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Project Summary The Transforming Growth Factor beta (TGF-beta) family of proteins are important in the normal development of the body. Several diseases of blood vessels and bone have been linked with inherited and acquired defects in different members of this protein family. Mutations in the TGF-beta pathway can result in elevated blood pressure in the lungs, a condition known as pulmonary arterial hypertension (PAH), hereditary haemorrhagic telangectasia (HHT), where there are generalised vascular problems, and also problems with bone formation, a condition known as fibrodysplasia ossificans progressiva (FOP). Some PAH patients do not have variants in the TGF-beta pathways but are identified to have causal variants in other associated genes such as ATP13A3 and SOX17. In the patients without mutations who have pulmonary hypertension it has been demonstrated by our group that this pathway still remains very important to disease progression. For the purposes of studying what causes these diseases it is not always practical to take samples of the affected tissues. In particular in pulmonary hypertension tissue can only be obtained from transplanted lungs. This means only end stage disease can be studied and as only 2-10 transplants are performed nationally per year we are severely limited in our ability to study relevant tissue. In FOP the act of taking tissue itself can progress disease. 

One potential way around this difficulty is to study surrogate cell types. In PAH we have demonstrated progenitor cells circulating in the blood which behave the same as vascular cells and in particular the lung vascular cells we are interested in studying. We intend to compare cells from patients and healthy controls to understand how and why they behave differently. 

Synopsis

	Study Title
	Isolation and characterisation of blood-derived progenitor cells in patients with cardiovascular disease and TGF-beta superfamily related diseases

	Ethics ref
	11/EE/0297

	Internal ref. no.
	P01593

	Study Design
	Laboratory Study

	Study Participants
	Patients with pulmonary hypertension.

Subjects with cardiovascular diseases, in particular diseases associated with a mutation in the TGF superfamily; other genetic forms of pulmonary arterial hypertension, hereditary haemorrhagic telangectasia, fibrodysplasia ossificans progressive.

Relatives of patients with mutations in the TGF superfamily.

Control subjects.

	Planned Sample Size
	200 subjects

	Follow-up duration
	None

	Planned Study Period
	01/02/2012-31/12/2023

	Primary Objective
	The setting up of a cellular resource for late outgrowth progenitor cells 

	Secondary Objectives
	Successful generation of induced pluripotent stem cell lines for transformation to different cell types

	Aims of Study
	The derivation of late outgrowth progenitor cells from patients with cardiovascular diseases.

The successful generation of iPS cells from the generated late outgrowth progenitor cells

	Primary Endpoint
	Isolation and characterisation of late outgrowth progenitor cell lines
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Introduction/Background 

The Transforming Growth Factor beta (TGFbeta) family of proteins are developmentally important in particular with regard to normal development of the vasculature. Several diseases of blood vessels and bone have been linked with inherited and acquired defects in different members of this protein family. Mutations in the TGFbeta pathway can result in elevated blood pressure in the lungs, a condition known as pulmonary arterial hypertension (PAH), hereditary haemorrhagic telangectasia (HHT), where there are generalised vascular problems, and also problems with bone formation, a condition known as fibrodysplasia ossificans progressiva (FOP). Mutations in the bone morphogenetic protein type II receptor (BMPR-II) are responsible for >75% of patients with the familial form of pulmonary arterial hypertension and up to 25% of sporadic cases. Work in our lab has shown that reduced expression and function of BMPR-II is implicated in non-genetic forms of PAH of diverse aetiology (Circulation. 2002;105(14):1672-8). In the patients without mutations who have pulmonary hypertension it has been demonstrated by our group that this pathway still remains very important to disease progression. 
Some patients do not have variants in the TGF-beta pathways but are identified to have causal variants in other associated genes such as ATP13A3 and SOX17. The biological impact of these variants on cell behaviour and physiology is being investigated. As more patient samples and data become available rare variants in other genes may reach statistical significance.  

For the purposes of studying what causes these diseases it is not always practical to take samples of the affected tissues. In particular in pulmonary hypertension tissue can only be obtained from transplanted lungs. This means only end-stage disease can be studied and as only 2-10 transplants are performed nationally per year we are severely limited in our ability to study relevant tissue. In FOP the act of taking tissue itself can progress disease. Therefore we are in need of a method for deriving vascular cells from patients with these diseases to understand better the consequences of these mutations in order to develop treatments which address underlying pathophysiology, and in particular why mutations in the same pathway result in such widely differing phenotypes.

A potential way around this is to study a surrogate cell type called the “late outgrowth” progenitor cell which circulates in peripheral blood, may play a role in vascular homeostasis, and shares characteristics with endothelial cells. The exact nature of the contribution of circulating endothelial progenitor cells to vascular homeostasis and neovascularisation remains controversial. A large degree of the controversy stems from the cell initially posited to be an endothelial progenitor cell (EPC) by Asahara and his colleagues (Science. 1997;275(530):2964-967) which has now been demonstrated to be a heterogeneous monocyte population, predominantly of a dendritic cell subset (Am J Respir Cell Mol Biol. 2010; 43(5):546-54). This has complicated the interpretation of the literature, as a significant proportion of the original studies, in particular the therapeutic trials, used the monocytic cells. This has been the case in the pulmonary hypertension field with all but one of the animal and human trials utilizing the monocytic cells (Circulation.2003;108(7):889-895; Tissue Eng. 2004;10:771-779; Circ Res. 2005; 96(4):442-50; J.Am.Coll.Cardiol. 2007; 49(14) 1566-1571). There is still however a viable candidate for EPC function. Within the ex-vivo monocyte pool, there arises a rare cell type displaying features compatible with a progenitor. Identified by Ingram et al (Blood. 2004; 104: 2752-60), endothelial colony forming cells (ECFCs) are also known as  “late outgrowth” progenitor cells because it is up to 2 weeks in culture before they are noted. These cells clonally expand and maintain a robust proliferative potential. Late outgrowth progenitor cells form cobblestone monocellular layers, display markers consistent with an endothelial cell and have the capacity to form vascular networks in matrix gel assays (Blood. 2004; 104: 2752-60). We have previously demonstrated this subset of cells, in patients with BMPRII mutation associated PAH, are hyper-proliferative and have impaired in-vitro network formation (Am J Respir Crit Care Med;180(8):780-787). Animal work has shown that BMPRII heterozygous mice have deficiencies in endothelial barrier function (Blood. 2010;117(1):333-41) giving a clear insight into how disease initiation could be triggered. BMPs are critical in the regulation of stem and progenitor cell fate and in late outgrowth progenitor cells their migration, proliferation and network formation is directed by BMPs (ATVB.2008;28(2):2137-2143).  We have additionally shown an increase in putative circulating angiogenic progenitor cell fractions in patients with and without the BMPRII mutation. Endothelial cells displaying the bone marrow markers cKit and CD133 were found in plexiform lesions in a variety of causes of PAH (Am J Respir Crit Care Med;180(8):780-787). Therefore a circulating progenitor cell carrying a mutation in a key pathway for vascular cell function and differentiation has a demonstrable in-vitro functional deficiency, and furthermore there is evidence of peripheral mobilization of progenitor cells and of their involvement in vascular lesions.  We have recently demonstrated that these cells have a very robust ability to be transformed into induced pluripotent stem cells (iPS cell) (Stem Cells Trans Med. 2012 Dec;1(12):855-65). This now gives us the ability to differentiate differing cell lines relevant to disease from the same patient. 

Study objectives

The principal research objective is to examine how inherited defects in members of the TGF superfamily of proteins may cause cells to change their behaviour resulting in cardiovascular diseases. The primary aim is to purify and grow circulating progenitor cells, from subjects with mutations in the TGF-superfamily of receptors: pulmonary hypertension, HHT and FOP and healthy controls. . Individuals with non-TGF-superfamily variants and IPAH patients will also be invited to the study. This will enable us to build up a resource of cells to study without having to directly sample the affected organs. At present this is too dangerous to do in patients, and therefore we rely on tissue generated when patients are transplanted.  

 Secondary Objective

To develop and refine the techniques for turning these cells into induced pluripotent stem cells which can then be differentiated into mature cell types. The diseases we are studying involve the complex interaction of a number of different cell types within the affected organs. This will allow us to derive cells relevant to disease from the same single blood sample.

Justification for the Study

There is a range of diseases, predominantly affecting blood vessels that are linked to inherited defects in the TGF superfamily of proteins and new variants in associated genes. In HHT the blood vessels become weakened and prone to severe bleeding.  Inherited defects in other members of the TGF superfamily of proteins, in particular the gene known as bone morphogenetic protein type II receptor (BMPRII), lead the blood vessels in the lung to become thicker, putting too much strain on the heart which then fails. These diseases mainly affect the cells lining the blood vessels, which can only be obtained from people during transplantation. Another disease caused by inherited defects in a different member of the transforming growth factor superfamily causes damaged tissue to become solid bone (FOP), so surgery is not possible, and obtaining bone tissue from patients can potentially progress disease. The other key feature of all of the diseases described above is that they are rare. Despite their rare occurrence the study of the pathway has implications for more common forms of disease. For example the mutation responsible for up to 25% of pulmonary arterial hypertension occurs in the BMPRII gene. This is a member of the TGF superfamily of receptors and has been shown to be critically involved in other non-mutation related causes of pulmonary hypertension, for example idiopathic PAH and congenital heart disease associated PAH. The study of this pathway therefore has relevance directly to patients carrying mutations, but also potentially to a great variety of patients without mutations.

Research has now shown that mutations outside of the TGF-beta pathway, such as SOX17 and ATP13A3, contribute to disease pathogenesis but the exact biology is not yet fully understood (Graf et al.)

To circumvent the difficulty of obtaining the relevant cell types from patients we have developed a procedure where we can take a relatively small amount of blood (about a cupful) from a patient and purify cells, called circulating progenitor cells, that very closely resemble the cells that line blood vessels, both in their appearance and in the way they behave. We can make these cells grow to produce a larger population and can freeze large numbers, meaning we can study their behaviour in multiple tests. This means that we do not have to bleed patients and donors very often to be able to explore the effects of the inherited defects we are studying. The other advantage of circulating progenitor cells is that we can change them into other cell types. This means that we can produce other relevant cell types from the blood vessel wall that will also have the inherited defect. Also, in the case of the disease where tissues turn into bone, we can change the progenitor cells into bone related cells. The ability to use blood in this case means the patient will not suffer from bone formation as a result of tissue or cells being taken for research. 

Paediatric Cases 

We wish to recruit paediatric patients for the following reasons:
· Paediatric cases might represent individuals with a more severe form of disease, or carry mutations with a more detrimental effect. Understanding these would give a deeper insight into the pathological pathways controlling disease states.

· Differences in disease onset and severity between adult males and females in diseases such as PAH might be related to hormonal difference, using cells from children pre-puberty might allow us to resolve this issue.

· By understanding the above we may gain insights in why disease is established and how it progresses, allowing us to find potential therapeutic intervention that can benefit both children and adults.
· It is not known if isolation of EPCs might be easier from children than adults, therefore we would like to research this further and we have now reduced the amount of blood needed to isolate EPCs to 10ml of blood which is more suitable for children.

· The untreated disease is more aggressive in children and there are fewer licensed therapies in children.  Studying cells from children is therefore more likely to reveal mechanism of disease pertinent to them.
Methods: Study design 

Cohort study 

Study/Sample Population 

Control subjects.

All subjects with pulmonary hypertension.

Subjects with cardiovascular diseases, in particular diseases associated with a mutation in the TGF superfamily; pulmonary arterial hypertension, hereditary haemorrhagic telangectasia, fibrodysplasia ossificans progressive.

Relatives of patients with mutations in the TGF superfamily.

Inclusion Criteria

Subjects between the ages of 1 month-80 years old with cardiovascular disease. Patients with diseases associated with a mutation in the TGF superfamily; pulmonary arterial hypertension, hereditary haemorrhagic telangectasia and fibrodysplasia ossificans progressive. 

Patients with pulmonary hypertension of any cause, including any genetic basis
Healthy age and sex matched controls between the ages of 1 month-80

Exclusion Criteria 
Participants will be excluded if they have clinically significant anaemia, Hb<8.0.

Controls will be excluded if they have any form of cardiovascular disease, HHT or FOP.

Study Procedures 

Research participants will be identified and approached through the relevant specialist clinics by the patient's own clinical care team. For the recruitment of relatives, patients will be invited to give information sheets to relatives who will be given information to contact the researchers directly. Controls will be recruited through hospital on-site advertising. 

Informed Consent

Before any study-related procedures may be performed, informed consent must be obtained from the patient by the investigator or delegated person by means of a signed declaration.  The investigator or delegated person must sign the consent form to confirm that informed consent was obtained and store the original of the signed declaration of consent in the investigator folder. A copy should be given to the patient and a copy filed the patient’s notes. The patients consent to participation should be written in the notes as well. Paediatric patients will be assented and guardians will be asked to provide consent for their dependant. Any further questions the participant may have will be addressed, with the option given to withdraw consent at any time.

A patient may be sent an introduction letter and patient information leaflet in the post ahead of their next clinic appointment. Alternatively a patient may be given an information leaflet during a routine clinical appointment and with their verbal consent the clinical care team may phone them before their next appointment to ascertain interest in taking part in the study.

Study Assessments

Blood collection

The procedure will involve the withdrawal of up to 80ml (about half a cup) of blood from a vein in the arm or at right heart catheter, which will take less than 5 minutes. The participant may feel a little discomfort from the needle. Every effort will be made to co-ordinate this with their routine appointed clinical phlebotomy. They will be laid on a couch whilst the blood is taken and will be monitored throughout the blood-taking and for 15 minutes after bleeding to ensure that no adverse effects result. Participants will be provided with water and will be recompensed for any travel expenses they have incurred.

For the paediatric patients, 10 ml of blood will be taken from the first 5 patients and if the iPS cells are isolated successfully this may be reduced to 5ml. 10ml of blood will only be taken if agreed appropriate by the physician). Paediatric control samples will be taken during routine procedures under general anaesthetic e.g dental surgery, MRI under anaesthetic etc
Blood samples may be used for genetic analysis including whole genome sequencing. Samples will be sequenced to identify genetic mutations associated with PAH. 

 There will be no formal plan to repeat sampling procedure but if any further samples are required, the participant will be contacted to establish if they are still willing to participate and will be provided with all of the information and consultation afforded to a new participant. We do not anticipate requiring blood from the same person on repeated occasions.   Initially patients will only be expected to give blood. Patients may be approached at later time points for repeated sampling but not as part of a fixed prearranged schedule. Successful generation of late outgrowth cells in our laboratory currently stands at >90%. 
If cell isolation is not available locally at the patient’s local PH center then the patient may be invited to travel to another PH centre/Addenbrooke’s Hospital to have the blood sample taken (if fit to travel). Patient expenses will be covered for this. Paediatric patients will only be invited to travel to Addenbrooke’s Hospital, not to other PH centres and will be seen by paediatric trained staff.    
Blood samples may be processed locally or shipped to an authorised third party. This is to minimise inconvenience for patients and to ensure the best environment for the cells to grow.
Risk burden

The procedure involves the removal of a small quantity of blood from a superficial vein. The participant may feel slight discomfort when the needle is inserted and when blood is drawn, however as much as possible we will endeavor to ensure that blood is taken at the same time as clinically required routine phlebotomy. There is a possibility that some minor bruising may occur. There is a risk of fainting, so the participant will remain horizontal on a couch whilst being bled and monitored during and for 15 minutes after bleeding to ensure their well being. The participant will be provided with access to water throughout the process.
Protocol for cell isolation

Adults

For detailed protocol see J Vis Exp. 2015 Dec 23;(106):e53384
1) For each donor add 4ml of sodium citrate to 2x 50ml tubes

2) Collect 80ml* of blood, 40mls per tube
*10ml will be taken for children, all subsequent volumes in the protocol will be scaled to this volume of blood
3) Add 15ml ficoll to separate 50ml tubes. Dilute blood 1:1 in Ca/Mg free PBS and layer 10ml on top of the ficoll

4) Spin at 400g for 40 minutes

5) Pipette off MNC layer

6) Top up to 15ml in Ca/Mg free PBS

7) Spin at 300g for 20 minutes

8) Resuspend in 15ml media (20% Serum) 

9) Plate in T75 collagen coated flask

Protocol for EPC generation

1) Transfer flask to incubator. Media to be changed every 48hrs

Outgrowth colonies should appear by 14 days

2) Colonies to be passaged after 3-4 days

3) Trypsinise cells for 5 minutes after 3 washes with PBS

4) Spin at 300g for 6 minutes

5) Resuspend in media  (20% Serum)

6) Media to be changed every 48hrs

Protocol for iPS cell generationWe will use either commercially available RNA reprogramming kits (Stemgent/Reprocell) or the retroviral transgene mediated method below:

1) The cells for reprogramming are grown in appropriate medium. 

2) One day before reprogramming the cells are trypsinized and split. Each well will have 4000 cells (for 96 well experiments) or 100,000 cells (for 6-well experiments) per cell line. 

3) On the day of transduction for viral transduction protocols (day 0) a calculation is done for MOI 10 for each virus of Oct4, Sox2, Klf4 and c-Myc according to their concentration. 

4) The cells are transferred in Cat3 room and transduction is performed with an appropriate quantity of virus. 

5) Transfected cells are kept at 32˚C overnight. The next day (day 1) the cells are washed 3 times with PBS and fresh media is added and now the cells are transferred in 37˚C. 

6) For plasmid transformation cells are nucleofected with an appropriate amount of DNA and cultured at 37˚C according to the manufacturers instructions. 

7) On the Day 5 cells split onto growth arrested MEF coated plates. On the Day 7 the medium will be replaced by KSR+FGF2 (FGF2 1μl/ml). Everyday the medium needs to be changed. 

8) From the Day7 – Day30 the iPS are expected to be generated. When the iPS reaches appropriate size to be picked and seeded into single well os a 12 well plate coated with MEFs. 

9) Clones are picked with P20 pipette under the hood and with the help of microscope. The 12wp is washed once with PBS and 1ml of KSR+FGF is replaced in each well. The picking microscope is adjusted in the hood. One clone can be divided in several divisions according to its size and the subclones are put in the well of 12wp, avoiding the partially reprogrammed cells. When the clones are grown big enough they are split into a 6 well plate coated with growth arrested MEFs. Splitting is done in collagenase and dispase with 1:1 ratio. For splitting the cells are washed with PBS once and incubated for 45-90 minute in 1ml of collagenase and dispase. 

10) When the iPS are detached transfer it to a 15ml tube and deactivate the enzyme with KSR. 

11) Split the colonies in appropriate size and wash it 2 times with KSR. Prepare the 6 well plate with growth arrested MEFs in the mean time, wash it with PBS and add KSR+FGF. When the splitting is complete transfer the colonies in the prepared 6well plate. 

12) Expand the clones as necessary and do immunostaining ( Oct4, Sox2, Tra-1-60 and Nanog) and Q-PCR (Klf4, c-Myc) as the requirement of the experiment.

Follow-up

There is no planned follow-up for these patients and any mutations found will not be fed back to the subjects. If a previous sample has not been successful then the subject may be approached in clinic to be bled again, if deemed appropriate at the time.

Samples will be collected till the end of the study and then stored for 5 years. This is part of a long term on-going programme of research and the generated cell lines will be stored and available for studies for the future. The purpose of this work is to generate a resource for testing future pathological and treatment hypotheses without requiring invasive procedures to patients.

Data collection and Sample analysis

Subjects will be anonymised on entry into the study and researchers will be blinded to patient identifying data. The patients own direct care team will keep a record of the linked anonymisation.

Anonymised samples and data may be shared with other ethically approved research studies, this will be for the benefit of future patient care and to address our research aims. This may include sites outside of the UK. 
Primary Outcome

The generation of late outgrowth progenitor cells.

Secondary outcomes

The generation of iPS cells.

Statistical methods

Standard statistical methods such as ANOVA tests will be applied to the data. The patients we are interested in carry mutations in the TGF superfamily of receptors. These patient groups are rare with no single UK centre having more than 20 patients alive and not transplanted. Therefore it is not possible to perform appropriate power calculations with such small numbers. Previous published work in primary cell lines have relied on cells from very small numbers of patients (typically 3 cell lines would be enough to publish on) therefore our work will add substantially to this.

Finance

None required. These studies are fully funded by grants from the British Heart Foundation, Medical Research Council and the Cambridge Biomedical Research Centre and National Institute for Health Research.

Ethical issues

Sample collection- Where possible blood will be taken during routine testing to avoid additional unnecessary venepuncture. We will be collecting blood samples from patients and healthy controls; around 80mL, about a teacup's worth, and less than a quarter required when giving blood for transfusion. Paediatric samples will be taken according to the child’s age and weight and local guidelines.

Study anonymisation- Patients will be identified in clinic, some of these patients will already know their genetic status. The genetic results from this study are for research only and therefore any mutations found will not be feedback to the patients or guardians. Samples will be linked-anonymised. Researchers will be blinded to patient identifying data.

Induced pluripotent stem cell generation- Patient consent includes the information that the intention is to generate cells which will be stored and potentially used to generate alternative cell types in these proposed studies.

Cell screening- It is standard practice to screen primary cell lines for transmissable viruses to protect laboratory workers working directly with the cells. The cells we are working with are not known to be virus carriers and as such represent a low risk. As this is a fully anonymised study this will have no implications for patient's life insurance. Subjects will be informed in their information leaflet and offered standardised testing through routine clinical services if they have any concerns about communicable diseases

We expect that our research will lead to the publication of peer-reviewed articles which will be available in the public domain, but will also be presented at local, national and international meetings and conferences. In addition the research will be accessible to patients through the Pulmonary Hypertension Association website and newsletters. This is a patient run charity focussed on pulmonary hypertension.
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