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Preface 
The Schwerpunktprogramm “Angiogenese” (nationwide priority research program “Angiogenesis”) 
(SPP1069) has been funded by the Deutsche Forschungsgemeinschaft (German Research Council) 
(DFG) for a six year period from 1999 to 2005. The DFG has invested almost 10 million Euros to 
fund between 18 and 24 research groups throughout the 3 consecutive 2 year funding periods. Ten 
million Euros may not be much for a nationwide core grant for a country of more than 80 million 
people. Yet, it is a significant investment. This Abschlussbericht (Concluding Report) summaries the 
activities within the SPP1069 and formally concludes the SPP. It therefore needs to answer the 
critical question, if the DFG funds have been used wisely and efficiently. As such, this report will to 
some extend unavoidably have the character of an apple and pear counting expedition, i.e., how 
many papers have been published?; what is the percentage of high impact factor publications?; how 
many Diploma theses, Doctoral theses, and Habilitations have been written and successfully 
defended?; what has happened to the scientists within the SPP?; and so on. This is unavoidable as it 
is part of the usual routine of evaluation. Nevertheless, despite all of this formal and somewhat 
statistical approach to scientific assessment, the concluding evaluation essentially boils down to one 
key critical question: “Was the money used to do good science?” I think so. Or, I should say more 
carefully, I hope so. This is my summarizing conclusion not after counting papers and impact factors, 
but an assessment based on an intimate knowledge of all the people involved, be it the PIs, the 
postdocs, and the graduate students. All of them have with great passion, diligence, and unparalleled 
motivation worked towards the goals of the SPP. I have had the privilege of working with all of them 
as Coordinator of the SPP1069. I have taken this job over as an honorable duty after Werner Risau 
had asked me to do so in September 1998. Werner had taken the initiative to establish an SPP 
“Angiogenesis” in 1997. This first attempt failed and he tried again in 1998. The concept had just 
been approved by the DFG in Spring of 1998 when he learnt of his disease that led to his tragic and 
untimely death in December 1998. Werner had been Max-Planck-Director in Bad Nauheim for a 
couple of years. Beyond the scientific activities of his own lab, he had grown into national and 
European prominence in the field of vascular biology as an integrating personality who could bring 
people together. He clearly had a visionary mind recognizing early the emergence of vascular 
biology as a developing interdisciplinary biomedical discipline. He may have been among the first 
ones who early on realized the key critical role of VEGF in initiating the angiogenic cascade. Surely, 
the SPP1069 did not compensate for the loss of Werner Risau. Yet, The SPP1069 may have helped 
to keep Werner’s legacy alive. I sincerely hope that Werner would have liked what we have aimed for 
and accomplished within the SPP1069 in the last six years. This report is therefore dedicated to the 
memory of Werner Risau. 

 

 

Freiburg, July 2006 

(Hellmut Augustin) 



 11

 

Acknowledgements 
A number of individuals and organizations have contributed to support the SPP1069. Sincere thanks 
are extended to all of them, be their support in manpower, money, intellectual support, or personal 
(morale, occasional comforting, mental support).  

Thanks go to the Deutsche Forschungsgemeinschaft and their governing bodies for their decision to 
implement and support the SPP1069. Clearly, given the immaturity of the field in Germany in 1997 / 
1998, the original decision to establish the SPP1069 was courageous. The PIs of the SPP1069 
sincerely hope that they have lived up to the expectations of those originally in support of this 
decision. Particular thanks go to the Program Director of the DFG in charge of the SPP1069, Dr. 
Petra Hintze. Despite a busy schedule, Dr. Hintze always had open ears for the problems of the 
Coordinator and the PIs. It clearly is to a great extend her merit that the administrative aspects of the 
SPP1069 were always dealt with properly, professionally, and the least amount of bureaucracy. 
Thanks also go to Dr. Armin Krawisch who has helped in the DFG administration of the SPP1069 in 
the first funding period. 

Secondly, the Reviewers of the SPP1069 (Table 1) deserve particular thanks for their input into the 
SPP1069. Reviewing is oftentimes a time consuming job with little reward. Unavoidably, Reviewers 
also need to make unpopular and negative recommendations. Nevertheless, an impressive faculty of 
some of the best European angiogenesis researchers has invested significant time and intellectual 
energy to serve on the SPP1069 Board of Reviewers. Over the years, the Board of Reviewers may 
to some extend even have evolved into some kind of Scientific Advisory Board rather than a 
boundary-forming evaluation committee. Clearly, the diligent contributions of the Reviewers have 
greatly contributed to the success of the SPP1069 for which the Coordinator and the PIs are very 
grateful. 

Thirdly, thanks are extended to the financial support of the corporate sponsors of the Seeon Meeting 
(Table 4) as well as the Max-Planck-Society. A scientific meeting of the scope and format of the 
Seeon meetings can not be realized without significant financial contribution from private sources. 
The organizers of the Seeon meetings are thankful for this support and sincerely hope that the 
corporate sponsors will continue to be loyal supporters of future Seeon meetings. 

Lastly and likely most importantly, warm-hearted thanks go to the secretaries of the SPP1069, 
Stephan Müller-Groh (now: Dr. med and Dr. jur) and Manuela Fellmann. Stephan Müller-Groh has as 
a student aide supported the Coordinator during the first funding period in all administrative and 
organizational aspects of the SPP1069. He has done pioneering work by organizing the first Seeon 
meeting. Manuela Fellmann, a certified foreign language correspondent, has supported the SPP1069 
as professional secretary throughout the second and third funding period. Her service for the 
SPP1069 and the angiogenesis community at large went far beyond secretarial duties growing into a 
full blown, efficient, self-made scientific administrator. She has worked hard, oftentimes late hours 
beyond her formal duties. She has (mostly) had endless patience for the Coordinator and other not 
quite so simple to handle personalities she had the privilege and duty to interact with. The sincere 
personal thanks of the Coordinator go to Manuela Fellmann for five years of joyful cooperation and 
assistance under oftentimes not trivial circumstances. 



 

 12

Introduction 
Starting situation, necessity for the establishment of an SPP, approval of the 

concept, and establishment of the SPP1069 
Angiogenesis research has come a long way: From the concepts of modern angiogenesis research 
in the early nineteen seventies through the characterization of pleiotropic growth factors and the 
identification of the specific inducers of angiogenesis, the first anti-angiogenic tumor drug has 
received clinical approval in 2004. In fact, it has just taken 15 years from the identification of VEGF to 
the clinical implementation of a specific VEGF-neutralizing therapy which has to be considered as a 
major success story. Yet, this was also a bumpy road characterized by doubts about the 
angiogenesis-dependency of tumor growth in the early days and unrealistic hype just a couple of 
years ago (Jim Watson, 1998: “...Judah [Folkman] is going to cure cancer in two years...”) which was 
followed by sobering results of the first phase III clinical trials. Clearly, anti-angiogenesis is not the 
magic cure to cancer. Yet, it is today firmly established that anti-angiogenic therapy will become part 
of standard tumor (and other) therapies. With the first drug having received clinical approval, rapid 
progress can be expected to develop reliable diagnostic and prognostic tools and techniques to 
identify those patients that will benefit most from an anti-angiogenic therapy. This work and the 
molecular identification of the mechanisms that limit current anti-angiogenic regimen will also guide 
the rational development of multi-targeted second generation angiogenesis-modulating compounds. 
At the same time, intense transcriptomic and proteomic efforts are under way, to identify and validate 
additional key players of the angiogenic cascade.  

The rapid pace of basic and translational angiogenesis research becomes also evident when 
scanning Pubmed for publications that contain the term “angiogenesis”. That number has passed the 
10.000 mark in early 2001. Today, a simple Pubmed search identifies more than 25.000 
angiogenesis-related publications indicating that the number of angiogenesis-related publications 
has more than doubled in less than 5 years (Fig. 1).  
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Fig. 1: Number of angiogenesis-related publications listed in PubMed. Shown is the annual 
number of publications worldwide (black bars, left) and publications from Germany (stripped 
bars, right) that contain the word “angiogenesis” in the title or the abstract. Key discoveries in 
the field of angiogenesis research are marked.    
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In view of the increasing importance of the field of angiogenesis research, the German Research 
Council (DFG) has launched a nationwide angiogenesis priority research grant in 1998 funding a 
proposal that was originally submitted by Werner Risau in 1997. In principle, the DFG sponsors two 
different types of priority research grants: Local priority grants (Sonderforschungsbereich, SFB) and 
nationwide priority grants (Schwerpunktprogramm, SPP) with SFBs being the preferred program of 
funding. There had been several attempts to establish local angiogenesis-related priority research 
programs throughout the nineteen nineties. Yet, it soon became evident that no single university 
within Germany would be able to gather sufficient quantitative and qualitative critical mass to 
successfully launch an angiogenesis SFB. It was therefore Werner Risau’s vision that a nationwide 
program would be more suitable and appropriate to coordinate and foster angiogenesis research in 
Germany.  

A first draft proposal for the establishment of an angiogenesis SPP was submitted to the DFG in 
1997 with Werner Risau (Bad Nauheim) as Coordinator and Hellmut Augustin (Göttingen), Dieter 
Marmé (Freiburg), and Axel Ullrich (Munich) as members of the program committee. This proposal 
was not recommended for funding, but the applicants were encouraged to submit a revised proposal 
addressing specific Reviewers’ comments and criticism. This was done in early 1998. This revised 
proposal was recommended for funding in a highly competitive selection process (15 positively 
reviewed grants out of 70 proposals). Following the approval of the SPP1069 concept, a nationwide 
call asked for the submission of individual grants. A total of 72 individual grants were submitted and 
reviewed by an international board of reviewers (Table 1). The reviewers recommended 24 grants for 
funding. These 24 projects inaugurated the SPP1069 in October 1998 (Fig. 2, Table 2).   

 

 

Table 1: International Board of Reviewers 

           Reviewer, City              Reviewer for funding period 

Christer Betsholtz, Gotemborg/Stockholm      2 + 3 
Gerhard Christofori, Basel        2 + 3 
Elisabetta Dejana, Milan           2  
Michael Detmar, Boston/Zürich       1 - 2 
Detlef Drenckhahn, Würzburg          1 
Carl Hendrik Heldin, Uppsala       1 - 3 
Victor van Hinsbergh, Leiden/Amsterdam      2 + 3 
Eli Keshet, Jerusalem        1 - 2 
Armin Kurtz, Regensburg        1 - 3 
Stephen Smith, Cambridge/London       1 - 3 
Norbert Suttorp, Berlin        1 - 3 
Dietmar Vestweber, Münster        1 - 3 
Marina Ziche, Florence/Siena        1 - 3 
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Goals and structure of the SPP1069 
The focus and scope of the SPP1069 was defined in the one page open call for proposals that was 
published in May 1998. This read as follows: 
 
Angiogenesis: Molecular mechanisms and functional interactions 
The center of interest within this cooperative research project is the molecular mechanism of neo-
angiogenesis, especially: 
− the functional analysis of expression and localisation of growth factors, receptors, adhesion 

molecules, integrins, inhibitors and other factors in signal transduction, during vasculo- and 
angiogenesis in the embryonic and the adult state, under physiological (e. g. in the ovarium) or 
pathophysiological (e. g. retinopathy, arthritis, wound healing, infarction, and tumors) conditions. 
Purely descriptive analysis should not be part of the investigation. 

− mechanisms of neo-angiogenesis, studied in in vivo models; the investigation of influencing 
factors for a better understanding of the underlying biological processes and for the development 
of a rational therapy. 

− mechanisms of neo-angiogenesis studied in in vitro models: proliferation, cell-cycle-control, 
apoptosis, cell-matrix-adhesion, cell-cell-adhesion, budding, migration, ripening, lumen 
development, permeability, and organ-specific differentiation of endothelial cells. 

− biochemical and functional analysis of signal transduction and gene regulation in these 
processes. 

− genetic analysis of these processes in vertebrates. 
Researchers with clinical background are requested to participate in this priority programme. 
However, purely descriptive work or pharmacological trials with substances or factors in model 
system for angiogenesis will not be in the interest of this programme, as is the role of the vascular 
wall for vasodilatation, vasoconstriction, or artheriosclerosis. The investigation of inflammation of the 
vascular system is only of relevance to the priority programme, if it was connected with neo-
angiogenesis. 
As a positive side-effect the priority programme should enhance the concentration of efforts in this 
field in Germany. 
 
Following the establishment of the SPP1069, projects were grouped in theme-related clusters in 
order to establish focussed priority areas within the SPP. With some variations throughout the three 
consecutive funding periods, the following theme clusters were established within the SPP (a cluster 
is considered a group of at least 2 related projects – most of the groups participated in more than 
one cluster): 

- Developmental angiogenesis  
- VEGF 
- Ephrin ligands and Eph receptors 
- Angiopoietin/Tie signaling 
- Hypoxia 
- Angiogenic signaling 
- Vascular Differentiation 
- Cardiac angiogenesis and arteriogenesis 
- Tumor angiogenesis 
- Lymphatic angiogenesis 
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These ten priority clusters covered the most important areas of ongoing angiogenesis research 
throughout the funding of the SPP. The emerging field of lymphangiogenesis research established a 
priority cluster only in the last funding period. The field of endothelial cell progenitor cell biology was 
not pursued as a priority cluster within the SPP1069. 

 

Projects and Principal Investigators of the SPP1069 
Unlike a local SFB, the Coordinator of an SPP has very little influence on the composition of an SPP. 
Instead, the composition of projects is largely determined by a highly selective reviewing process. 
When the SPP1069 was established in 1998, a total of 72 research proposals were submitted for 
review. Of these, 24 were recommended for funding (Fig. 2, Table 2). As such, the composition of an 
SPP is more reflective of an investigator-initiated bottom-up process rather than the more 
hierarchical top-down structure of a classical SFB. 

The regional distribution of projects within Germany shows that the SPP1069 has truly evolved to 
become a nationwide research network (Fig. 2). Yet, most of the participating groups were located in 
the southern part of Germany which may be reflective north-south gradient within Germany in most 
field of ongoing biomedical research. Likewise, it is quite disappointing to note that even after more 
than 10 years of German unification only two projects located in the former East Germany were 
members of the SPP1069. Both of these groups were not original East German labs, but rather 
imports from the western part of the country.  

The educational background of the participating Principal Investigators is highly indicative of the 
interdisciplinary character of the field of angiogenesis research. Approximately 50% of the PIs had a 
medical background, whereas the other 50% had a background in biology or biochemistry. 
Correspondingly, a broad array of different biomedical disciplines was engaged in the SPP1069 
(Table 3). The SPP included university departments as well as non-university research institutions 
(Max-Planck-Society, Helmholtz-Society). 

Fig. 2: Geographical distribution of angiogenesis 
research in Germany and the groups funded within 
the SPP1069. Blue squares mark the number of 
“angiogenesis” PubMed hits of the major university 
cities in Germany (angiogenesis AND city [AD]) 
(March 2006). Circles mark individual projects 
funded within the SPP1069.   
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Table 3: Biomedical disciplines involved in the SPP1069 

     Clinical departments        Preclinical departments 

Cardiology    Anatomy 
Dermatology    Biochemistry 
Gynecology    Cell Biology 
Medicine    Genetics  
Neurosurgery    Microbiology 
Pediatrics    Pathology 

         Tumor Biology 
 

Reviewers of the SPP 
The review process of the DFG for individual grant proposals as well as for coordinated programs 
has historically been a national peer review process, i.e., proposals are written in German and 
reviewed by scientists within Germany or by German scientists in other countries. Deviating from this 
well established process of review, the program committee of the SPP1069 had suggested to the 
DFG from the very beginning to only allow English written proposals and to entertain a strict 
international review process. This was suggested 1.) in recognition of the fact that in principle every 
researcher involved in the respective field of research within Germany is eligible for funding thereby 
likely leaving insufficient critical reviewer mass for a qualified review, and 2.) to ensure the most 
authoritative review process by some of the most well renowned international scientists in the field. 
As a result, a high profile International Board of Reviewers of 13 prominent scientists from the field of 
angiogenesis research and vascular biology in general has reviewed the individual proposals that 
have been submitted for the three consecutive two year funding periods (Table 1). Grants were 
reviewed on the basis of submitted proposals. Yet, the Board of Reviewers has over the years 
acquired a solid personal knowledge of all the participating groups by participating in the biannual 
International Kloster Seeon Meeting “Angiogenesis” which has been hosted by the SPP1069.  

 

Coordinated activities within the SPP1069 
An SPP is composed of a certain number of individual grant proposals. As such, the SPP’s 
productivity and performance is determined by the scientific strength of the individual projects. Yet, 
as a coordinated program, an SPP is also expected to be more than just the sum of individual 
proposals. Rather, it is expected to create synergy through the exchange of reagents, tools, and 
ideas. This should lead to joint research projects eventually resulting in joint publications. 

Clearly, no individual PI can be forced into a specific collaboration. The coordinating activities 
within the SPP were therefore aimed at creating an atmosphere of exchange and interaction that is 
conducive to bringing people together. A number of instruments were practiced within the SPP as 
part of the central coordinating activities to support cooperation and collaboration within the SPP.  

 

Webpage 

The SPP1069 has established the webpage www.angiogenese.de soon after its inauguration 
(Fig. 3). This website was supposed to serve as an information bulletin for the groups within the SPP 
and beyond as well as an instrument to foster awareness of the lay public about the field of 
angiogenesis research and the SPP itself. The website included 1.) profile pages about the individual 
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groups and projects within the SPP, 2.) thematically structured lists of recent (less than one month 
old) angiogenesis-related publications [title, authors, abstract with direct link to the full text 
manuscript], 3.) a list of upcoming angiogenesis-related national and international meetings, 4.) 
angiogenesis-related scientific job offers from within and outside the SPP, 5.) an angiogenesis jump 
station with a collection of the most important angiogenesis-related websites (scientific journals, 
databases, companies, etc.). Much effort was spent to regularly update the website in three weekly 
intervals to keep it timely and alive. Timeliness and relevance of the information published on the 
website may have contributed to the broad acceptance of the website by the angiogenesis 
community at large. Today, the site is accessed several thousand times per months. The site has 
grown and earned international visibility as evidenced by the notion that the site now receives 
significantly more international hits from outside Germany than from within Germany. It may be 
realistic to conclude that www.angiogenese.de is today the most frequently visited angiogenesis 
portale worldwide. It is for this reason that it has been decided to maintain www.angiogenese.de 
beyond the expiration of the SPP1069. 

 

Meetings 

A number of closed and open meetings have been hosted during the last six years (Table 4). These 
included bi-annual consortium meetings, theme cluster-oriented subgroup meetings, a Young 
Investigator Meeting, as well as the bi-annual International Kloster Seeon Meeting “Angiogenesis”. 

Consortium meetings: Consortium meetings of all PIs and scientists working in the SPP (postdocs 
and graduate students) were hosted bi-annually as two day meetings (October 1999, Bad Nauheim; 
October 2001, Heidelberg; November 2003, Freiburg; April 2005, Göttingen). Each project was 
presented in a 20 to 25 minute presentation followed by a 5 to 10 minute discussion. Much time was 
devoted during these meetings to informal discussions. 

Subgroup meetings: Theme-oriented subgroup meetings of 5 to 10 participants were hosted as ad 
hoc meetings throughout the duration of the SPP. These meetings were organized decentrally each 
by an individual PI. The SPP’s secretariate provided logistical assistance. 

Fig. 3: The website 
“www.angiogenese.de” 
of the SPP1069.  
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Young Investigator Meeting: A young investigator meeting was hosted in the fourth year of the SPP. 
This meeting was organized by two senior graduate students (Anja Hegen, Tim Füller [Augustin lab] 
and Alexander Licht [Breier lab]) and was held in the Reisensburg castle near Ulm, Germany. This 
meeting (approx. 25 participants) was aimed at fostering exchange and networking between the 
graduate students and postdoctoral fellows. 

Kloster Seeon Meeting “Angiogenesis”: Soon after its inauguration, the SPP 1069 made plans to 
host biannually an open international angiogenesis meeting. The Kloster Seeon in Bavaria was 
selected as site of these meetings in recognition of the unique atmosphere of the monastery. It was 
deliberately decided to keep the meeting small with participation by invitation only rather than hosting 
a large-size open meeting. As such, the meetings were from the beginning supposed to have the 
typical “work hard – play hard” atmosphere for which the Gordon conference series is famous for. 

The Seeon monastery can host up to 125 guests. Of the 125 participant slots, 50 were reserved 
for the members of the SPP. Another 15 slots were given to representatives of the corporate 
sponsors. Thirty slots were allocated for invited speakers. The remaining 30 slots were competitively 
given out on the basis of submitted abstract (scoring system by 5 international reviewers). It may not 
be surprising that the second and third Seeon meetings in 2002 and 2004 were heavily 
oversubscribed. As a consequence, many applications had to be rejected. As much as the 
organizers of the meeting would have liked to admit all applicants, the competitive nature of 
admission has also contributed to the reputation that this meeting series has earned in very few 
years.  

The organizers of the Seeon meeting have aimed for the highest possible standard of science. As 
such, only leaders in the field were invited for presentation (Fig. 4-6). Compliance of invited speakers 
was very good with more than 90% of invited speakers accepting the invitation to participate in the 
meeting. All participants (including the invited speakers) were expected to stay for the duration of the 
meeting. This rule was with very few exceptions strictly applied. 

The budget of the Seeon meeting has gotten close to 100.000 €. Public funds could only partially 
come up with the total cost required to host such a high profile meeting. The DFG has been the 
primary sponsor of the meeting. Likewise, the Max-Planck-society has contributed significant funds 
to support the Seeon meeting. Nevertheless, some 60% of the budget was provided by corporate 
sponsors (Table 5). The SPP1069 highly appreciates the generous support of pharmaceutical and 
biotech corporate sponsors. The solid corporate support of the meeting also reflects the excellent 
acceptance and profile that the meeting has earned in very few years. 

Following the 2004 Seeon meeting, the organizers of the meeting were approached by quite a 
few people in the angiogenesis community suggesting to find a way to maintain the Seeon meeting 
series after the expiration of the SPP1069. As a consequence, 13 members of the SPP1069 have in 
2005 established the Verein für wissenschaftliche Fachtagungen in der Biomedizin e.V. 
(www.vwfb.de). This Verein has been registered by the Amtsgericht Freiburg and received the status 
of a tax-benefited charity organization by the Finanzamt Freiburg. The VWFB e.V. will serve as the 
legal host of future Kloster Seeon angiogenesis meetings. It delegates the program responsibility to 
the meeting’s Chairman and Co-Chairman which are elected by the participants of the Seeon 
meeting. For the 2006 Seeon angiogenesis meeting, Dr. Georg Breier (Dresden) and Dr. Christer 
Betsholtz (Stockholm) were elected as Chairman and Co-Chairman, respectively. 
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Table 4: Meetings hosted by the SPP1069 

Date    Meeting     City          Participation   Comment  

October 1999 Kickoff Meeting  Bad Nauheim  50 closed SPP meeting 
Throughout 1999 Subgroup meetings various locations 5-10 closed SPP meetings 
September 2000 1st Int. Kloster Seeon Meeting Kloster Seeon 125 open meeting 
Throughout 2000 Subgroup meetings various locations 5-10 closed SPP meetings 
Throughout 2001 Subgroup meetings various locations 5-10 closed SPP meetings 
October 2001 Consortium Meeting Heidelberg  50 closed SPP meeting 
September 2002 2nd Int. Kloster Seeon Meeting Kloster Seeon 125 open meeting 
Throughout 2002 Subgroup meetings various locations 5-10 closed SPP meetings 
Throughout 2003 Subgroup meetings various locations 5-10 closed SPP meetings 
September 2003 Young Investigator Meeting Reisensburg  25 closed SPP meeting 
November 2003 Consortium Meeting Freiburg  45 closed SPP meeting 
September 2004 3rd Int. Kloster Seeon Meeting Kloster Seeon 125 open meeting 
Throughout 2004 Subgroup meetings various locations 5-10 closed SPP meetings 
Throughout 2005 Subgroup meetings various locations 5-10 closed SPP meetings 
April 2005 Consortium Meeting Göttingen  35 closed SPP meeting 
March 2006 Concluding meeting Aschau, Bavaria  45 closed SPP meeting 

 
 

 

Table 5: Corporate sponsors of the Kloster Seeon Meeting “Angiogenesis” 

           Sponsor, City      sponsored meeting(s) 

Abbott, Worcester, USA      2002 
Amgen, Thousand Oaks, USA             2000, 2002 
Artemis/Exelixis, Tübingen, Germany            2000, 2002 
AstracZeneca, Macclesfield, UK      2000, 2002, 2004 
Aventis, Paris, France        2000, 2002, 2004 
Bayer, Wuppertal, Germany       2000, 2002, 2004 
Boehringer-Ingelheim, Vienna, Austria     2004 
GenCell, Paris, France       2004 
ImClone, New York, USA       2000, 2002, 2004 
Merck Pharmaceuticals, Darmstadt, Germany    2004 
Munich Biotechnology, Martinsried, Germany           2000, 2002 
Novartis, Basel, Switzerland       2000, 2002, 2004 
Roche Pharmaceuticals , Basel, Switzerland     2000, 2002, 2004 
Schering, Berlin, Germany       2000, 2002, 2004 
Sugen, San Francisco, USA      2000 
Xantos Biomedicine, Martinsried, Germany           2002, 2004 
Zentaris, Frankfurt, Germany      2004 
 



 23

Following are the group photos of the three Seeon Meetings conducted by the SPP 1069: 
 
Fig. 4: 1st Kloster Seeon Meeting Angiogenesis, October 1-4, 2000 

 
Fig. 5: 2nd Kloster Seeon Meeting Angiogenesis, September 21-24, 2002 

 
Fig. 6: 3rd Kloster Seeon Meeting Angiogenesis, September 18-21, 2004 

Invited Speakers: Kari Alitalo, Hellmut 
Augustin, Peter Bohlen, Georg Breier, 
Peter Carmeliet, Michael Detmar, Dan 
Dumont, Anne Eichmann, Brian Eliceiri, 
Napoleone Ferrara, Ingo Flamme, Jean 
Michel Foidart, Norbert Fusenig, 
Nicholas Gale, Antonis Hatzopoulos, 
Christopher Heeschen, Mats Hellström, 
Luisa Iruela-Arispe, Eli Keshet, Jan 
Kitajewski, Rüdiger Klein, Dieter 
Marmé, Karl-Heinz Plate, Sahin Rafii, 
Hans-Reimer Rodewald, Wolfgang 
Schaper, Lothar Schweigerer, Celeste 
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List of publications originating from the SPP1069 
Publication is the ultimate outcome of a scientific project. Thus, the number and quality of 
publications is the best indication of an individual lab’s productivity. Furthermore, the degree of 
interaction and collaboration within a research consortium can be assessed by scanning the 
publication record for joint publications. The SPP1069 has been successful on both accounts. It 
would be tempting to list selected highlight accomplishments of the SPP 1069 of which there are 
quite a few. Yet, it would likely go beyond the scope of this introductory chapter to subjectively 
highlight individual publications. The reader is rather referred to the following list of all SPP1069 
originating publications published in journals with an impact factor of >3 (Table 6). A detailed account 
of all publications and individual group’s activities pursued within the SPP1069 can be obtained from 
the individual group’s reports in the main part of this report. The following list also demonstrates the 
degree of interaction and collaboration within the SPP as evidenced by the fact that some 75% of all 
groups have joint publications with other groups of the consortium.  

  

Table 6: SPP1069 publications in journals with an impact of >3 (PIs of the SPP in bold) 
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List of diploma theses, doctoral theses, and habilitations pursued within the SPP 
The DFG funds have been used to do science. Yet, many young scientists at an early stage in their 
career were involved in the research activities of the SPP1069. As such, the research network also 
played an important educational role to train young scientists. Training is of particular importance in a 
young and emerging discipline such as angiogenesis research. Likewise, even the broader field of 
vascular biology is only today emerging as an independent, yet interdisciplinary scientific discipline. 
As such, training activities play a pivotal role in contributing to the shaping of future leading scientists 
in the field. Following is a list of diploma theses, doctoral theses, and habilitations pursued within the 
SPP1069 (Table 7).  

 

Table 7: Diploma theses, doctoral theses, and habilitations pursued within the SPP1069  

Diploma theses 

Gronemeyer, Thomas (Heumann lab): “Expression and molecular evolution of Y13259-scFv”. Ruhr 
University of Bochum, Molecular Neurobiochemistry (2001). 

Khan, Friedrich (Heumann lab): „Bestimmung der Bindungsaffinitäten zwischen dem neuronal 
aktiven monoklonalen Antikörper Y13-259 und dem Rasp21-Protein mittels 
Oberflächenplasmonresonanzspektroskopie“. Ruhr University of Bochum , Molecular 
Neurobiochemistry (2000). 

Krissl, Tanja (Fiedler/Marmé lab): "Bindung von Angiopoietin-1 und -2 an ihren Rezeptor Tie2 – 
Struktur- und Funktionsanalysen“. Tumor Biology Center Freiburg, Institute of Molecular Oncology 
(2000). 

Lamparter, Mathias (Hatzopoulos lab): “Investigation of homing and activation of embryonic 
endothelial progenitor cells in tumor angiogenesis”. Technical University of Munich, Institute for 
Physiology - Wissenschaftszentrum Weihenstephan. 

Mössinger, Katharina (Fiedler/Marmé lab): „Die Rolle von Tie1 bei der Angiopoietin-vermittelten 
Endothezell-Funktion“. Tumor Biology Center Freiburg, Department of Vascular Biology and 
Angiogenesis Research (2005). 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=16339483&query_hl=4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=16339483&query_hl=4
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Norgall, Susanne (Weich lab): “Isolation and characterization of primary human and mouse lymph 
endothelial cells”. University of Oldenburg. 

Reiter, Sabine (Heumann lab): „Sequentiell-parallele Elektroanalytik in Mikrotiterplatten als Basis 
zur Optimierung der Redoxfunktionalisierung von Proteinen“ (in Kooporation with Prof. Schuhmann 
at RUB/Chemistry). Ruhr University of Bochum, Molecular Neurobiochemistry (2001). 

Rothley, Melanie (Sleeman lab): "Regulation der VEGFR-3-induzierten Lymphangiogenese“. 
University of Karlsruhe, Institute of Genetics (2003). 

Thiele, Wilko (Sleeman lab): "Die entscheidende Rolle der Mitglieder der Familie der vaskularen 
endothelialen Wachstumsfaktor-Rezeptoren (VEGFRs) bei der zellulären Differenzierung“. University 
of Karlsruhe, Institute of Genetics (2002). 

Doctoral theses 

Albrecht, Tobias (Waltenberger lab): „Aktivierung des VEGF-Rezeptors KDR in der Randzone einer 
regionalen Myokardischämie beim Hund als Hinweis für eine Beteiligung des VEGF-Systems an 
Ischämie-induzierten Reparaturvorgängen“. University of Ulm, Faculty of Medicine, Department of 
Internal Medicine II (2001). 

Aref, Yama (Wilting lab): „Untersuchungen des Ursprungs des Lymphgefäßsystems bei Vogel-
embryonen“. 
Babiak, Alexander (Waltenberger lab): “Die Etablierung eines in vivo Modells der Arteriogenese”. 
University of Ulm, Faculty of Medicine, Department of Internal Medicine II (2004). 

Bergler, Axel (Waltenberger lab): „Einfluß einer Hypercholesterinämie auf die Monozytenfunktion. 
Implikationen für die Ausbildung einer kollateralen Zirkulation“. University of Ulm, Faculty of 
Medicine, Department of Internal Medicine II (2003). 

Bergmann, Astrid (Weich lab): “Induction, modulation and blocking of the ligand/sFlt-1 interaction in 
a preeclampsia model with mice”. Technical University Braunschweig. 

Comati, Amina (Plate lab): “Putative endothelial dysregulation of HIF as a cause for SWS vascular 
malformations”. 

Czepluch, Frauke (Waltenberger lab): „Der Effekt einer Cholesterinsenkung mithilfe von Statinen 
auf die Verbesserung der Monozytenfunktion. Die VERACAD-STAT-Studie”. University of Ulm, 
Faculty of Medicine, Department of Internal Medicine II (2006). 

Endregat, Jan (Waltenberger lab): „Hemmung der Arteriogenese durch Diabetes mellitus: 
Funktionelle Untersuchungen Mouse-Hindlimb-Ischemia Modell“. University of Ulm, Faculty of 
Medicine, Department of Internal Medicine II (2006). 

Erber, Ralf (Vajkoczy lab): “Pathophysiologische und therapeutischen Bedeutung von Rezeptor-
Tyrosinkinasen für Angiogenese, Mikrozirkulation und Wachstum maligner Gliome”. University of 
Heidelberg, Faculty of Clinical Medicine, Mannheim, Department of Neurosurgery. 

Farhadi, Mohammad (Vajkoczy): „Mechanismen der vaskulären Initiierung maligner Gliome: 
Untersuchungen an einem orthotopen in vivo Modell an der Maus (magna cum laude, 2003). 

Füller, Tim (Augustin lab): Zelluläre Effektorfunktionen von EphB/EphrinB2-Interaktionen während 
der Angiogenese. Tumor Biology Center Freiburg, Department of Vascular Biology and 
Angiogenesis Research (2004). 

Hegen, Anja (Fiedler lab): “Transkriptionelle Regulation der endothelzellspezifischen Expression 
von Angiopoietin-2“. Tumor Biology Center Freiburg, Department of Vascular Biology and 
Angiogenesis Research (2004). 

Hinkel, Rabea (Boekstegers lab): “Vascular protective treatment via AKT-eNOS dependent 
mechanisms: Insights from a preclinical pig model”. University of Munich Medical School. 

Hoffmann, Jennifer (Hammes lab): summa cum laude (in conjunction with the graduate school 534, 
Prof. Piper, Giessen).  
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Horstkotte, Jan (Boekstegers lab): “Mechanisms of cell-cell interaction in ischemic mouse 
myocardium: Differences of leukocyte and embryonic EPC recruitment”. University of Munich 
Medical School. 

Issbrücker, Katja (Breier lab): „Mechanismen der Signaltransduktion in Angiogenese und Tissue 
Factor-Produktion durch den vaskulären endothelialen Wachstumsfaktor (VEGF)“. University of 
Marburg Medical School (2003). 

Kappel, Andreas (Breier lab): „Analyse regulatorischer Elemente des Flk-1 Gens“. University of 
Marburg Medical School (1999). 

Kirkin, Vladimir (Sleeman lab): "Towards the development of novel cancer therapies: selection and 
characterisation of compounds that inhibit tumor cell proliferation, angiogenesis and 
lymphangiogenesis“. University of Karlsruhe, Institute of Genetics (2001). 

Korff, Thomas (Augustin lab): Entwicklung eines dreidimensionalen Sphäroidmodells zur 
Untersuchung endothelialer Differenzierung, Apoptose und Angiogenese. 

Kreysing, Alice (Wilting lab): „Untersuchungen der Entwicklung des Lymphgefäßsystems bei 
Mausembryonen“. 

Krishnan, Jaya (Sleeman lab): "The role of VEGFR-3 and its ligands VEGF-D in tumor metastasis 
and haemopoesis“. University of London (2002). 

Kurz, Kerstin (Waltenberger lab): „Der differentielle Einfluss der beiden VEGF-Rezeptoren VEGFR-
1 und VEGFR-2 auf die Genexpression von PlGF und MCP-1“. University of Ulm, Faculty of 
Medicine, Department of Internal Medicine II (1999 - 2004). 

Landgraf, Julia (Plate lab): “The regulation of PHD function by ROS”. 

Licht, Alexander (Breier lab): „Untersuchungen zur Funktion endothelialer Transkriptionsfaktoren in 
der Angiogenese“. University of Marburg Medical School (2004). 

Müller, Patrick (Waltenberger lab): „Der Einfluss des VEGF-Rezeptor 1 und des endothelialen 
PDGF-B auf die Arteriogenese“. University of Ulm, Faculty of Medicine, Department of Internal 
Medicine II (2005). 

Niedhammer, Thomas (Waltenberger lab): „Die Rolle des VEGF-Rezeptor-1 (Flt-1) beim 
Kollateralen-Wachstum in der Maus. Studien unter Verwendung gentechisch modifierter Mäuse mit 
funktionsgestörtem VEGF-Rezeptor-1 (Flt1-TK-/-)“. University of Ulm, Faculty of Medicine, 
Department of Internal Medicine II (2006). 

Obermeyer, Natalie (Ito lab): “Proteomanalyse wachsender Kollateralarterien sowie migrierender 
und nicht-migrierender Endothelzellen aus der Ratte im Vergleich“. University of Hamburg, 
Department of Biologie (2005). 

Sabine Raab (Breier lab): „Untersuchung der Funktion des Angiogenesefaktors VEGF in der 
Entwicklung des Zentralnervensystems“. University of Giessen (2001). 

Radtke, Ina (Heumann lab): „VEGF-Rezeptor-spezifische Signaltransduktion über Ras und 
Stickstoffmonoxid in Endothelzellen“. Ruhr University of Bochum, Molecular Neurobiochemistry 
(2004). 

Rhomberg, Thomas (Dehio lab): “Identification of outer membrane proteins from Bartonella 
henselae ATCC 49882 H-1 by proteomic means” (Master thesis). University of Basel, Division 
Molecular Microbiology. 

Riedel, Johanna (Plate lab): “The role of PHD in malignant brain tumor”. 

Röttgen, Marlene (birth name: Meyer) (Dehio lab): “Angiogenese als Pathogenitätsmechanismus”, 
University of Tübingen, Department of Biology. 

Rohde, Katrin (Waltenberger lab): „Biochemische und zellbiologische Charakterisierung neuer 
Tyrosin-Kinase-Inhibitoren zur Prädiktion ihre Anti-Tumor- und Anti-Restenose-Potentials“. University 
of Ulm, Faculty of Medicine, Department of Internal Medicine II (2005). 
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Schaffner, Florence (Augustin lab): Role of ephrinB2/EphB4 interactions in tumor angiogenesis, 
tumor progression and metastasis. Tumor Biology Center Freiburg, Department of Vascular Biology 
and Angiogenesis Research (2004). 

Schmid, Michaela (Dehio lab): “Subversion of endothelial cell function by the human pathogen 
Bartonella henselae”, University of Basel, Division Molecular Microbiology. 

Schumm, Anke-Mira (Waltenberger lab): „Die Rolle verschiedener VEGF-Rezeptor-Inhibitoren auf 
die Arteriogenese im Maus-Hindlimb-Modell“. University of Ulm, Faculty of Medicine, Department of 
Internal Medicine II (2005). 

Thalgott, Mark (Boekstegers lab): „Induktion von Neovaskularisierung durch Heatshock protein 90 
vermittelte eNOS-Phosphorylierung“. University of Munich Medical School. 

Thomson, Michael (Ergün lab): „Die Arteria thoracica interna: Etablierung eines humanen 
Gefäßmodells“. Degree: cum laude, University of Hamburg (2005).  

Tilki, Derya (Ergün lab): „Duale Rolle von CEACAM1 bei der Angiogenese und der Tumorinvasion 
am Beispiel des Harnblasen- und Prostatakarzinoms“. Degree: summa cum laude, University of 
Hamburg (2006).  

Vosseler, Silvia (Fusenig lab): „Tumorangiogenese, Vaskularisierung und Invasion: Tumor-Stroma 
Interaktionenen während der malignen Tumor Progression“. University of Stuttgart-Hohenheim 
(2001). 

Wagner, Patrick (Hammes lab): magna cum laude. 

Wangler, Christoph (Waltenberger lab): „Die Rolle verschiedener Vertreter der VEGF-Familie und 
von MCP-1 auf die Arteriogenese im Mouse-Hindlimb-Modell“. University of Ulm, Faculty of 
Medicine, Department of Internal Medicine II (2003). 

Wu, Jianbo (Waltenberger lab): “Enhanced expression of VEGF receptor-2 in growing collateral 
arteries in the mouse hindlimb model”. University of Ulm, Faculty of Medicine, Department of Internal 
Medicine II (2001). 

Yilmaz, Ali (Waltenberger lab): „Die Rolle der p38 MAPK im VEGF-induzierten Anti-Apoptose-
Signalweg“. University of Ulm, Faculty of Medicine, Department of Internal Medicine II (2003). 

Zengin, Elvin (Ergün lab): „Gefäßwand-residente endotheliale Vorläuferzellen als Quelle für 
postnatale Vaskulogenese. Will be finished in 2006. 

Habilitations 

Breier, Georg: „Untersuchungen zur Funktion endothelialer Signalmoleküle in der Angiogenese und 
Vaskulogenese“ (Habilitation). University of Würzburg Medical School (2004). 

Hawighorst, Thomas: “Die Bedeutung der endogenen Angiogeneseinhibitoren Thrombospondin- 
(TSP-) 1 und TSP-2 für die Karzinogenese und Metastasierung“ (Habilitation). University of 
Göttingen, Department of Gynecology and Obstetrics. 

Sleeman, Jonathan: “Zelluläre und molekulare Mechanismen der Metastasierung“ (Habilitation). 
University of Karlsruhe, Institute of Genetics (2000). 

Vaikoczy, Peter: „Mechanismen der Angiogenese, Mikrozirkulation und Perfusion hochgradiger 
Gliome: Experimentelle in vivo Untersuchungen mittels der Intravitalen Multi-Fluoreszenz 
Mikroskopie“. Neurochirurgical Clinic, University Hospital Mannheim, Faculty of Clinical Medicine, 
Mannheim Campus of the University of Heidelberg (2001, Prof. Dr. P. Schmiedek). 

 

Professional promotions of PIs within the SPP 
Much like publications, theses, and habilitations, professional promotions of Principle Investigators 
can be considered as a vital sign of growth, maturation, and success of the members of a research 
network. This applies particularly to the Principal Investigators of the SPP1069. Compared the 
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largely conservative funding principles applied by funding agencies within Germany, the SPP1069 
was at its beginning a group of mostly young, not well established junior investigators. Of the PIs 
within the first funding period, 85% were non-tenured scientists. Consequently, the SPP1069 has 
given many young and emerging PIs a unique opportunity for personal growth. Within the six year 
funding of the SPP1069, 70% of all PIs had been non-tenured scientists and have promoted to 
tenured senior scientist, university professor or equivalent (Max-Planck-Director, Lab Head of 
pharmaceutical company, etc.) (Table 2).  

 

Summaries of individual projects 
Following are the individual reports of the research groups that have participated in the SPP1069 for 
1, 2, or 3 funding periods. Projects are listed according to the theme clusters established within the 
SPP1069 according to the following order (some groups have switched focus during the 3 funding 
periods – these groups are listed in line with their primary thematic affiliation at the conclusion of the 
project): 
 

Developmental angiogenesis 
Bernhard Bader 
Ingo Flamme 
Antonis Hatzopoulos 
Herbert Weich 

 

VEGF 
Christoph Dehio 
Rolf Heumann 

 

Ephrin ligands and Eph receptors 
Hellmut Augustin 
Rüdiger Klein / Amparo Acker-Palmer 
Peter Vajkoczy / Axel Ullrich 

 

Angiopoietin / Tie signaling 
Urban Deutsch 
Ulrike Fiedler / Dieter Marmé 
Hans-Peter Hammes 

 

Hypoxia 
Georg Breier 
Karl Plate / Till Acker 
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Angiogenic signaling 
Matthias Clauss 
Süleyman Ergün / Nerbil Kilic 
Lothar Schweigerer 

 

Vascular differentiation 
Birgit Kräling / Hjalmar Kurzen 
Peter Wiedemann 

 

Cardiac angiogenesis and arteriogenesis 
Peter Boekstegers / Christian Kupatt 
Wulf Ito 
Sigrid Nikol 
Johannes Waltenberger 

 

Tumor angiogenesis 
Günther Finkenzeller / Dieter Marmé 
Norbert Fusenig / Margarete Müller 
Georg Martiny-Baron / Dieter Marmé 
Irmgard Schwarte-Waldhoff / Wolff Schmiegel 

 

Lymphatic angiogenesis 
Thomas Hawighorst / Manuel Koch 
Jonathan Sleeman 
Jörg Wilting / Lothar Schweigerer 

 



 
 

Developmental angiogenesis 
 
 

Bernhard Bader 
Conditional gene knockout of the αv integrin gene in mice. Functional analysis of αv 
integrins during blood vessel formation in physiological and pathological situations 

page 38 
 

Ingo Flamme 
Effect of endothelial cell specific transcription factors on the regulation of vasculogenesis 
and embryonal angiogenesis in vivo 

page 57 
 

Antonis Hatzopoulos 
Recruitment and activation mechanisms of embryonic endothelial progenitor cells in 
neovascularization 

page 58 
 

Herbert Weich 
Soluble VEGFR-1: Overexpression and function in different animal models 

page 73 
 

 37



Conditional αv Integrin Gene Knockout in Mice:  
Functional Analysis of αv Integrins during Blood Vessel Formation 

in Physiological and Pathological Situations 
 
Dr. Bernhard L. Bader 
 
Max-Planck-Institute for Biochemistry, Martinsried, Germany 
Present address: 
Department of Nutritional Medicine 
Technical University of Munich 
Am Forum 5, 85350 Freising, Germany 
 
Member of the SPP 1069 from 1999 until 2006 
 
SUMMARY 
Gene expression and functional analysis using αv integrin-specific antibodies and antagonistic RGD-
based peptidomimetics have implicated αv integrins in various morphogenetic and pathological 
events, e.g. vasculogenesis and angiogenesis during embryonic development, as well as tumor 
angiogenesis and wound healing. Previously, key functions of αv integrins were assessed by a 
constitutive targeted null-mutation in the αv integrin gene in mice. αv integrin deficiency is 100% 
lethal and leads to two classes of vascular phenotypes: Class I, 80% of all αv-nulls show deficient 
placentation and embryonic lethality at E 10.5; class II, 20% of all αv-nulls manifest defective 
embryonic intracerebral vasculature and hemorrhage at E12.5 and finally perinatal lethality. Since αv 
integrins can be expressed in endothelial cells of blood vessels as well as in perivascular cells it was 
not evident which cell type(s) and underlying mechanisms contribute to the vascular defects in αv 
integrin-null mice. To answer these questions we proposed in the DFG-SPP1069 to study the αv-null 
embryonic brains at the ultrastructural level and to generate strains of mice carrying a conditional 
gene knockout αv integrin allele (floxed allele) and a lacZ-reporter-knockin αv integrin allele. This 
should allow us to genetically dissect the cell type(s) contributing to the abnormal αv-null brain 
vascular morphogenesis and to bypass embryonic lethality in order to study the function of αv 
integrins at postnatal stages in mice. Here, major accomplishments of our project during the 
SPP1069-funding period are summarized: Our ultrastructural studies of αv-null embryos detect 
defective associations between cerebral microvessels and the surrounding brain parenchyma. These 
data suggest a novel role for αv integrins in the association between cerebral microvessels and 
central nervous system parenchymal cells. Using the Cre/loxP-approach we successfully generated 
strains of mice carrying floxed αv integrin and lacZ-knockin αv integrin alleles. Surprisingly, tie1-Cre-
dependent ablation of the αv integrin gene in endothelial cells does not cause the vascular 
phenotypes or lethality as described in constitutive αv-null mice. However, nestin-Cre dependent 
ablation of the αv integrin gene in neuroepithelial cells results in abnormal brain vascular 
morphogenesis as observed in constitutive αv-null embryos. These mutant mice are viable and 
manifest a defective retinal vasculature postnatally. We demonstrate that first steps of retinal 
vascularization proceed normally, however retinal blood vessel sprouts and branches in the inner 
nuclear layer terminate in aberrant vascular structures and the formation of the second deep inner 
nuclear vascular plexus is impaired. Our data show that endothelial αv integrins are not essential for 
blood vessel development in mice. Surprisingly, neuroepithelial cells of the brain and retina are 
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important in regulating cerebral and retinal blood vessel morphogenesis via αv integrins. These 
results are important and consistent with the data from ß3, ß5 or ß3/ß5 and ß6 integrin gene 
knockout mice. These mice are viable and do not show phenotypes described for either the αv or ß8 
integrin gene knockout. Since the ß8 integrin nulls phenocopies the embryonic αv-null phenotype, we 
suggest that the αvß8 integrin receptor dimer plays an important role in the neurovascular interface 
during the vascular morphogenesis. 

Future studies are necessary to identify cellular and molecular interactions between 
neuroepithelial αv integrins and brain, and retinal blood vessels. It will be of interest to find out 
whether the neuroepithelial αvß8 integrin operates in region-specific blood vessel guidance and 
control of endothelial cell proliferation in the central nervous system. 

 

INTRODUCTION 
In recent years it has become clear that the cells which comprise blood vessels are regulated in their 
behavior by a large number of growth factors and their receptors. Central among these, are various 
growth factors, VEGF, FGF-2, TGFß, angiopoietins, neuregulin and PDGF and their corresponding 
receptors. FGF-2, VEGF and angiopoietins act on endothelial cells by binding to tyrosine kinase 
receptors, whereas PDGF and neuregulin are produced by endothelial cells and act to recruit and 
organize accessory cells, again by acting on tyrosine kinase receptors on those cells (Risau, 1997). 
Recently it could be demonstrated that ephrin-B2 and its counter receptor, Eph-B4, are involved in 
determining the distinction between venous and arterial development (Yancopoulos et al, 1998). 
Various analyses, most notably those using gene ablation methods to generate mice lacking specific 
factors or their receptors, have provided initial insights into the roles played by these different 
signalling systems and a rough sequence of inductive interactions can be formulated. Thus, VEGF, 
acting through two different receptors, first controls the initial determination of angioblasts and 
subsequently their ability to assemble into tubes. However, prior action of FGF-2 appears necessary 
to induce the expression of VEGF receptors in the endothelial precursors. Subsequently, 
angiopoietins acting on tie-receptors affect further development of the vasculature, probably including 
interactions between endothelial and accessory cells. PDGF, TGFß and neuregulin signalling and 
ephrin/Eph interactions further contribute to the differentiation of different vessel types (Hanahan, 
1997). 

Although the understanding of the hierarchy of controls affecting vascular development rapidly 
develops we still need to understand how the factors and their receptor-mediated signals actually 
produce vessels, induce branching and endothelial-accessory cell interactions and yield the array of 
different vessel types found in a mature animal. At the cell biological level, these events clearly 
require control of cell proliferation and survival, various cell migrations and cell adhesive events, 
basement membrane assembly and remodelling and stable interactions between cells and with the 
extracellular matrices around them. Cell-cell adhesion molecules such as cadherins are believed to 
play important roles and, indeed, gene ablation studies clearly implicate both N-cadherin and VE-
cadherin in early steps of vessel formation. Similiar important is another family of cell adhesion 
receptors, the integrins, and their involvement in vascular development and remodelling (Hynes and 
Bader, 1997; Hynes et al, 1999). 

Integrins are a family of heterodimeric cell surface receptors, which mediate adhesion of cells to 
extracellular matrix proteins and sometimes to other cells. In mammals, around two dozen integrins 
are known and endothelial cells can express at least five or six different ones (Hynes, 1992). Cell 
surface expression of integrins can be controlled by various growth factors, including, notably, VEGF. 
In addition to mediating cell adhesion to, and cell migration on, a variety of extracellular matrix 
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molecules relevant to vascular development (e.g. fibronectin, collagens, laminins, vitronectin, von 
Willebrand factor, thrombospondin), integrins also mediate intracellular signalling events involving 
various protein kinases, small GTPases etc. These, in turn, control aspects of cytoskeletal 
organization and cell motility, as well as the regulation of cell cycle progression, apoptosis and gene 
expression. Therefore integrins occupy a central position in any consideration of vascular 
development; they are regulated by growth factors known to regulate the process of vacularization, 
they mediate exactly those cell biological processes (adhesion, migration, proliferation, survival and 
differentiation) needed to organize a vasculature and they are expressed by the cells involved 
(endothelial cells, pericytes, smooth muscle cells). There is, in fact, a large and growing body of 
evidence implicating various integrins and integrin ligands in vascular development (Varner et al, 
1995; Hynes and Bader, 1997; Bader et al, 1998). However, it is not clear exactly which integrins are 
the most important nor exactly what each of them does. One major body of work bearing on the 
possible roles of integrins in vasculogenesis and angiogenesis involves the use of blocking reagents 
(antibodies, peptides, peptidomimetics) to inhibit the functions of various integrins. This approach has 
been used most intensively to investigate the functions of αv integrins. These represent a subset of 
the integrin family sharing a common αv subunit in combination with one of five different ß subunits 
(ß1, ß3, ß5, ß6, ß8). Endothelial cells can express at least αvß3 and αvß5 and perhaps αvß1 (since 
they do express ß1, although resting endothelial cells express little or no αvß3. However, this integrin 
is markedly upregulated on vessels undergoing angiogenesis (Brooks, et al, 1994a; 1995; 
Friedlander et al, 1996). Cheresh and his colleagues have shown that monoclonal antibodies or 
peptides that selectively bind αvß3 or αvß5 can inhibit vasculogenesis during early quail embryo 
development (Drake et al, 1995) and angiogenesis in the chicken chorioallantoic membrane both 
during normal development (Brooks et al, 1994a) and in response to FGF-2 or VEGF (Brooks et al, 
1994a; Friedlander et al, 1995) or tumor implants (Brooks et al, 1994a,b). They have also shown 
inhibition of angiogenesis in response to tumor implants on human skin transplants to mice (Brooks 
et al, 1995) and during neovascularization in the murine retina (Friedlander et al, 1996) and another 
group has provided corroborative data in the latter system (Hammes et al, 1996). Cheresh and 
colleagues could further demonstrate that different angiogenic stimuli apparently rely on either αvß3 
(FGF-2, TNFa) or αvß5 (VEGF, phorbol esters) (Friedlander et al, 1995) and have shown that αvß3 
can bind the matrix metalloprotease, MMP-2, in a fashion that contributes to an invasive response 
and to angiogenesis (Brooks et al, 1996, 1998). These results have stimulated a lot of interest, not 
least because of the potential use of blocking reagents for therapy of a variety of disorders including 
tumor angiogenesis and blindness caused by retinal neovascularization. 

Results on mouse strains lacking specific integrins also implicate several different integrins in 
vasculogenesis and angiogenesis. Ablation of α5ß1 integrin or its ligand, fibronectin, both cause 
major disruptions in development of extraembryonic (yolk sac) and embryonic (heart, aorta) 
vasculature. In both cases, endothelial cells do differentiate; that is, the VEGF/VEGFR2-mediated 
induction of angioblasts is intact. However, absence of either α5ß1 or fibronectin disrupts vessel 
formation in a fashion somewhat reminiscent of the defects seen in embryos lacking VEGFR-1. 
Clearly, interactions of endothelial cells with fibronectin play an important role in these early steps 
and there exists a distinct possibility that there is regulation of α5ß1expression or function by 
VEGF/VEGFR-1 or that this signalling system cooperates with the α5ß1-FN regulated responses. 
This result conforms with the inhibition of early vascular development by anti-ß1 antibodies (Hynes 
and Bader, 1997; Hynes et al, 1999). In contrast with this concordance between antibody blocking 
and genetic ablation results, some other studies show less convergence. Although antibody blockade 
of α1ß1and α2ß1 integrins blocks angiogenesis in the CAM, ablation of the α1 gene yields viable, 
fertile animals with no evidence of vascular defects. Since α1ß1 and α2ß1 both act as collagen and 
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laminin receptors, it is possible that they serve overlapping and to some extent redundant roles 
(Hynes and Bader, 1997; Hynes et al, 1999). However, it is already clear that ablation of the αv 
integrin gene yields results that are difficult to reconcile with the results of αv-inhibitors (Bader et al, 
1998). αv-null mouse embryos develop an apparently normal yolk sac and early embryonic 
vasculature (Bader et al, 1998) in marked contrast with the blockade of quail dorsal aorta formation 
(Drake et al, 1995) or chicken chorioallantoic angiogenesis (Brooks et al, 1994a) by antibodies 
directed against αvß3. Granted that the systems employed in these studies are different, the two sets 
of data differ greatly in their implications for the importance of αv integrins in early vascular 
development. Indeed, 20% of αv-null embryos develop to term and are born alive, although they die 
promptly (Bader et al, 1998). There is extensive vasculogenesis and angiogenesis in most organs 
and tissues in the absence of all five αv integrins. Although αv-null embryos consistently develop 
defects in their brain vasculature, the basic endothelial processes of proliferation, migration, tube 
formation and branching, and basement membrane assembly all occur.  

We know of a variety of growth factors and receptors which are clearly implicated in controlling 
vasculogenesis and angiogenesis, although exactly what they all do is not yet clear. Most particularly 
we do not know how they do what they do; that is, which are the intermediate molecules that they 
control? That is where integrins and their ligands are functional. Some of these molecules clearly are 
regulated by VEGF and other factors which are not known yet. Integrins and their ligands clearly do 
play important roles in the cell biological processes necessary for vessel development (adhesion, 
migration, proliferation, survival, differentiation, matrix formation) but it is unclear exactly which ones 
are most important in the different processes. Indeed, the answers to those questions may differ 
depending on the vascular bed or the angiogenic stimulus. It may well be, that there is more than one 
form of angiogenesis. It could be that yolk sac vasculature relies primarily on α5ß1-FN interactions 
and less, or not at all, on αv integrins, whereas retinal or tumor vasculatures may be more dependent 
on αv integrins and their ligands. More detailed studies of the expression patterns, regulation and 
functions of different integrins and their ligands in response to different angiogenic growth factors are 
clearly necessary. Vessel development and remodelling involve multiple cell biological processes 
that need to be well coordinated to yield a functional vasculature. One can suppose that such a 
complex process, involving as it does, several different cell types acting in concert, would require 
regulation by multiple adhesive proteins. It will be a fascinating challenge to unravel the regulatory 
networks and coordinated functions of all these players. The potential results from a detailed 
understanding of these processes is significant both in terms of the underlying biology and in 
opportunities for intervention in diseases involving dysregulation of vessel growth.  

Altogether, our genetic analyses are of particular interest, both scientifically and clinically, since 
there is considerable interest in the possibility that blockade of αv integrins, employing antibodies, 
peptides or peptidomimetics targeted against αv integrins, could be useful clinically in treatments of 
angiogenesis of tumors (Brooks et al, 1994b, 1995) or in the retina (Friedlander et al, 1996; Hammes 
et al, 1996). It would be valuable to have an independent genetic validation of the importance of αv 
integrins in these processes and to elucidate the molecular mechanisms of the regulatory networks 
and coordinated functions of the essential players.  

 

METHODS 
Main technical and molecular expertise of the laboratory in relation to the project 
1. Screening of genomic libraries and molecular cloning of genes and cDNAs, vectors and various 

gene targeting constructs 
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2. Gene targeting in ES cells and mice: the application of the homologous recombination technique 
in mouse embryonic stem cells using the Cre/loxP technique as well as the flp/frt technique. 
Injection of targeted mouse ES cells into blastocyst and blastocyst transfer into uterus. 

3. Application of transgenic mouse technology and mouse embryology: whole mount and histological 
analysis, analysis of organ development by light- and immunofluorescence microscopy (incl. 
confocal microscopy), with a special focus on blood vessel development in the brain and retina, 
histopathology. 

4. Gene expression analyses by Northern blot and RT-PCR. 
5. Protein analysis by Western blot and ELISA. 
6. Culturing of primary mouse embryonic cells and mouse embryonic stem cells (ES cells), 

generation and analysis of embryoid bodies from ES cells under specific differentiation condition 
(e.g. endothelial cell differentiation). 

 

Ultrastructural studies by transmission electron microscopy 
These studies have been performed in collaboration with Dr. Hartwig Wolburg (Institute of Pathology, 
University of Tübingen, Germany). 

 

Transgenic mice used for Cre-mediated gene ablation experiments 
For Cre-mediated recombination the following mouse strains were used in interbreeding experiments 
and kindly provided by different members of the SPP1069 and scientific community. 

tie-1-Cre (Gustafsson et al, 2000; kindly provided by Dr. R. Fässler; Max-Planck-Insitute for 
Biochemistry, Martinsried, Germany), tie-2-Cre (Theis et al, 2001; kindly provided by Dr. Urban 
Deutsch, Max-Planck-Institute, Bad Nauheim, Germany), PGK-Cre (Lallemand et al, 1998; kindly 
provided by Dr. Peter Lonai,), Nestin-Cre (Tronche et al, 1999; kindly provided by Dr. R. Klein, Max-
Planck-Institute for Neurobiology, Martinsried, Germany), ROSA26R lacZ-responder line (Soriano et 
al, 1999). The constitutive αv gene knockout mice have been generated and analysed by myself 
during my postdoctorate in the laboratory of Dr. R.O. Hynes (Bader et al, 1998; kindly provided by 
R.O. Hynes, Massachusetts Institute of Technology, Cambridge, MA, USA). 

 

RESULTS 
The overall aim of our project was the generation of conditional αv integrin gene knockout mice to 
study the function of the αv integrin gene in physiological and pathological angiogenesis in mice and 
to reveal the underlying molecular mechanisms. Our project has been funded in all three consecutive 
funding periods of the SPP1069. During the first funding period we finished our ultrastructural studies 
on the αv-null embryos and generated the conditional αv integrin allele and lacZ-knockin αv integrin 
allele in ES cells and mice. This formed the base for the subsequent two funding periods, where we 
performed our phenotype analysis of mutant mice with selective ablations of the αv integrin gene. 

 

Analysis of vascular morphogenesis deficits in αv integrin null embryos 
Constitutive αv integrin gene knockout in mice results in two classes of αv integrin mutant mice, 
approx. 80% of all αv null embryo dying at around E10.5 with placental defects. The remaining 
approx. 20% αv null embryos do not show placental deficits and develop intracerebral hemorrhages 
at mid-gestation and die shortly after birth (Bader et al, 1998). At this time a key question was 
whether the hemorrhage arises from primary defects in vascular endothelial cells, pericytes, or from 
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other causes, such as defective brain parenchyma. We have previously reported normal initiation of 
cerebral vessels comprising branched tubes of endothelial cells in brains of αv mutant embryos 
(Bader et al, 1998). During the first SPP1069-funding period, we further analysed the nature of the 
mutant brain vasculature in my group (Dr. Markus Keller, postdoc; Matthias Pöckl, technical 
assistant, both funded by the SPP1069) in collaboration with Dr. H. Wolburg (Institute of Pathology, 
University of Tübingen) by ultrastructural studies. We could show that the onset of hemorrhage is not 
due to defects in pericyte recruitment. Additionally, most αv-null vessels display ultrastructurally 
normal-looking endothelial-pericyte associations and normal interendothelial cell junctions. Thus, 
endothelial cells and pericytes appear to establish their normal relationships in cerebral 
microvessels. However, by both light and electron microscopy we detected defective associations 
between cerebral microvessels and the surrounding brain parenchyma, composed of neuroepithelial 
cells, glia, and neuronal precursors (McCarty et al, 2002). These data suggest a novel role for αv 
integrins in the association between cerebral microvessels and central nervous system parenchymal 
cells. We published our findings together with data from the laboratory of Dr. R.O. Hynes (MIT, 
Cambridge, MA, USA) in the report McCarty et al (McCarty et al, 2002). 

 

Conditional αv integrin gene knockout in mice 
In the course of the first funding period we successfully applied Cre/loxP- and FLP/frt-based 
conditional gene knockout technology to generate the floxed αv allele and the lacZ-knockin αv 
integrin allele in ES cells. Subsequently, we used these targeted ES cell clones to successfully 
generate the corresponding mice in my laboratory. We analysed and confirmed the presence of wild 
type allele, the loxP-sites of the floxed αv integrin allele or transgene (lacZ-knockin) in mice by 
Southern blotting, PCR-based technology and DNA-sequence analysis. PCR-genotyping of mice 
from various lines and progeny of crosses were performed with allele-specific probes and primer 
combinations to analyse the distribution and survival rate of mutant embryos and adult mice. In 
addition, we spent considerable time and effort in our analyses to show that (i) Cre/loxP-dependent 
recombination of the floxed αv allele results in a recombined αv-null allele in mice and (ii) the lacZ-
reporter gene is functional in αv-lacZ mice.  

 
Generation of a conditional αv integrin gene knockout allele and a lacZ-knockin αv 
integrin allele in mice 
We constructed two different gene targeting vectors, GT1 (floxed αv/lacZ/neo-TK, Fig. 1 and data not 
shown) and GT2 (floxed αv/neo-TK; Fig. 2) to generate conditional αv integrin alleles. Both gene 
targeting vectors have similar modules: a) exon1 of the mouse αv integrin gene is flanked by loxP-
sites to inactivate the gene upon Cre-expression and b) a selection cassette (neo-Tk) for positive and 
negative-selection is flanked by directly repeated frt-sites which allow its removal by transient 
expression of FLP-recombinase in ES cells. GT1 differs from GT2 since GT1 includes a lacZ-reporter 
gene which is located 3' of the loxP2-site in intron 1. After Cre-mediated recombination the 
expression of the lacZ-reporter gene is mediated by the αv integrin promoter (Fig. 1). The lacZ-
expression should be useful to detect two events (i) Cre-mediated recombination and (ii) αv integrin 
gene expression.  

We obtained targeted ES cells carrying either the αvflox or the αvlacZ allele in murine ES cells in a 
two-step procedure. In brief, the procedure for the αvflox allele is described (Fig. 2). In step 1, we 
targeted the αv gene by homologous recombination-approach. The gene targeting vector used to 
obtain the αvflox allele carries two loxP-sites placed upstream of exon 1 (loxP1) and in intron 1 (loxP2) 
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of the murine αv integrin gene. Cre-recombination excises part of the promoter region, the entire 
exon 1 and a short part of intron 1 of the αv integrin gene. A pgk-neo;pgk-tk tandem selection-
cassette required for ES cell targeting and flanked by Flp-recombinase recognition-sites (frt) was 
positioned downstream of the loxP2-site in intron 1. In step 2, we removed the selection-cassette 
present in the targeted alleles by FLP-frt-based recombination technology. We identified the wild type 
and targeted αv allele harboring loxP1- and loxP2-site and the selection-cassette in homologous ES 
cell recombinants of step1. After step2, heterozygous αvflox ES cell clones devoid of the entire 
selection-cassette due to transient expression of the FLPe recombinase in targeted ES cells were 
characterized (Fig. 2).  

We performed injections of targeted ES cells into blastocyst and obtained mouse lines derived 
from two separate ES cell clones for each mutation. Using Southern blotting, PCR-based technology 
and DNA-sequence analysis we identified the expected wild type and genetically modified αv alleles 
in the corresponding mice (data not shown). 

The mouse lines carrying the following modified αv integrin alleles were breed to establish 
enough mice for further analysis: (i) a Cre/loxP-based conditional αv integrin allele (floxed αv allele; 
Fl) to achieve a conditional αv integrin gene knockout, such as in endothelial or perivascular cells, in 
mice and cells derived from mutant mice, and (ii) a lacZ-reporter gene ‘knock in’ αv integrin allele 
( αvlacZ allele, αvlacZ) to analyze the αv integrin-specific gene expression in situ, and in particular, to 
specify its expression in vascular cell type(s) dependent on the vascular beds or organs at certain 
stages of embryonic development and in adult life. Using these genetic approaches, we started to 
evaluate the potential roles and functional properties of αv integrins in vivo. 
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Fig. 1: Targeting of the αv integrin locus by a conditional lacZ-knockin allele. Strategy to 
replace exon 1 of the αv integrin gene by a lacZ reporter gene after Cre-mediated 
recombination. After homologous recombination of the targeting vector into the αv integrin 
locus (A-C) the neo-tk cassette is removed by the flp-recombinase (D). Exon 1 can 
subsequently be removed by tissue-specific expression of active Cre-recombinase (E). Solid 
triangles represent frt sites (recognition sequence for flp-recombinase, open triangles 
represent the recognition sequences for the Cre-recombinase, the loxP sites. Restriction 
fragments used for Southern blot analysis are indicated (circle: 5‘ probe; filled rectangle: 3‘ 
probe, half-open rectangle: lacZ probe; triangle: neo-probe). Arrow: transcription start; B, 
BamHI, E, EcoRI; P, PstI; X, XbaI..  
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Fig. 2: Targeting of the αv integrin locus by a conditional αv integrin gene. Strategy to 
ablate exon 1 the αv integrin gene by active Cre-recombinase. After homologous 
recombination of the targeting vector into the αv integrin locus (A-C) the neo-tk cassette is 
removed by the flp-recombinase (D). Exon 1 can subsequently be removed by tissue-specific 
expression of active Cre-recombinase (E). Solid triangles represent frt sites (recognition 
sequence for flp-recombinase, open triangles represent the recognition sequences for the Cre-
recombinase, the loxP sites. Restriction fragments used for Southern blot analysis are 
indicated (circle: 5‘ probe; filled rectangle: 3‘ probe; triangle: neo-probe). Arrow: transcription 
start; B, BamHI, E, EcoRI; P, PstI; X, XbaI.

LacZ-expression analysis of αvlacZ mice at embryonic stages 
We generated a stable lacZαv integrin allele in mice from the floxed αvlacZ mice by interbreeding 
floxed αvlacZ mice with the PGK-Cre deleter mouse (deleter mouse, kindly provided by Dr. Peter 
Lonai, Lallemand et al, 1998). This genetic approach led to the Cre-mediated recombination 
replacing the complete coding region of exon 1 and a short region of intron 1 in the αv gene by a 
lacZ-reporter gene. Therefore, the targeted allele should be a αv-null allele and the lacZ-knockin 
gene should be under the control of the endogeneous αv integrin gene regulatory sequences (Fig. 1). 
Since this recombination also occurred in the germ cells we could establish a stable αvlacZ mouse 
line. Heterozygous αvlacZ mice are viable and homozygous mice are embryonic/perinatal lethal 
showing the same phenotypes (data not shown) as the constitutive αv-null allele (Bader et al., 1998). 
Our lacZ-expression studies of embryos at different developmental stages by ß-Gal whole mount-
stainings or histological sections show that the αvlacZ allele is expressed in different cell types and 
organs, such as placenta, yolk sac, heart, AER-region of developing limbs, blood vessels, cartilage 
and others (Fig. 3; data not shown). We focussed our lacZ-expression analysis on the brain of 
heterozygous αvlacZ mice at embryonic stages when αv-null mice develop the brain vasculature 
phenotype (dilated brain capillaries and intracerebral hemorrhages) in order to identify the cell-
type(s) where the αv integrin gene is functional. LacZ-expression was detected in blood vessels of 
the brain, choroids plexus and in the hyaloid vascular plexus of the eye by conventional ß-Gal-stain 
(Fig. 3). We applied antibodies recognizing ß-Gal, endothelial-specific PECAM or the chondrosulfate 
proteoglycan NG2 (recognizing pericytes) in immunohistological analyses to assess whether lacZ-
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expression in blood vessels occurs in endothelial cells and/or pericytes. A significant lacZ-localization 
was observed in blood vessel pericytes, whereas a obvious lacZ-expression in endothelial cells or 
other cell types of the brain parenchyma was not observed. This finding was surprising and we 
interpreted our results in at least two ways. First, αv integrins of pericytes may be important 
mediators of brain blood vessel development. Second, it is known that the ß-Gal-reporter system is 
not very sensitive. Therefore we may not detect very low levels of αv integrin gene activity in situ, 
such as. αv integrin gene expression in endothelial cells or neuroepithelial cells as we have expected 
from report by Hirsch et al (Hirsch et al, 1994). 

Fig. 3: LacZ-expression analysis of lacZ-αv integrin 
mice at embryonic stage at E12.5/13.5 (A-E) and in 
postnatal retina (F-H). (A-C) Brain blood vessels and the 
hyaloid plexus of the developing eyes are ß-Gal-positive. 
(D, E) Double-immunofluorescence microscopic analysis of 
brain blood vessels in the ganglionic eminence using anti-
PECAM antibodies (endothelium; green, D, E) combined 
either with anti-NG2 antibodies (pericytes; red; D) or with 
anti-ß-Gal (lacZ, red; E). lacZ-expression in blood vessels 
is not localized in the endothelial lining, however anti-ßGal 
antibodies recognize perivascular cells (pericytes). (F-H) 
Whole mount ß-Gal-staining (F, G) and double-
immunofluorescence microscopic analysis (H) of postnatal 
retina localize lacZ-expression in pericytes. (H) Endothelial 
cells are labelled with FITC-isolectin B4 (green) and ß-Gal 
is recognized with anti-ßGal antibodies (red). 
Periendothelial cell (pericyte) are ß-Gal-positive. 

 

The αvflox allele is functional and Cre-mediated recombination renders the αvflox allele 
to an αv∆ex1 allele, which is a null allele in mice 
Genotype distribution and offspring survival rate of embryos and adult mice derived from 
heterozygous αvflox breeding pairs, PCR-genotyping of genomic DNA were performed with allele-
specific primer combinations. Mice heterozygous or homozygous for the αvflox allele were observed at 
Mendelian frequencies, were phenotypically indistinguishable from wild type littermates, and 
reproduced normally (data not shown). Next we tested whether the αvflox allele is functional for Cre-
recombination and whether the recombined αv Δex1 allele represents a null allele in mice. Therefore a 
mouse line carrying an αvΔex1 allele was generated by crossing αvflox mice with PGK-Cre transgenic 
mice expressing Cre ubiquitously, including in the germline (deleter mouse, kindly provided by Dr. 
Peter Lonai, Lallemand et al, 1998). The αvΔex1 allele lacked the promoter, exon 1 and intron 1 
sequences of the αv integrin gene (Fig. 2). The deletion of similiar sequences in the constitutive αv 
integrin gene knockout (Bader et al, 1998) resulted in a null allele. Our analysis of progeny from 
breeding pairs heterozygous for αv Δex1 showed that wild type and heterozygous embryos, neonatal 
and adult mice are phenotypically normal, whereas embryos or neonates homozygous for the αv Δex1 
allele manifested phenotypes at a frequency (data not shown) identical to those observed in αv-null 
mice of the constitutive αv integrin gene knockout mice as described earlier (Bader et al, 1998). This 
demonstrates that the floxed allele is functional and renders to an αv Δex1 allele after recombination, 
which is a null allele. 
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Mating schemes devised for Cre-dependent conditional ablation of the αv integrin 
gene 
For the nomenclature of the different mutant αv allele occurring in this study the mutant gene 
knockout allele of the constitutive αv integrin gene knockout is indicated as (-) αv allele (αv -) and the 
conditional αv integrin gene knockout allele as floxed αv allele (αvflox). The constitutive homozygous 
mutant mouse (αv -/-) is also called αv-null.  

Mouse mating schemes were devised for conditional gene inactivation and aimed at discovering 
embryonic and postnatal functions of αv integrins. We bred mice to obtain two different groups of 
mice according to their gender and compound genotypes. Cre-transgenic mice were mated with 
heterozygous αv+/flox or αv+/- mice and offspring males with the compound genotype αv+/floxCre+ or 
αv+/-Cre+ (heterozygous for the αvflox allele or αv- and transgenic for Cre (Cre+) were used as group-
A mice. From our established αvflox/flox mouse line we used females with the genotype αvflox/flox;Cre- 
(homozygous for the αvflox allele, but without Cre-transgene; Cre-) as group-B mice.  

Cre-dependent ablation of αv integrins were expected in progeny from group-A/B-breeding pairs. 
According to Mendel, the alleles of group-A/B breeding pairs are expected to segregate as four 
different compound genotypes in their progeny at the following frequency: 25% (flox/flox; Cre+) or (-
/flox; Cre+); 25 % (flox/flox; Cre-) or (-/flox; Cre-); 25 % (+/flox; Cre+); 25 % (+/flox; Cre-). For 
simplification of the genotype terminology in the following text, mice carrying the genotype (flox/flox; 
Cre+) or (-/flox; Cre+) will be called mutant αv mice, since only in these mice the genetic inactivation 
of both αv alleles can occur. Mice carrying the genotypes (flox/flox; Cre-); (-/flox; Cre-); (+/flox; Cre+) 
or (+/flox; Cre-) are called control αv mice. The occurrence of a mutant phenotype in mutant αv mice 
depends on the efficiency of Cre-recombination and the functional importance of the floxed gene in 
the corresponding cellular or organotypic context. In mice carrying the genotype αv -/floxCre+ only one 
floxed αv allele needs to undergo recombination to create tissue null for the gene. No phenotypes 
were associated with mice carrying αv+/flox, αvflox/flox, αv+/-, αv-/flox or compound αv+/flox;Cre+ genotypes. 
αv +/flox, αv +/- were used as controls in most experiments, but occasionally also αv+/flox;Cre+ were 
added as controls. 

 

Tie1-Cre-dependent ablation of endothelial αv integrins does not cause embryonic or 
perinatal vascular phenotypes 
To achieve enothelial selective gene ablation in mice we used two independent transgenic mouse 
lines, tie1-Cre (Gustafsson et al, 2001) and tie2-Cre (Theis et al, 2001), expressing Cre under 
endothelial cell-active promoters already at embryonic stage E8-8.5. First, we tested whether 
endothelial Cre-activity of group-A males αv+/floxCre+ or αv+/-Cre+ occurs in their embryonic progeny 
by breeding the males with lacZ-responder Rosa26R female (Soriano, 1999). Whole-mount ß-Gal 
staining of embryos and tissue sections confirmed that in the endothelial lining of the embryonic 
vasculture, including brain blood vessels (data not shown). LacZ-expression was induced by Cre-
mediated recombination of the lacZ-responder gene. Next, we set up specific group-A/B-breedings 
(see above) to generate tie1-Cre dependent ablation of the αv integrin gene in their progeny. The 
analysis of their genotypes, survival rate and phenotypes during embryonic development (E11.5-
E18.5; n=44) and postnatal stages (> 3weeks to 6weeks; n=45) showed that mutant and control αv 
mice developed normally and were born at a Mendelian frequencies (data not shown). No obvious 
Cre-dependent lethality or vascular deficits in conditional mutant αv mice were observed during 
embryonic development or until approximately six weeks of age as analyzed. Older animals develop 
deficits in body homeostasis (data not shown). Similar results have been obtained from tie2-Cre 
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expressing mutant αv mice (αv flox/flox;Cre+; data not shown). The efficiencies of tie1-Cre 
dependent recombination of the αvflox allele in various tissues was assessed by semi-quantitative 
PCR-analysis assuming the equal amplification efficiency of wild type, αvflox and αvΔex1 alleles in each 
PCR-reaction. The PCR-analyses showed combinations of αv allele-specific PCR DNA-fragments 
dependent on the tissues and genotype of mice. The abundance of the αvflox derived PCR-fragment 
compared to the αv Δex1 allele-specific PCR-fragment was higher in all examined tissues from 
αvflox/foxCre+ mice. This was not surprising, since, in general, the majority of cells in tissues are 
nonendothelial cells, where no Cre-activity was expected, and the relative contribution of endothelial 
cells (Cre-active) from blood vessels is naturally minor. However, when DNA from microdissected 
mesenteric blood vessels was used to reduce the ‘contamination’ with nonendothelial tissue as 
template in PCR assays, we preferentially detected the recombined αvΔex1 allele (data not shown). 
From our lacZ-expression analysis of lacZ-responder mice and the PCR-analysis we concluded that 
the Cre-recombination of the αvflox alleles occurs efficiently in endothelial cells resulting in a grossly 
αv-deficient endothelial vasculature early during development and consequently, also in adult mice. 

 

Nestin-Cre-dependent ablation of αv integrins causes intracerebral hemorrhage 
To assess whether the ablation of αv integrins in the neural parenchyma causes the aberrant 
embryonic vascular brain morphogenesis observed in constitutive αv-null embryos (Bader et al, 
1998; McCarty et al, 2002), we used conditional floxed αv mice in combination with a Cre-transgene 
under the control of the nestin promoter/neuron-specific enhancer (Tronche et al, 1999). We 
characterized the nestin-Cre-activity in embryos derived from breeding pairs of lacZ-responder 
ROSA26R females with group-A αv integrin males (see above). ß-Gal staining was detected 
throughout the embryonic neural tube as early as embryonic day E10 (data not shown) and within the 
developing cortical wall and ventricular neuroepithelium of transverse brain sections of E12.5 animals 
and in postnatal retina (data not shown). This was consistent with the known expression pattern of 
nestin-Cre mouse line (Tronche et al., 1999; Graus Porta et al, 2001). The nestin-Cre dependent 
ablation of the αvflox gene was carried out following the breeding scheme and types of analysis as 
mentioned above. The genotypes of progeny during embryonic development (E11.5-E18.5; n=94) 
and postnatal stages (> P0; n=133) were observed at almost Mendelian ratios (data not shown). 
Most importantly, our whole-mount light microscopy and histological analysis revealed that all 
αvflox/floxCre+ embryos analyzed at E12.5 or later stages showed intracerebral hemorrhages (data not 
shown) resembling the αv null E12.5 embryos of both constitutive gene knockouts either for αv 
integrin (Bader et al, 1998) or ß8 integrin (Zhu et al, 2002). Noteworthy, in these conditional mutant 
αv mice, we have not seen any additional αv-null or ß8-null phenotypes of the constitutive gene 
knockouts, such as placental deficits, cleft palate or intestinal bleeding. At neo- and postnatal stages, 
conditional αv mutant mice can be easily distinguished from control mice by their (i) deformed head 
(hydrocephalic) due to intracerebral hemorrhages, and (ii) smaller body size first obvious at around 
P10 (data not shown). A small fraction, approx. 20% of all αv-mutants were lost due to postnatal 
lethality at varying ages, most likely caused by reoccurring intracerebral bleedings and damage of 
ischemic brain tissue leading to neurological deficits and lethality. Adult mutant mice also manifest 
abnormal gait in the hind limbs several weeks after birth, which may be secondary effects due to the 
significant neural damage in the ischemic brain. To confirm the αv integrin genotypes and to analyse 
whether the αv integrin gene was inactivated in the brain parenchyma of mutant αv mice, we 
monitored Cre-recombination of the αvflox allele in vivo at the DNA level by semi-quantitative PCR 
using genomic DNA. Recombination in neural tissue was readily detectable and seemed to occur 
efficiently. The PCR-fragment specific for the intact αvflox allele was amplified at a much lower signal 
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level which was expected, since brain tissue contains meningeal cells, and endothelial cells, where 
Cre should be not active, and therefore ‘contaminating’ the dissected neural tissue. The relative 
equal amplification efficiency of wild type, αvflox and αv Δex1alleles in each PCR-reaction was assumed 
and the percentage of amplified αv Δex1-specific PCR-fragments compared to the total sum of all αv 
allele-derived PCR-products was calculated. We detected a recombination frequency of 80% to 95% 
in the brain tissue, whereas in tail or liver it was only approximately 10% or less. Considering both set 
of data, the ß-Gal staining of Cre-expressing lacZ responder mice and the PCR-analysis, we 
concluded that the αv integrins were efficiently inactivated in embryonic neuroepithelial tissue 
resulting in a grossly αv-deficient neural tissues. 

 

Nestin–Cre dependent ablation of αv integrins in mice causes vascular deficits in the 
retina leading to retinal hemorrhage 
Our previous studies of αv-null embryos and this report show that the αv integrin gene is important 
for brain blood vessel morphogenesis (Bader et al, 1998). This rises the question whether in other 
places of the αv integrin deficient central nervous system vascular phenotypes can occur, e.g. during 
retinal vascularisation, which proceeds postnatally in mice. During the development of the inner 
retinal vasculature first one primary vascular plexus layer (PVPL) located in the retina nerve fiber 
layer (NFL)/ganglion cell layer (GCL) interface and two deeper vascular plexi are formed between 
postnatal days P4 and P7 and P7 and P26, respectively. The so-called ‘deep plexus’ develops from 
the primary layer by sprouting and vacularizes the inner nuclear plexus (INP) and establishes two 
new layers of vessels at the inner and out border of the INP referred as superficial inner nuclear layer 
vascular plexus (INPL-1) or deep vaascular plexus 1 (DVPL-1) and the deep inner nuclear vascular 
plexus layer (INPL-2) or second deep vascular plexus (DVPL-2). The outer plexiform layer (OPL) and 
outer nuclear layers (ONL) are normally avascular. The ONL/ photoreceptor cells are supplied with 
oxygen by diffusion from the choriocapillaries (Stone et al., 1995). 

Since in αv-null mice of the constitutive αv gene knockout die during embryonic development or 
perinatally (Bader et al, 1998), we could not assess the role of the αv integrin gene during the 
physiological vascularisation of the retina which occurs postnatally (P4-P26). However, the 
generation of viable nestin-Cre and tie1-Cre dependent mutant and control αv integrin mice 
described in this project allowed us to examine their retinal vasculatures. 

Our whole-mount analysis of eyes from tie1-Cre and nestin-Cre mutant αv integrin mice and 
controls observed spotlike retinal hemorrhages in nestin-Cre mutant αv integrin eyes by light and 
fluorescence microscopy between P4 to P12, but no hemorrhages were obvious in controls. In order 
to find out which step(s) of the complex vascular morphogenesis, vascular sprouting and branching 
are disturbed in mutant retinas, we assessed whole-mount-stained (Isolectin B4 or PECAM) and flat-
mounted retinas by confocal microscopy. Our analysis of the retina and its vasculature shows that 
the overall thickness of the retina and the widths of the three individual retinal nuclear layers were 
comparable in mutant and control eyes as analyzed by counting the number of cell nuclei layers and 
by confocal microscopic measurements (data not shown). In addition, our histological analysis did 
not reveal any gross abnormalities in mutant retinae, except that the cell nuclei in the ganglion layer 
in the mutant retina appeared occasionally to be organized in a slighty kinky line whereas the 
corresponding nuclei in control retina form a more straight line. The cellular layers of the outer 
compartment of mutant retina, the photoreceptor cell layer, pigment cells and the choroid vasculature 
appeared normal. The PVPL of control and mutant retina are indistinguishable. They developed 
between P0 and P7, and reached the periphery of the ora serrata at P7. While the two deep layer 
vascular plexi started to form between P7-9 in control retinae, the formation of the DVPL-1 was either 
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delayed or less pronounced developed, and a distinct DVPL-2 never formed in mutant retinae. 
Sprouting blood vessels originating from the PVPL and penetrating the IPL in mutant retinae at P9 
showed first signs of pathological alterations. They began to form vascular tufts or glomeruloid-like 
structures at their invading vascular sprouts which subsequently appear to terminate their directed 
invasion process. By contrast, the examination of the retina from tie1-Cre dependent mutant αv 
integrin mice, the retinal vasculature in both mutant and control mice appears normal and shows the 
typical three vascular layers (data not shown). 

To get more information about the cellular nature of these aberrant retinal vascular sprouts or 
branches which appear like the result of an uncontrolled accumulation of proliferating cells, we 
performed BrdU-labelling and immunostaining with endothelial and pericyte-specific markers. This 
revealed that preferentially cell nuclei of vascular/endothelial cells are BrdU-positive including nuclei 
of the mutant vascular structures (data not shown). In collaboration with Dr. Hartwig Wolburg 
(Institute of Pathology, University of Tübingen, Germany) ultrastructural analysis of retinal 
vasculature and aberrant vascular structures from control and mutant mice were performed by 
transmission electron microscopy. At the ultrastructural level the aberrant vascular structures could 
be analysed as compact clusters of cells, most likely endothelial cells (Fig. 12). In addition, we were 
asking if the aberrant vascular structures are associated with changes in the expression or 
localisation of basement membrane proteins. By immunostaining with antibodies recognizing 
fibronectin or collagen IV, we observed strong BM stainings of blood vessels in the primary vascular 
network, whereas the intensity of staining was less pronounced in the blood vessels of the deep 
vascular layers in both control and mutant retinae. So far, we have not detected a significant 
accumulation of deposited basement membrane proteins at mutant retinal blood vessels (data not 
shown). 

Moreover, those vessels which initially appeared to develop normal in the IPL formed similiar 
aberrant vascular structures either in the INL or shortly after the vessels reached the OPL. In some 
instances, they were found even in close vicinity of the first ONL. In addition to our finding that a 
horizontal vascular plexus in the DVPL-1 did not form at the appropriate times, we also recognized 
that a deep horizontal vascular plexus DVPL-2 was totally absent in mutant retina at later stages, 
such as P22 and P113. Therefore, one can assume that hypoxic conditions may develop in the 
mutant retina, which induce neovascularization either of the outer retina by the chorioid vessels or of 
the PVPL invading the vitreous body. However, we did not observe these pathological signs of 
neovascularization in the analysed mutant retina. However, immunofluorescence microscopic studies 
of retinae showed in Creased GFAP-staining in cellular structures of mutant retinae which resemble 
Müller glia cells whereas GFAP-staining of the corresponding structures in retinae of control mice 
was very faint or not detectable (data not shown). It will be of future interest to assess whether this is 
due to pathologically activation caused by hypoxic condition or a delay of differentiation. Müller glial 
cells express GFAP in early postnatal stages but downregulate GFAP afterwards. 

 

DISCUSSION 
In this study we addressed the function of the αv integrin gene during blood vessel morphogenesis. 
We performed the genetic ablation of the αv integrin gene in endothelial and neuroepithelial cells in 
mice and show the importance of neuroepithelial αv integrins during blood vessel morphogenesis in 
the embryonic brain and postnatal retina. The main findings from our project and the published 
results from other groups will be discussed. 
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Blood vessel development in the CNS 
The embryonic brain and postnatal retina are initially both avascular neuroectodermal derivatives 
which become vascularized by the process of sprouting angiogenesis. The embryonic brain gets 
vascularized by invading blood vessels originating from the perineural complexes of the brain at 
around E10, whereas the retinal vasculature develops shortly after birth. The retinal vasculature 
forms first a horizontal vascular network located in the retina nerve fiber layer ganglion cell layer 
interface and subsequently blood vessels from this layer invade the retina to form two deeper inner 
retinal vascular layers (Stone etal, 1995). Blood vessels of the central nervous system are composed 
of endothelial cells and pericytes surrounded by a vascular basement membrane. The close 
neighborhood between cerebral and retinal blood vessels, surrounding neuroepithelial cells during 
early development and later by neurons and particularly glia, and integrin gene expression and 
functional studies suggest an interesting model, whereby integrins can exert various functions during 
vascular morphogenesis on different cell types involved. Proposed functions for integrins have been 
mediator of morphogenetic processes and coreceptor signalling events, as well as neural cell 
adhesion providing physical support that maintains proper blood vessel morphology. Further, αv 
integrins could also operate in a dynamic fashion as communicator between neural cells and blood 
vessels (Bader et al., 1998). This led us to address the following questions in our funded project: a) 
in which cell type is the αv integrin functional, in endothelial cells, pericytes and/or neuroepithelial 
cells? b) which is the functional integrin dimer αvß1, αvß3, αvß5, αvß6 and/or αvß8 operating during 
blood vessel development in the brain? c) does the αv integrin gene also mediates blood vessel 
development in the retina, which is also a neuroectoderm-derivative? d) what is the primary cellular 
deficit and (e) what are the underlying molecular mechanisms? 

 

Blood vessel morphogenesis in the embryonic brain and postnatal retina depends on 
neuroepithelial αv integrins 
We have analysed the constitutive (null), conditional (floxed) and lacZ-knockin αv integrin alleles to 
reveal the function of this integrin subunit in mice. Our ultrastructural studies of brains from the 
constitutive αv-null embryos at E12.5/13.5, the time-point when the brain phenotype manifests, show 
defective associations between cerebral microvessels and the surrounding brain parenchyma 
(McCarty et al, 2002). These data suggest a novel role for αv integrins in the association between 
cerebral microvessels and central nervous system parenchymal cells.  

Our lacZ-knockin expression analysis demonstrates embryonic αv integrin gene activity in several 
cell types and organs, e.g. endothelial cells of the dorsal aorta and intersomitic vessels. This is 
consitent with previous αv intgrin expression data (Hirsch et al, 1994). However, to our surprise the 
brain from heterozygous αvlacZ mice at embryonic stages when αv-null mice develop the brain 
vasculature phenotype, show a significant ß-Gal-localization in pericytes of brain blood vessels, 
whereas a obvious lacZ-expression in endothelial cells or other cell types of the brain parenchyma is 
lacking. Similiarly, we detect an obvious ß-Gal-staining primarily in pericytes of the retinal 
vasculature. We interprete our results in at least two ways. First, αv integrins are expressed in 
pericytes, a potential proper place to mediate brain blood vessel morphogenesis. This fact would be 
consistent with our ultrastructural data showing defective associations between cerebral 
microvessels and the surrounding brain parenchyma without an obvious basement membrane defect 
(McCarty et al, 2002). It could be that pericytic integrins are necessary for proper assembly and/or 
maintenance of distinct basement membrane components which are crucial for the initiation of neural 
cell-blood vessel adhesion and communication. Second, it is known that the ßGal-reporter system is 
not very sensitive in vivo and therefore it can be the limiting factor in such analysis. Thus, we may not 
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detect very low levels of αv integrin gene activity present in endothelial cells or neuroepithelial cells. 
By contrast, Hirsch et al. (Hirsch et al, 1994) show endothelial and glial αv integrin gene expression 
during mouse embryonic development. In case αv integrins in pericytes were be important, we could 
not test this at this time, because no pericyte-specific Cre-mouse line has been avaiable.  

Nevertheless, in the meantime, we started our selective αv integrin gene ablation with tie1-Cre 
and nestin-Cre expressing mice. To our surprise, selective ablation of αv expression in endothelial 
cells does not manifest any obvious embryonic or neonatal developmental defects and these mice 
are viable. This result we confirmed using tie2-Cre mice, a second endothelial active Cre-mouse line 
(Theis et al, 2001). By contrast, our αv integrin ablation in neuroepithelial cells of mice causes 
exactly the embryonic brain blood vessel phenotype at E12.5 as described in αv-null mice (Bader et 
al, 1998). We show that defective vascular morphogenesis develops in the forebrain in nestin-Cre 
dependent αv integrin mutant embryos at E12.5 with distinct features, such as aberrant vascular 
sprouting vessels in deeper layers of the brain, clusters of endothelial cells at abruptly terminating 
sprouts and distended blood vessel lumen resulting in bilateral hemorrhages in these brain regions. 
However, these vessels maintain an intact basement membrane and normal endothelial cell-
associated pericytes. Interestingly, this mice are viable and can survive until adulthood. Our study 
presents evidence that neuroepithelial integrins are functional important during blood vesssel 
morphogenesis, whereas endothelial αv integrins are not essential in this process. Although, we 
obeserved a strong αv integrin gene promoter activity in brain and retinal blood vessel pericytes of 
αvlacZ mice, it appears that pericytic αv integrins do not play an essential functional role in blood 
vessel development. 

Finally, we suggest that the perinatal αv-null phenotype is most likely not lethal due to the defect 
intracerebral blood vessel morphogenesis, but is caused by the occurrence of a cleft palate as 
described in class II αv-nulls (Bader et al, 1998). 

 

Genetic analysis of ß integrin subunits in mice 
In the course of the SPP-funding period, the constitutive ß8 integrin gene knockout performed in the 
laboratory of Louis F. Reichardt (HHMI at University of California, CA, USA) was published (Zhu et 
al, 2002). The report by Zhu et al clearly shows that ß8 integrin null embryos resembling in many 
details the phenotype of the αv-nulls (Bader et al, 1998; McCarty et al, 2002). They have two stages 
of lethality, with a majority of mutant dying during embryogenesis and a minority surviving until birth 
with severe cerebral hemorrhage. This evidence strongly suggests that these two subunits function 
together as a heterodimer during CNS vascular development. This is further supported by other gene 
knockout studies of the relevant ß subunits of the five αv integrin dimers showing that no vascular 
defects were observed in ß3 (Hodivala-Dilke et al, 1999), ß5 integrin (Huang et al, 1999), ß3/ß5 
double knock-out mice (McCarty et al, 2002; Reynolds et al, 2002), ß6 integrin knock-out mice 
(Huang et al, 1996), or nestin-Cre-derived ß1-integrin deficient mice (Graus-Porta et al, 2001).  

Taken together, our neuroepithelial αv integrin gene knockout and the genetic data by others show 
that αvβ8 integrin expressed in embryonic neuroepithelial cells is essential for the proper 
development of embryonic intracerebral blood vessels and implicates αvβ8 as a neuroepithelial 
regulator of embryonic brain blood vessel function. 
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Neuroepithelial αv integrins mediate intraretinal angiogenesis 
The biological process forming the retinal vasculature in the whole retina is sprouting angiogenesis 
guided by glial cells. In the superficial retinal vascular network endothelial cells are guided by 
preceeding astrocytic network, while the guidance for the formation of the deep retinal vascular 
networks is performed by Mueller cells (Stone et al, 1995; Fruttiger, 2002). So far, less is known 
which integrins are functional during this process. Studies using RGD-peptides or αvß3 or αvß5 
blocking antibodies have shown to be potent antagonists for neovascularization of the retina under 
hypoxic conditions (Friedlander et al, 1996; Hammes et al, 1996). 

Since αv and ß8 integrin null mice, both are constitutive gene knockout alleles (Bader et al, 1998; 
Zhu et al, 2002), die embryonically or perinatally, the role of the αvß8 integrin during the 
vascularisation of the retina under physiological conditions could not be tested. Our analysis of viable 
conditional tie1-Cre and nestin-Cre dependent αv integrin gene knockout mice demonstrates that 
retinal angiogenesis proceeds normal in mice where endothelial αv integrins have been ablated. 
However, retinal angiogenesis in nestin-Cre conditional mutant αv integrin retina is defective. The 
histological, immunofluorescence/confocal microscopic and ultrastructural studies present evidence 
that in the absence of neuroepithelial αv integrins the superficial retinal vascular network and the 
initial first deeper retinal vascular network can form, but the formation of the final second deeper 
retinal vascular layer is impaired. We show that distinct phenotypic features which develop in mutant 
retinal blood vessels are similiar to the defective brain capillaries in nestin-Cre dependent mutant αv 
integrin embryos. These are aberrant vascular sprouting vessels in deeper layers with abruptly 
terminating sprouts, where clusters of endothelial cells accumulate, resulting occasionally in retinal 
hemorrhages. Important to note, retinal vessels maintain an intact basement membrane and normal 
endothelial cell-associated pericytes, whereas the glia appears disorganized. Our study of the αv 
integrin deficient retinal vasculature is novel and has not been reported in any other genetic studies 
by other groups in the field. These data support the working model of our project that the αv integrin 
subunit is an important mediator of blood vessel morphogenesis in the central nervous system. 
Furthermore, we propose that the αvß8 integrin dimer is the likely functional integrin receptor during 
physiological retinal angiogenesis and exclude the ß3 and ß5 integrin subunits, since Reynolds et al. 
(Reynolds et al, 2002) reported that in ß3 or ß5 or ß3/ß5-deficient mice physiological vascularization 
proceeds normal, but the mice respond with a hypervascularization of the retina with invading blood 
vessels into the vitreous body under hypoxic conditions. 

Taken together, we propose that endothelial αv integrins are not essential for blood vessel 
development in mice, but the αv integrin subunit on neuroepitheila cells, most likely the αvß8 dimer, 
is crucial for the proper brain and retinal blood vessel morphogensis in mice. 

 

Open questions 
At this point of our analysis we can not differentiate whether glial cells or neurons are the important 
cell types in the central nervous system which operate in an αv integrin-specific manner during 
vascular morphogenesis. Using nestin-Cre promoter/enhancer mice in our studies, Cre-mediated 
ablation of the αv integrin gene occurs already in the neuroectoderm in an early embryonic stage 
(<E10). Therefore, the αv integrin gene is already inactivated in neuroepithelial cells before they can 
fully differentiate into glial and neuronal cells. Regarding the underlying mechanisms leading to the 
observed vascular phenotypes we started to study the expression levels of VEGF and TGFß in 
extracts of brain and retina from control and mutant mice. The involvement of αvß8 in regulating 
TGFß bioavailability of TGFß in the brain appears an attractive possibility since it was shown that this 
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integrin can act in the process of activating the latent form of TGF (Mu et al, 2002). Another putative 
mechanism by which αvß8 expressed on neuroepithelial cells could regulate vascular 
morphogenesis is by indirectly controlling the release of angiogenic factors, such as VEGF, through 
cross talk with receptors such as neuropilin-1. Neuropilin-1 has been shown to be important for 
proper brain capillary development in the mouse embryro (Gu et al, 2003) and neuropilin-1mutants 
display aberrant endothelial cell clusters (Gerhardt et al, 2004) resembling to some extent those 
observed in our studies, although regional differences exists. It is tempting to speculate if the 
absence of the αvß8 integrin can cause an imbalance of VEGF expression which disturbs the 
function of the tip cell at the vascular sprouts (Gerhardt et, 2003). Certainly, there are several 
attractive molecules and cellular mechanisms which in cooperation with αvß8 may potentially be 
functional in those vascular/neural processes which are impaired in αv integrin mutant mice. For 
instance, recent reports show cooperative signaling between integrins and Ephs/ephrins (Zou et al, 
1999), netrin (Yebra et al, 2003), slits (Stevens and Jacobs, 2002) and semaphorins (Pasterkamp et 
al, 2003). Since these molecules are guidance and survival factors, it will be interesting to find out (i) 
whether αvβ8 integrin crosstalks with these or other pathways, (ii) which cell type is functional 
important for the action of αvß8 – glial and/or neuron – and finally (iii) how these interactions may 
mediate blood vessel morphogenesis in the brain and retina. 
 

Studies of conditional αv and ß8 integrin alleles in mice 
Our data and the genetic studies described by others show that endothelial αv integrins are not 

important molecules during vascular morphogenesis in the central nervous system, whereas 
neuroepithelial αv integrins are essential. In our study, we can not differentiate whether the gial or 
neuronal αvß8 integrin is the functional important integrin, but with the reports by McCarty et al 
(McCarty et al, 2005) and Proctor et al (Proctor et al, 2005) it is now evident, that the glial αvß8 
integrin is the functional integrin during brain blood vessel morphogenesis. This was possible, since 
in these studies neuroepithelial, glial and neuronal specific ablation of the αv integrin gene were 
performed, which makes the qualitative difference to our study. It is important to note that we 
observed the vascular defects in our nestin-Cre mutant embryos exactly at the same time-point 
where we detect the αv-null phenotype in the constitutive gene knockout at E12.5/E13.5. However, in 
the reports by the other groups the phenotypes manifest at later stages even sometimes as late as 
perinatally. This supports our model that the absence of neuroepithelial αv integrins already at the 
neuroectodermal lineage is not compatible with proper brain and retinal blood vessel morphogenesis. 
Whether this early ablation of the αv integrin gene is important for the development of the retinal 
vascular defect as reported in our study and not by others, is not clear yet. 
 

Perspectives 
It will be interesting to find out whether αvβ8 integrin crosstalks with guidance and survival factors or 
other pathways as discussed already in order to get a closer insight into underlying molecular and 
cellular mechanisms of the vascular/glial αvß8-deficiencies. This needs isolation of primary cells of 
the brain and retina as well as organ culture experiments. It will be of equal importance to find out 
which other gene-knockout in mice will phenocopy the αvß8 integrin-deficiency. 
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SUMMARY 
Blood vessels growth is a prerequisite of normal organogenesis and plays a critical role in progression of 
pathological processes and healing of damaged tissues. We focused on the contribution of endothelial 
progenitor (EPCs) in these events and in ways to utilize their therapeutic potential. We have 
demonstrated that embryonic EPCs show a remarkable tropism for poorly vascularized and presumably 
hypoxic sites of tumor-induced angiogenesis, contribute to tumor vascularization and in certain instances 
accelerate tumor growth. Based on these findings, we used EPCs as “Trojan horses” to deliver toxic 
agents directly to the tumor killing malignant cells and inhibiting further tumor growth. Expression 
analysis and in vivo blocking experiments demonstrated that selectins mediate the initial EPC homing 
step. Furthermore, we discovered that transplantation of embryonic EPCs increases collateral vessel 
growth and capillary density of ischemic limbs and improves heart function after myocardial infarction in 
mice and pigs similarly to adult endothelial progenitor cells. Our data suggest novel ways to modulate 
neovascularization and enhance tissue regeneration after ischemic injury. 

 

INTRODUCTION 
The growth of blood vessels is a prerequisite of normal organogenesis during embryonic development 
and later in adulthood plays a critical role in healing of damaged tissues and progression of pathological 
processes such as cancer (solid tumor growth), diseases of the cardiovascular system (infarction, 
peripheral vascular disease), skin (psoriasis), and metabolic diseases (diabetes) (Carmeliet and Jain, 
2000).  

Cardiovascular diseases alone (i.e., stroke, myocardial infarction, atherosclerosis) are the number 
one cause of death and disability in the western world. Great strides have been made towards reducing 
mortality rates thanks to new drugs to treat blood clots, high blood pressure and cholesterol levels, 
improved surgical techniques to open blocked vessels, and prevention campaigns for proper nutrition 
and against smoking. This significant progress has conversely brought new challenges to medical care. 
As a result of severely damaged tissue, heart attack survivors often develop congenital heart failure that 
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restricts their motility, and stroke victims suffer from dementia and increasing disability. These afflictions 
gravely affect the patients' quality of life and require constant care placing a heavy financial burden on 
the health care system.  

For these reasons, it is of primary interest to understand the cellular and molecular mechanisms of 
tissue regeneration following ischemic injury. Compelling new evidence established that adult stem cells 
for endothelium – as well as for heart muscle, neurons and other tissues - exist in adults, and that these 
cells play a major role in organ homeostasis and regeneration (Asahara et al., 1997). Circulating 
endothelial progenitor cells that originate in the bone marrow, home to sites of neovascularization and 
promote angiogenesis (Kawamoto et al., 2001). Systemic administration of EPCs has considerable 
beneficial effects as transplanted EPCs enhance capillary density, increase blood flow and dramatically 
improve tissue rescue (Takahashi et al., 1999). This has raised great hopes for the use of adult 
endothelial stem cells to stimulate blood vessel growth and thus enhance the repair of malfunctioning 
tissue.  

In contrast to the benefits in tissue recovery, neovascularization plays a negative role in cancer 
because the growth and metastasis of solid tumors correlate with their ability to induce formation of new 
blood vessels (Risau, 1997). Therefore, effective control of aberrant vascular growth can have a 
significant contribution in the fight to stop progression of the disease. In addition to sprouting 
angiogenesis from neighboring resident endothelial cells, tumors also build vessels by recruitment and in 
situ differentiation of circulating endothelial progenitor cells (Lyden et al., 2001). Bone marrow-derived 
endothelial precursors are necessary and sufficient for tumor angiogenesis and EPCs differentiated ex 
vivo from multi-potent adult progenitor cells home to tumors (Reyes et al., 2002). Unfractionated bone 
marrow cells can be also recruited by tumors and, when modified to express an angiogenesis inhibitor, 
limit growth of subcutaneous tumor challenges (Davidoff et al., 2001). These findings offer the possibility 
to exploit EPCs for cancer therapy to interfere with blood vessel growth and attack the tumor stroma. 
However, the utility of bona fide EPCs for such treatment is yet unknown. 

 

Endothelial Progenitor Cells  
It was shown that EPCs reside in special niches within the bone marrow stroma. Several conditions such 
as vascular trauma, tumor growth or ischemia, can lead to elevated plasma levels of VEGF, PlGF and 
Ang1 or cytokines such as G-CSF and GM-CSF, that can mobilize endothelial progenitor cells (Asahara 
et al., 1999; Hattori et al., 2002). Such agents liberate EPCs from their bone-marrow microenvironment 
through activation of metalloproteases (MMP-9) and release of kit-ligand (or SCF) from the extracellular 
matrix (Heissig et al., 2002). This EPC mobilization is impaired in mutant mice lacking Id transcription 
factors (Lyden et al., 2001).  

What happens next is less clear. How EPCs find their target tissue, migrate to the intended site and 
differentiate is unknown. It is postulated that concurrently mobilized Hematopoietic Stem Cells (HSCs) 
assist in this manner (Lyden et al., 2001). Studies have implicated the SDF-1 chemokine, VEGF and 
PlGF in the recruiting process, providing first hints in what most likely is a complex and well-orchestrated 
pathway (Hattori et al., 2002; Yamaguchi et al., 2003). 

We have isolated endothelial progenitor cells or angioblasts from mouse E7.5 embryos at the onset of 
vasculogenesis, when the first blood vessels begin to form in the new organism, and established in vitro 
culture conditions (Hatzopoulos et al., 1998). The embryonic cells have unlimited stem-cell-like growth 
potential, express a number of endothelial specific genes, and upon stimulation with cAMP, or inside 
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collagen matrices (MATRIGEL), undergo differentiation to mature endothelium. Importantly, they can be 
easily genetically manipulated and grown in large quantities for molecular analysis. To show the 
biological potential of the eEPCs, we injected cells into chicken embryos. In these experiments, we were 
able to demonstrate that the mouse eEPCs efficiently incorporate into chick heart and brain vasculature.  

During the duration of the SPP project, our laboratory used embryonic EPCs to understand how 
EPCs are recruited to sites of pathological angiogenesis during tumor growth or in ischemic areas in the 
heart after myocardial infarction. Furthermore, we investigated the effects of engrafted EPCs on tissue 
recorery after ischemic injury in the heart or in the hindlimbs. Finally, we showed that platelets may plate 
a role in EPC recruitment and differentiation (Langer et al., 2006). We have also participated in the 
characterization of the cardiovascular defects in two mouse knockout lines with inactivation of the 
thioredoxin reductase genes.  

 

METHODS 
As experimental models of pathological angiogenesis, we have used tumor-bearing mice. Three different 
tumor types were generated. The first was the C6 rat glioma that was implanted in the back of nude mice 
inside a transparent chamber allowing us to visualize tumor-induced angiogenesis in live animals using 
intravital videomicroscopy. Using this technique, we were able to observe the behavior of fluorescently 
labeled EPCs in vivo after intra-arterial injection (with the help of a catheter). 

The second approach was based on the LM8 osteosarcoma cells that form cancer growths in the 
lung, liver and kidney simulating a model of metastatic tumors. In this case, EGFP- or DiI-labeled EPCs 
were injected in the tail vein. As a third model, we used Lewis Lung carcinoma cells that form tumors 
only in the lung. We have also used a chronic ischemia model in the rabbit hindlimb by removing a 
femoral artery. In this case, labeled EPCs were administered by retroinfusion though a neighboring vein 
to flood the ischemic bed. We used angiography to assess collateral vessel formation and 
immunohistochemistry and immunofluorescence to count capillary density in the thigh. 

For an acute ischemic model, we used occlusion of a coronary artery in mice and pigs and 
administered EPCs systemically or by retroinfusion respectively. A Millar tip catheter was advanced in 
the heart ventricle to measure systolic and diastolic parameters of cardiac function in mice. In the pig 
model, sternotomy was performed and ultrasonic crystals were placed in the non-infarcted and infarcted 
area at risk as well as in the Cx perfusion area in a standardized manner. Subendocardial segment 
shortening (SES) was performed under resting heart rate as well as at 120 and 150/min atrial pacing (for 
1 min each). After assessing infarct size (TTC-viability and Methylene-blue exclusion), tissue samples 
were analyzed for the presence of EGFP-labeled EPCs by immunocytochemistry.  

We have used tissue culture techniques as well as molecular biology tools to investigate the 
transcriptome of EPCs by Affymetrix gene chips and Bioinformatics analysis. The angiogenic potential of 
EPCs was assessed in vitro using aortic rings inside MATRIGEL. 

The surface markers on EPCs were studied by FACS analysis using specific antibodies. The 
resistance of EPCs to Natural Killer cells was investigated by a classic radioactive chromium release 
assay. To target metastases, we genetically engineered EPCs with the yeast cytosine deaminase cDNA 
fused to uracil phosphoribosyl transferase (UPRT, which shortcuts rate limiting enzymatic steps) as a 
suicide gene. After EPCs homed to tumors, the mice were treated with 5-FC that was converted to the 
toxic 5-FU product by the transgene. We used survival curves to assess the effect of this treatment. 
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RESULTS 
The main objective of our project within the Priority Program 1069 “Angiogenesis” was to investigate if 
the embryonic endothelial progenitor cells could contribute to neovascularization in the adult mouse. Our 
long-term goals were to study the efficiency and specificity of eEPCs recruitment, their activation and 
differentiation once they reach their target sites, and finally to examine the way eEPCs influence tissue 
vascularization. This way we hoped to establish an experimental model system, parallel to adult EPCs, 
to examine the mechanisms of endothelial progenitor cell recruitment and to assess the potential of 
EPCs for future cell-based therapeutic approaches to block or enhance the growth of new blood vessels. 

 

EPCs home specifically to tumors, but not to normal tissues 
To address these issues, we have investigated homing and behavior of transplanted eEPCs in tumor-
bearing mice using three different tumor types, namely C6 glioma, LM8 osteosarcoma and Lewis lung 
carcinoma (LLC) (Vajkoczy et al., 2003; Wei et al., 2004). In all three models, we observed that the 
embryonic cells home specifically to tumor vasculature, survive and contribute to the formation of new 
blood vessels (Fig. 1).  

Homing was specific within the tumor and very few eEPCs were found in the surrounding normal tissues. 
Extensive analysis after tail vein injection of radiolabeled eEPCs into normal mice without tumors or 
eEPCs marked either by the fluorescent dye DiI or stable EGFP expression, showed that the cells 
sequestered at low numbers in the lung, spleen and liver but were absent from heart, kidneys, brain, gut 
and bone marrow (Wei et al., 2004). It is also noteworthy that eEPCs injected into the blood circulation, 
or eEPCs transplanted subcutaneously, did not form tumors (Wei et al., 2004).  

 
 
Fig. 1. Incorporation of eEPCs into the tumor microvasculature. (A and B) Tumor microvasculature
after contrast enhancement by FITC-Dextran. (C and D) Same regions of interest as in (A and B)
demonstrating DiI-labeled eEPCs that line perfused tumor blood vessels indicating successful
incorporation into the new tumor microvasculature (arrows). (E) Cryosections of tumor specimens stained
with fluorescent antibodies against PECAM-1 (red) confirming the successful integration of EGFP-labeled
embryonic EPCs (green) into the endothelial lining of the tumor microvasculature. 
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Tumor metastases differentially recruit EPCs 
The LM8 cells form many tumor nodules in the lung, liver and kidneys while LLC forms metastases only 
in the lung. This gave us the opportunity to analyze eEPC homing to metastases of different sizes 
growing in various organs. Histological analysis revealed that intravenously (i.v.) injected eEPCs homed 
only to a selected subgroup of tumor nodules in the lung. We observed that some nodules recruit EPCs 
in large numbers while others, often in close vicinity, are totally devoid of transplanted cells. This 
specificity correlated with the degree of vascularization of independent tumor nodules. In particular, 
metastases with few blood vessels recruited the majority of eEPCs while well-vascularized metastases 
did not attract EPCs (Fig. 2).  

We reasoned that less perfused and therefore potentially less oxygenated metastases would recruit 
more eEPCs. Tumor cells, especially under hypoxic conditions, are known to up-regulate and secrete 
VEGF (Plate et al., 1993). We determined the presence of VEGF in the metastases as a surrogate 
assessment of tumor hypoxia by immunofluorescence using an anti-VEGF antibody. We found that some 
large, poorly vascularized metastases recruiting eEPCs in their periphery stained heavily for VEGF in 
their central areas whereas non-recruiting metastases did not. This suggests that, in these metastases, 
eEPCs homed preferentially to the margins of the VEGF over-expressing, probably hypoxic, central 
areas.  

We extended the analysis to smaller metastases using immunohistochemistry. Analyzing 14 LM8 
metastases and 15 LLC metastases we confirmed that eEPCs, detected by the anti-EGFP antibody, 
were preferentially found in metastases with decreased vascularity in both tumor models as visualized by 

Fig. 2: eEPCs home preferentially to less vascularized tumors. Left Panels: Phase contrast 
microscopy (top) delineates the two adjacent metastases Met1 and Met2 (the pleural demarcation is 
outlined by arrowheads). Immunofluorescence microscopy detects DiI-labeled eEPCs in Met1 only 
(middle) which is less vascularized as shown by anti-collagen IV antibody labeling (bottom). Right 
panels: An LM8 metastasis (Met3) heavily recruits eEPCs as detected by anti-EGFP antibody staining, 
while another (Met4) does not (top). Met3 is poorly vascularized while Met4 is well-vascularized 
(bottom). Endothelial cells were stained using an antibody against CD31.
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anti-CD31 antibody staining. Surprisingly, we found that in these smaller metastases VEGF expression 
co-localized primarily with the eEPCs and not with the tumor cells. Since eEPCs express very low levels 
of VEGF when grown in vitro, local cues within the metastases must have induced strong VEGF 
expression.  

 

Selectins mediate EPC homing 

To gain further insights in the homing mechanisms of eEPCs we grew C6 glioma tumorgrafts within 
skinfold chamber preparations in mice and observed the behavior of the cells in vivo using intravital 
microscopy (in collaboration with Dr. Vajkoczy). Video image analysis showed that eEPCs actively 
interact with the vascular wall, extravasate into the tumor stroma, form multi-cellular clusters, and finally 
incorporate into functional vascular networks (Vajkoczy et al., 2003). 

The original steps in eEPC recruitment in tumors displayed striking similarities to the way blood borne 
cells such as monocytes and lymphocytes home to inflammatory sites (50, 51). This prompt us to 
hypothesize that the recruitment of EPCs shares molecular mechanisms with the homing of these cells. 
This notion was further supported by the fact that eEPCs express ligands for selectins such as PSGL-1 
and ESL-1 (Vajkoczy et al., 2003). In collaboration with Dr. Engelhardt, we demonstrated that eEPCs 
bind to both E- and P-selectins in vitro and that endothelial cells within the glioma express selectins 
(Fig. 3). 

Based on these results, we addressed the significance of PSGL-1/P-selectin binding in mediating 
EPC homing to tumor vessels by using blocking antibodies directed against PSGL-1 or E- and P-selectin 
that were generated in the laboratory of Dr. Vestweber. Pretreatment of mice with an antibody cocktail 
directed simultaneously against E- and P-selectin, as well as treatment of eEPCs with an antibody 
directed against PSGL-1 prior to injection, reduced initial eEPC arrest on the tumor endothelium and 

 
Fig. 3: Interaction of eEPCs with tumor endothelium is mediated by selectins and PSGL-1. (A-D) E- and P-
selectins bind to eEPCs. Flow cytometry using an E-selectin IgG chimera (A) or a P-selectin IgG chimera (B) 
shows strong binding to eEPCs in the presence of Mg2+ and Ca2+ as compared to a tie2-IgG chimera control. 
The binding of both proteins is abolished in the presence of EDTA (C, D). Right panel: Quantitative analysis of 
eEPC homing to tumor endothelium using intravital fluorescence videomicroscopy 10 minutes after cell injection 
and following blocking of PSGL-1, or P-selectin and E-selectin. N=3 animals per experimental group. * p<0.05. 
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subsequent eEPC incorporation into the tumor microvasculature by 76% and 78%, respectively (Fig. 3). 
Those cells, however, that were arrested despite blocking PSGL-1 or E-/P-selectin, followed the 
subsequent multi-step process of eEPC incorporation suggesting that PSGL-1/selectin binding 
exclusively mediates the initial eEPC arrest. 

 

Endothelial progenitor cells for systemic gene therapy of experimental tumors 
The remarkable tropism of eEPCs for tumors suggested that they could be used as cellular vehicles to 
deliver therapeutic load to metastases through the blood stream. To treat metastases, we armed the 
eEPCs with the suicide gene cytosine deaminase from yeast fused to uracil phosphoribosyltransferase 
that enhances the formation of the cytotoxic compound 5-fluorouracil from the harmless pro-drug 5-
fluorocytosine. In collaboration with Dr. Beltinger at the U. of Ulm, we chose a suicide gene system 
because it allows for inducible cell death giving time for the eEPCs to home to, integrate into and 
proliferate within the metastases before triggering their death. eEPCs expressing CD/UPRT (eEPC-CD) 
exhibited a significant bystander cytotoxic effect in vitro on both endothelial and tumor cells (Wei et al., 
2004). 

Given systemically followed by the pro-drug 5-FC, eEPCs significantly prolonged the lifetime of mice 
with multiple established lung metastases. Interestingly, metastases-bearing mice that received eEPC-
CD without 5-FC lived shorter. Because eEPCs injected into mice without metastases did not shorten 
survival, the decreased survival in tumor-bearing mice cannot be attributed to a toxic effect of the eEPC-
CD, suggesting instead that eEPC-CD without 5-FC treatment increased tumor growth. 

In the mice that had received eEPC-CD and 5-FC, the metastases at the time of death were strikingly 
fewer and the remaining metastases were highly vascularized (Fig. 4). This is in line with the finding that 
eEPC-CD home preferentially to less vascularized metastases and is consistent with the notion that 
these metastases are eradicated following 5-FC, leaving only the more vascularized metastases to grow 
further. We believe that the most likely explanation that no cures were achieved is that eEPCs did not 

 
Fig. 4: Not all metastases in the lung are affected by eEPC-CD with 5-FC. The left panel shows a 
representative lung from the control group that received LLC cells and PBS only. The right panel depicts a typical 
lung from the treatment group (eEPC-CD and 5-FC). Lungs were procured at the time when the mice appeared 
moribund. In mice without treatment numerous poorly vascularized metastases are present (left panel, arrows). In 
contrast, metastases in the treatment group (right panel, arrows) are fewer but larger and well vascularized.  
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home to all tumors in this hard-to-treat, multiple metastases model. They homed poorly to well-
vascularized metastases that continued to grow and killed the mice. On the other hand, the eEPCs' 
ability to home to poorly vascularized, hypoxic metastases may be one of their major advantages 
because hypoxic tumors are notoriously resistant to chemotherapy, radiation and anti-angiogenic drugs 
given as single modalities. 

 

EPCs enhance tissue vascularization after ischemic injury 
It is noteworthy that the lung metastastes-bearing mice that received eEPCs survived a shorter time, 
suggesting an unwanted paracrine effect of eEPCs on tumor or tumor endothelial cells possibly due to 
production of VEGF and/or other growth factors (Wei et al., 2004). In collaboration with Dr. Kupatt, we 
investigated if eEPCs can enhance vascularization in a rabbit hind limb ischemia model (Fig. 8). 
Retrofusion of eEPCs had a positive effect both on collateral vessel growth and capillary density (Kupatt 
et al., 2005a). Using a myocardial infarction/reperfusion model in mice we observed a marked 
improvement on heart function after eEPC administration as compared to control untreated mice (Kupatt 
et al., 2005a). Taken together these results indicate that embryonic EPCs have a positive effect on 
promoting neovasculogenesis. 

 

EPCs are immunoprivileged 
An advantage for cell-based therapeutic approaches would be access to donor material that can be 
applied to a large number of recipients avoiding rejection from the host's immune system. Cells isolated 
from early embryonic stages such as the embryonic EPCs might possess such features since early 
embryonic tissue evades the maternal immune system until the immunological barrier between mother 
and fetus is established. Therefore we examined the level of MHC I expression on eEPCs using a pan 
anti-MHC class I antibody. FACS analysis indicated that MHC I antigens were not expressed on three 
independently isolated eEPC clones while control fibroblasts, T-cells and mast cells from this strain 
showed strong antibody binding (Fig. 9). This result suggests that eEPCs are protected against T-cell-
mediated immune responses (Wei et al., 2004). 

However, rejection of transplants is determined not only by MHC I expression, but also by sensitivity 
towards natural killer (NK) cells. Cells that do not express MHC I can elicit a strong NK cell response. In 
collaboration with Dr. Fischer at the U. of Ulm, we tested whether NK cells can target eEPCs in cell lysis 
assays using T cell-depleted splenocytes. We found that eEPCs are resistant to NK cell cytotoxic activity 
suggesting that eEPCs do not engage activating NK receptors (Wei et al., 2004). The escape of early 
surveillance by NK cells, coupled to lack of MHC I surface molecules may allow recruitment and 
persistence of eEPCs in non-syngeneic hosts.  

To test this notion, LM8 osteosarcoma cells (which are derived from C3H mice, H-2k haplotype) were 
mixed with DiI-labeled eEPCs from 129Sv (H-2b), C57/BL6 (H-2b) or FVB (H-2q) mice and transplanted 
subcutaneously into C3H mice. Tumor growth was followed for up to 24 days before FITC-labeled HPA 
lectin was injected i.v. to decorate tumor vessels five minutes prior to tumor isolation. Tumors examined 
by whole mount immunofluorescence microscopy showed abundant eEPCs incorporated into the tumor 
vessels. Thus, eEPCs survive, proliferate and build tumor vessels in non-syngeneic hosts. 
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Bone marrow-derived cells in tissue repair following stroke 
In the long term, we are interested in transferring knowledge gained in the eEPC homing studies to 
enhance recruitment mechanisms of endogenous bone-marrow derived EPCs. As a first step to this 
direction, we investigated the participation of bone marrow-derived cells in remodeling processes after 
experimental stroke in mice. We transplanted bone marrow from C57BL/6-TgN(ACTbEGFP)1Osb mice, 
that express enhanced green fluorescent protein (EGFP) in all cells, into lethally irradiated C57BL/6J 
mice. The recipient mice underwent permanent occlusion of the middle cerebral artery, and bone 
marrow-derived cells were tracked by fluorescence. We analyzed the involvement of bone marrow-
derived cells in repair processes six weeks and six months following infarction. Six weeks after occlusion 
of the artery, more than 90% of the GFP-positive cells in the infarct border zone were microglial cells. 
Only few GFP-positive cells expressed endothelial markers in the infarct/infarct border zone, and no 
bone marrow-derived cells transdifferentiated into astrocytes, neurons or oligodendroglial cells at all time 
points investigated (Beck et al., 2003). Our results indicate that the therapeutic efficacy of non-selected 
bone marrow may be limited. It is likely that the number of stem cells is very small under physiological 
conditions, and that clinical applications would be more effective using isolated enriched progenitor cell 
populations. 

 

Transplantation of EPCs enhances neovascularization, decreases the area of ischemic 
injury and improves global heart performance after myocardial infarction 
To assess the effect of EPCs on tissue vascularization in an acute ischemia model, we delivered EGFP-
labeled EPCs in the pig heart after myocardial infarction. Briefly, a balloon was placed in the left anterior 
descending (LAD) artery distal to the bifurcation of the first diagonal branch, and inflated with 4 atm 
(0.41Mpa). Correct localization of the coronary occlusion and patency of the first diagonal branch was 
ensured by injection of contrast agent. In all groups, the PTCA balloon was deflated at 60min of 
ischemia, and the onset of reperfusion was documented angiographically. The infusion of EPCs (5x106 

cells per animal) was done either systemically or into the anterior interventricular vein (AIV) draining the 
parenchyma perfused by the LAD. Each regimen started at 55min of ischemia and lasted until 5min of 
reperfusion. Systemic infusion was performed via the external jugular vein. In retrogradely treated groups 
(including saline treated control experiments), we used continuous pressure regulated retroinfusion of 
isothermic Tyrode solution (25ml/min) with or without 5x106 EPC or mature endothelial cells for 10 min 
(Kupatt et al., 2005b).  
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We then examined the fate and localization of EPCs using immunohistochemical techniques. After 
24hours, numerous EPCs were found in the ischemic area in smaller and larger microcirculatory vessels, 
whereas the cell recruitment in the non-ischemic area was limited (Fig. 5). At day 7, the number of cells 
decreased by 42% with EPCs found either adjacent to or integrated in the vessel wall (Fig. 5). The 
presence of EPCs in the vicinity of ischemic sites in the pig heart led to an increase of capillary density in 
the peri-infarct area and a decrease in infarct size (Fig. 6). This benefit could be seen after local retro-
infusion of EPCs through the AIV, allowing “flooding” of the vascular beds with EPCs, but not after 
systemic injection. This finding indicates that local delivery and ample contact time between transplanted 
cells and host vasculature increases the homing efficiency. Of note, decrease in infarct size and 
improvement of heart performance under pacing conditions was obtained by infusing endothelial 
progenitor cells, but not mature endothelial cells, suggesting that the progenitor phenotype is important 
for the positive effects (Kupatt et al., 2005b). 

Fig. 5: EPCs home to ischemic 
myocardium and increase capillary 
density. Detection of EGFP-positive EPCs 
with an anti-EGFP antibody in the non-
ischemic (A, C) and ischemic areas (B, D) 
after 24 hours (A, B) and 7 days (C, D) of 
treatment. After 24 hours, EPCs were 
present in the microcirculatory vessels (B, 
arrows), or adherent to the venular vessel 
wall (arrowheads). At d7, EPCs integrated in 
the wall of large vessels (arrowheads), or in 
the vicinity of small vessels (D, arrows). (E) 
Quantification of EPCs in the ischemic and 
non-ischemic areas 24 hrs and 7 days after 
retroinfusion. (F) EPC engraftment increases 
capillary density in the infarct area. 

 
Fig 6: EPC treatment decreases infarct 
size and improves cardiac function. Top. 
Infarct size (% of Area at Risk -AAR) 7 days 
after ischemia and transfusion of 5x106 EPCs 
via retroinfusion (EPC retro), systemic 
infusion (EPC i.v.) and endothelial cell 
retroinfusion (EC retro). Bottom. 
Subendocardial segment shortening (SES) in 
the apical LAD perfused region (% of the 
non-ischemic Cx-region) at rest, 120/min and 
150/min atrial pacing ( n=5 per group, 
#=p<0.05 vs. Control). 

 

 

 

We obtained similar results in an acute myocardial infarction model in mice after injection of EPCs in the 
tail vein. Using a Millar pressure tip catheter, we documented an improvement in LVDP, as well as 
systolic and diastolic parameters (dP/dtmax, dP/dtmin) in mice treated with EPCs as compared to control 
animals (Kupatt et al., 2005a). 
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EPC-transplantation confers acute cardioprotective effects 
Surprisingly, we found that the beneficial effects of the EPC retroinfusion in the pig heart after myocardial 
infarction were evident 24 hours following cell therapy, e.g., treated heart tissue showed less 
inflammation and cell death, as well as smaller infarct size (Fig. 7). This time frame is too short for 
angiogenesis or transdifferentiation to take place, suggesting, instead, that the major EPC-contribution to 
heart recovery appears to be mediated through paracrine effects on surrounding myocardium. We 
postulated that proteins secreted by the EPCs have a protective effect on cardiomyocytes injured by 
ischemia. Further analysis revealed that EPCs activate PI3 Kinase/AKT in cardiomyocytes during co-
culture, a critical survival pathway for cardiac cells (Kupatt et al., 2005b).  

The acute cardioprotective properties of EPCs suggest that paracrine effects may also account for the 
benefits of cell therapy following cardiac tissue injury. We reached a similar conclusion using EPC-
therapy in rabbit hindlimbs after excision of the femoral artery (Kupatt et al., 2005a). EPC-treatment 
increased both collateral vessel formation and capillary density.  However, the association of EPCs with 
host vasculature lasted less than 10-14 days, illustrating that the increased perfusion was primarily due 
to induction of angiogenesis and arteriogenesis from host endothelial cells. 

 

Mechanisms of EPC-mediated cardioprotection 
Since post-ischemic inflammation plays a detrimental role after myocardial infarction, we analyzed the 
activity of myeloperoxidase, a characteristic enzyme of PMN, in post-ischemic heart tissues with or 
without EPC-transplantation. Interestingly, EPC treatment limited the increase in myeloperoxidase 
activity within the infarct zone (Kupatt et al., 2005b). 

Fig. 7: EPC engraftment confers acute 
cardioprotection. Infarct size (top panel), 
apoptosis (middle) and inflammation 
(bottom) are reduced in EPC-injected pig 
hearts 24 hours after cell treatment. 
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We and others have proposed that besides contributing to the newly built blood vessels, one reason of 
improved vascularization is the ability of EPCs to induce endogenous angiogenesis through secretion of 
pro-angiogenic factors (Kupatt et al., 2005a). Consistent with this notion, we find that EPCs enhance 
sprouting in explanted rabbit aortic rings similar to that seen with angiogenesis-inducing agents such as 
FGF-2 (Fig. 8). This ability, coupled with the close association of EPCs with host blood vessels, probably 
induces a strong, localized, angiogenic response after transplantation. 

 

 
 
Fig. 8: EPCs induce angiogenesis ex vivo. Rabbit aortic rings 
were placed in Matrigel. After polymerization, control medium, 
medium containing 10µg/ml FGF-2, or 5x105 EPCs was placed on 
top. EPCs or FGF-2 induced extensive capillary networks (arrows). 

 
DISCUSSION 
Taken together, our results indicate that endothelial progenitor cells home to ischemic tissues through 
mechanisms resembling recruitment of immune cells to sites of inflammation. Furthermore, our data 
indicate that the propensity of EPCs to home to ischemic areas, but not in normal organs could be 
exploited to target hypovascular tumors, which are otherwise difficult to kill with conventional 
chemotherapy or ant-angiogenesis strategies. The unexpected immunopriviledged status of EPCs, which 
seems to be shared by other stem cells as well, may facilitate the use of stem cells for therapeutic 
purposes. 

We also discovered that stem cells probably have two beneficial roles after transplantation: one linked 
to regeneration and the ability of stem cells to form new tissue; the other to the positive influence of stem 
cells on the healing process enhancing cardiomyocyte survival, attenuating inflammation, increasing 
vascular density and preventing the spread of the necrotic core (Fig. 9). Examining the literature and 
probing further into the effects of cell therapy, we believe that our conclusions are not unique to EPCs. 
Instead, our pre-clinical results are representative of similar findings by other investigators using bone 
marrow or mesenchymal stem cells to treat MI and even the data regarding neural stem cells to treat 
brain or spinal cord injury (Dimmeler et al., 2005). 
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Fig. 9: Direct (A) and indirect (B) effects of EPCs on tissue 
recovery. 

In this light, it is reasonable to assume that successful cell therapies may depend on the following 
parameters: 

1) standardized preparation procedures to achieve a cellular product with reproducible consistency; 

2) enriched progenitor cell populations at the expense of mature derivatives; 

3) potent cellular mixtures -vs single cell populations- with enhanced diversity of secreted growth factors; 

4) sufficiently high yields of cells to restore balance in the diseased area; 

5) strong pro-angiogenic potential; 

6) enhanced delivery of cells to damaged tissues.  

 

From SPP 1069 to the clinic 
There is strong evidence that cell therapy can improve cardiac function, but the exact mechanisms 
through which cell therapy exerts beneficial effects remain unclear. It is evident that some engraftment of 
cells into the tissue is necessary, but it is also apparent that these cells do not act solely by regeneration 
of new myocytes or by angiogenesis. We and others have demonstrated that the cardioprotective effects 
of endothelial progenitor cells (EPCs) following myocardial infarction are mediated, in part, by the cells 
secreting multiple cytokines which can favorably enhance myocardial survival and function in a paracrine 
fashion (Kupatt et al., 2005a,b). For these reasons, we postulate that an enriched, mixed, stem cell 
population may offer an advantage over a single cell type. It is also clear from our initial studies that 
active interaction between stem cells and the vascular wall during systemic delivery is necessary for 
efficient grafting to occur.  

Stem cells for the cardiovascular system are scarce in adults. Endogenous stem cells may be able to 
take care of the natural “wear and tear”, but are not capable of restoring extensive loss of heart tissue in 
cardiomyopathies. In these conditions, stem cells also face two additional obstacles. The first is massive 
infiltration of immune cells creating a hostile environment for cell survival; the second is scar deposition 

 70



that builds a formidable structural and functional barrier to regeneration and restoration of cardiac 
function.  

We postulate that future therapeutic strategies may need to target simultaneously two fronts: a) 
generating enough stem cells by in vitro enrichment to provide adequate therapy for cardiac repair; and, 
b) creating a favorable microenvironment in the host to secure a beachhead for transplanted, or 
endogenous stem cells. Interestingly, cell therapy itself may be an effective way to achieve this second 
goal. The pro-angiogenic and anti-inflammatory properties of stem cells as well as secretion of cytokines 
may help to create a fertile milieu for ailing cardiomyocytes, endogenous and possibly exogenously 
delivered stem cells. This notion supports the notion to combine bone-marrow endothelial and 
mesenchymal progenitor cells for therapy, next to their potential to regenerate vascular and cardiac 
tissues.  

We have applied for FDA approval to deliver bone marrow-derived cells to the heart by direct 
intramyocardial injection to treat patients with severe ischemic cardiomyopathy. Building on our 
experience gained during the “SPP Angiogenesis” studies, we propose to deliver a mixture of EPCs and 
Mesenchymal Stem cells (MSCs). We postulate that this enriched mixture of bone marrow-derived 
progenitor cells will be superior for cell therapy than unfractionated bone marrow containing relatively 
minor populations of stem cells, or highly purified populations of a single cell type (e.g., AC133+ or ex 
vivo expanded EPCs). Furthermore, we hypothesize that co-engraftment of these two cell populations 
may be advantageous in itself, since neovascular growth induced by EPCs will nourish not only 
cardiomyocytes, but also co-transplanted MSCs. This may extend the survival of MSCs inside the host 
and thus augment their differentiation to cardiac cells. 
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SUMMARY 
One of the hallmarks of physiological and pathophysiological angiogenesis is the strong up-
regulation of the VEGF receptors, whereas expression is almost not detectable in normal, mature 
blood vessels in most of the organs. In opposite to VEGFR-2 and VEGFR-3, an natural occurring 
soluble form of VEGFR-1 (sVEGFR-1) generated by differential splicing can be detected in the 
conditioned media of cultured human endothelial cells and other cell types positive for VEGFR-1 
gene expression (e.g. trophoblast cells). The following work report reflects our project data from the 
first four years followed by a different subproject worked the last two years. In this time we 
constructed several SP-C sflt-1 vectors for the generation of transgenic animals overexpressing sflt-1 
in their lungs. These new vectors have been carefully tested in vitro. We generated several chimeric 
transgenic embryos from different developmental stages to study their lung development. For the 
pronucleus injections DNA from both – the original SP-C flt-1 D1-6 and some new plasmids have 
been used. Further, we put much effort into the analyses of the resulting transgenic embryos. Finally, 
all this studies on RNA and protein level could show that the transgene expresses the soluble 
receptor protein at a very low level and no histological changes in the lung vasculature could be 
found. This was finally confirmed by studies on lung metastasis, where a decrease of tumour 
angiogenesis or tumour growth could not be detected.  

The aim of the second project which is still running is the establishment of a mouse model for 
preeclampsia regarding the hypothesis that symptoms are provoked by a systemic overexpression 
and increase in the circulation of the soluble receptor molecule sVEGFR-1/sFlt-1. We were able to 
show that a titer of 5x108 plaque forming units of Ad-sFLT1 injected in mice induces an effect in the 
glomerular endothelium. That could be demonstrated by kidney sections of sFLT1 treated mice 
showing a partial occlusion of capillary loops of juxtamedular glomeruli, probably as a result of the 
swollen endothelium and mesangiom. Electronic microscopy was performed to detect further 
characteristics of glomerular damage like basal membrane splitting. Finally, our results indicate that a 
titer of 5x108pfu Ad-sFLT1 induces glomerular damage in treated Balb/c mice. Therefore we are 
confident that we have established the mouse model to investigate the imbalance of angiogenic 
molecules in the circulation. These studies will be followed including blood pressure measurements 
after induction of preeclampsia and reduction of preeclamptic symptons in animals by the treatment 
with neutralizing antibodies and corresponding ligand to the soluble receptor protein. 
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INTRODUCTION 
The formation of the vascular system is regulated by endogenous positive and negative acting 
signaling molecules. These are growth and differentiation factors together with an increasing amount 
of specific inhibitors and modulating molecules. Positive acting regulators of the development of the 
vascular tree are all members of the vascular endothelial growth factor (VEGF) family together with 
the members of the angiopoietin (Ang) family. A natural occurring soluble form of the VEGFR-1 
(sVEGFR-1) is a classical example of an endogenous produced inhibitor of VEGF action and it is 
used for fine tuning of VEGF bioavailability. The soluble receptor contains all structural information 
for the high affinity binding of VEGF-A, VEGF-B and PlGF. 

The soluble receptor can be detected in the conditioned media of human primary endothelial cell, 
VEGFR-1 positive tumour cells and cells isolated from the placenta. This form is biological active and 
sequesteres VEGF as determined by Far Western studies, chemical cross-linking with iodinated 
VEGF and acts as a VEGF antagonist for binding studies. We have started to develop a transgenic 
mouse system where the overexpression of the sVEGFR-1 in the lung under control of the SP-C 
promoter will be studied.  

The initial steps on the first part of the project was to develop different construct for the 
overexpression of sflt-1 in the lung of mice. In the last work report two years ago (1. founding period) 
we reported the first steps of the beginning transgenic SP-C sflt-1 mouse project. At that time point 
we had constructed our  SP-C flt-1 D1-6 SV40pA plasmid, which was based on the eucaryotic 
expression vector  pSP-C-SV40pA (a generous gift from J.A. Whitsett, Cincinnati, Ohio, USA). The 
pSP-C-SV40pA vector contains a 3.7kb fragment of the human SP-C (surfactant protein C) promoter 
and the SV40 small T intron and polyA. The SP-C promoter permits expression in the alveolar 
epithelial type II cells of the mouse lung from embryonic day E13 on. The human SP-C promoter has 
been used so far successfully to overexpress different proteins like the diphtheria toxinA (Korfhagen 
et al., 1990), TNF-alpha (Miyazaki et al., 1995), TGF-beta1 (Zhou et al., 1996), Sonic hedgehog 
(Bellusci et al., 1997), VEGF (Zeng et al., 1998), PDGF (Hoyle et al., 1999) and FGF-10 (Clark et al., 
2001). Into the pSP-C-SV40pA expression cassette the extracellular IgG-like domains D1-6 of the 
human flt-1 (VEGFR-1, D1-6) cDNA had been cloned.  

Two years ago, we had been able to generate 4 viable transgenic SP-C flt-1 D1-6 mouse 
founders, which bred already in the F1 generation. These transgenic SP-C flt-1 mice seemed to be 
phenotypically normal. After controlling the SP-C flt-1 transgene integration, the lungs from founders 
(F0) and F1 animals had been analysed with Northern blot, RT-PCR, Western blot and ELISA 
(mVEGF, total hFlt-1). We could reveal, that the lungs of the SP-C flt-1 mice were expressing the 
transgenic human flt-1 mRNA, but we had not been able to detect any human Flt-1 protein – neither 
in the Western blot nor in the total hFlt-1 ELISA. Further, analyses had been undergone with chimeric 
transgenic embryos from embryonic day E16.5. Again these embryos could be positively detected for 
the transgenic hflt-1 mRNA in the  RT-PCR (RNA isolated from whole embryos), but we could not 
show a hFlt-1 protein expression in Western blot or total hFlt-1 ELISA . 

The following work report (2. founding period) reflects our project data from the last two years. In 
this time we constructed new SP-C flt-1 vectors to overcome certain problems we have had with the 
original expression vector. These new vectors have been carefully tested in vitro. We generated 
several chimeric transgenic embryos from different developmental stages to study their lung 
development. For the pronucleus injections DNA from both – the original SP-C flt-1 D1-6 and the new 
– plasmids has been used. Further, we put much effort into the analyses of the resulting transgenic 
embryos. That included to establish immunohisto-chemical methods, which had not been used 
before in our laboratory. Thus the following work report summarizes and discusses all our recent 
data concerning the transgenic SP-C flt-1 mouse project. 
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The aim of the second project (last funding period) is the specific modulation and blockade of the 
ligand/ sFLT1 interaction in a mouse model for preeclampsia (Maynard et al., 2003). In a first step a 
preeclamptic state will be simulated by adenoviral overexpression of the soluble receptor molecule. 
Afterwards the angiogenic balance should be modified by adenoviral co-overexpression of regulators 
like VEGF-A and PlGF-2. In the next step the ligand/ sFLT1 interaction will be neutralized via an 
antibody against the soluble receptor. Therefore adenoviruses have to be produced used for the 
mouse model, a neutralizing anti-FLT1 antibody should be developed by construction of a immune V-
gene phage display library and produced adenoviruses as well as the blocking antibody should be 
applied in the mouse model. 
 
METHODS 
Cell culture 
For cell culture experiments we used human and mouse primary endothelial cells. Human endothelial 
cells were either purchased from PromoCell (Heidelberg) or from Cambrex (Belgien). Adenovirus 
preparation was done with wt low passage 293 cells using standards protocols. For adenovirus 
protein production we used A549 cells. Mouse tumour cell lines and primary cells from lung were 
cultured in standard medium according to the supplier of the cells. 
 
Molecular cloning and PCR 
Molecular cloning was done according to the standard laboratory protocols for subcloning and 
sequencing. PCR and RT-PCR was done using different primer sets and primer pairs  for mouse and 
human cDNA and genomic DNA (e.g. sflt-1, flt-1, VEGF-A, SP-C, PlGF, KDR/flk-1). 
 
Transgenic animals 
All blastocyst injections in order to generate transgenic mice were done in collaboration with Dr. 
Urban Deutsch in the mice fascilities of the MPI in Bad Nauheim. Tail clip analysis of newborn mice 
were done using PCR and genomic DNA. Transgenic founder animals were kept in Bad Nauheim 
and in Braunschweig. Embryos from transgenic animals for structural analysis and protein detect 
were prepaired on day E16.5 and E18.5. 
 
Phage display library 
The construction of native phage display libraries was done with cDNAs from mice immunizied with 
soluble VEGFR-1. The generation of light and heavy chain fragments with specific primers was done 
using a kit from Amersham Pharmacia ( Expression module recombinant phage antibody system). 
Additionally primers for heavy and light chain amplification have been used according to published 
reports. 
 
Adenovirus preparation 
Adenovirus production in 293 wt low passage cells and purification using CsCl gradient centrifugation 
was done using standard protocols established in our institution since many years. The titer of the 
virus preparation was estimated by serial dilution assay and indicated as pfu/ml. The production of 
the recombinant proteins after infection were documented by Western blot and quantified by ELISA 
assay. All ELISA assay for total and free sFlt-1, total and free VEGF-A, KDR and VEGF-C are 
established in our group in the last 6 years.  
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Animal model for preeclampsia 
For all experiments female Balb/c mice were used 10-11 week old with full developed gomerulus 
structures. Virus preparations were dialysed against low salt or high salt buffer and injected (50-100 
μl) into the tail vein of mice. Mice were sacrified on day ten or day twenty after adenovirus injection. 
Urine and blood samples were collected and frozen. Kidneys and livers were removed and one half 
used for paraformaldehy fixation and the other half stored at -70°C for structural and histochemical 
analysis. 

 

RESULTS 
1. The Transgenic mouse project 
1.1 Construction of the SP-C flt-1 expression plasmids 
We started the transgenic mouse project with the working hypothesis that the angiogenic factor 
VEGF-A must be very well regulated in the body in order to develop and maintain the blood system 
in a proper manner. The soluble VEGFR-1 (sFlt-1) is believed to be a crucial part in this balance. As 
a model we have chosen the mouse lung with its wide capillary network. During lung development 
endothelial cells invade the lung mesenchyme, coming into close proximity to the developing 
epithelial cells and growing with them simultaneously to the edges of the tissue. This process 
implicates, that both cell types influence each other. We hypothesize, that VEGF-A will be an 
important part of that process. So we asked, what would occur, if the epithelial cells overexpress and 
secrete the VEGF antagonist sFlt-1?To elucidate the role of sFlt-1 (VEGFR-1, D1-6) in the 
developing mouse lung we decided to design constructs, which drive the human sflt-1 gene (cDNA) 
under control of the human  SP-C (surfactant protein C) promoter. The resulting protein should be 
expressed in the mouse lung in alveolar type II cells from embryonic day E13 on. 

 

 

 

 

 

 
Fig. 1: Constructs for overexpression of sFlt-1 under control of the SP-C promoter. The original construct 
(A) contains - as described earlier - the human flt-1 D1-6 cDNA under control of the SP-C promoter (Fig.1). The 
second group of constructs (B) is based on the same ex-pression cassette (pSP-C-SV40pA), in which either the 
human flt-1 D1-6 or the human sflt-1 (native sflt-1: splice variant) cDNA has been fused to the genomic human 
Fcγ tag (receptor globulin protein) resulting in a flt-1 D1-6 Fc exon/intron chimera or a sflt-1 Fc exon/intron 
chimera. The constructs (B) offer the great advantage that one can distinguish between the genomicaly 
integrated transgenic DNA and the resulting expressed RNA (primers A+C). 
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1.2 Generation of transgenic SP-C flt-1 mice 
To generate transgenic SP-C flt-1 mice a purified promoter-gene-cassette from the SP-C flt-1 
plasmids was microinjected into the pronucleus of fertilized oocytes. From these injections we 
obtained various embryos at different stages (E16.5, E18.5, P1) and four viable founders (from 
construct A, chapt.1.1). Two of the lines from construct (A) breed now in the F5 generation. All 
animals were tested for the transgene via PCR analysis from tail clip DNA. 

 

1.3 Analysis of transgenic mice 
Relatively early in this project, we were able to generate 4 viable founders for them SP-C flt-1 D1-6 
construct. Three of these founders bred to the F1 generation, from two of them we could obtain 
transgenic lines (14380, 14377). 

The lungs from founders and heterozygous transgenic F1/F2 mice were analysed for flt-1 mRNA and 
protein expression.  

For the RT-PCR reaction mRNA from mouse lungs was isolated and transcribed into cDNAs. The 
expression of the transgenic human flt-1 mRNA in the F0 and F1 mice is relatively low, but all 
analysed transgenic mice showed a specific positive signal in the RT-PCR (Fig. 2).  
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Fig. 2: RT-PCR reactions from different mRNAs from mouse lungs. The analysed F0 and F1 transgenic SP-
C flt-1 mice all expressed a human flt-1 mRNA. Still we could not find an obvious phenotype in the tested 
animals. Therefore we focused our work on the detection of the transgenic human Flt-1 protein via 
immunohistochemistry. 
 

One of our major problems during the transgenic mouse project was to find an anti-human Flt-1 
antibody, which was specific against the human Flt-1 but did not detect murine Flt-1. Though we 
tested several anti Flt-1 antibodies in the immunohistochemistry: 1) A suitable candidate seemed to 
be the mouse monoclonal Flt-19 (e.g. SIGMA) antibody. That antibody works perfectly in the anti 
human Flt-1 ELISA and it recognizes Flt-1 on human placenta cryosections. This antibody has 
several disadvantages – it does not recognize Flt-1 after Super oxide (H2O2) treatment, after 
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Methanol or Paraformaldehyd fixation and it makes a relatively high background in murine tissues, 
especially in embryo tissue. Additionally it seems, that the Flt-19 antibody also recognizes murine Flt-
1. 2) There is another monoclonal antibody from rat – the MF-1 antibody from Imclone, which is not 
commercially available. That antibody is, unfortunately specific for murine Flt-1 and does not 
recognize human Flt-1. 3) Further, we tested several mouse monoclonal antibodies from our lab and 
from R&D. They all did not work on human placenta cryosections and thus do not recognize human 
Flt-1. 4) Our last attempt was to antigen affinity purify a rabbit polyclonal anti Flt-1 antibody from our 
lab against human Flt-1. Also this antibody could not distinguish between human and murine Flt-1. 
Next to the antibody testing we also tried different immunohistochemical procedures, e.g. Biotin-
Streptavidin-HRP or Biotin-Streptavidin-AP based protocols or immunoflourescences. 
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Fig. 3: Detection of human Flt-1 protein in a few type II cells in the lung of adult transgenic mice. 
Finally, we have been able to detect human Flt-1 protein in a few type II cells in the lung of adult transgenic mice 
(Fig. 3). For the immunohistochemistry the lungs were infiltrated and embedded with OTC compound, frozen 
and cut at a cryotom into 6-10µm cryosections. These cryosections were exclusively Acetone fixed. For the 
detection of the human Flt-1 protein the mouse monoclonal Flt-19 antibody in a Biotin-Streptavidin-AP based 
method (Immunotech) was used. Nevertheless, we had to realize, that we could not detect human Flt-1 
expressing  type II cells in every transgenic mouse. That means, although all examined transgenic lungs 
synthesized the human flt-1 D1-6 mRNA, not all transgenic lungs could be stained positively for a human sFlt-1 
signal, and within the positively stained lungs only less than 1% of all type II cells could be revealed as 
overexpressing cells. Thus it remains, that the detection of the human sFlt-1 protein in the transgenic mouse 
lungs is a critical point within our project. 
 

1.4 Summarizing embryo data 
In chapt.1.3 we stated, that we have been able to generate viable transgenic SP-C hFlt-1 mice. 
These mice transcribed a hum. Flt-1 D1-6 mRNA and overexpressed the protein in rare cases in a 
few alveolar type II cells in the lung. But the lung phenotype in these transgenic mice seemed to be 
not affected. That was the beginning of our embryo work, which we started with several questions, 
listed in chapt.1.5. We wanted to know, if the lack of an obvious phenotype in the adult transgenic 
human Flt-1 mice could be due to a very mild phenotype in the surviving transgenic mice or due to an 
embryonic phenotype, which is rescued during the first days of the newborn mouse.  

Several embryos at the stages E16.5, E18.5 and P1 (newborn) have been generated with 
different SP-C flt-1 plasmids (chapt.1.1, p2) and analysed. For the generation of these embryos the 
frequency of transgenic embryos after the pronucleus injection was in most cases much better than 
for the first chimeric founder mice (table p6, chapt.1.3). Though we concluded, that we did not loose 
transgenic Flt-1 embryos before birth. That would enable us, to have a broad variety of Flt-1 
expressing transgenic pups with differently pronounced phenotypes. 

Our first attempt was to analyse E16.5 embryos. Some but not all of the transgenic embryos 
expressed the human flt-1, as shown in RT-PCR. That is a normal phenomenon for transgenic 
animals, because the transgenic DNA is randomly integrated into the genome, thus being influenced 
by the genomic background and the transcriptional activity of the integration site. Further, even at a 
defined E16.5 stage do not all embryos have exactly the same develop-mential level. Since the SP-C 
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positive cell islands just start to appear, it might be, that some of the embryos still do not express 
enough flt-1 mRNA from the SP-C promoter to be detected with our RT-PCR. Anatomically and 
immunohistochemically there had been no differences between wildtype and transgenic human Flt-1 
embryos. The detection of the human Flt-1 on the lung tissue had not been possible, because of the 
lack of a proper anti human Flt-1 antibody. 

Between E16.5 and E18.5 the lung undergoes several changes: the terminal buds dilate and the 
mesenchyme thins. The developing pulmonary vasculature comes into increased proximity to the 
epithelial cells in the periphery. Though we proceeded the experiments with E18.5 embryos. Both, 
the wildtype (WT) and the transgenic human Flt-1 lung show a distinct pattern with well organized 
tubules and a well organized capillary network at that developmental stage. First time we could 
observe with these embryos a slight difference between WT and transgenic lungs: Some of the 
transgenic lungs appeared to look more fragile, the terminal buds and saccules seemed to be 
enlarged, the alveolar septa appeared thinner. As mentioned before, only a few embryos showed – 
corresponding to different genomic integration sites – that phenotype. Unfortunately, we were again 
not able to detect the human Flt-1 on the sections because of the lack of a proper antibody. 

Finally, we turned to newborn P1 embryos, which were delivered via Caesarean section after 
E18.5–E19 and animated to breathe. For the generation of these P1 embryos also new     SP-C flt-1 
plasmids were cloned: They were designed as SP-C flt-1 Fc exon/intron vectors, which express a 
spliced Flt-1 Fc mRNA, thus distinguishing between genomically integrated plasmids and the mRNA. 
Further, the human Flt-1 protein is expressed as a chimeric human Flt-1 Fc protein, which should 
enable us to detect the human Fc tag within the murine background with specific antibodies.  

The frequency of transgenic embryos after the pronucleus injection was this time relatively low 
with 13%. Nevertheless, we could isolate 5 transgenic Flt-1 Fc embryos, which were all healthy 
during the first 2 hours after birth and had no respiratory problems. All these 5 transgenic P1 pups 
expressed the transgenic human flt-1 Fc mRNA, as we could clearly show with RT-PCR. 
Anatomically and histochemically there is only little difference between wildtype and transgenic 
embryos: Some of the transgenic lungs appear to look more fragile, the alveoli are enlarged and the 
alveolar septa appear thinner. The same observations we have had already studying E18.5 embryos. 
Our attempt to use the Flt-1 Fc chimeric protein for better transgene detection did not succeed: None 
of the anti-human Fc antibodies could visualize a phenotypical difference between wildtype and 
human Flt-1 Fc transgenic animals. Further, we could not use the anti human Fc ELISA for the 
detection of the human Flt-1 Fc protein in mouse lungs, because the expression values had been 
under the detection limit. 

Consequently we decided to undergo morphometric analyses for the P1 pups, which were 
analysed for its amount of alveoli, the number of alveolar type II cells, the ratio of type II cells per 
alveolus, the largest alveolar extension and the thickness of the alveolar septa. Most of the 
parameters were similar between wildtype and human Flt-1 transgenic embryos. Interestingly we 
could observe, that wildtype pups have only 75% of the alveoli measured in transgenic embryos. 
While exhibiting the same number of alveolar type II cells, that leads to a different ratio of type II cells 
per alveolus: 9.8 cells in wildtype and 6.8 cells (69%) in transgenic P1 pups, respectively. Further, 
the transgenic P1 pups happen to have thinner alveolar septa than their littermates. All these results 
emphasize the previous observations, that some of the human flt-1 transgenic embryos appear to be 
more mature than their wildtype littermates.  

Summarizing the results we could obtain with the embryo experiments, we have to conclude, that 
SP-C promoter driven flt-1 constructs are not able to induce a clear phenotype in the mouse lung. 
Either the SP-C promoter used could not permit a really high expression of the human flt-1 
transgene, or the secreted human Flt-1 was not stable in the lung environment or the overexpression 
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of human flt-1 was tolerated in the murine lung during embryonic development. A really critical point 
in our project had been the circumstance, that we were not able to detect the transgenic human Flt-1 
protein in our transgenic animals, except for the results we could generate with adult lungs, were the 
Flt-19 antibody detected a very few overexpressing alveolar type II cells in some transgenic mice. 
That convinced us, that the  SP-C constructs we used, did not allow a high expression of the human 
flt-1, thus being not optimal for an overexpression of human Flt-1 in the murine lung. One evidence 
for that fact had been the failure, to detect the transgenic human Flt-1 at least as Flt-1 Fc protein with 
specific anti human Fc antibodies. 

Nevertheless, there seems to be a mild phenotype due to the additional expression of human Flt-
1 in the murine lung: a slightly advanced maturation of the alveoli between E18.5 and the first days of 
birth. To verify these data, it would be necessary to analyse more transgenic and wildtype embryos 
and to evaluate the results statistically. 

Finally, we can answer the question we started with in chapter 1.5 at least partially: Transgenic 
human Flt-1 embryos do not die at birth because of a respiratory dysfunction. If there is a human Flt-
1 specific phenotype, it is a rather mild phenotype, which does not affect the functionality of the 
murine lung. The embryo experiments brought us a little bit closer to a possible Flt-1 phenotype, but 
without analysing larger numbers of embryos it is not possible to verify the results statistically. 

 

1.5 Tumor growth in SP-C human flt-1 mouse lungs 
Finally, we would like to report about a tumor experiment we have done with our transgenic SP-C 
human Flt-1 mice. That experiment was performed as a single test experiment in collaboration with 
the animal facility at the GBF.  

It is known for a long time, that many tumors produce high amounts of VEGF. We have generated 
transgenic mice, which should express human Flt-1 (D1-6) under control of the  SP-C promoter in the 
murine lung. Though we have been interested, if the expression / overexpression of the VEGF 
antagonist human sFlt-1 would influence the settling and the growth of tumor cells. Even if we can 
hardly measure a human Flt-1 expression in these transgenic mice, we wanted to test, if the SP-C 
controlled human Flt-1 expression could be activated / challenged with tumour cells, thus preventing 
the settling of tumors in the lung. 

To induce tumour growth in the lungs of the SP-C flt-1 D1-6 mice we have been using the  B16 
F10 cell line. The B16 F10 cell line is a black melanoma cell line originated from C57BL/6J mice, 
which is tumourigenic in syngeneic mice (Fidler, 1973, 1975; Fidler & Kripke, 1977). If the B16 F10 
cells are injected through the tail vein into a syngeneic mouse they induce primarily tumours in the 
lung (Fidler, 1974; Fidler & Kripke, 1977). 

Our transgenic mice obtained from pronucleus injections are generated in a mixed C57BL/6 / 
CBA background. To get syngeneic mice for the experiment with the B16 F10 cells it was necessary, 
to breed the mice out against the C57BL/6 background over several generations. Heterozygous 
transgenic SP-C flt-1 D1-6 mice and wildtype littermates in the F4 generation against C57BL/6 
background turned out to be suitable for our B16 tumour experiments. For the injection of B16 F10 
cells both transgenic founder lines (14377 and 14380) have been used. 

For the founder line 14380 nine SP-C flt-1 D1-6 transgenic mice and 3 wildtype littermates were 
injected. For the 14377 founder line eight SP-C flt-1 D1-6 transgenic mice and 3 wildtype littermates 
were used. All animals were between 8 – 12 weeks old and healthy, when injected into the tail vein 
with 1x106 B16 F10 cells/ml saline (2x105 cells/200µl). The mice of the 14380 founder line were kept 
for 4 weeks post injection, the 14377 founder line animals 3 weeks following injection. Afterwards the 
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mice were killed. The lungs were isolated, examined for tumor growth and photographed. Every 
analysed mouse was genotyped again via PCR to verify the transgenic or wildtype phenotype. 

As the table summarizes, every mouse was injected with up to 200 µl of B16 F10 cells (2x105 
cells). But not all mice developed tumors. There had been transgenic and also wildtype mice without 
tumors. One possible explanation for the failure of tumor development in these animals might be due 
to the mouse strain background: The transgenic mouse lines originated – like mentioned before – 
from a C57BL/6 / CBA background, which was in the F4 generation of backcrossing against 
C57BL/6. It is possible, that some of the wildtype and transgenic mice in that generation are still not 
completely syngeneic for the C57BL/6 B16 F10 cells. Their immunosystem recognizes the B16 F10 
cells as foreign cells and develops an immunoreaction against them, thus preventing the settling of 
tumour cells and tumour growth. In the following evaluation we therefore focuse only on mice with 
tumours. 

The B16 F10 injected mice were analysed for the number of tumors, their size and the formation 
of metastasis. Diagr.A shows the number of tumors for the individual mice. We could count between 
1 and 18 tumors of different size, which had been either white or black. The mice of the founder line 
14380 exhibited in general more tumors than animals from the founder line 14377. That could be due 
to a technical aspect: The 14380 mice were in average 1-2 weeks older and larger than 14377 mice, 
and it was easier to inject them into the tail vein with more B16 F10 cells. 
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Fig. 4: Number of lung tumors in different transgenic mouse lines 
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Table 1 

average 

of all positive WT lungs 6.8 tumors transgenic lungs 6.4 tumors 

after 4 weeks 
(founder 14380) 

WT lungs 5 tumors transgenic lungs 8.1 tumors 

after 3 weeks 
(founder 14377) 

WT lungs 12 tumors transgenic lungs 3.2 tumors 

 

Table 1: Summary of the results from the diagram concerning tumor numbers. If we compare 
wildtype and transgenic lungs in respect to their tumor spots, there is not much difference between 
wildtype and transgenic animals: Wildtype and transgenic mice developed tumors. In average we 
could count in wildtype 6.8 and in transgenic animals 6.4 tumors at the affected lungs. There are 
some differences in tumor number between the founder lines 14380 and 14377: While in the 14380 
line the wildtype mice have less tumors than the transgenic mice (5/8.1), the 14377 line exhibits more 
tumors in the only wildtype mouse. We are very careful with these results, because we performed 
that experiment only with a few animals which probable have not all been syngenic jet. The important 
result for us had been that transgenic mice express tumors at a similar rate as wildtype littermates. 

Table 2 

average 

of all positive WT lungs 3.8 mm transgenic lungs 3.4 mm 

after 4 weeks 
(founder 14380) 

WT lungs 3.7 mm transgenic lungs 3.3 mm 

after 3 weeks 
(founder 14377) 

WT lungs 4 mm  transgenic lungs 4.5 mm 

 

Table 2: Tumor size is again very similar if we compare wildtype and transgenic animals. In average 
the largest wildtype tumor is 3.8mm, the largest transgenic mouse tumor 3.4mm. For the just 
discussed parameter there is only a slight difference between both founder lines. In the line 14377 
the largest tumor is in average a little bit larger than in the 14380 line (4.5 / 3.3mm), what could have 
been caused by the smaller amount of tumors in the lung. Overall, in both founder lines very small 
tumours (1mm) and relatively large tumors (6-8mm) could be found. 

Finally, we want to discuss the grade of metastasis within the breast area. Tumour growth was 
very divergent in the animals analysed. As we could detect different numbers of tumour spots and 
different tumour sizes, we could also detect a very divergent degree of metastasis formation. Some 
of the tumour bearing mice had no metastasis, some had severe metastasis formation. 
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Table 3 

average 

of all positive WT lungs 2.9 transgenic lungs 3 

after 4 week  
(founder 14380) 

WT lungs 2.7 transgenic lungs 3.4 

after 3 weeks 
(founder 14377) 

WT lungs 3.5 transgenic lungs 1 

 

Table 3: For the metastasis formation the time of tumour growth (3 or 4 weeks) is an important factor. 
The mice have been injected in 2 series (founder line 14380, founder line 14377). None of the 
injected mice showed symptoms from the tumour growth, but we found, that some of the animals had 
developed massive tumours and metastasis after 4 weeks. Therefore we decided to shorten the 
tumour growth time from 4 weeks in the first series (founder line 14380) to 3 weeks in the second 
series (founder line 14377). The settling of tumour cells in the lung should not be affected by this 
change. But we see clear differences in the grade of metastasis: While animals from the 14380 
founder line show particularly severe metastasis formation with grade 4 to 5, the animals of the 
14377 line exhibit metastasis only in 2 mice with a 1 to 3 degree. If we compare wildtype and 
transgenic lungs there are grad 2.9 metastasis in wildtype to grad 3 metastasis in transgenic lungs in 
average. Though we consider, that the transgenic lungs have not only a similar number of tumor 
spots, but also a comparable sensitivity for metastasis formation. The following pictures give an 
overview over the different tumour expression on the murine lungs of the SP-C flt-1 D1-6 x C57BL/6 
F4 transgenic (T) and wildtype (WT) mice (Fig. 5).  
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Fig. 5: B16 F10 lung tumors 4 weeks after injection (14380 founder line) 
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2. The preeclamptic mouse model 

2.1 Construction of msFLT1 adenovirus 
In the mouse model the use of a foreign protein in the mouse (human sFLT-1) may lead to artificial 
results attributed to fast protein degradation or not assessable immune response. To evaluate results 
obtained with adenoviral shuttles bearing human sFLT-1we additionally started to design a shuttle 
vector for infection and in-vivo-expression of mouse sFLT-1. The mouse sFLT-1-protein in this vector 
is fused to an antibody Fc-domain to ensure higher stability and lower clearance of the recombinant 
protein. 

For the expression of the msFLT1 the adenoviral expression vector pGEM IRES eGFP, 
containing an E1/ E3- deleted viral genome, was choosen. The expression vector was already 
established and originally generated by Dr. W. Lindenmeyer as basis for the construction of 
recombinant adenoviruses for several other projects. The vector contains a CMV– promotor, an 
SV40 small T intron and polyA site from pKC4, and an IRES (internal ribosomal entry site) in front of 
the eGFP reporter gene (enhanced green fluorescent protein) in a pGreenLantern based backbone 
plasmid (GibcoBRL). The CMV-promotor permits expression in 293HEK cells, a human kidney 
cancer line that encloses the E1 and E3 fragment of adenoviral genome responsible for replication of 
the virus. 
The mouse cDNA coding for the first 7 IgG-like domains of the mflt1-gene was isolated from the 
baculoviral vector pVL1393msFLT1 D7-hFc, which has already successfully used for synthesis (Dr. 
B.Barleon, RELIATECH, Braunschweig). Two strategies were used for subcloning the gene from the 
baculoviral vector pVL1393msFLT1 D7-hFc: i) isolation by restriction digest and ii) isolation by 
amplification of the gene.  

The cloning strategy is shown in detail in Fig. 6. Since the sequence of the sFLT1 gene contained 
many restriction sites we decided to isolate the gene in two fragments: the fragment coding for sFLT1 
(EcoRI-MluI, 2273bp) and the fragment coding for the antibody Fc-domain (MluI-XbaI, 693bp). To 
allow subcloning of these fragments the adenoviral expression vector pGEM IRES eGFP was 
modified: The MfeI and the PciI restriction site were deleted to permit introduction of additional 
restriction sites into the multiple cloning site. An AvrII-XmaI adapter, generated by annealing of two 
76bp-oligos, inserted additional restriction sites (MfeI, PciI, NheI) into the expression vector. To yield 
the final construct both the fragment coding for the msFLT1 gene and the fragment coding for the Fc-
domain were ligated in parallel into the modified adenoviral expression vector by MfeI-EcoRI and 
NheI-XbaI. Ligated fragments were afterwards transformed into competent cells, either chemical 
competent E.coli DH5alpha or electrocompetent E.coli TG1. Clones received from transformation 
were verified by restriction digest. Transformation was not successful until now. Reasons for that 
could be ineffective cleavage of restriction sites resulting in incomplete ligation. Further ligation of 
three fragments is a technique rarely used because of its complexity. A defined molar ratio between 
the fragments has to be found to get the circular construct. Therefore different ratios and formulas for 
evaluating ratios were tried to find the wanted ratio. Another point could be the fast degradation of 
ATP in the ligation reaction, important for the enzyme T4 ligase. In addition fragments used for the 
reaction were purified, nevertheless they could be contaminated either by deposits of column matrix 
after gel purification, or by residues of phenol known to inhibit ligation. 
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Figure 6: Cloning strategy for subcloning msFLT1 D7 hFC: Isolation of the gene by restriction 
digest followed by cloning two fragments of msFLT1 D7 hFc and the vector fragment in parallel. 
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2.2 Production of adenoviruses used into the mouse model 
Adenoviruses have been generated in our department together with Dr.W.Lindenmeyer for several 
other projects. In our mouse model we used Ad-eGFP acting as negative control, containing the 
gene for enhanced green fluorescent protein (eGFP) behind an internal ribosomal entry site (IRES) 
to monitor infection processes in-vitro. Further Ad-VEGF-A and Ad-sFLT1were also applied to the 
mouse model, constructed by using the Ad-eGFP construct as basis for cloning. The construction of 
adenoviral constructs was already published (Mayer et al, 2004). In addition to the generated viruses 
as described above we will use another negative control. The Ad-msFLT4-mFc contains a 
homologue tyrosine kinase receptor permitting signalling via VEGF-C and VEGF-D resulting in 
regulation of lymphangiogenesis. Hence overexpressed protein should not crossreact with regulators 
of angiogenesis and the inducer of preeclampsia used in the model. The pAd-msFLT4-mFc cDNA 
could be obtained by cooperation (G.Christofori, University Basel)  

A defined titer of viral particles is required to induce symptoms in the model described by 
preeclampsia. Therefore production followed by enrichment of viruses is required to yield adequate 
amounts of viral particles for several experiments. 
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Figure 7: Recombinant adenoviruses used in the mouse model. Detection of eGFP by fluorescence 
microscopic analysis in adenoviral infected 293HEK cells indicates expression of adenoviral introduced proteins. 
A) Ad COS 45-eGFP as control B) Ad 45 VEGF-A 165 IRES-eGFP C) Ad 45 sFLT1 D6 IRES-eGFP 
 

2.3. Establishment of a mouse model for preeclampsia 
So far, a rat model has been reported before for preeclampsia investigating the influence of excess 
sFLT1 (7). We decided to use a mouse model for preeclampsia.  

Within this model the preeclamptic state should be simulated by adenoviral overexpression of 
sFLT1. Rat models have the advantage that hypertension and renal defects can more easily 
measured. Compared to rats a wide range of tools is known to analyse mouse-derived materials. 
Preeclampsia is a pregnancy-associated disease whose symptoms are caused by excess sFLT1 in 
the maternal blood circulation, secreted by the placenta according to our work hypothesis. Indeed the 
placenta of mice is different from human but our work hypothesis focus on the overexpression of the 
soluble receptor molecule and the resulting symptoms, thus mice are adequate as model organism. 
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In addition mouse models are better established in our research centre and less adenoviruses have 
to be injected for sFLT-1 expression in the animals. The mouse model orientates on symptoms 
mainly described as preeclampsia that are caused by excess sFLT1 in the maternal blood circulation:  

i) the damage of the kidney  

ii) proteinuria 

ii) hypertension 

 

i) Damage of the kidney. The so-called Bowmans capsule, made from podocytes, surrounds the 
filtration capillaries of the glomeruli, the functional units of the kidney. During healthy pregnancy 
podocytes release VEGF-A, which is required for the maintenance of the fenestrated state of this 
sensible endothelium resulting. In the case of preeclampsia the released VEGF-A is bound by 
excess sFLT1, the fenestrated state cannot be maintained resulting in a decrease or loss of filtration 
of blood. This can be shown in histological sections by swollen endothelium combined with loss of 
capillary lumen and splitted basal membranes. The kidney is the organ with the highest amount of 
VEGF indicating a thight regulation. Therefore dysregulation of the VEGF level are first seen in the 
kidney. Hence we used the kidney as an indicator for the mouse model.  

ii) Proteinuria. In proteinuria globular proteins are found in the urine as a result of increased 
permeability of the glomerular endothelium.  

iii) Hypertension. Finally, hypertension is also detected due to the lack of the vasodilatory growth 
factor VEGF-A.  

The model reflects a state of VEGF-A dysregulation by binding to a soluble receptor molecule 
decreasing the protein level of the ligand. Further experiments are planned as already described in 
the proposal to modify the model by co-expression of different players in angiogenesis like VEGF-A, 
sFLT1 and PlGF. 

In a first step the titer of AdV-sFLT1 required for a distinct effect in the kidney had to be 
determined. As the amount of available virus was limited we decided to start with single mice till the 
essential titer is found. We chose female Balb/c mice, 4-6 weeks old, because kidney defect can 
easier be studied in this strain. Three adenoviral constructs were used: Ad- eGFP as negative 
control, Ad-VEGF-A as positve regulator and Ad-sFLT1 as negative regulator. The experiments were 
carried out as shown by the time course as in Fig. 8. 
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Figure 8: Time course of the preeclamptic mouse model.  
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Blood and urine samples were taken one day before injection of viruses, and at the end of the 
experiment, whereas blood were obtained by puncturing the retrobulbary vein. Viruses were applied 
diluted in PBS and two doses were used of each virus. For the eGFP virus we used only the high 
dose. One untreated mouse completed experimental set up. Viruses were generally applied to the 
mice by injection into the tail vein. Summarized we used six mice per experiment.  

TV 1: In the first experiment 50µL PBS containing 2,5x106 pfu, and 50µL PBS containing 7,5x106 
pfu of each virus were injected into the tail vein. All the six Mice were observed daily regarding 
behaviour and quality of skin and eyes to check health. After ten days blood and urine samples were 
taken again and mice were sacrificed. Liver and Kidney were removed and divided, one half shock 
frozen for RNA-preparations and analysis, the other half saved for histological sections by deposition 
in 10% formaldehyde pH 7.4.  

The defect in the kidney especially in the filtration units of the kidney is recognized in histological 
sections due to the lack of lumens as a consequence of occlusion of capillaries, the swollen 
endothelium. Further proliferative damage can be detected in an elevation of mesangiomal cells, 
fixing the capillaries. Membraneous glomerular nephritis can be found only by electronic microscopy 
(EM), and is characterized by splitting of basal membranes surrounding glomerular endothelium. EM 
was not used until first signs of kidney damage are seen by light microscopy indicating a strong and 
clear damage. Histological sections, EM and evaluation of sections were performed due to 
collaboration (Prof .Gruber, Dept Veterinary Medicine, University Berlin). In the end of the first 
experiment no defect could be observed described above.  

TV 2: A second experiment was performed using 0,5x108 pfu and 1x108pfu per mouse according to 
published data describing damage of glomerular endothelium in rats induced by 1x108pfu of sFLT1 
expressing adenovirus (7). But only slight morphologic differences in the glomeruli were detected in 
haematoxylin stained sections. Interestingly defects could be found selectively in juxtamedular 
located glomeruli. A reason could be that glomeruli located in the cortex are immature and therefore 
regenerate more than matured glomeruli.  

TV 3: Hence for the third experiment we used adult mice (11 weeks), and increased the titer of 
adenoviruses again injecting 3.5x108pfu and 5x108pfu per mouse. In this experiment the PBS diluted 
volume of sFLT1 virus injected in mice were augmented from 50µL to 150µL because of the high 
content of caesium chloride. In the end of this experiment, kidney sections of sFLT1virus injected 
mice showed occlusions of lumens of glomerular endothelium (data not shown). We performed EM 
sections but still waiting for the outcome. This was a good result but we had to show that the defect 
induced by overexpressed soluble receptor protein is reproducible.  

TV 4: To enforce the effect seen in experiment 3 we elevated viral concentration and tried to inject 
1x109pfu and 2x109pfu per mouse. Due to the low titer of sFLT1 virus preparation the content of 
caesium chloride was very high. Both animals died during injection. We suppose that caesium 
chloride displayed important ion pumps in the animals.  

TV 5: We decided to repeat experiment three injecting 3.5x108pfu and 5x108pfu per mouse, and 
could fortunately verify results obtained in this experiment (Figure 4: Methylenblue-stain).  

TV 6: As already mentioned the concentration of sFLT1 virus preparation was found to be the limiting 
factor. In order to circumvent this fact we repeated the experiment again but over a period of 20 days 
instead of 10 days expecting amplification of the defect. Investigation of sections showed same 
results observed in the last experiments (Figure 9: HE-stain). 
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Figure 9: Overexpression of sFLT1 induces glomerular endotheliosis.  
Histological analysis of renal tissue of adenoviral treated mice: Representative glomeruli were selected. 
Methylenblue-Azure-stain: synthetic resin sections, 1µm thick, magnification 40x. Black arrowheads show 
open lumens of glomerular capillaries filled with erythrocytes. White arrowheads show occlusions of glomerular 
capillaries indicating a swollen endothelium as consequence of dysbalanced VEGF level provoked by sFLT1 
overexpression. Haematoxylin-Eosin (HE)-stain: marks preferentially nuclei, paraffine sections 3-5µm thick, 
40x magnification, display closed capillaries compared to the Ad-eGFP treated animal, no rise of mesangiomal 
ncuclei could be detected. Semiquantitative analyses were carried out by the pathologist mentioned above: 0: 
no damage, +: low-grade damaged, ++: moderately damaged, +++: high-grade damaged. 
 
 
DISCUSSION 
During the first 4 years of the project we generated two transgenic SP-C flt-1 D1-6 founder lines 
which breed now in the F5 generation. Further, we generated several chimeric SP-C flt-1 embryos at 
the embryonic stages E16.5, E18.5 and P1. Different SP-C flt-1 have been used. As an example the 
SP-C flt-1 Fc exon/intron constructs have been tested for their in vitro function. They could be verified 
at the mRNA and protein level to be functional – though the expression was relatively low. 

Via RT-PCR we could verify, that most of the generated human Flt-1 transgenic mice expressed a 
human flt-1 mRNA. But between all of these animals we could only detect the transgenic human Flt-1 
protein in some adult F0 and F1 transgenic mice. They expressed the transgenic Flt-1 protein in a 
few (1%) alveolar type II pneumocytes.  

From the very beginning the critical point of our project had been the problem to detect the 
transgenic human Flt-1 protein in transgenic mice. This was partially due to difficulties with the anti 
human Flt-1 antibodies, which either recognized human and murine Flt-1 at the same time or gave a 
high background in mouse embryos. In one of our embryo experiments we switched therefore to new 
SP-C flt-1 constructs with a human Fc tag. These plasmids would express a human Flt-1 Fc protein, 
which could be detected with a suitable anti human Fc-tag antibody. None of the antibodies could 
reveal any difference between wildtype and transgenic embryo, though also that approach failed. 

Tumor induction experiments with mice from the 14380 and 14377 founder lines have shown, that 
transgenic SP-C flt-1 D1-6 mice express tumors to a similar degree like their wildtype littermates. 
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Starting this study our main question had been, if the expression of human Flt-1 in the transgenic 
mouse lungs could prevent tumor cell settling and tumor growth. Now we can answer, that the week 
human Flt-1 expression has no effect on tumor growth. Further it seems, that human Flt-1 expression 
cannot be enhanced after the injection of tumor cells.  

There is a slight evidence for the exhibition of a human Flt-1 related phenotype: Some of the 
transgenic embryonic lungs at E18.5 and P1 looked more mature than the lungs of their wildtype 
littermates. The morphometric analyses revealed, that these transgenic lungs have more alveoli and 
thinner alveolar septa. Overall these lungs are better unfolded and aerated, leading to a better gas 
exchange directly after birth. But between all analysed transgenic embryos only a few embryos 
exhibited that special phenotype. Further, we could – even in these embryos – not detect the human 
Flt-1 protein. 

Another attempt to detect the transgenic human Flt-1 protein in mouse lungs was the tissue 
culture of transgenic lungs. Transgenic lungs from E18.5 embryos were taken into cell culture. There 
mainly the type II cells proliferate. The supernatants were analysed for its human Flt-1 content via 
anti human Flt-1 ELISA. That experiment, which had been done so far only ones, revealed that 
primary transgenic lung cells secrete human Flt-1 into the cell culture medium 4 weeks after starting 
cell culture. With 90-220 pg/ml the sFlt-1 values had been relatively low, but significant compared 
with the wild type littermate culture supernatants (13-38 pg/ml). 

Though, we have to conclude, that we are not able with the existing SP-C flt-1 plasmids to 
generate human sFlt-1 expressing mice or embryos, which overexpress the transgenic protein in 
alveolar type II cells. The SP-C flt-1 plasmids we have used permit a low human Flt-1 expression – 
as we can measure with the RT-PCR. We could detect a few alveolar type II cells in F0 and F1 adult 
mice expressing human Flt-1. We could identify a slightly chanced phenotype in some transgenic 
E18.5 and P1 lungs being more mature, better unfolded and aerated. And we could measure human 
sFlt-1 in primary cell culture supernatants from transgenic lungs. Finally, we have to ask the 
question, if an overexpression of human Flt-1 in the murine lung would have any effect on the 
development of the mouse lung and its phenotype, because it seems, that the lung tissue may be 
able to tolerate the additional expression of sFlt-1 to a certain degree.  

In the last two years we started a different animal model concerning the adenoviral 
overexporession of sFlt-1 for the induction of preeclamptic symptoms in mice. The aim of the last 
project was the establishment of a mouse model for preeclampsia regarding the hypothesis that 
symptoms are provoked by an overexpression of the soluble receptor molecule FLT1. Therefore the 
sFLT1 protein should be adenoviral overexpressed and in the resulting model we wanted to modify 
the balance of aniogenic molecules regarding the FLT-1 pathway by adenoviral co-overexpression of 
regulators and blockade of the sFLT1 by an antibody. For this reason a blocking anti-FLT1 antibody 
should be developed, recombinant adenoviruses produced and a mouse model established using the 
adenoviruses and the antibody. 

From the beginning the critical point of our project has been the virus production being the major 
precondition for the mouse model. As an Ad-sFLT1 was available, we additionally started to produce 
an adenovirus containing the mouse sFLT1 combined with the Fc-domain expecting more stability 
and a lower clearance during experiments with mice. First we tried to clone the msFLT1 D7-hFc 
gene, derived by restriction from a baculovirus vector in the adenoviral expression vector. Thus we 
were not successful until now, we applied an alternative strategy and started to amplify the msFLT1 
D7-hFc. To perform experiments in mice adequate amounts of viral particles are required for several 
experiments. We therefore produced, enriched and purified different adenoviruses like Ad-eGFP, Ad-
sFLT1, Ad-VEGF and Ad-msFLT4-mFc numerous times followed by determination of titer.  
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The adenoviral expressed proteins sFLT1 D1-6 and rhVEGF-A165 could be detected by in-vitro 
experiments. We verified the accumulation of protein over time and the relation of expressed protein 
to the applied virus concentration. Thus we could show that adenoviral infected A549 cells secreted 
up to 80ng/mL sFLT1 and up to 710ng/mLVEGF-A during a 3-day time period. 

We were able to show that a titer of 5x108 plaque forming units of Ad-sFLT1 injected in mice 
induces an effect in the glomerular endothelium. That could be demonstrated by kidney sections of 
sFLT1 treated mice showing a partial occlusion of capillary loops of juxtamedular glomeruli, probably 
as a result of the swollen endothelium and mesangiom. Electronic microscopy was performed to 
detect further characteristics of glomerular damage like basal membrane splitting, and this method 
could confirm a dysregulation of the endothelum insite the glomerulus. 

Finally, our results indicate that a titer of 5x108pfu Ad-sFLT1 induces glomerular damage in 
treated Balb/c mice. Therefore we are confident that we have established the mouse model to 
investigate the imbalance of angiogenic molecules in the circulation. Further experiments are 
planned with the different adenovirues for sFlt-1and sFlt-Fc to find out, if both viruses are equal 
potent to induce preeclamptic like lesion in the kidney. From other report we expect, that sFlt-Fc Ad 
will have a more dramatic effect in endotehlial dysfunction because of the much longer half life of the 
solube receptor if tagged with an Fc. After finishing this comparision we plan to measure the blood 
pressure in mice online after the induction of preeclamptic lesion. This will be done in collaboration 
with the MDC in Berlin-Buch and will be the first time, that a defined induction of endothelial 
dysfunction by reduction endogenous VEGF supply of the endothelium will allow to measure the 
increase of blood pressure. In a series of experiments we plan to modulate the effect of sflt-1 in the 
animal by coinfection of certain amount of Ad coding for VEGF and PlGF. Because these are 
antagonist of sFlt-1 action (agonist for endothelial function) the net effect by sflt-1 can be analyzed 
and may be helpful for a model, can sFlt-1 can interact in an animal model and which amount of 
corresponding ligand are necessary for neutralization.  At the end of our planned investigations with 
our animal we want to analyze the effect of sFlt-1 blocking antibodies, which are available for us by a 
collaboration with Dr. M. Shibuya. ‘these final experiments will allow to answer our hypothesis, that 
fast induced lesion like preeclampsia can be diminished by treatment with blocking antibodies. 
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SUMMARY  
Human infection with the Orf parapox virus or the bacterial pathogen Bartonella henselae can trigger 
pathological angiogenesis resulting in vascular tumor formation. In previous work, the Orf virus-
encoded vascular growth factor VEGF-E has been identified as a homolog of human vascular 
endothelial cell growth factor A (VEGF-A), and a purely characterized component of the outer 
membrane of B. henselae was assigned as the bacterial angiogenesis factor. The goal of the project 
was a better molecular characterization of these pathogen-encoded angiogenesis factors. Several 
Orf virus-encoded variants of VEGF-E were identified, sequenced, and characterized regarding their 
receptor specificity and biological activity. All identified VEGF-E variants displayed mitogenic activity 
for endothelial cells to various degrees, which could be correlated with the binding activity to 
VEGFR-2. Interestingly, enhancement of VEGFR-2 binding has been observed due to the interaction 
with the co-receptor neuropilin-1. In the frame of several collaborations within or outside of the SPP 
1069, VEGF-E was used as a VEGFR-2-specific (and VEGFR-1-independent) growth factor to 
characterize the role of VEGF-receptors in various biological processes. To identify the angiogenic 
activity within the outer membrane of B. henselae, the corresponding subproteome was 
characterized by 2D-gel electrophoresis and mass spectrometry. Experiments to identify the 
angiogenic activity in this subproteome are under way. 

A final report on the project DE 539/4-2 was already submitted to the DFG on June 20th 2003. 
After review by an external expert, this report was officially approved by the DFG on October 1st, 
2003. Here I provide an English translation of this report originally written in German. Given that I did 
not received further funding from the DFG in the frame of this project, I did not update the report 
regarding the progress of subsequent studies on this topic funded by other agencies after October 
2003. 

 
RESULTS 
Orf virus-encoded VEGF-E as angiogenesis factor 

Receptor-specificity of variant forms of VEGF-E  
Further to the VEGF-E variant D1701 originally described by my group (Meyer et al. 1999) several 
VEGF-E variants were cloned and sequenced in a collaboration with Dr. T. Büttner and Dr. H.-J. 
Rziha from the “Bundesforschungsanstalt für Viruskrankheiten der Tiere”. The viral isolates BO74, 
MRI, BO29, BO23, CA11 and S1 are variant forms of VEGF-E, which were all expressed as 
recombinant proteins in E. coli and purified to homogeneity as originally described for the D1701 
prototype (Meyer et al. 1999). All recombinant variants displayed VEGFR-2-dependent mitogenic 
activity for human umbilical vein endothelial cells (HUVEC). Biacore binding assays to VEGFR-2 and 
the VEGFR-2-dependent Ca2+-influx measured in transfected PAE cells displayed differences in their 
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capacity of these VEGF-E variants to bind to VEGFR-2: VEGF-ED1701 and VEGF-EBO74 interacted 
most strongly with VEGFR-2, while VEGF-EBO23 and VEGF-EBO29 display reduced binding activity. 
as compared to VEGF-ED1701. Strikingly, VEGF-EMRI did not display any interaction with VEGFR-2 
under these conditions. This variant required the co-expression of neuropilin-1 (NP-1) to cause the 
characteristic biphasic Ca2+-signal, which was at that time the first hint for a physiological role of this 
VEGF coreceptor for the angiogenic stimulation. Due to my appointment as a professor of Molecular 
Microbiology at the Biozentrum of the University of Basel in April 2000 and the resulting reorientation 
of my research towards bacterial pathogenesis, this promising study was unfortunately not continued 
and thus did not result yet in a publication. 

 

Biological activities of the VEGFR-2-specific growth factor VEGF-E 
In the frame of different collaborations within and outside of the SPP 1069, VEGF-E was used as a 
VEGFR-2-specific (and VEGFR-1-independent) vascular growth factor. This was very instrumental to 
study the intra- and intermolecular “cross-talk” of the VEGF receptors VEGFR-1 and VEGFR-2 
(Auterio et al., 2003). 

In another study, recombinant VEGF-E carrying a heparin-binding domain of VEGF-A displayed 
the role of heparin-binding for enhancement of endothelial cell proliferation as well as for the 
mobilization of stem cells from bone marrow (Heil et al., 2003). 

Two other studies using VEGF-E allowed to demonstrate that the chemotactic migration of either 
primary human osteoblasts (Mayr-Wohlfahrt et al., 2002) or human mesenchymal progenitor cells 
(Fiedler et al., 2005) is VEGFR-1-dependent. Regarding the role of VEGF-E for the pathogenesis of 
parapox viruses, we could show that angioproliferative Orf virus isolates always contained a VEGF-E 
homolog, while the non-proliferative parapox virus isolates from bovine did not encode a VEGF-E 
homolog. Thus, the presence of a VEGF-E-encoding gene in parapox virus isolates correlates with 
their capacity to cause angioproliferative processes (Rziha et al., 2003). 

 

Characterization of the angiogenic activity of B. henselae 
The angiogenic proliferation of endothelial cells by B. henselae can result from either a direct 
mitogenic activation by a bacterial angiogenesis factor, or via an angiogenic loop resulting from the 
infection of macrophages and the subsequent release of VEGF-A, which acts in a paracrine manner 
to stimulate the proliferation of endothelial cells (Dehio, 2003; Dehio, 2005). In the frame of SPP 
1069 we have investigated the direct stimulation of endothelial cell proliferation by B. henselae. 

Subcellular fractionation experiments allowed us to localize the angiogenic activity to the outer 
membrane of the Gram-negative bacterial cell. This activity revealed to be heat- and protease 
sensitive and is therefore likely of proteinacious nature. We therefore used 2D-PAGE and mass 
spectrometry to determine the subproteome of the B. henselae outer membrane. In the frame of a 
collaboration with the group of S. Andersson in Uppsala, Sweden, which sequenced the at that time 
unpublished B. henselae genome sequence, we were able to identify 53 distinct protein species 
associated with the outer membrane (Rhomberg et al., 2004). Experiments to assign the angiogenic 
activity to any of the identified protein are ongoing. 
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OUTLOOK 
The results obtained in this project in the frame of SPP 1069 improved our understanding of the 
molecular mechanism of action of Orf virus-encoded VEGF-E. Due to the selective binding of VEGF-
E to VEGFR-2, but not to VEGFR-1, this growth factor is an important receptor-specific tool for 
probing the role of VEGF receptors in angiogenesis and related physiological responses. The 
proteomic identification of  angiogenesis factors in the outer membrane of B. henselae has not been 
achieved in the frame of this project. However, the characterization of the outer membrane 
subproteome represents an important basis for the identification of this factor in ongoing studies. 
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SUMMARY 
Vascular endothelial growth factor (VEGF) binds to tyrosine kinase receptors VEGFR1 and 
VEGFR2. The relative contributions of each receptor signaling for endothelial cell key functions are 
important for the development of future concepts in the field of tumor prevention and therapeutic 
angiogenesis. 

We were using a combined approach including receptor-specific endogenous ligands (PlGF, 
VEGF-E), heterologous chimeric receptor ligand mouseCSF-1 for selective VEGFR1 signaling and 
intracellular immunization of the small GTP-binding protein Ras in transformed human umbilical vein 
endothelial cells (T-HUVEC) to measure effects on proliferation, migration, survival, and formation of 
tubular-like structures. VEGFR1 and VEGFR2 both activated Ras/MAPK stimulating cell division, 
migration and formation of tubular-like structures in vitro. Conversely, these effects were each 
sensitive to inhibition of Ras using function-blocking, single-chain antibody fragments. However, 
survival of serum deprived T-HUVEC or of normal HUVEC was mainly mediated through VEGFR2. 
In vivo, conditional intracellular inhibition of Ras resulted in a strongly attenuated rate of malignant 
T-HUVEC-derived tumor growth, mitotic activity and tumor volume in transplanted nude mice. 

In order to further characterize the selective survival-promoting effect by VEGFR2, 
measurements of time-resolved NO release were performed using electrochemical microsensor 
techniques. Inhibition of NO synthesis by L-NAME abolished the VEGF-mediated survival effect. 
Addition of NO-donors mimicked the effect of VEGF in survival. Intracellular inhibitors of Src kinase 
family, 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d]pyrimidine (PP2) also abolished 
VEGFR2-mediated cell viability. Ras activation was necessary for cell division and formation of 
tubular-like structures. Conditional inhibition of Ras with a single-chain antibody prevented tumor 
growth of human endothelial cell xenografts. Cell survival was mediated selectively by VEGFR2 
through release of NO. Migration of T-HUVEC was regulated by dual signaling pathways involving 
Ras/MAPK and Src/NO.  

Future perspective: These results may have implications for future therapeutical concepts 
towards a combined inhibition of Ras and Src in normal host endothelial cells preventing tumour 
angiogenesis by using improved nano-particle delivery systems.  
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