorubicin chemotherapy182. Similarly, melanoma are first 

excised275,276 but not irradiated due to their inherent radioresistance221. First-line 

treatment of metastatic disease here involves interferon277 and IL-2278, eventually 

dacarbacine as chemotherapeutic agent279. For both diseases no standard therapy is 

available for late-stage patients, and various multimodal treatments including classical 

chemotherapeutics as well as newest molecular substances are tested in clinical trials†. 

Given these therapeutic limitations, the results described in this study suggest that anti-

integrin therapy might be an attractive complementary therapy to classical regimens. 

 

4.5.1 Deep tissue invasion: a matter of resection margins 

 

In human STS182,280 and melanoma281 patients, besides standard prognostic markers such 

as tumor size and histological grade, the appearance of resection borders is of main 

importance determining local recurrence and tumor-related mortality. In clinical routine, 

radial excision margins for fibrosarcoma are in the range of centimeters, as tissue 

structures permit, and for melanoma in the range of 1 to 2 cm275 (dependent on the 
                                                 
† see website U.S. National Cancer Institute 
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thickness of the primary lesion). To control for tumor-free resection margins in superficial 

melanoma, digital epiluminescence microscopy was recently introduced into clinical 

routine282. Thus, clinical practice suggests that primary invasion extents deeply away 

from the macroscopically visible primary lesion. In human histopathology and in the 

mouse model used here, collective invasion represents the major invasion mode. HT-

1080 fibrosarcoma as well as MV3 melanoma cells invaded very efficient and reached 

average velocities of calculated 1 cm in 3 months whereby fastest individual strands 

achieved lengths of 0.5 cm within the two-week observation window. Although the fate of 

deeply invading multicellular strands is currently unclear, the tips of the strands are 

macroscopically invisible and thereby may reach or exceed radial excision margins. Post-

surgery local recurrences are developed by 20% of STS patients (without postoperative 

irradiaton)280, and by 4% of melanoma patients (with thicker lesions of 2-4 mm)283. 

Thus, deep collective invasion but not single-cell dissemination may be accountable for 

most of peritumor invasion and probably also for local post-operative recurrence of 

sarcoma. Whether collective invasion strands eventually lead also to metastatic 

intravasation remains to be purpose of future studies.  

 

4.5.2 Anti-angiogenic therapy: no matter regarding early invasion 

 

In certain tumor models the angiogenic switch supports metastatic cancer cell 

dissemination, however the early time- and function-relationship is poorly 

understood253,284. Likely mediated by direct contact to the surrounding stroma, the onset 

of collective invasion after spheroid implantation occurred before and independently of 

tumor-induced neoangiogenesis. Thus, tumors prior to or without the angiogenic switch 

are able to transit to invasion and dissemination stage, and therefore their invasion may 

be not prevented by anti-angiogenic agents. Conversely, recent studies on melanoma285 

and pancreatic cancer286 show that antiangiogenic therapy can facilitate malignant 

progression resulting in increased local invasion and distant metastasis. Thereby, 

invasion described in our study could be interpreted as a process arising from the 

primary ability of a tumor to invade, whereas invasion in response to a treatment could 

be a secondary ability of a tumor to adapt to and compensate anti-tumor treatment. 

 

4.5.3 Radio- and chemotherapy: a matter of tumor-compartment 

 

Although it is known that tumors are heterogeneous, i.e. the expression and signaling 

states vary considerably within the same cancer lesion287, most such concepts on cancer 

resistance are not directly validated by suitable kinetic monitoring, such as intravital 

imaging, so that little information exist about differential behavior of often small tumor 

subregions in response to therapy221,262,270. An exception is hypoxia where intratumoral 
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variations in oxygen supply are commonly monitored by (histological) imaging and suited 

to control therapy response of different tumor compartments259,288,289.  

The “dynamic pathology” approach used here strongly supports the concept of biological 

heterogeneity within the same tumor lesion in vivo. Using high-resolution optical 

imaging, a hypoxia-independent radio- and chemo-resistance niche was identified, 

consistent with concepts on CAM-RR263 or CAM-DR264.  

Given that microscopically resolved imaging techniques are not yet standard in animal 

models of cancer or human patients, the importance of such subregions and their 

differential response to therapy in early and late progression of malignant disease is 

unclear. In current practice, the primary diagonsis as well as follow up after therapy are 

obtained only indirectly by macroscopic imaging and contrast enhancement based on 

blood flow parameters, such as by computer tomography or magnetic resonance 

imaging, or glucose uptake by positron emission tomography290,291, thus not sensitive 

enough to monitor small subregions that are not linked to hyperperfusion, as detected 

here. Hence, small tumor residues not associated with necrosis, altered metabolic state 

or hypoxia might contribute to incomplete tumor eradication and post.therapy relapse. To 

detect such subcompartimental resistance niches preclinical (and eventually clinical) 

monitoring will need to include before therapy and for follow-up better high-resolution 

imaging techniques that are not relying upon neovascularization. 

 

4.5.4   Multimodal therapy: Key to success! 

 

The results presented in this study suggest that radiotherapy combined with anti-integrin 

therapy may enhance tumor regression rates in otherwise radioresistant tumors or tumor 

subregions. To date, clinical anti-integrin trials tested the efficacy of individual, mainly αV 

integrin inhibitors in late-stage solid and often already metastasized tumors with the aim 

to interfere with angiogensis82 (see Table 4).  

 

Table 4. Summary of clinical trials testing efficiency of integrin inhibitors (adapted from Dregrosellier & Cherish, 201082). 
Integrin Inhibitor name Type Clinical trial  Tumor type Results 

Phase I advanced solid tumours, 

renal cell cancer 

some patients antiangiogenic 

activity, low toxicity, disease stabilization 

αVβ3 Etaracizumab 

(Medi-522) or 

Vitaxin 

(precursor) 

Antibody 

Phase II Metastatic melanoma no additional effects to dacarbacine 

treatment 

αVβ3/ 

αVβ5 

CNTO95 Antibody Phase I advanced solid tumors non-toxic, signs of anti-tumour activity 

αVβ3/α

Vβ5 

Cilengitide Peptide Phase II / III Recurrend glioblastoma, 

refractory brain tumors 

in children 

partially full response, extension of 

patient survival; probably due to blood 

flow changes 

Voloxicimab Antibody Phase I / II Advanced solid tumors well-tolerated, clinical efficacy α5β1 

ATN-61 non-RGD 

Peptide  

Phase I Advanced solid tumors well-tolerated, prolonged stable disease 
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The trials or preclinical studies thus far did not consider integrin interference on early 

tumor progression nor combination regimens. 

 

Recent preclinical studies have addressed the efficacy of anti-β1226 or anti-αV228 integrin 

treatment combined with irradiation, and both report a (partly) improved response to 

radiotherapy. However no study has addressed the fate of potential residual masses, as 

well as the combined effect of targeting both, β1 and β3 integrin. The data here show the 

importance of combined interference for achieving complete rather than partial 

regressions. Although the efficacy of single vs. multimodal treatment needs to be 

validated in detail, the success of preliminary studies testing the efficiency of β1 and αV 

integrin dual antibody treatment combined with radiotherapy on established 

fibrosarcomas and melanomas suggest combinatorial cell-adhesion targeting therapies as 

attractive complementary therapy to classical regimens of problematic tumors. Whereas 

long-term anti-β1/β3-integrin therapy may cause substantial systemic side-affects that 

are not further discussed here but may preclude their application in humans, short-term 

interference for defined indications, as used here, may be more promising. 

A suitable procedure covering different aspects of tumor progression and resistance 

might include: (1) irradiation and/or classical chemotherapy to abolish cell proliferation, 

(2) multi-molecular targeting of potential cell-adhesion molecules as well as growth 

factor receptors to impede pro-survival signaling, or inhibitors effecting common 

underlying signaling molecules292-294, and (3) eventually subsequent anti-angiogenic 

therapy to delay outgrowth of local and distant metastasis. 

 

Taken together, the clinical implications of this study are three-fold. First, collective 

fibrosarcoma and melanoma invasion penetrates deeply into the surrounding healthy 

tissue and, after incomplete resection, give rise to secondary outgrowth. Second, the 

response to therapy of the invasion regions is different than that of the main tumor and 

requires future work, both preclinically and clinically. Third, first attempts to combine 

irradiation with dual anti-integrin therapy strongly suggest to consider early multi-

molecular treatment of invasive tumors. 
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4.6  Concluding remarks 

 

The results presented here emphasize the importance of high-resolution imaging 

combined to orthotopic in vivo models to investigate and understand mechanisms of 

tumor progression and response to experimental therapy. The newly identified collective 

invasion and survival niche extents current concepts of cancer invasion and implicates 

epigenetic control mechanisms that warrant future molecular analysis. 

Next to established whole-body imaging approaches (radiology, magnetic resonance 

imaging (MRI), positron emission tomography (PET)/Single photon emission computed 

tomography (SPECT), IR-MPM is an emerging technique with wide spectral range and 

sufficient penetration depth to monitor tumor details beyond its surface. If combined with 

endoscopic imaging and NIR optical molecular tracers, IR-MPM may be a method of 

choice for future endoscopic detection of tumors inside the body in preclinical and clinical 

settings. 

For future advanced long-term imaging of tumor progression, prolonged observation 

periods using low-weight chamber types will be mandatory. This will help to broaden the 

knowledge also about advanced tumor stages including processes such as central 

necrosis and bleeding, intravasation into blood and lymph vessels as initiative step for 

distant metastasis, but also development of tumor relapse after therapy. 

Both, invasion patterns and mechanisms, here described for fibrosarcoma and melanoma 

lesions, may hold true also for other cancer types with known multicellular invasion 

patterns in histopathological sections, including epithelial cancers and other sarcoma 

types57, that are amenable to be monitored as orthotopic lesions using the modified 

skinfold chamber model. A close link between preclinical and clinical pathology should be 

standardized and matched not only in histomorphology but also in molecular expression 

and signaling states. If resembling human lesions, orthotopic xenograft models may be 

suited to provide insight into progression of various cancer types and regression cascades 

with relevance for human disease. 
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5 MATERIAL AND METHODS 

 

5.1  Antibodies, Pharmaceuticals, Inhibitors 

 

The following primary antibodies (Table 5), isotypes (Table 6) and secondary antibodies 

(Table 7) were used for in vitro studies. 

 
Table 5. Primary antibodies. 

Antigen Clone Species Conjugation Stock conc. 

(mg/ml). 

Company Application 

hu α smooth muscle actin 1A4 mouse /  DAKO Histo 

hu CD31 MEC13.3 rat /  BD Bioscience Histo 

hu CD31 JC70A mouse /  DAKO Histo 

hu CD44 IM7 rat FITC 0.5 eBioscience FACS 

hu Integrin α1 TS2/7 mou / 1 Abcam FACS 

hu Integrin α2 (CD49b) AK-7 mou FITC 0.05 BD Biosciences FACS 

hu Integrin α3 (CD49c) C3II.1 mou PE 0.00625 BD Biosciences FACS 

hu Integrin α5 SAM-1 mou / 2 Millipore FACS 

hu Integrin α6 (CD49f) GoH3 rat / 0.5 BD Biosciences FACS 

hu Integrin αV (CD51) AMF7 mou FITC 1 Beckman Coulter FACS 

4B4 mou FITC 1 Beckman Coulter FACS 

4B4 mou / 1 Beckman Coulter Cell culture 

hu Integrin β1 (CD29) 

18/CD29 mou / 0.25 BD Biosciences  WB 

hu Integrin β2 (CD18) 7E4 mou FITC 0.1 Beckman Coulter FACS 

hu Integrin β3 (CD61) SZ21 mou FITC 0.15 Beckman Coulter FACS 

hu Integrin β4 (CD104) 439-9B rat FITC 0.0125 BD Biosciences FACS 

hu Integrin β5 KN52 mou PE 0.003 eBioscience FACS 

hu Integrin β6 437211 mou PE 0.025 R&D FACS 

hu Integrin β7 FIB504 rat PE 0.00625 BD Biosciences FACS 

hu α-Tubulin DM1A mou / 1 Millipore WB 

 

Table 6. Isotypes. 

Isotype Clone Conjugation Stock conc. (mg/ml). Company Application 

679.1Mc7 / 0.1 Beckman Coulter FACS 

MOPC-21 FITC 0.05 BD Biosciences FACS 

ICIG1 FITC 0.0125 Immunostep FACS 

mouse IgG1κ 

MOPC-21 PE 0.2 BD Biosciences FACS 

GC198 / 0.5 Millipore FACS mouse IgG2bκ 

27-35 PE 0.2 BD Biosciences FACS 

R35-95 / 0.5 BD Biosciences FACS rat IgG2aκ 

R35-95 PE 0.2 BD Biosciences FACS 

rat IgG2bκ A95-1 FITC 0.5 BD Biosciences FACS 

 

Table 7. Secondary antibodies. 

Antigen Species Conjugation Stock conc. (mg/ml) Company Application 

mou IgG (H+L) goat Alexa488 2 Invitrogen FACS 

mou IgG (H+L) goat HRP 0.4 Jackson 

Immunoresearch 

WB 
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For in vivo experiments the following substances were applied (Table 8). 

 
Table 8. Substances for in vivo use. 

Substance Stock concentration Company 

anti-Integrin β1 (CD29) clone 4B4 1 mg/ml Beckman Coulter 

mouse IgG1κ clone P3 0.5 mg/ml eBioscience 

Doxorubicin hydrochloride 1 mg/ml Sigma Aldrich 

Erbitux (Cetuximab) 5 mg/ml Merck Serono 

CTCE-9908 10mg/ml Britisch Canadian Biosciences 

 

5.2 Cells and cell culture 

 

HT-1080 human fibrosarcoma and MV3 human melanoma cells were cultured in DMEM 

(PAN Biotech GmbH), B16/F10 mouse melanoma cells were cultured in RPMI-1640 (PAA, 

Pasching, Austria) supplemented with 10% fetal calf serum (FCS; Aurion), penicillin and 

streptomycin (both 100μg/ml; PAN) at 37°C in a humified 5% CO2 atmosphere. For dual 

color variants of HT-1080, B16/F10 and MV3, which expressed cytoplasmic DsRed2 and 

nuclear histone 2B (H2B)-EGFP209, Hygromycin B (0.2 mg/ml; Invitrogen) was added to 

the medium, for B16/F10 and MV3 additionally G418 sulfate (0.2 mg/ml; Calbiochem). 

For stable HT-1080 knockdown cell lines medium was supplemented with antibiotics 

dependent on the shRNA transfection variant (Table 9).  

 
Table 9. Selection antibiotics for shRNA cell line variants.  

Cell line Lentiviral 

RNAi 

vectors 

Cell lines 

variants 

Antibiotics Concentration Company 

Control p-puro 

b1.2 

Puromycin 5 µg/ml Sigma Aldrich 

Control 

HT-1080 

(and dual 

color 

variants) 
p-puro/p-neo 

b1.2/b3.1 

Puromycin 

G418 

5 µg/ml 

400 mg/ml 

Sigma Aldrich 

Calbiochem 

 

5.3 Generation of stable knockdown cell lines by lentiviral shRNA 

 

shRNA sequence targeting ITGB1 (β1 integrin) and ITGB3 (β3 integrin) for gene silencing 

by RNA interference was cloned into the lentiviral vector pLBM either containing a 

puromycin (p-puro) or a neomycin (p-neo) cassette for selection by antibiotics as 

described in Kissler et al295. The shRNA target sequences are listed in Table 10. Lentiviral 

particles were produced as described previously295 and concentrated by 

ultracentrifugation. HT-1080 parental and dual-color cells were infected with p-puro or p-

neo viruses (vector controls), or with ITGB1 (on p-puro) or ITGB3-targeting (on p-neo) 

pLBM viruses. For generation of double knock down cells, HT-1080 p-puro or HT-1080 

β1kd (clone 2) cells were additionally infected with ITGB3-targeting (clone 1) or p-neo 

viruses, respectively.  
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Table 10. shRNA target sequences. 

Gene Clone Sequence 

1 CGCCCTCCAGATGACATAGAAA 

2 CGCCACAGACATTTACATTAAA 

3 CGCAAATTCTAGCAATGTAATT 

ITGB1 

4 AGCAAATTGTCAGAAGGAGTAA 

1 CAGTCACTTTCTTCTTCTTAAA 

2 ATGTGGGAGTGTGTAATTTAAA 

ITGB3 

3 AGGACTTACTGTGTCATCAAAT 

 

5.4 In vitro assays for proliferation, migration and protein expression 

 

5.4.1 Cell proliferation 

 

The same amount of different cells lines that are to be compared were cultured in 

standard liquid culture plates, and cell numbers were counted after 48h of growth. 

 

5.4.2 Cell migration assays 

 

Adherent subconfluent cells were detached with 2mM EDTA and suspended in medium to 

a final concentration of 1x106/ml. One part of cells in FCS-containing medium was 

incorporated into two parts of a bicarbonate-buffered dermal bovine type 1 collagen 

(Vitrogen; Nutacon) solution in MEM (Sigma Aldrich) (1.67mg/ml final collagen 

concentration), and after polymerization overlaid with medium147. For interference 

studies medium was supplemented with β1 integrin blocking mAb clone 4B4 (10 µg/ml) 

and/or cyclic RGD peptide (cyclo(-Arg-Gly-Asp-D-Phe-Val); 575 mg/ml; Bachem). 

Cryopreserved skin was diagonally cut into 100 µm thick slices and placed on coverslips. 

Multicellular spheroids of dual-color HT-1080 cells were grown in poly-D-lysine coated, 

non-adhesion cell culture plates (NUNC) overnight, placed on skin slides, and after initial 

adhesion overlaid with medium. 

 

5.4.3 Flow cytometry 

 

Cells were cultured in 3D collagen lattices for 24h. Suspended cells were obtained by 

digestion with collagenase I (1000 U/ml, 30 min, 37°C; Sigma Aldrich), pelleted and 

stained with primary antibodies (Table 1, dilution 1:5 (integrin α5), 1:10 (α2, β2, β3, 

CD44), 1:20 (αV, β4, β7), 1:25 (α3), 1:50 (β5, β6), 1:100 (α1, β1)) or respective 

isotypes (30 min, on ice) and, if not primary conjugated, afterwards with Alexa488-

conjugated goat anti-mouse IgG as secondary antibody (20 µg/ml). Viability of cells was 

tested with propidium iodide (1 µg/ml). 
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5.4.4 Protein gelelectrophoreses and Western Blot 

 

For detection of integrin knockdown efficiency in HT-1080 dual-color cells western 

blotting was used. Cells from cell culture were lysed and samples were separated under 

reducing conditions on SDS-8% PAGE. Proteins were transferred onto a nitrocellulose 

membrane, blocked with 2% Milk–PBST for 1h, and than incubated overnight with 

primary antibodies (integrin β1 0.25 µg/ml). Afterwards membranes were washed with 

PBST and incubated with HRP-conjugated anti-mouse IgG (0.125 µg/ml; Jackson 

Immunoresearch) for 1h. After final washing signal was detected using Luminol/H2O2. To 

control loaded protein amount membranes were stripped using Restore Western Blot 

Stripping buffer (Thermo Scientific). Afterwards detection procedure started again with 

blocking. As control protein α-tubulin was used (1st antibody 1 µg/ml). 

 

5.5 Dorsal skinfold chamber (DSFC) model 

 

Dorsal skin-fold chambers were transplanted onto 8 to 10 week-old male athymic Balb/c-

nu/nu mice (Charles River), as described by Guba and collegues167. One day post 

surgery, either a cell pellet containing approx. 5x105 tumor cells was placed onto the 

tissue surface (drop-on method) or, as injection technique, 2 to 4 µl of pelleted cells 

(~1x108 cells/ml) were injected into the dermis adjacent to the deep dermal vascular 

plexus with a 30 G needle and monitored for up to 14 days. False-positive results by 

active or passive cell movement along the injection channel were excluded by injecting 

tumor cells in perpendicular direction to the length axis of the mouse (i.e. invasion 

direction). Further, scattering along the injection channel as putative cause for cancer 

cell dissemination was excluded as follows: (i) by reconstructing the non-perturbed tissue 

scaffold at the tumor-stroma interface using second harmonic generation (SHG) signal of 

collagen fibers; and (ii) fluorescence from non-disrupted vessels after i.V. application of 

FITC- or Alexa Fluor-660-conjugated dextran (70 kD; Invitrogen). 

Experimental interference started either with implantation of tumor cells or, as therapy 

approach, when tumors were established; protocols and dosing see Fig. 43. Local 

irradiation was performed using a RT 50 (Philips Medical Systems) with a dose-rate of 4.9 

Gy/min to generate 3, 4 or 10 Gy per session. Before injection NaN3-containing 

substances (mAb 4B4, mIgG1) were dialyzed 1:1000 against 0.9% NaCl. Inhibitors and 

antibodies were injected i.p. 
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5.6 Histochemistry 

 

5.6.1 Dorsal skinfold chamber skin 

 

Tumor bearing, dorsal skinfold chamber carrying mice were sacrificed on day 7 of tumor 

progression and after tumor status was documented by epifluorescence microscopy 

dorsal skin was harvested, embedded in O.C.T. compound (Sakura), deeply frozen and 

stored at -80°C. Prior to staining fresh 10 µm thick cryosections were prepared, mounted 

on superfrost object slides and routinely stained with eosin and haematoxylin. For 

immunohistochemistry cryosections were fixed with 2% parafomaldehyde. After blocking 

of unspecific epitopes (5% BSA, 0.1% water fish skin gelatin) blood vessels were stained 

using rat monoclonal anti-human CD31 antibody (clone MEC13.3BD Biosciences; 1:100) 

and, as secondary ab, anti-rat IgG (H+L) –Alexa Fluor 647 (Invitrogen; 1:1000). Cell 

nuclei were stained by DAPI (2 µg/ml). Afterwards samples were embedded in mowiol 

mounting medium. 

 

5.6.2 Human primary fibrosarcoma samples (carried out by Uta Flucke) 

 

Human tissue was fixed in 4% buffered formalin, routinely processed and embedded in 

paraffin; 2-4 µm thick sections were stained with hematoxylin and eosin and 

immunohistochemically stained by the labelled Streptavidin Biotin (LSAB) technique 

using mouse monoclonal antibodies anti-human α smooth muscle actin (clone 1A4, 

1:500) and anti-human CD31 (clone JC70A, 1:100) (both DAKO). Antigen retrieval was 

performed. Appropriate positive and negative controls were used throughout.  

Figure 43. Time scale and dosing overview for treatment of HT-1080 and MV3 xenografts. 
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5.7 Bright-field time-lapse videomicroscopy 

 

For the visualization of cell migration in process, cells were monitored by time-lapse 

microscopy either in 3D collagen lattices or as spheroids on dermal skin within self-

constructed migration chambers (5% CO2, humidified atmosphere)147.  

To construct the migration chamber an object slide and a coverslip were connected by a 

spacer composed of vaseline / paraffine (1:1), resulting in an approximate chamber size 

of 20 x 20 x 0.5 mm and a volume of ~200 µl. 

Samples were placed under inverse light microscopes (Leica) coupled to CCD cameras, 

and maintained at 37°C using an infrared heating system. Images were taken at 4 min 

intervals for a duration of 24h, using 10x objectives. 

 

5.8 Confocal micoscopy 

 

For detection of fluorescence signals in immunohistochemistry samples a Zeiss LSM 500 

(Zeiss) confocal microscope with a 63x oil immersion objective was used. For excitation a 

488 nm Argon laser combined with a HFT 405/488/543/633 multiple beam splitter was 

used. A BP 420-480 emission filter was additionally applied for detection of DAPI signals, 

a NFT 545 dichroic mirror for green signals (H2B-EGFP), a BP 565-615 for cytoplasmic 

DsRed2 or a BP 650-710 for Alexa647 labeled antibodies. Samples were scanned as z-

stacks at steps of 2 μm for simultaneous 3D reconstruction of fluorescence and 

transmission. 

 

5.9 Near-infrared and infrared multiphoton microscopy (NIR-/ IR-MPM) 

 

5.9.1 Microscope components 

 

An automatic tunable Ti:Sa laser (82 MHz, 180 fs, 1.7 W; Chameleon-XR; Coherent Inc.) 

generating pulsed radiation in the range of 710 to 980 nm was used as excitation light 

source for blue and green dyes (conventional MPM) and further served as pump source 

for an OPO (PPAutomatic; APE) based on a periodically pooled crystal. Being 

synchronously pumped at 775 or 830 nm the OPO emission ranged from 1060 to 1450 

nm. Wavelength tuning was achieved by varying the cavity length. The OPO-output 

power was 250 to 300 mW. The radiation from the Ti:Sa laser and the OPO was guided 

through 2 independent chirp arrangements, each consisting of two prisms to compensate 

for pulse broadening caused by the intermediate optics and the objective lens, and then 

coupled into a customized scanhead (TriM Scope; LaVision BioTec) designed for 

simultaneous Ti:Sa and OPO imaging. All optical elements in the OPO beam pathway 

(mirrors, lenses, objective lens) were optimized and chosen for best transmission and 
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correction over the range of 1060 – 1500 nm, resulting in an excitation power of 100 to 

125 mW (1060 to 1300 nm) in the focal plane despite a 15 % over-illumination of the 

objective lens. The detection unit consisted of 4 non-descanned detectors (PMTs) in 

backward. Switchable dichroic mirrors and bandpass filters were used to separate the 

emission signals (typical setup: blue (400/40) for SHG, green (535/50) for EGFP, red 

(605/70) for DsRed2, and far-red emission (710/75)). For further details see Andresen et 

al, 2009144. 

 

5.9.2 Spectroscopy 

 

Wavelength tuning was controlled using a spectrometer, computer-automated and 

synchronized with the scanhead. Using a linescan mode, fluorescence and SHG signals 

were projected onto the entrance slit of spectrograph (SP-150; Acton Research Corp.), 

and recorded with a CCD camera (Imager Intense; PCO). By moving the motorized 

sample stage perpendicular to the direction of the line, consecutively acquired images 

allowed the recording of a spectral-resolved image in x and y from a sample plane and 

the intensity profiles were quantified for specific regions. 

The spectrum of EGFP and DsRed2 was analyzed using living HT-1080 dual-color cells, 

and further, for separation and clean spectral analysis, native gel electrophoresis was 

carried out using HT-1080 dual-color cell lysates. Cells were lysed in LSB (without β-

mercaptoethanol) and loaded on 8% native PAGE. After electrophoresis gels were 

immediately dried and imaged using a BioRad Pharos FX Plus Molecular Imager (EGFP: 

488nm excitation; BP535-30; DsRes2: 532nm excitation; BP695-30) and further 

investigated using IR- and NIR-MPM. Moreover, SHG and spectral-resolved fluorescence 

measurements were performed on 30 to 500 μm thick cryosections from non-fixed 

human skin. 

 

5.9.3 Time-lapse microscopy of photobleaching, photodamage and 

migration 

 

Photobleaching of DsRed2 in living HT-1080 dial-color cells was measured as decrease in 

emission during consecutive scanning at 760, 880, and 1100 nm excitation wavelengths 

and a power of 75 mW. The samples were subjected to 250 consecutive scans and the 

emission intensity was quantified as average pixel intensity of the entire scanning field 

and normalized to the intensity of the first frame. Protein condensation due to continuous 

excitation was measured by continuous imaging of dual-color HT-1080 cells at a high 

excitation power (110 mW) and a frame rate of 2.8 fps. Migration of HT-1080 cells from 

a multicellular spheroid on a dermis slice was analyzed during continuous excitation at 

1100 nm and 117 mW power in the focus. 
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5.9.4 Intravital microscopy 

 

For intravital microscopy, mice were anasthesized with isofluorane and stably mounted 

onto a temperature-controlled platform (37°C). Overview epifluorescence microscopy of 

xenografts was performed with a 4x objective (NA 0.3), multiphoton microscopy with a 

20x objective (NA 0.95; both Olympus). Sequential 3D stacks were obtained for up to 

500 μm penetration depth at a step size of 5 μm. Blood vessels were visualized by 

injecting 2 to 4 mg of Alexa Fluor 488- or 660-conjugated dextran (70 kD; Invitrogen) 

into the tail vein or retroorbitally. Activated lymphatic vessels were detected after 

injection of the lymph-homing cyclic peptide LyP-1 (100 µg)296. 

 

5.10 Image analysis 

 

Images were reconstructed and analyzed using ImageJ 1.40g (W. Rasband, NIH), 

ImSpector 3.4 (LaVision BioTec GmbH), Photoshop CS 8.0.1 (Adobe Systems Inc.), and 

Volocity 4.0.1 (Improvision). Single cell velocities were obtained computer-assisted cell 

tracking using Autocell (Universities of Bremen and Wuerzburg). Tumor volume (V) was 

calculated as (tumor width)2 x (tumor length) x ∏/6/2. Velocity of invasion strands was 

analyzed as described in Fig. 18, either by time-lapse microscopy of nuclear dynamics 

(Fig. 18a), single strand dynamics (Fig. 18b), or from repetitive 3D MPM microscopy over 

days. Mitotic and apoptotic fractions were determined from the H2B-EGFP pattern from 

100 cells per independent visual field. The orientation of mitotic figures was expressed as 

angle relative to the length axis of the invasion strand. The tortuosity of vessels was 

calculated as index of the actual length of the vessel divided by the straight-line length 

from the beginning to the end from a visual field. Residual invasion areas after irradiation 

were determined as decribed in Fig. 31. 

 

5.11 Statistical analysis 

 

For statistical analysis the two-tailed Mann-Whitney U-Test for independent and the 

paired students t-test for dependent samples was used. 
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7 APPENDIX 
 
Abbreviations 
 
Ab/mab (monoclonal) antibody 
ALCAM Activated leukocyte-cell adhesion molecule 
AMF Autocrine motility factor 
BM Basement membrane 
CAM Chick chorioalloantoic membrane 
CAM-DR Cell-adhesion mediated drugreistance 
CAM-RR Cell-adhesion mediated radioresistance 
CCD Charge-coupled device 
CCL/CCR CC-motif chemokine/receptor 
CD Cluster of differentiation 
Cdc42 Cell division control protein 42 
Cetux Cetuximab 
c-Met mesenchymal-epithelial transition factor 
CXCL/CXCR CXC-motif chemokine/receptor 
CX3CR1 CX3C-motif chemokine receptor 1 
Ctrl Control 
DAPI 4'-6-Diamidino-2-phenylindole 
DDR Discoidin domain receptor 
DMEM Dulbecco’s modified eagle medium 
DNA Dioxyribonucleic acid 
Doxo Doxorubicin 
DSFC Dorsal skinfold chamber 
E-Cadherin Epidermal cadherin 
ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EGF/EGFR Epidermal growth factor/EGF receptor 
EGFP Enhanced green fluorescent protein 
EMT Epidermal-to-mesenchymal transition 
ERK Extracellular signal-regulated kinase 
FACS Fluorescence activated cell sorting 
FAK Focal adhesion kinase 
FCS Fetal calf serum 
FGF/FGFR Fibroblast growth factor 
FITC Fluoresceinisothiocyanat 
GTPase Guanosine triphosphate hydrolase 
HER Human epidermal growth factor receptor 
HRP Horse radish peroxidase 
H2B Histone 2B 
ICAM Inter-Cellular Adhesion Molecule 1 
IgG Immunglobulin G 
IL Interleukin 
i.p. Intraperitoneal 
IR Infrared 
Irr Irradiation 
ITGB1/ITGB3 Integrin beta 1 or 3 resp. (gene) 
i.v. Intravenous 
JNK c-Jun n-terminal kinase 
KGF Keratincyte growth factor 
LSAB Labeled-Streptavidin-Biotin-Methode 
LFA-1 Lymphocyte function-associated antigen 1 
L1CAM L1 (protein) cell adhesion molecule 
MAPK Mitogen-activated protein kinase 
MCP-1 Monocyte chemotactic protein-1 
MEK MAPK/ERK kinase 
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MEM Minimual essential medium 
MET Mesenchymal-to-epithelial transition 
MMP/MT-MMP Matrix metalloproteinase/membrane type MMP  
MPM Multiphoton microscopy 
NF-κB Nuclear factor 'kappa-light-chain-enhancer' of activated B-cells 
NIR Near-infrared 
OPO Optical parametric oscillator 
PBST Phosphate-buffered saline tween 
PI3K Phosphoinosid-3-kinase 
PMT Photomultiplier tubes 
PVF1 Platelet-derived growth factor- and VEGF-related factor 1 
RNA/RNAi Ribonucleic acid/RNA interference 
ROCK Rho kinase 
SCLC small-cell lung cancer 
SDF-1 Stromal cell-derived factor 1 
SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 
SHG Second harmonic generation 
shRNA Short hairpin ribonucleic acid 
STS Soft tissue sarcoma 
TAM Tumor-associated macrophages 
TGFβ Transforming growth factor β 
Ti:Sa Titanium:Sapphire (laser) 
uPA Urokinase-type plaminogen activator 
UV Ultraviolet 
VE-Cadherin Vascular endothelial cadherin 
VEGF/VEGFR Vascular endothelial growth factor/VEGF receptor 
WB Western Blot 
2D/3D 2-/3-dimensional 
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Movie legends 
 
Movie 1. Near-infrared multiphoton microscopy of dermal tissue surrounding an HT-1080 
dual color xenograft. Z-series (100 µm in total, z-steps every 5 µm) from the 
intratumoral region (-100 µm) to peritumoral region of a 6 day-old tumor (cytoplasm, 
red; nuclei, yellow). Perfused blood vessels (green) were visualized by FITC-dextran 
injection, irregular-shaped neo-vessels within the tumor and pre-existing linear-shaped 
outside of the tumor. Collagen fibers and muscle strands detected by second harmonic 
generation (blue). Excitation wavelength 880 nm. The movie corresponds to Fig. 9. 
 
Movie 2. 3D rotation of multicellular tumor strand (red) cuffing a central blood vessel 
(green). Collective strand was computationally sectioned along the mid region of the 
strand containing a central blood vessel. The movie corresponds to Fig. 16. 
 
Movie 3. Invasive growth, as defined by collective invasion and simultaneous mitotic 
activity. Time-lapse microscopy of a single z-plane within a relatively superficial 
collectively invading strand at 80 μm in depth that shows mitotic planes in perpendicular 
angle to the invasion direction. Frame rate, 9/min; duration, 30 min; excitation wave 
length 880 nm. The movie corresponds to Fig. 17 to 19. 
 
Movie 4. High-resolution reconstructions of radiosensitive and –resistant regions. 
Comparison of untreated control and irradiated tumor at day 14 after implantation. 
Movies start with a Z-projection of 250 μm and 120 μm in depth for control and 
irradiated tumor, respectively, followed by the corresponding z-series (nonprocessed 
slices from 150 to 50 μm in depth). Tumor cytoplasm (DsRed2, green), tumor nuclei 
(H2B-EGFP, cyan), and blood vessels and macrophages (Alexa Fluor 660-dextran, red). 
The movie corresponds to paragraph 3.5.1.3. 
 
Quicktime Player installation file included on CD-ROM. 
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