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1.1 Critical limb ischemia 

Peripheral vascular disease (PVD) is the narrowing and/or obstruction of arteries that carry 

blood to the lower extremities. Typically caused by the accumulation of fatty deposits in the 

arterial wall, it leads to ischemia (lack of blood supply and oxygenation) in the peripheries. 

PVD is a growing health problem, particularly in Western societies, affecting nearly ten 

million people in the United States alone, with a prevalence of 12-20% among those ages 65 

and older.1 Patients who present with PVD exhibit varying degrees of severity, ranging from 

intermittent claudication (discomfort while walking) to rest pain to critical limb ischemia 

(CLI), a more chronic problem typically involving ulceration, gangrene, and tissue necrosis.2  

 

The American College of Cardiology (ACC) and American Heart Association (AHA) jointly 

define CLI as “limb pain that occurs at rest or impending limb loss that is caused by severe 

compromise of blood flow to the affected extremity”.3 It is a term that refers to patients with 

chronic ischemic rest pain, ulcers, or gangrene attributable to objectively proven arterial 

occlusive disease.3 Incidentally, there exists a clear distinction between CLI and acute limb 

ischemia, where the diagnostic and therapeutic approaches and prognoses differ significantly. 

The former implies chronicity and a gradual progressive tissue death, requiring the clinician 

to determine the timely course of development and treatment; whereas, the latter arises when 

a rapid or sudden decrease in limb perfusion threatens tissue viability, requiring the attention 

of urgent evaluation and intervention.  

 

1.1.1 Epidemiology and disease progression  

Table 1.1 Severity banding of CLI based on Fontaine score and Rutherford classifications 

Fontaine  Rutherford 
Stage Clinical Grade Category Clinical 

I Asymptomatic 0 0 Asymptomatic 
IIa Mild claudication I 1 Mild claudication 
IIb Moderate to severe I 2 Moderate 
  claudication    claudication 
   I 3 Severe claudication 

III Ischemic rest pain II 4 Ischemic rest pain 
IV Ulceration or III 5 Minor tissue loss 
  gangrene III 6 Major tissue loss 
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1.1.2 Risk factors and co-morbidities 

There are several factors that increase the risk of limb loss in patients with CLI. The most 

prominent risk factor that reduces blood flow to the microvascular bed is diabetes mellitus. 

Patients who present with this metabolic disease are characteristic of lifestyle-related insulin 

resistance (type 2 diabetes), in which there is a systemic defective responsiveness of body 

tissues to insulin, and a tendency to progress to macrovascular manifestations such as 

atherosclerosis and medial calcification.4  

 

In the context of CLI, diabetic patients have an approximately 2- to 4-fold increase in incidence 

and severity of limb ischemia primarily due to persistent foot infection and necrosis.5,6 

Moreover, diabetic patients who present with PVD are often afflicted with damaged and leaky 

distal limb vessels, such as the tibial and fibular arteries, which ultimately limits the potential 

for collateral vessel development and reduces options for revascularization.7 As such, diabetic 

patients are more likely to develop symptomatic forms of PVD, such as intermittent 

claudication and CLI, and undergo amputation.8 Other risk factors that reduce blood perfusion 

to the microvasculature include severe renal failure, severely decreased cardiac output, 

vasospastic diseases, concomitant conditions, and smoking/tobacco use.3 While many of these 

risk factors arise due to the hyperglycemic state of diabetic patients, it is critical for clinicians 

to closely monitor the lifestyle of patients with CLI to determine the time course and 

development of ischemia in order to prevent further deterioration and irreversible tissue loss. 

 

1.1.3 Current therapies for CLI 

The optimal treatment of CLI is to locate the site(s) of stenosis and re-vascularize using balloon 

angioplasty and/or stents.9 However, despite significant advances in clinical care and 

interventions for re-vascularization, up to 40% of patients are not suitable candidates for 

surgical intervention and the only therapeutic option is amputation.10 As such, CLI is 

associated with a very high intermediate-term morbidity and mortality and, in a clinical setting, 

CLI is defined by most vascular physicians as those patients in whom an untreated course of 

action would lead to major limb amputation within six months.3 These patients are deemed as 

“no-option” patients and current research strategies have been targeted at providing a solution 

for this unmet medical need.  
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1.1.4 Advanced therapy medicinal products (ATMPs) 

Advanced therapy medicinal products (ATMPs) are defined by the European Union in 

Regulation EC/1394/2007, stating that these can be any of the following medical products 

intended for human use: 

x A gene therapy medicinal product as defined in Part IV of Annex I to Directive 

2001/83/EC,11 

 

x A somatic cell therapy medicinal product as defined in Part IV of Annex I to Directive 

2001/83/EC,11 

 

or 

x A tissue engineered product that: 

 

o Contains or consists of engineered cells or tissues,  

 
and 

 
o Is presented as having properties for, or is used in or administered to, human 

beings with a view to regenerating, repairing or replacing a human tissue.12 

 

This thesis focuses on discussing gene- and cell-based therapies, rather than tissue engineered 

products, particularly with an emphasis on limb ischemia and ischemic diseases. 

 

Currently, there are a number of ATMPs that have received market authorization (MA) in a 

variety of countries and from various regulatory agencies. In a paper published by the President 

of the International Society for Cell & Gene Therapy (ISCT), Cuende et al. examine the current 

worldwide landscape of cell, gene, and tissue products with MA, as well as discuss many of 

the hurdles and obstacles that the field currently faces.13  

 

At the moment, there are eight market-approved ATMPs in the European Union. Figure 1.1 

below shows the number of cell, gene, and tissue products with marketing authorization by 

region. The EU’s regulatory agency – European Medicines Agency – oversees the evaluation 

and harmonization of ATMP regulation across the EU member countries and is responsible 

for the scientific evaluation of the marketing authorization applications.14 Of the eight products 
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with MA in the EU, five are gene therapy medicinal products (GTMPs), two are somatic cell 

therapy medicinal products (SCTMPs), and one is a tissue engineered product (TEP).13 These 

products are described in Table 1.2 below. 

 

 

Figure 1.1 ATMPs – cell, tissue, and gene products – with marketing authorization (MA) 

by region. This map illustrates the various countries that have market approved ATMPs and 

the number of products in each region. *Eight products based on cord blood hematopoietic 

progenitors for unrelated donor hematopoeitic progenitor cell transplantation have been 

included in the US’s total number. (Figure used with permission from Cuende et al.)13  

 

Briefly, the first ATMP to receive market authorization was a somatic cell therapy medicinal 

product (SCTMP) in 2015 called HOLOCLAR® from an Italian pharmaceutical company 

called Chiesi Farmaceutici S.p.A. HOLOCLAR® is a product containing ex vivo-expanded 

autologous human corneal epithelial cells including stem cells for severe limbal stem cell 

deficiency.13 HOLOCLAR® uses a patient’s own limbal stem cells from the unaffected eye to 

form a graft grown outside the body, which is then followed by transplantation into the affected 

eye restoring the limbal stem cell population and regenerating the corneal surface.15  

 

The second ATMP to receive market authorization was also the first gene therapy medicinal 

product (GTMP) to receive market authorization in Europe. IMLYGIC® from Amgen is the 

first oncolytic virus approved for melanoma immunotherapy and is an immunotherapy derived 

from a herpes simplex virus-1 that is genetically engineered to infect and replicate within 

melanoma cells, as well as to produce GM-CSF for unresectable melanoma.16,17  
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The next ATMP to be approved was a gene therapy medicinal product called STRIMVELIS® 

from GlaxoSmithKline and is now under the portfolio Orchard Therapeutics. STRIMVELIS® 

is an orphan drug comprised of autologous CD34+ cells transduced with a retroviral vector that 

encodes for the human adenosine deaminase (ADA) cDNA sequence to treat severe combined 

immunodeficiency due to ADA deficiency (ADA-SCID).18  

 

Shortly after that, another gene therapy medicinal product (GTMP) called ZALMOXIS® from 

MoMed S.p.A. received market authorization in Europe. ZALMOXIS® is an add-on treatment 

for adults receiving a haploidentical bone marrow transplant where the donor’s T lymphocytes 

are genetically modified with a suicide gene called HSV-TK – herpes simplex virus thymidine 

kinase – as a control mechanism for graft-versus-host disease (GvHD).19  

 

The first tissue engineered product (TEP) received market authorization in 2017. SPHEROX 

from Co.Don, a German company, is a product containing spheroids of human autologous 

matrix-associated chondrocytes for knee-repairing cartilage defects.20 Clinical evaluation of 

SPHEROX found that the spherical aggregates of ex vivo-expanded human autologous 

chondrocytes and self-synthesized extracellular matrix (ECM) were sufficient in having a 

reparative effect in articular cartilage defects.20  

 

Afterwards, in 2018, a stem cell therapy medicinal product (SCTMP) called ALOFISEL® from 

Takeda Pharmaceutical Co. received market authorization in Europe. ALOFISEL® contains 

expanded allogeneic adipose stem cells (eASCs) as a suspension for injection and is used for 

the treatment of complex perianal fistulas in patients with Crohn’s disease. Clinical evaluation 

found that a single dose of ALOFISEL® (120 million eASCs) was statistically more effective 

than the placebo at achieving better clinically-assessed fistula closure in the intent-to-treat 

population.21  

 

KYMRIAH® received market authorization a few months later. KYMRIAH® is a genetically 

modified cell therapy medicinal product produced by Novartis and was a landmark approval 

for the chimera antigen receptor (CAR) T cell field. KYMRIAH® is a CD19-directed 

genetically modified autologous T cell immunotherapy indicated for the treatment of pediatric 

and young adult patients up to 25 years of age with refractory B cell acute lymphoblastic 

leukemia (ALL). It can also be prescribed to treat patients in relapse post-transplantation or in 
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second or later relapse, as well as in adult patients with relapsed or refractory diffuse large B-

cell lymphoma (DLBCL) after two or more lines of systemic therapy.22   

 

Lastly, a second CAR T cell therapy received market authorization last year. Similar to 

Novartis’ CAR T cell therapy, YESCARTA® from Kite Pharma, a subsidiary of Gilead 

Sciences, is also a CD19-directed genetically modified autologous T cell immunotherapy 

indicated for the treatment of adult patients with relapsed or refractory diffuse large B-cell 

lymphoma (DLBCL) and primary mediastinal large B-cell lymphoma (PMBCL).22 Clinical 

evaluation of both KYMRIAH® and YESCARTA® showed improved response rates in the 

intent-to-treat patient populations and these ATMPs represent an extremely evolving field with 

great potential in general and particularly in aggressive hematologic cancers. 

 

 

Table 1.2 Advanced therapy medicinal products (ATMPs) with market authorization in 

Europe by the European Medicines Agency (EMA). (Table adapted from Cuende et al.)13 

Product Name  

(MA Holder) 

ATMP 

Type 

Date of Market 

Authorization 

Description of Product 

YESCARTA®  

(Kite Pharma EU 

B.V.) 

GTMP 23-Aug-2018 CD19-directed genetically 

modified autologous T cell 

immunotherapy indicated for the 

treatment of adult patients with 

relapsed or refractory DLBCL and 

PMBCL, after two or more lines of 

systemic therapy 

KYMRIAH® 

(Novartis 

Europharm Ltd) 

GTMP 27-Aug-2018 CD19-directed genetically 

modified autologous T-cell 

immunotherapy indicated for the 

treatment of pediatric and young 

adult patients up to 25 years of age 

with B-cell ALL that is refractory, 

in relapse post-transplantation or 

in second or later relapse, and for 

the treatment of adult patients with 

relapsed or refractory DLBCL 
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after two or more lines of systemic 

therapy 

ALOFISEL®  

(Takeda Pharma 

A/S) 

SCTMP 27-Mar-2018 Expanded allogeneic adipose stem 

cells as a suspension for injection 

for the treatment of complex 

perianal fistulas in patients with 

Crohn’s disease 

SPHEROX 

(CO.DON AG) 

TEP 10-Jul-2017 Spheroids of human autologous 

matrix-associated chondrocytes for 

knee-repairing cartilage defects 

ZALMOXIS® 

(MolMed S.p.A.) 

GTMP 18-Aug-2016 Donor’s T lymphocytes genetically 

modified with a suicide gene as a 

control mechanism for GVHD 

after haploidentical bone marrow 

transplantation 

STRIMVELIS® 

(Orchard 

Therapeutics) 

GTMP 26-May-2016 Autologous CD34+ cells 

transduced with a retroviral vector 

that encodes for the human ADA 

cDNA sequence for severe 

combined immunodeficiency due 

to ADA deficiency 

IMLYGIC® 

(Amgen Europe 

B.V.) 

GTMP 16-Dec-2015 Oncolytic immunotherapy derived 

from a herpes simplex virus-1 

genetically engineered to infect 

and replicate within melanoma 

cells and to produce GM-CSF for 

unresectable melanoma 

HOLOCHAR® 

(Chiesi Farmaceutici 

S.p.A.) 

SCTMP 17-Feb-2015 Ex vivo-expanded autologous 

human corneal epithelial cells 

containing stem cells for severe 

limbal stem cell deficiency 

Abbreviations: GTMP – gene therapy medicinal product; SCTMP – somatic cell therapy 

medicinal product; TEP – tissue engineered product.  

 

At the forefront of these research strategies for treating CLI are also ATMPs, namely, gene 

therapy medicinal products (GTMP) and somatic cell therapy medical products (SCTMP). 
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Both avenues aim to accomplish the same therapeutic outcomes: to increase blood flow to the 

affected limb, to heal any ischemic ulcers, and, most importantly, to avoid limb loss. To date, 

studies have focused on gene therapy using pro-angiogenic factors and/or cell-based therapy 

using several types of cells, including mesenchymal stromal cells (MSCs) and endothelial 

progenitor cells (EPCs), in an effort to achieve therapeutic angiogenesis.23  

 

1.1.4.1 Gene therapy medical products (GTMPs) for the treatment of CLI  

The central aim of gene therapy in the context of therapeutic angiogenesis is to develop 

efficient gene transfer systems using pro-angiogenic genes, namely, vascular endothelial 

growth factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF). 

VEGF – a 45-kDa basic heparin that binds homodimeric glycoprotein – has been the most 

extensively studied for its angiogenic potential in both cancer and tissue ischemia.24,25 FGF – 

a 22-membered family of growth factors – have been shown to possess highly angiogenic 

properties and have the ability to enhance blood vessel formation to facilitate angiogenesis.26 

HGF – a cell-secreted single inactive polypeptide cleaved by serine proteases – acts via 

tyrosine phosphorylation of its receptor, c-Met, to induce angiogenic potential, endothelial cell 

proliferation, and cell migration.27  

 

Phase I clinical trials utilizing gene transfer of VEGF28–31 and FGF32,33 plasmids demonstrated 

promising results, inspiring study coordinators to progress forward. However, more rigorous 

phase II and III clinical trials failed to demonstrate beneficial effects of these angiogenic gene 

therapies.34–36 On the other hand, gene therapy clinical trials using HGF have shown 

improvements in ankle-brachial index (ABI), transcutaneous oxygen pressure (TcPO2), and 

rest pain, as well as significant reductions in rest pain and ulcer size.10,27,37,38 Because of these 

improved outcomes, HGF is currently being investigated in phase III trials as a leading gene 

therapy candidate for treating CLI. All in all, these clinical trials have showed that the 

exogenous administration of plasmids encoding growth factors have the potential to enhance 

blood vessel formation, improve blood flow, and reduce tissue loss in the presence of limb. As 

such, these promising early-phase clinical trials using the aforementioned gene therapy 

strategies have accelerated the use of gene therapy in clinical trials of peripheral arterial 

disease (PAD) and critical limb ischemia (CLI). Table 1.3 below lists selected clinical trials 

that use gene therapy medicinal products (GTMPs) for the treatment of PAD and CLI. 
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Table 1.3 Clinical trials using gene therapy medicinal products (GTMPs) for the 

treatment of peripheral arterial disease (PAD) and critical limb ischemia (CLI). 

Growth 

Factor 

Trial Product Delivery  Outcomes  

Fibroblast 

growth factor 

(FGF) 

Belch et al.34 FGF-1; 

plasmid 

i.m. No changes in major 

amputation or death rates 

Comerota et 

al.33 

FGF-1; 

plasmid 

i.m. Decrease in pain, aggregate 

ulcer size; increased TcPO2 

and ABI 

Nikol et al.32 FGF-1; 

plasmid 

i.m. Decreased amputation rate; 

no changes in ulcer healing 

Lederman et 

al.39 

FGF-2; 

recombinant 

i.a. Increase in peak walking 

time at 90 days; no change 

in quality of life (QOL) or 

ABI 

Vascular 

endothelial 

growth factor 

(VEGF) 

Rajagopalan 

et al.40 

VEGF121; 

adenovirus 

i.m. No changes in peak walking 

time or ABI; increased 

peripheral edema 

Baumgartner 

et al.28 

VEGF165; 

plasmid 

i.m. Increased vascularity on 

digital subtraction 

angiography (DSA); healing 

of ischemic ulcers; 

proliferation of endothelial 

cells on pathology 

Makinen et 

al.30 

VEGF165; 

plasmid and 

adenovirus 

i.a. Increased vascularity on 

DSA 

Kusumanto 

et al.41 

VEGF165; 

plasmid 

i.m. No changes in amputation 

rates or rest pain; 

improvements in skin 

ulceration, ABIs, and TBIs 

Hypoxia-

inducible 

factor 1 (HIF-

1α)  

Rajagopalan 

et al.42 

HIF-1α; 

adenovirus 

i.m. No serious adverse events 

(SAEs) attributable to study 

treatment; no amputations 

in the two highest dose 

groups; complete rest pain 
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resolution in 14 of 32 

patients and complete ulcer 

healing in 5 of 18 patients 

Creager et 

al.43 

HIF-1α; 

adenovirus 

i.m. No significant differences 

in peak walking time, 

claudication onset time, 

ABI, or QOL 

Developmental 

endothelial 

locus-1 (Del-

1) 

Grossman et 

al.44 

Del-1; 

plasmid 

i.m. Improvement in peak 

walking time, ABI, 

claudication onset time, and 

QOL; but no difference 

between control group 

Hepatocyte 

growth factor 

(HGF) 

Morishita et 

al.45 

HGF; 

plasmid 

i.m. ABI, pain relief, and ulcer 

healing were improved in 

the majority of patients 

 Powell et 

al.10 

HGF; 

plasmid 

i.m. Increased TcPO2 at 6 mo in 

the high-dose group; no 

changes in amputation, 

death, ulcer size, wound 

healing, ABI, and TBI 

 Powell et 

al.46 

HGF; 

plasmid 

i.m. No change in wound 

healing or amputation; 

increase in TBI at 6 mo; 

increase in rest pain 

improvement 

 Shigematsu 

et al.27 

HGF; 

plasmid 

i.m. Increased reduction in ulcer 

size; increased QOL; no 

change in rest pain or ABI 

 Henry et al.47 HGF 

(VM202); 

plasmid 

i.m. Increase in median 

ABI/TBI; decrease in pain 

 Gu et al.48 HGF 

(VM202); 

plasmid 

i.m. Increase in mean ABI and 

TcPO2; decrease in pain; 

improved wound healing 

Abbreviations: ABI – ankle-brachial index; DSA – digital subtraction angiography; i.a. – 

intra-arterial injection; i.m. – intramuscular injection; QOL – quality of life; SAE – severe 

adverse events; TBI – toe-brachial index; TcPO2 – transcutaneous oxygen pressure. 
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Overall, gene therapy has allowed researchers to accumulate large amounts of data over the 

past decade in attempts to find a treatment for CLI. The rationale behind capitalizing on pro-

angiogenic and anti-inflammatory growth factors through the avenue of gene therapy 

medicinal products has been embraced by a plethora of researchers and clinicians in both pre-

clinical studies and clinical trials, respectively. Unfortunately, the dramatic efficacy of 

plasmids encoding for single-angiogenic growth factor gene therapy observed in pre-clinical 

models and early-phase clinical trials have not been fully translated into clinical practice 

following pivotal phase III clinical trials.26 As shown above in Table 1.3, a multitude of clinical 

trials have attempted to utilize gene therapy – plasmids and adenoviruses of growth factors 

that have been shown to promote angiogenesis and reduce inflammation – for the treatment of 

CLI; however, very few yielded positive results in the primary endpoints of amputation rates 

and amputation-free survival (AFS). Because of this, many scientists have speculated that the 

complex nature of the vascular damage seen in patients with CLI cannot be fixed simply with 

the delivery of a plasmid encoding for one specific growth factor. This has spurred the onset 

of somatic cell therapy medicinal products (SCTMPs) in this space.  

 

1.1.4.2 Somatic cell therapy medicinal products (SCTMPs) for the treatment of CLI 

Cell-based therapy, while seemingly more complex than gene therapy, has piqued the interest 

of many researchers over the past decade in attempts to develop more effective treatments. 

Potential treatments typically include the transplantation of stem cells, which were originally 

thought to possess the capability to self-renew and to differentiate into organ-specific cell 

types, as well as to mediate paracrine effects through the release of pro-angiogenic growth 

factors.23 The mechanistic complexity of somatic cell therapy is constantly evolving and their 

mechanism of action is discussed in further detail in Section 1.3. Rather than simply act as 

palliative care, cell-based therapy aims to repair, restore, and regenerate ischemic tissues.  

There is extensive literature supporting the notion that mesenchymal stromal cells (MSCs) 

promote angiogenesis and this understanding of their angiogenic potential can be applied 

toward the treatment of CLI.49–56 MSCs can be harvested quite readily from a variety of tissues, 

such as bone marrow and umbilical cord, and culture expanded for therapeutic use. With the 

potential to differentiate into several mesenchymal tissues, as well as possessing immuno-

modulatory properties, MSCs have been shown to affect a wide range of cells that contribute 

to tissue repair.57,58  
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MSCs have also been shown to possess potent immunosuppressive effects on T and B 

lymphocytes in vitro, and beneficial immunomodulatory effects of MSCs have been observed 

in animal models of inflammation.59 By exhibiting pro-angiogenic potential and suppressive 

immunomodulatory effects, MSCs have become a front-runner in the realm of cell-based 

therapies for the treatment of CLI. 

 

The lack of treatment options for patients who do not qualify for surgical intervention has 

motivated scientists and clinicians alike to formulate and discover novel therapies to re-

vascularize the ischemic leg. Based on past and present clinical trial data, the most common 

intervention to-date has been the use of cell therapy as discussed previously. A multitude of 

pre-clinical research supports the hypothesis that cell therapy has the ability to promote the 

formation of new blood vessels within the ischemic tissues. Cell therapy for CLI encompasses 

a wide range of cell-based therapeutics including, but not limited to, bone marrow-derived 

stem cells (BMSC), adipose tissue-derived stem cells (ADSC), mesenchymal stem cells 

(MSC), bone marrow mononuclear cells (BMMNC), bone marrow aspirate concentrate 

(BMAC), and peripheral blood mononuclear cells (PBMC).60–64 Routes of administration 

typically include intramuscular (i.m.), intraarterial (i.a.), and intravenous (i.v.). The table 

below further elucidates the source, dose, and route of administration for currently on-going 

cell therapy and other clinical trials that are in either phase II or III and focused on treating 

CLI.  
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Phase Identifier Title Details 
III NCT01833585 Treatment of Chronic Critical Limb 

Ischemia With G-CSF-mobilized 
Autologous Peripheral Blood 
Mononuclear Cells  

-- 59 cc cell solution injected to the gastrocnemius (calf) muscle of ischemic leg 
-- Granulocyte colony-stimulating factor (G-CSF) mobilization of cells in 
transplantation  

III NCT02144610 Safety and Efficacy of Subjects With 
Critical Limb Ischemia 

-- HGF plasmid, hepatocyte growth factor used an angiogenic growth factor that 
promotes the growth of blood vessels 
-- Collategene® (DNA plasmid encoding HGF); HGF shown to be 
cardioprotective with antiapoptotic effect on cardiomyocytes, improving cardiac 
function 
-- Rutherford 4, 5  

III NCT02034539 VADOplex Critical Limb Ischemia 
Study 

-- VADOplex delivers an automatic intermittent painless compression of the sole 
of the foot thereby increasing perfusion of the leg, expected to promote wound 
healing and improve quality of life 
-- Used only post-operation (previous interventional and/or surgical 
revascularization) to accelerate closure of wounds, 4-6 hours/day 
-- Rutherford 5,6  

III NCT01818310 Safety and Efficacy Study of 
Autologous Bone Marrow Aspirate 
Concentrate for No-Option Critical 
Limb Ischemia 

-- Bone marrow aspirate concentrate (BMAC) injected into lower extremity 
ischemic area in patients with diabetes type II 
-- Three procedures: 1) intramuscularly (I.M.), 2) intraarterially (I.A.) into limb 
defect, or 3) intravenous (I.V.) 
-- I.M.: 35 mL BMAC in individual punctures of 1 mL; applied to the crural 
muscle; procedure takes ~60 minutes 
-- I.A.: 35 mL BMAC 
-- I.V.: 35 mL BMAC 

III NCT02043951 Use and Safety of the LUTONIX® 
Drug Coated Balloon Catheter in 
Arteries of the Lower Extremity 

-- Studying safety and efficacy of drug coated balloon catheter in heterogenous 
real-world patients 
-- Coating of 2 µg/mm2 paclitaxel with polysorbate and sorbitol carriers 
-- Paclitaxel used as an antiproliferative agent for the prevention of restenosis 
-- Rutherford ≤5  
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III NCT01450722 Paclitaxel Eluting Stent in Long SFA 
Obstruction: A Prospective, 
Randomized Comparison With Bypass 
Surgery 

-- Compare Paclitaxel eluting Zilver PTX nitinol stent (Cook, Inc.) with bypass 
surgery using PTFE graft to proximal popliteal artery in the treatment of long 
femoral artery obstructions (total length of 10-25 cm)  

II NCT02091921 Switch to Ticagrelor in Critical Limb 
Ischemia Anti-Platelet Study 

-- Ticagrelor = platelet aggregation inhibitor; antagonist of P2Y12 receptor 
-- Measuring switch from clopidogrel (antiplatelet agent used to inhibit blood 
clots) to ticagrelor; shown previously in the literature to significantly reduce the 
rate of death 
-- Patients on continuous dual anti-platelet therapy of aspirin and clopidogrel for at 
least 14 days; switch to 90 mg ticagrelor twice daily for 14 days 
-- Rutherford 4-6 

II NCT02099500 Autologous Adipose-Derived Stromal 
Cell Delivered Via Intramuscular 
Injections for the Treatment of Critical 
Limb Ischemia 

-- Liposuction performed to collect adipose tissue specimen from patient for 
isolation of ADSCs; additionally, peripheral blood will be collected for isolation 
of platelet rich plasma, which are then combined with ADSCs for intramuscular 
(I.M.) injection 
-- Contrast angioplasty to measure ankle-brachial index and collateral artery 
number 
-- Rutherford 2-6  

II NCT01484574 A Clinical Trial to Study the Efficacy 
and Safety of Different Doses of Bone 
Marrow Derived Mesenchymal Stem 
Cells in Patients With Critical Limb 
Ischemia Due to Buerger’s Disease  

-- Stempeucel = ex vivo cultured adult bone marrow derived allogenic 
mesenchymal stem cells;  
-- I.M. injection at low, medium, and high doses in patients with Buerger's disease 
-- Rutherford 5, 6 

II NCT02016755 A Phase IIB Pilot Study of a Modified 
Dosage Regimen of AMG0001 in 
Subjects With Critical Limb Ischemia  

-- Hepatocyte growth factor (HGF) plasmid, assessing the safety and tolerability 
of a modified dosage regimen of AMG0001 
-- Rutherford 4, 5  
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II NCT01351610 Tolerability and Efficacy of 
Intravenous Infusion of Autologous 
MSC_Apceth for the Treatment of 
Critical Limb Ischemia  

-- I.V. injection of human BM derived autologous, CD34- MSCs 
-- Percutaneous transluminal angioplasty +/- MSC 
-- Rutherford ≥4 

II NCT01867190 Study to Assess Efficacy and Safety of 
Bone Marrow Derived Stem Cells in 
Patients With Critical Limb Ischemia 

-- I.A. and I.M. injection of autologous, BM derived stem cells 
-- Single dose of 10 million CD34+, CD45+ cells/mL at 5 mL/min via intra-arterial 
infusion route and 6 or more injections of approximately 0.2 mL each 
intramuscular route 
-- Looking at collateral arteries # via magnetic resonance angiography 
-- Rutherford 4, 5  

II NCT01666093 Non-Healing Ulcers Without Critical 
Limb Ischemia 

-- Only mild to moderate PAD, must have no sign of CLI 
-- Endovascular revascularization approach 

II NCT02140931 A Clinical Study to Assess Blood-
Borne Autologous Angiogenic Cell 
Precursors Therapy in Patients With 
Critical Limb Ischemia 

-- I.M. injections of Angiogenic Cell Precursors in the ischemic leg 
-- ACPS = Low density cells (synergistic cell population) isolated from density 
gradient and cultured at 1.5-3 x 106 cells/mL with media supplemented with 
autologous human serum (10%), VEGF (1-10 ng/ml) and heparin (5 IU/ml).  

II NCT01408381 Intra-arterial Infusion of Autologous 
Bone Marrow Mononuclear Cells in 
Non-diabetic Patients With Critical 
Limb Ischemia 

-- I.A. injection of autologous BM mononuclear cells at low, medium, and high 
doses (1x108, 5x108, and 1x109 cells) 

II NCT01260870 European Study of POBA Versus 
Cotavance® Paclitaxel Coated Balloon 
for the Treatment of Infrapopliteal 
Lesions in Critical Limb Ischemia 

-- Cotavance® paclitaxel-coated balloon vs. plain old balloon angioplasty for 
treatment of infrapopliteal lesions  
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II NCT02145897 To Evaluate the Safety and Efficacy of 
IM and IV Administration of 
Autologous ADMSCs for Treatment of 
CLI 

-- I.A. and I.M. injection of autologous ADMSC 
-- 1 million cells/kg ex-vivo expanded delivered I.V. and I.M. 
-- Stromal vascular fraction = lipoaspirate; preadipocytes, MSCs, EPCs, T and B 
cells, mast cells, macrophages 
-- Autologous SVF infused I.V. and I.M.  
-- Rutherford 4, 5  

II NCT02034539 VADOplex Critical Limb Ischemia 
Study 

-- Intermittent pneumatic foot compression by the VADOplex system for 4-6 
hours/day until total wound closure of the target lesion is achieved with a 
maximum treatment of 24 weeks; they have ongoing phase III trial 
-- Rutherford 5, 6 

II NCT01870401 Lutonix DCB Versus Standard Balloon 
Angioplasty for Treatment of Below-
The-Knee (BTK) Arteries 

-- Lutonix paclitaxel drug-coated balloon vs. uncoated balloon angioplasty; they 
have ongoing phase III trial 
-- Rutherford 4, 5 

II NCT02096757 The Use of Fish Oil to Reduce 
Inflammation Caused by a Peripheral 
Vascular Intervention 

-- High-dose n-3 polyunsaturated fatty acids (PUFA) oral supplementation will 
improve will improve systemic inflammation 
-- High-dose, short-duration dietary omega-3 fatty acids supplementation; 325 mg 
of EPA and 225 mg of DHA per capsule. 4.4gm/day, 2 weeks prior to surgery and 
continued for 4 weeks after. 
-- Rutherford 2-5; undergoing catheter-based therapy intervention 

II NCT01824069 Treatment CLI Nonrevascularizable 
Lower Limb With Cell Therapy 

-- I.M. injection of ex vivo expanded autologous lipoaspirate  
-- Single dose of ADMSC suspension at 1 million cells/kg 
-- Rutherford 4, 5 

II NCT01500070 PREVENT: Promus BTK -- Everolimus = immunosuppressant to prevent restenosis; one or more lesions 
below the knee with minimum 70% stenosis 
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-- Boston Scientific stent 
-- Rutherford 4, 5 

II NCT01686139 Safety Study of Stem Cells Treatment 
in Diabetic Foot Ulcers 

-- I.M. injection of autologous BMDSC; 10-20 x 106 cells (up to volume of 20 
mL, depending on the wound size & patient weight).  

II NCT01903044 Safety and Efficacy of Autologous 
Bone Marrow Stem Cells for Lower 
Extremity Ischemia Treating 

-- I.M. injection of autologous BM mononuclear cells in aliquots of 1 mL at 
multiple regions of the leg muscles 
-- Mononuclear cells are heterogenous population containing lymphocytes, 
monocytes, stem cells, MSCs, and progenitor cells 
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1.2 A historical background on stromal cells and the discovery of their existence  

While the field of cell therapy has gained strong momentum in both pre-clinical and clinical 

settings over the last several decades, the concept of a stromal/stem cell population existing 

within the body dates back to the 19th century to the work of a German pathologist named 

Julius Friedrich Cohnheim. He hypothesized that a population of non-hematopoietic cells 

existed within the bone marrow that could migrate through the blood stream to distant sites of 

injury and participate in tissue regeneration.65 By injecting a dye in the circulation of animals, 

Cohnheim observed that not only the labeled blood-borne inflammatory cells, but also 

adherent fibroblastoid cells were extravasating at sites of tissue injury.65 This led him to 

hypothesize that the fibroblastic cells participating in injury repair come from the bone 

marrow, raising the possibility that the bone marrow may be the source of fibroblasts that 

deposit collagen fibers as part of the normal process of wound repair.66 

 

Although Cohnheim’s hypotheses had yet to be substantiated, it was not until nearly 100 years 

later that definitive evidence indicating that the bone marrow contains cells that can 

differentiate into fibroblasts (as well as other mesenchymal cells) became apparent.66 In the 

late-1960s and 1970s, Russian scientist Alexander Friedenstein demonstrated that the 

osteogenic potential, as revealed by heterotopic transplantation of bone marrow cells, was 

associated with a minor subpopulation of cells existing in the bone marrow.67 Friedenstein and 

colleagues found that osteogenic stem cells can self-renew independent of hematopoietic stem 

cells (HSCs) and also characterized fibroblast colony-forming units (CFU-F) in the mouse 

bone marrow.68–70 Follow-up work from Friedenstein over the next three decades showed that 

in vivo transplantation led to the recognition that multiple skeletal tissues (bone, cartilage, 

adipose, fibrous) could be experimentally generated in vivo by the progeny of a single bone 

marrow-derived stromal cell.71–74  

 

These findings informed the beginning of a revolutionary research field and Friedenstein’s 

popularity began to increase outside Russia due to his collaboration with a British scientist 

named Maureen Owen.65 Friedenstein’s findings had already begun gaining importance in the 

West as evidenced by publications by Owen during roughly the same time frame, where she 

studied the cell population kinetics of growing bone using labelled thymidine and glycine in 

association with autoradiographic techniques.75–78 Together with Friedenstein, Owen framed 

the concept of the marrow stromal cell system in 1988, ultimately terming this cell an 

“osteogenic stem cell” or “bone marrow stromal stem cell”.79  
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At the beginning of the 1990s, American scientist Arnold Caplan coined these cells as 

“mesenchymal stem cells” and showed that they not only generate bone and medullar stroma, 

but also generate cartilage, tendons, and muscle.80,81 Caplan used the term “mesenchymal stem 

cells” to describe these cells as a way to emphasize their developmental origin, role in bone 

formation and repair, and therapeutic potential.80 Since then, Caplan and his collaborators have 

helped define the immunoregulatory and trophic activities of mesenchymal stem cells as 

manifested by the secretion of a complex array of bioactive molecules at sites of tissue 

injury.65,82 This was a major paradigm shift and the term “mesenchymal stem cells” (MSCs) 

became widely used within the research community, especially following the observation that 

these cells could engraft in various mesenchymal tissues.80 There was of course criticism 

surrounding this terminology however, as not all bones derive from the embryonic 

mesenchyme and the true stem cell nature of MSCs to date remains disputed.83–85 

 

While this hypothesis had been firmly established and reproduced by research groups 

worldwide, it was only in the late 1990s that research by Pittenger et al. reaffirmed the concept 

of a non-hematopoietic stem cell existing within the bone marrow.86 The authors demonstrated 

the clonal multilineage potential of human bone marrow-derived MSCs in vitro, showing that 

cells were capable of differentiating into osteogenic, adipogenic, chondrogenic, and myogenic 

mesenchymal lineages.86 Furthermore, the data showed that MSCs have the ability to 

proliferate extensively and maintain the ability to differentiate into multiple cell types in vitro, 

establishing their stem cell nature.86  

 

At the dawn of the 21st century, Calvi et al. and Zhang et al. independently and concurrently 

demonstrated the existence of the hematopoietic microenvironment in vivo.87,88 By modifying 

a specific set of osteolineage cells using a constitutively active parathyroid hormone receptor 

(PTHR), Calvi et al. observed an increase in osteoblastic cells, along with an increase in 

primitive hematopoietic cells.87 Similarly, by modifying Mx-1-inducible osteolineage cells by 

deletion of the BMP receptor 1A, Zhang et al. also observed a parallel increase in osteoblastic 

cells and primitive hematopoietic cells.88 Both of these studies demonstrated that osteolineage 

mesenchymal cells contribute to the regulation of the hematopoietic stem cell (HSC) niche.  

 

Over the subsequent years, research studies were highly variable in terms of the pre-transplant 

conditioning protocols of MSCs, further propagated by the heterogeneous and ambiguous 

nature of the MSC cultures.89 Furthermore, the nomenclature of “mesenchymal stem cell” 
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proved to be problematic when Horwitz et al. showed that not all plastic-adherent stromal cells 

have comparable self-renewal capacity and in vivo differentiation ability into multiple 

lineages.90 Shortly after these findings, the International Society for Cell and Gene Therapy 

(ISCT) issued a nomenclature clarification restricting the use of the “mesenchymal stem cells” 

for cells that met the stem cell criteria, and thus recommended using the term “multipotent/ 

mesenchymal stromal cells” for fibroblast-like plastic-adherent cells, regardless of the tissue 

of origin.84 A year later, in 2006, the ISCT published a position statement regarding the 

minimal characterization criteria for defining mesenchymal stromal cells (MSCs).91 In this 

position paper, the ISCT stated that stromal cells must meet the following criteria: adherence 

to tissue culture plastic under standard culture conditions; positive expression of CD105, 

CD73, and CD90; negative expression of CD45, CD34, CD14 or CD11b, and CD79a or CD19; 

and the ability to differentiate into the osteogenic, chondrogenic, and adipogenic lineages in 

vitro.91 

 

More than a decade later, the ISCT criteria detailed by Dominici et al. have not fully addressed 

the complexity and heterogeneity of stromal cell populations. The field’s understanding of the 

function of the various MSC subtypes and their respective contributions to tissue homeostasis 

and regeneration in vivo remains limited.89 Since then, rapid technological advances in cell 

biology techniques – such as cell labeling, cell sorting, and genetically-engineered animals – 

have expanded our understanding of the phenotypic and functional heterogeneity of stromal 

cells. For example, stromal cell surface expression of low-affinity nerve growth factor receptor 

(LNGFR, also known as CD271)92 and the melanoma cell adhesion molecule (MCAM, also 

known as CD146)93,94 have been described to label uncultured multipotent MSCs and their 

expression is altered when the cells are cultured. Furthermore, CD44, which is expressed by 

mouse and human cultured stromal cells, does not label uncultured stromal cells.95 These 

findings demonstrate that the in vitro features of stromal cells are not indicative of their in vivo 

function. 

 

The development of transgenic animals to study the in vivo function of MSCs has given rise 

to new findings and had a major impact on the field of stromal cell biology. Labeling of the 

different mesenchymal populations in situ has permitted lineage tracing and specific ablation 

experiments to be carried out, shedding light on the developmental origin and the relative 

contribution of the different populations to tissue homeostasis and regeneration.89 In one such 

instance, by using a CXCL12-GFP knock-in mouse, Sugiyama et al. found that reticular cells 

within the intra-trabecular space of the bone marrow showed the strongest expression of GFP, 
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and hence, identified this population as CXCL12 Abundant Reticular (CAR) cells.96 Further 

characterization of these CAR cells by Omatsu et al. showed that they were also major 

producers of stem cell factor (SCF) and were also labeled with conventional MSC markers, 

such as VCAM1, CD44, CD51, PDGFRα, and PDGFRβ.97 Indeed, gene expression analysis 

of these cells demonstrated higher expression levels of genes that are necessary for 

adipogenesis and for early osteogenesis, and Omatsu et al. also found that the cells 

demonstrated the ability of adipo-osteogenic differentiation both in vitro and in vivo.97 

Separately, by using a Nestin-GFP transgenic mouse in the late 2000s, Méndez-Ferrer et al. 

were able to label these rare non-hematopoietic mesenchymal stromal cells with a perivascular 

distribution in vivo.98 By enzymatically digesting the murine bone marrow, Méndez-Ferrer et 

al. found that Nestin-GFP+ cells were clonogenic, possessed robust self-renewal capacity, and 

were able to differentiate into the osteogenic, chondrogenic, and adipogenic lineages in vitro.98 

Ding et al. also used transgenic mice to demonstrate that different stem and progenitor cells 

reside in distinct cellular niches within the bone marrow, namely, hematopoietic stem cells 

(HSCs) occupy a perivascular niche and early lymphoid progenitors occupy an endosteal 

niche.99 Furthermore, Greenbaum et al. also used an inducible transgenic model to demonstrate 

that CXCL12 in early mesenchymal progenitors is required for hematopoietic stem cell  (HSC) 

maintenance and that stromal cells comprise a distinct niche that supports B-lymphoid 

progenitors and retains hematopoietic progenitor cells in the bone marrow.100 These various 

findings show that the use of genetically engineered animals had significant impact in 

advancing the field of MSC biology. Figure 1.2 below is a historical timeline summarizing the 

aforementioned major discoveries that have shaped the field’s understanding of MSCs and the 

hematopoietic environment. 

 

 

Figure 1.2 A historical timeline representing major discoveries that have shaped the 

research field’s understanding of mesenchymal stromal cells (MSCs) and the 

hematopoietic environment. (Figure used with permission from Kfoury et al.)89  
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In 2018, Chan et al. reported the isolation of a self-renewing and multipotent human skeletal 

stem cell (hSSC) that generated progenitors of bone, cartilage, and stroma, but not fat.101 The 

authors detail findings of a PDPN+CD14-CD73+CD164+ population that marks a self-

renewing, multipotent human skeletal stem cell.101 These hSSCs can be isolated from fetal, 

adult, BMP2-treated human adipose stroma, as well as from induced pluripotent stem cells 

(iPSCs).101 Furthermore, the authors found that these hSSCs undergo local expansion in 

response to acute skeletal injury, and a comparison between murine and human SSCs revealed 

evolutionary differences in skeletogenesis.101 This fundamental discovery of a multipotent 

human SSC reveals conserved and species-specific pathways in skeletal development, and will 

guide future regenerative approaches.101 

 

Most recently, just this last year, Baryawno et al. conducted single-cell RNA sequencing to 

define a cellular taxonomy of the mouse bone marrow stroma and identified 17 stromal cell 

subsets expressing distinct hematopoietic regulatory genes spanning new fibroblastic and 

osteoblastic subpopulations, essentially creating a single-cell bone marrow stromal cell 

atlas.102 Using this portal for comparative cell and molecular analyses on bone marrow-derived 

stromal cells, Baryawno et al. were able to observe distinctions among putative niche cells and 

types of osteolineage differentiation.102 The authors reported 17 distinct cell subsets with new 

mesenchymal, pericyte, fibroblast, and endothelial subpopulations, new inferred osteolineage 

differentiation trajectories, and also distinctions among Lepr-, Nestin-, and NG2-expressing 

hematopoietic stem cell (HSC) niche populations.102  

 

Figure 1.3a on the next page shows the 17 distinct stromal cell subsets by plotting the t-

Distributed stochastic neighbor embedding (t-SNE) of 20,896 non-hematopoietic cells. 

Baryawno et al. have labeled the various distinct populations, and also indicate whether these 

subsets come from primarily the bone (as indicated by blue in Figure 1.3a inset) or the bone 

marrow (as indicated by orange in Figure 1.3a inset). The scatter plot and violin distribution 

plots for the presence of fibroblast activation protein (FAP) gene within the 17 stromal cell 

subsets is shown in Figure 1.3b and Figure 1.3d, respectively. Also, the scatter plot and violin 

distribution plots for the presence of syndecan-2 (SDC2) gene within the 17 stromal cell 

subsets is shown in Figure 1.3c and Figure 1.3e, respectively. The distribution plots indicate a 

high degree of overlap between FAP and SDC2 in MSC-descendent osteolineage cells (OLC-

1, population #7). Ultimately, this stromal cell atlas is a powerful tool to visualize and 

understand the role and function of specific subtypes of MSCs within the bone marrow. 
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Figure 1.3 The 17 bone marrow stroma cell clusters identified by Baryawno et al. (a) t-

Distributed stochastic neighbor embedding (t-SNE) of 20,896 non-hematopoietic cells, 
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annotated post hoc and colored by clustering, bone or bone marrow location (inset). Figure 

used with permission from Baryawno et al.102 (b) Scatter plot for the presence of fibroblast 

activation protein (FAP) gene. (c) Scatter plot for the presence of syndecan-2 (SDC2) gene. 

(d) Violin distribution plot of FAP gene within the 17 stromal cell subsets. (e) Violin 

distribution plot of SDC2 gene within the 17 stromal cell subsets. (Images in Figure 1.3b-e 

taken from online portal for browsing the entire atlas on the Broad Institute website: 

https://singlecell.broadinstitute.org/) 

 

As previously discussed, Figure 1.3 above visualizes the 17 stromal cell populations within 

the bone marrow. Figure 1.3b and Figure 1.3d highlight the visualization of FAP within the 

bone marrow, indicating that is primarily located in MSC-descendent osteolineage cells. 

Similarly, Figure 1.3c and Figure 1.3e highlight the visualization of syndecan-2 (SDC2). 

SDC2 has been previously shown to be a prominent stromal cell marker,103 and is of particular 

importance to the industry partner on this Ph.D. project – Orbsen Therapeutics Ltd. – as SDC2, 

also known as CD362, is their patented and proprietary isolation marker of stromal stem cells.   

 

SDC2 is a transmembrane heparin sulfate proteoglycan and has been previously shown to be 

highly expressed on stromal cells,104 as well as on a variety of other cell types.105,106 SDC2 has 

been reported to be involved in a number of cell functions, including cell binding, cell 

signaling, proliferation, migration, and adhesion,105 It has also been shown to play a key role 

in regulating transforming growth factor-beta (TGF-β) signaling and is also involved in 

angiogenesis as well.107–109 Furthermore, the literature also links SDC2 with mesenchymal and 

epithelial cancers.110,111 Thus, given its importance as both a stromal cell marker and key 

regulator of many cell functions, SDC2 was investigated in several of the flow cytometry 

experiments and analysis throughout this thesis. 

 

1.3 Mechanism of action of stromal cell therapy  

The mechanism of action for stromal cell therapy has long been debated and positive pre-

clinical studies tend to attribute their mechanism of action to the following primary modes: 1) 

contact dependency, 2) paracrine signaling, 3) trans-differentiation, and 4) 

immunomodulatory effects.112,113 Stromal cells exhibit a diverse range of effects and 

multifunctional mechanisms of action, and do not currently exhibit a broad, overarching 

biological effect.113 There is also the further layer of complexity that stromal cells repair and 

https://singlecell.broadinstitute.org/


 

27 
 

modulate the injury differently based on the microenvironment of the injury itself, and also 

interact with the immune system differently on a case-by-case basis. 

 

With regards to the contact-dependent hypothesis, there have been papers published indicating 

that exogenous cell delivery interacts with the host cells near or at the site of injury. Islam et 

al. report that stromal cells were shown to direct contact and transfer cellular components to 

the animal’s host endothelial cells.114 Other studies report the transfer of extracellular vesicles 

originating from exogenous stromal cells transferring to the host immune cells via tunneling 

nanotubules, indicating that contact dependency is crucial for the transfer of these cellular and 

organellar components.115,116   

 

Paracrine signaling has become a frontrunner in the potential mechanism of action for stromal 

cell therapy. Large scale testing of cultured stromal cells and its conditioned media have led 

researchers to believe that, in the case of an ischemic injury, the secretion of pro-angiogenic 

and anti-apoptotic growth factors for example is what is responsible for the improved disease 

prognosis in the treatment group.117 Stromal cell paracrine effects have been observed to 

promote improved recovery and disease resolution in various disease models.118,119 Within the 

context of ischemia, bone marrow-derived stromal cells have been shown to secrete pro-

angiogenic and pro-migratory factors into the conditioned media in vitro.120,121 Similarly, 

adipose-derived stromal cells have also been shown to secrete favorable growth factors such 

as vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and 

transforming growth factor-beta (TGF-β).117 In fact, induced pluripotent stem cell-derived 

stromal cells also secrete high levels of stromal-derived factor 1 (SDF-1), HGF, stem cell 

factor, nerve growth factor (NGF), fibroblast growth factor (FGF), and VEGF.122 In various 

animal disease models, Hoffmann et al. and Kinnaird et al. attributed improved limb perfusion 

in a model of hind limb ischemia down to paracrine and secretory effects,123,124 and Lai et al. 

also reported exosome release as the primary signaling and therapeutic pathway of stromal 

cells in an animal model of myocardial infarction.125 

 

Within the scope of trans-differentiation, cultured stromal cells from a variety of tissues have 

been shown extensively to possess the capability to differentiate into cells of a wide variety of 

lineages. However, within the context of ischemia and disease, the literature is less supportive 

and there is considerable doubt that exogenously delivered stromal cells engraft at the site of 

injury and trans-differentiate into restorative or reparative cell types.112 In a lung injury animal 



 

28 
 

model, Huang et al. have shown that stromal cells engrafted and differentiated into alveolar 

endothelial cells, and their behavior was heavily influenced by the injury microenvironment.126 

In animal models of hind limb ischemia, Leroux et al. and Kang et al. both reported evidence 

of enhanced skeletal muscle regeneration and attributed that effect down to myogenic 

differentiation of stromal cells.61,127  

 

Immunomodulation has emerged most recently as a mechanism of action of stromal cells. 

While the cross-talk between stromal cells and immune cells has been investigated previously, 

only in the last decade or so has there been extensive investigation into the synergy between 

stromal cells and the immune system as a primary mechanism of action, namely, the ability of 

stromal cells to induce regulatory dendritic cells (DCs) and T cell populations.128,129 The 

complex and intricate nature of the body’s host immune response, particularly in the context 

of disease, has made immunomodulation more difficult to study compared to other 

mechanistic pathways. Within the context of vascular diseases, stromal cells have been 

previously shown to attenuate the host-cell mediated immune response in an animal model of 

acute myocarditis, showing that stromal cell-treated animals had significantly reduced levels 

of T cell activation.130 Another study by Liao et al. showed that cord-derived stromal cells 

attenuated inflammation and promoted angiogenesis in an animal model of intra-cerebral 

hemorrhage, leading to enhanced recovery of neurological function.131 In relation to lower 

limb ischemia, Prather et al. found that the intramuscular administration of stromal cells 

reduced oxidative stress and endothelial inflammation in a murine model of hind limb 

ischemia.132 Pinheiro et al. also discovered that in heavy importance to skeletal muscle, a key 

co-factor in limb ischemic diseases, injections of exogenous stromal cells reduced 

inflammation and improved muscle tissue regeneration in dystrophin-deficient mice.133 The 

authors show found that the presence of stromal cells in dystrophin-deficient mice increased 

markers of M1 macrophages (CD11 and F4/80) and decreased T cell marker CD3. All in all, 

there are a plethora of studies investigating the cross-talk between stromal cells and immune 

cells, namely, T lymphocytes, dendritic cells, and macrophages, further reaffirming the 

hypothesis that immunomodulation is a mechanism of action that stromal cells utilize in 

repairing diseased phenotypes. 

 

Several mechanisms of action have been described mediating the immunosuppressive activity 

of stromal cells. Most recently, Cheung and Dazzi have reported on the accumulating evidence 

that stromal cell and myeloid-derived cells do not act independently, but rather that the 

establishment of cross-talk between the two cell populations is a fundamental requirement for 
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immunoregulatory activities.134 In a novel finding by Galleu et al., the authors reaffirm this 

stromal-myeloid cross-talk by reporting that apoptosis in mesenchymal stromal cells (MSCs) 

induces in vivo recipient-mediated immunomodulation.135 Galleu et al. used a murine model 

of graft-versus-host disease (GvHD) and found that stromal cells were actively induced to 

undergo perforin-dependent apoptosis by recipient cytotoxic cells, and that process of 

apoptosis was essential to initiate MSC-induced immunosuppression.135 The authors had 

hypothesized that the fate of infused MSCs played a key role in their immunosuppressive 

capability and the data showed that by infusing apoptotic MSCs, the recipient phagocytes 

engulfed the apoptotic stromal cells and produce indoleamine 2,3-dioxygenase (IDO), which 

was ultimately necessary for effecting immunosuppression.135 These findings underscore the 

hypothesis presented by Cheung and Dazzi that caspase-dependent apoptosis of MSCs is an 

essential driver for initiating immunosuppression via efferocytosis – the process by which 

dying/dead cells are removed by phagocytic cells.134 This potential stromal cell mechanism 

was strengthened by data from Galleu et al. indicating that the efferocytosis of apoptotic MSCs 

polarizes macrophages and thus strengthens the role of myeloid-derived macrophages in the 

mechanism of stromal cell-mediated immunosuppression.134 

 

1.4 Stromal cells and their role in the context of ischemia and ischemic diseases 

Indeed, stromal cells have been explored as a novel therapeutic avenue for treating CLI the 

last few decades, as discussed above in Sections 1.1.4.2. While great strides have been made 

in pre-clinical models of limb ischemia and early phase clinical trials have shown adequate 

safety and tolerance, the lack of efficacy in later phase, randomized, blinded, and controlled 

trails has led researchers to increase emphasis on understanding the mechanism of action 

behind stromal cells in settings of ischemia.  

 

Broadly speaking, in patients who present with peripheral vascular disease (PVD), the major 

imbalance between blood supply and the metabolic demand of the tissue is primarily due to 

structural abnormalities in the vessel wall or surrounding vasculature. There are many 

mechanisms that impair the functional and structural responses of the vasculature to the 

metabolic demands of the tissue.136 Cardiovascular risk factors – such as hyperlipidemia, 

diabetes, hypertension, and tobacco use – have each been shown to impair endothelium-

dependent vasodilation, leading to both structural and functional impairments in blood vessel 

function.137,138 More specifically, the primary problem is that atherosclerosis significantly 

affects the structural integrity of blood vessels and impedes blood flow to downstream tissues. 
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This becomes an issue when it comes to the hemodynamic imbalance between the blood 

supply and the metabolic demand of the supplied tissue, leading to ischemia.  

 

This is invariably the most simple description of ischemia – when the vascular response to the 

metabolic demands of a tissue is insufficient. While this can encompass a range of biological 

functions, diseases, and phenotypes, ischemia is most oftentimes characterized as a lack or 

sub-optimal level of blood supply to an area. Oftentimes, this is associated with vascular 

defects or changes that negatively affect the hemodynamic parameters of that tissue’s 

vasculature. This imbalance has knock-on effects to the under-supplied, downstream tissue(s) 

or organ(s). Because of the highly complex and intricate nature of the microvasculature, 

ischemia is very difficult to treat. Pinpointing the source of ischemia is oftentimes not down 

to a single site of injury or stenosis; but rather, can be attributed to multiple or a combination 

of factors, such as the gradual weakening of vessel walls or the accumulation of plaque and 

fatty deposits within the vessel. As such, when the onset of ischemia does occur, structural 

alterations in the vasculature – namely, angiogenesis, arteriogenesis, and vasculogenesis – are 

initiated and there is an endogenous response to the imbalance in supply and demand between 

blood supply and the tissue’s metabolic demands.139  

 

Figure 1.4 Angiogenesis, arteriogenesis, and vasculogenesis are key structural alterations 

that occur when the vascular supply to the metabolic demands of a tissue is chronically 

insufficient. A) Angiogenesis is triggered by reduced blood oxygenation to the tissue, which 

induces the elaboration by ischemic cells of angiogenic factors such as VEGF, and it also 

characterized by capillary sprouting, endothelial cell migration, and proliferation to generate 

new capillaries. B) Arteriogenesis is the positive remodeling of pre-existing collateral channels 
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in the limb, which seems to be due to endothelial factors, as well as infiltrating macrophages, 

to promote matrix remodeling and smooth muscle cell (SMC) proliferation. C) Vasculogenesis 

is mediated by circulating cells, such as endothelial progenitor cells (EPCs) and circulating 

angiogenic cells (CACs), contributing to the expansion of the microvasculature via multiple 

mechanisms, including secretion of paracrine factors, cytokine release, and inosculation. 

(Figure adapted from Cooke et al.)136 

 

1.4.1 Angiogenesis as a structural remodeling response to ischemia 

As shown above in Figure 1.4a, angiogenesis is triggered when there is reduced blood delivery 

to the tissue. This induces cells within the ischemic tissue to secrete angiogenic factors such 

as vascular endothelial growth factor (VEGF), and this secretion is large under the control of 

transcriptional factor hypoxia-inducible factor-1 alpha (HIF-1α).140 It has been previously 

shown that due to the reduced tissue oxygen pressure, HIF-1α becomes more stable because it 

contains an oxidation dependent degradation domain.136 This degradation domain contains two 

residues that are typically hydroxylated by prolyl hydroxylase, which leads to the destruction 

of HIF-1α; however, in an ischemic setting, prolyl hydroxylase enzymatic activity is reduced 

and HIF-1α begins to accumulate.136 As such, HIF-1α translocates to the cell nucleus and 

beings to mount a response to the ischemia by activating the gene expression of VEGF, thus 

in turn inducing angiogenesis, which is characterized by capillary sprouting, endothelial cell 

migration, proliferation, and luminogenesis to generate new capillaries.136  

 

1.4.2 Arteriogenesis as a structural remodeling response to ischemia 

In contrast to angiogenesis, arteriogenesis is the positive remodeling of the pre-existing 

collateral channels in the ischemic limb, as seen above in Figure 1.4b.141 Typically, there is 

little to no blood flow through these types of narrow, high-resistance collateral channels; 

however, when major vessels become narrowed or occluded with plaque build-up, there is a 

re-direction of blood flow through these collateral channels.141 In turn, the influence of the 

vascular shear stress causes the diameter of collateral channels to increase. Arteriogenesis has 

been attributed to endothelial factors and infiltrating macrophages, where the process is 

characterized by the dynamic remodeling of the extracellular matrix (ECM) and the growth 

and proliferation of smooth muscle cells (SMCs), leading to an increased diameter and 

thickness of the blood vessel itself.142 Furthermore, immune cells – namely, monocytes and 

macrophages – play a major role in arteriogenesis as well. Fung et al. have reported that these 
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immune cells are recruited to sites of arteriogenesis and generate growth factors, 

metalloproteinases, chemokines, and nitric oxide that contribute to the remodeling process.142  

 

1.4.3 Vasculogenesis as a structural remodeling response to ischemia 

Lastly, vasculogenesis is also a structural remodeling response to ischemia, however, it differs 

from angiogenesis and arteriogenesis in that new blood vessels are formed (at least in part) by 

endothelial progenitor cells (EPCs).143 Characterized by cell surface markers like CD34, 

CD133, and VEGF receptor-2, EPCs originate from the bone marrow and are largely of 

hematopoietic lineage.144–146 They can also circulate in the blood and localize in regions of 

vessel formation and have been shown to facilitate vasculogenesis by both paracrine and direct 

mechanisms.117,147 As such, these circulating EPCs, which also includes circulating angiogenic 

cells (CACs) in the bone marrow, contribute largely to the vasculogenesis structural response 

by expansion of the microvasculature via multiple mechanisms, including secretion of 

paracrine factors, cytokine release, and inosculation (as shown above in Figure 1.4c).  

 

Ultimately, angiogenesis, arteriogenesis, and vasculogenesis are the three key structural 

responses that occur in the tissue when there is onset of ischemia. While each process is 

different in terms of vascular regeneration, it has been shown that stromal cells play a key role 

in each of three processes. When it comes to stromal cells in angiogenesis, published work has 

shown that overexpression of HIF-1α – the transcription factor upregulated during ischemia 

that induces secretion of pro-angiogenic cytokines – both improves immunomodulation and 

promotes the migration and invasion of stromal cells.148,149 Furthermore, Zhang et al. found 

that human stromal cells promoted HIF-1α-mediated angiogenesis through the secretion of 

paracrine factors via exosomes and extracellular vesicles.150 In a separate finding, Semenza et 

al. showed that the reduction in oxygen due to ischemia activates HIF-1α, mediating the 

increased transcription of genes like VEGF, SDF-1, PDGF, and angiopoietins.151 This, in turn, 

mobilized angiogenic stromal cells in the bone marrow to increase angiogenesis and arterial 

remodeling.151 Within an animal model of ischemia, Zhou et al. found that by overexpressing 

micro RNA-21 (miR-21) in human stromal cells, the authors were able to drive improved HIF-

1α-mediated neovascularization, indicating a critical pathway by which endogenous stromal 

cells promote angiogenesis.152 

 

When it comes to stromal cells in arteriogenesis, Schweizer et al. observed augmented 

arteriogenesis after administration of stromal cells, which were morphologically characterized 
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by dilated and tortuous conduit arterioles.153 Similar to the illustration provided above in 

Figure 1.4b, Schweizer et al. attributed the observed vasodilation and corkscrew-shaped 

vessels in animals that received stromal cells down to shear-stress-driven arteriogenesis, which 

improved the hemodynamics of the ischemic tissue.153 Similarly, Kinnaird et al. also reported 

that stromal cells play a vital role in promoting arteriogenesis and collateral perfusion in a 

model of limb ischemia, attributing the vascular response down to increased smooth muscle 

cell (SMC) proliferation and enhanced cytokine production.63,124 Separately, when it comes to 

arteriogenesis in the context of cancer, it has been shown that stromal cells have a synergistic 

role in the regulation of immune and inflammatory cells (i.e. macrophages, monocytes, etc.) 

and that they are responsible for the arteriogenic process in ischemia.154  

 

Lastly, when it comes to stromal cells in vasculogenesis, Amin et al. found that stromal cells 

played a key role in restoring blood flow and promoting vasculogenesis in an animal model of 

limb ischemia.155 The authors found increased capillary density and blood vessel density, as 

well as elevated levels of Akt, VEGF, and VEGF phosphorylation.155 In a rat model of limb 

ischemia, Zhang et al. found that stromal cells overexpressing basic fibroblast growth factor 

(FGF) increased vasculogenesis, showing elevated VEGF levels and improved vessel 

density.156 In line with the depiction of vasculogenesis seen in Figure 1.4c, Urao et al. found 

that Nox2-derived ROS in the bone marrow played a critical role in the mobilization, homing, 

and angiogenic capacity of circulating angiogenic cells (CACs) and stromal cells in the bone 

marrow, indicating that the interplay between stromal cells and these EPC-like cells play a key 

role in promoting revascularization of ischemic tissue.157 

 

There is significant evidence pointing towards stromal cells playing a critical role in both 

vascular regulation and regeneration. Particularly in the context of ischemia, stromal cells have 

been previously shown to have a beneficial role in the structural vascular remodeling responses 

of angiogenesis,148–152 arteriogenesis,63,124,153,154 and vasculogenesis,155–157 as detailed above.  

 

1.5 Toxin receptor-mediated cell knockout (TRECK) as a useful tool for analyzing the 

in vivo function of cells 

There are two primary methodologies that can be used to study the implications of stromal cell 

function in ischemia: “gain-of-function” studies and “loss-of-function” studies. The 

overwhelming majority of preclinical studies aimed at understanding the role of stromal cells 
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in an ischemic environment are “gain-of-function” studies – where the addition of an 

exogenous product is introduced into an injured or disease environment and the subsequent 

effects are observed. While this has proved useful in many contexts, it rarely answers the 

underlying biological question of what role stromal cells are playing in that disease. One 

reason for this is that “loss-of-function” studies are very difficult to execute and complex on a 

technical level, and there are very few tools out there that provide the specificity desired to 

perform “loss-of-function” studies. 

 

Specific cell ablation animal models have recently emerged as a unique tool for analyzing the 

in vivo function of cells and have been utilized by researchers to perform “loss-of-function” 

studies. The targeting of specific genes within a system has long been a key method for 

examining the physiological role of that specific gene. The modulation of gene regulation has 

led to many insights in various biological processes. However, methods for studying the 

function of specific cell lineages or cell populations in vivo are less well developed.158 

 

In the early 2000s, Saito et al. developed a simple and sensitive method for conditional cell 

ablation in transgenic mice called “toxin receptor-mediated cell knockout (TRECK)”.158 In 

this novel model, Saito et al. generated transgenic mice that expressed the diphtheria toxin 

(DTX) receptor using a hepatocyte-specific promoter and found that the injection of DTX 

caused the severe and sudden onset of hepatitis.158 The authors also found that the degree of 

hepatocyte damage was easily controlled over a wide range of doses of injected DTX without 

any obvious abnormalities in other cells or tissues.158 This level of specificity had never been 

shown to be possible before. Saito et al. had pioneered a new technique that could be used to 

generate mouse models of various diseases and this TRECK method could now be applied for 

studying the recovery or regeneration of tissues from cell damage or loss.158  

 

Previous techniques for targeted cell ablation included targeting cells surgically, such as using 

techniques like microdissection or laser ablation.159,160 This proved very tricky and near 

impossible for cells such as stromal cells that sit within the connective tissues of various 

organs. Another technique is by treatment with a specific antibody that recognizes a cell 

surface molecule of the target cells.158 Strategies that exploit materials science have also been 

used, namely, the use of chemo- and photothermal ablation by means of drug-conjugated gold 

nanoparticles.161 However, a more efficient method is genetic cell ablation, in which a 
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cytotoxic gene under the control of a tissue-specific enhancer/promoter is expressed in 

transgenic mice.158 

 

1.5.1 Mechanism of diphtheria toxin receptor (DTR), also known as heparin-binding 

EGF-like growth factor (HB-EGF), in TRECK ablation model 

In the TRECK model developed by Saito et al., the authors showed that cell ablation using the 

combination of diphtheria toxin (DTX) and its receptor – diphtheria toxin receptor (DTR) – is 

an effective method for conditional cell ablation.158 The human DTX receptor, also known as 

human heparin-binding EGF-like growth factor (HB-EGF), is a member of the epidermal 

growth factor (EGF) family and is synthesized as a membrane-anchored glycoprotein. It has 

been previously shown to be involved in the biological processes of cutaneous wound healing, 

submandibular gland development, cardiac hypertrophy, and heart valvular and ventricular  

development and function.162  

 

In the development of the cell ablation model, Saito et al. sought out to achieve conditional 

ablation of specific cells by combining the expression of the human HB-EGF precursor in the 

target cells of transgenic mice with the administration of diphtheria toxin.158 Wild-type mice 

are not sensitive to diphtheria toxin (DTX) because non-transgenic mice do not have DTX 

receptors. It has been shown that intramuscular injections of DTX, even at high doses of 50 

µg/kg, caused no abnormalities in wild-type mice.163 Thus, Saito et al. were able to utilize this 

unique characteristic of mice to develop their TRECK model.  

 

Diphtheria toxin is an exotoxin secreted from Corynebacterium, the pathogenic bacteria that 

causes diphtheria.164 Diphtheria toxin is 535 amino acids in length whose active form consists 

of two polypeptide chains linked by an interchain disulfide bond.165 It is classified as an AB 

toxin because the toxin is a two-component protein complex, where the “A” component is 

usually the “active” portion, and the “B” component is usually the “binding” portion;166 in the 

case of diphtheria, DTX-A and DTX-B are the two fragments of diphtheria toxin. The toxicity 

of DTX-A is sufficiently high that one molecule of DTX-A in the cytosol may has been shown 

to be enough to kill the entire cell.167 As such, this level of high toxicity presents with several 

advantages, such as the fact that relatively low levels of DTX can ablate the target cells with 

high efficiency. On the other hand, such high toxicity can also be a disadvantage due to off-

target effects and potential deleterious effects associated with development. As such, avoiding 
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non-specific cell damage required that an enhancer/promoter be used to strictly control the 

target cell type.168 

 

In the seminal paper on diphtheria toxin-mediated conditional cell knockout in a transgenic 

mouse, Saito et al. investigated the expression of diphtheria toxin receptor (DTR) as a method 

for developing a cell-specific and conditional genetic ablation of target cells.158 The authors 

found that while the DTR gene product itself is not harmful, it had the ability to potentiate the 

effect of an injected toxin, leading to the death of the specific cell type in which the receptor 

is expressed.158 As discussed above, the DTR has been identified as a membrane-anchored 

form of the heparin binding EGF-like growth factor.169  

 

In toxin-sensitive animals like humans and monkeys, the HB-EGF precursor binds DTX-B 

and function as toxin receptors, whereas HB-EGF precursors from small rodents, i.e. mice and 

rats, do not bind DTX-B.170 Because of this, it has been shown that murine cells are 100,000× 

more sensitive to diphtheria toxin than human cells.163,171 Based on these attributes, Saito et al. 

expressed the human HB-EGF precursor in the target cells of transgenic mice to achieve 

conditional cell knockout.158 Figure 1.5 below illustrates this concept of toxin receptor-

mediated conditional cell knockout (TRECK) in transgenic mice during the administration of 

DTX. 
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Figure 1.5 Diagram illustrating the procedure of toxin receptor-mediated conditional cell 

knockout (TRECK) in transgenic mice. (Figure used with permission from Saito et al.158) 

 

Other animals models for in vivo cell ablation have also been developed. Table 1.4 below lists 

a number of studies in the literature that utilize TRECK transgenic animals to study the 

function of a target cell population. 
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Table 1.4 Studies in the literature that utilize toxin receptor-mediated conditional cell 

knockout (TRECK) animal models. 

Study/Reference Target Cell 

Population 

Toxin/System Observations 

Jung et al.172 CD11c+ 

dendritic 

cells 

Diphtheria toxin 

receptor (DTR) 

In vivo dendritic cells are 

necessary to cross-prime cytotoxic 

T lymphocyte (CTL) precursors 

Hochweller et 

al.173 

CD11c+ 

dendritic 

cells 

Diphtheria toxin 

receptor (DTR) 

Dendritic cells play an 

instrumental role for maintaining 

normal homeostasis of NK cells; 

NK cells require dendritic cells for 

full acquisition of effector function 

in vivo 

Piva et al. 174 Clec9a+ 

dendritic 

cells 

Diphtheria toxin 

receptor (DTR) 

Absence of this subset of dendritic 

cells resulted in complete 

resistance to experimental cerebral 

malaria, accompanied by dramatic 

reduction of brain CD8+ T cells 

Yamazaki et 

al.175 

XCR1+ 

dendritic 

cells 

Diphtheria toxin 

receptor (DTR) 

Ablation of XCR1+ dendritic cells 

resulted in attenuated dsRNA- and 

bacteria-induced CD8+ T cell 

responses 

Duffield et al.176 CD11b+ 

peritoneal 

macrophages 

Diphtheria toxin 

receptor (DTR) 

Depletion of CD11b+ macrophages 

when liver fibrosis was advanced 

resulted in reduced scarring and 

fewer myofibroblasts; macrophage 

depletion during recovery led to a 

failure of matrix degradation. 

Purnama et al.177 CD169+ 

alveolar 

macrophages 

Diphtheria toxin 

receptor (DTR) 

Infected, ablated mice showed 

dramatically increased virus load 

in the lung severe airway 

inflammation, pulmonary edema 

and vascular leakage 

Baranska et al.178 CD64+ 

macrophages 

and  

Diphtheria toxin 

receptor (DTR) 

Myeloid cells of the ear skin 

dermis are dominated by 

melanophages and dermal 
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monocyte- 

derived cells 

macrophages in the area are 

responsible for capturing tattoo-

pigment particles 

Reber et al.179 Neutrophils Diphtheria toxin 

receptor (DTR) 

Neutrophils serve to protect the 

host from LPS-induced lethal 

inflammation through neutrophil-

derived myeloperoxidase  

Jacobsen et al.180 Eosinophils Diphtheria toxin 

receptor (DTR) 

Eosinophil contributions to allergic 

immune/inflammatory responses 

appear to be limited to the airway 

challenge and not the sensitization 

phase of allergen provocation 

models 

Sawaguchi et 

al.181 

Mast cells 

and 

basophils 

Diphtheria toxin 

receptor (DTR) 

Depletion of mast cells markedly 

impaired the airway hyper-

responsiveness effector phase and 

was accompanied by decreased 

histamine levels; basophil 

depletion had no effect on AHR 

effector phase or IgE production 

Matsuoka et 

al.182 

Prestin+ 

outer hair 

cells 

Diphtheria toxin 

receptor (DTR) 

Ablation of outer hair cells (OHC) 

did not induce significant damage 

to other cochlear and vestibular 

cells; genes associated with 

inflammatory and immune  

responses were significantly 

upregulated; several genes linked 

to hearing loss were strongly 

downregulated by OHC death 

Zhang et al.183 Hepatocytes Diphtheria toxin 

receptor (DTR) 

Conditional ablation of 

hepatocytes led to fulminant 

hepatitis, which provided space for 

donor cell residency and 

proliferation; generated humanized 

livers by transplanting human 
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primary fetal liver cells and hepatic 

stem cells 

Matsuoka et 

al.184 

Pancreatic 

beta cells 

Diphtheria toxin 

receptor (DTR) 

Administration of diphtheria toxin 

was followed by hyperglycemia, 

severe ablation of pancreatic beta 

cells, and depletion of serum 

insulin; subcutaneous injection of 

insulin was sufficient for recovery 

from hyperglycemia; allogeneic 

transplantation of pancreatic islet 

cells and xenogeneic delivery of 

human umbilical cord cells were 

both successful in rescuing toxin-

induced hyperglycemia 

Shinomura et 

al.185 

Sertoli cells Diphtheria toxin 

receptor (DTR) 

Depletion of Sertoli cells in the 

gonads resulted in cell 

degeneration, leading to a large 

amount of cell debris in the 

seminiferous tubes; transplantation 

of exogenous healthy Sertoli cells 

rescued the gram cell loss, leading 

to partial recovery of the 

spermatogenesis 

Omatsu et al.97 CXCL12-

abundant 

reticular 

(CAR) cells 

Diphtheria toxin 

receptor (DTR) 

Short-term ablation of CXCL12-

abundant reticular (CAR) cells in 

vivo did not affect the candidate 

niches, bone-lining osteoblasts, or 

endothelial cells, but severely 

impaired the adipogenic and 

osteogenic differentiation potential 

of marrow cells and production of 

the cytokines SCF and CXCL12; 

led to a marked reduction in 

cycling lymphoid and erythroid 

progenitors 
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1.6 FAP-DM2 transgenic mouse as a TRECK animal model for stromal cell ablation 

Building upon the backbone of the Saito paper, the FAP-DM2 mouse is a transgenic murine 

model that allows for diphtheria toxin (DTX) receptor-mediated conditional knockout of 

tissue-resident FAP-expressing cells. The FAP-DM2 mouse was developed in the laboratory 

of Prof. Douglas Fearon at the University of Cambridge and uses diphtheria toxin-based 

TRECK to ablate endogenous FAP-expressing cells within the mouse.186–188   

 

Briefly, Kraman et al. utilized a 206 kb bacterial artificial chromosome (BAC) clone (RP23-

16A15) containing the fap gene from BACPAC Resources Center at Children's Hospital 

Oakland Research Institute (https://bacpacresources.org/).186 The authors then created two 

transgenic mouse lines with BACs containing the murine fap gene modified by insertion of a 

cassette encoding either enhanced green fluorescent protein (EGFP) or the primate diphtheria 

toxin receptor (DTR), as shown below in Figure 1.6.186 More specifically, the authors modified 

the BAC by introducing an EGFP reporter construct from Clontech Laboratories, Inc. (vector 

ID: pEGFP-C1) into the start ATG codon of the fap gene by homologous 

recombination.186,189,190 In similar fashion, the authors also introduced a DTR reporter 

construct into the BAC with a 5’ HA tag and a 3’ IRES EGFP sequence.186 Figure 1.6 below 

shows how the BAC containing the fap gene is modified by inserting a cassette encoding either 

DTR or EGFP at the fap translational start site. 

 

 

Figure 1.6 The bacterial artificial chromosome (BAC) that was used for introducing 

EGFP or primate diphtheria toxin receptor (DTR) into cells expressing FAP. (Figure 

used with permission from Kraman et al.)186 

https://bacpacresources.org/
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Transgenic mice were generated by pronuclear injection of BAC DNA into 0.5 d fertilized ova 

of F1(C57BL/6 × CBA) donors.186 Identifying mice positive the transgene was carried out by 

polymerase chain reaction (PCR) as detailed in Chapter 2: Materials & Methods. Figure 1.5 

above illustrates the microinjection of the tissue-specific enhancer/promoter and DTR cDNA 

into fertilized eggs as a means to producing this transgenic mouse.  

 

1.6.1 The functional roles of fibroblast activation protein-alpha (FAP) 

Fibroblast activation protein-alpha (FAP), also known as prolyl endopeptidase or seprase, is a 

type II transmembrane glycoprotein that identifies tissue-resident stromal cells of 

mesenchymal origin.187 It is comprised of 760 amino acids and shares 50% of its sequence 

identity at the amino acid level with DPP4.186 Early cloning work found FAP to be selectively 

expressed in reactive stromal fibroblasts of epithelial cancers, granulation tissue of healing 

wounds, and malignant cells of bone and soft tissue sarcomas.191 Originally reported to be 

expressed on human astrocytomas,192 further secondary analysis found FAP expression to be 

mainly by reactive fibroblasts in the tumor stroma of human adenocarcinomas and in healing 

dermal scars.193 FAP expression has also been found in endothelial cells in an expression 

screen for serine proteases and by gene expression profiling.194,195 In the last two decades, 

FAP+ stromal cells have also been found in tissues of chronic inflammation, such as primary 

biliary cirrhosis,196 rheumatoid arthritis,197 and atherosclerosis.198 

 

FAP not only identifies stromal cells of mesenchymal origin in human cancers and chronic 

inflammatory lesions,187 but FAP has also been shown to play a critical role in development 

and wound healing.199 While not normally expressed in most normal adult human tissues, 

FAP-expressing reactive fibroblasts are commonly found in the granulation tissue of healing 

wounds.191,193 Tissue remodeling is a highly complex process and is indicative of a number of 

pathologic conditions, such as chronic inflammation and fibrosis. Jacob et al. have shown that 

FAP is a selective marker of activated fibroblasts in tissues undergoing remodeling of their 

extracellular matrix (ECM) due to chronic inflammation, fibrosis, or wound healing.199 

Furthermore, FAP is also a robust marker of reactive mesenchymal stromal cells associated 

with pathophysiologic tissue remodeling.199 

 

FAP also plays a key role in the migration of bone marrow stromal cells to injured tissues. 

Chung et al. report that FAP plays an important role in the localization of bone marrow 

mesenchymal stromal cells through modulation of RhoA GTPase activity.200 The authors 
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found that when FAP was depleted, there was significant migratory inhibition of bone marrow 

stromal cells in a chemotaxis assay.200 The authors also found that the inflammatory cytokines 

interleukin-1-beta (IL-1β) and transforming growth factor-beta (TGF-β) upregulated FAP 

expression, which coincided with better stromal cell migration.200 

 

FAP has also been shown to play a role in fibrosis. In chronic liver disease, hepatic stellate 

cells are activated and transdifferentiate into myofibroblasts that express FAP.201 Through 

histological analysis, it has been shown that increased severity of chronic liver disease and 

hepatitis C infection correlates with increasing intensity of FAP immunostaining.201,202 In the 

lungs, FAP has been found to be expressed by fibroblasts at the remodeling interstitium in 

idiopathic pulmonary fibrosis (IPF).203 Similarly, in Crohn’s disease, high levels of FAP 

expression has been noted in the fibrotic strictures of Crohn’s that include the submucosa and 

muscle layers.204 

 

When it comes to inflammatory diseases in the heart, FAP has been shown to be expressed by 

human aortic smooth muscle cells (HASMC) in human thin cap coronary fibroatheromata.198 

The authors found that FAP expression by HASMC is induced by tumor necrosis factor-alpha 

(TNF-α) derived from macrophages, and that the levels of FAP expression correlate with the 

degree of macrophage infiltrate.198 Furthermore, the authors discovered that once FAP is 

expressed, it cleaves collagen in the fibrous caps of the human fibroatheromata, indicating a 

role for FAP in degrading collagen within thin cap fibroatheromata.198 

 

When considering systemic diseases such as diabetes, which is a frequent co-morbidity in 

patients with critical limb ischemia, FAP expression has been hypothesized to be up-regulated 

in the pancreatic remodeling and inflammatory process associated with type 1 diabetes.205 

Dunshee et al. have shown that FAP is involved in the cleavage of FGF21, a stress-induced 

hormone with potent anti-obesity, insulin-sensitizing, and hepato-protective properties.205 

Thus, the authors argue that selective FAP inhibition could be an effective therapeutic 

approach to increase endogenous FGF21 activity for the treatment of obesity, type 2 diabetes, 

non-alcoholic steatohepatitis (NASH), and related metabolic disorders.205 Furthermore, Panaro 

et al. have reported on the metabolic importance of FAP and found that acute inhibition of 

FAP enzyme activity improved glucose tolerance in mice.206 
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1.6.2 Phenotypes and characteristics associated with FAP-DM2 transgenic mouse 

The FAP-DM2 transgenic mouse from Prof. Fearon’s laboratory was developed originally in 

the context of observing the tumor stroma and its protective role in cancer. In their seminal 

Science paper, Kraman et al. found that the depletion of FAP-expressing stromal cells, which 

made up only 2% of all tumor cells in a Lewis lung carcinoma model, caused rapid hypoxic 

necrosis of both cancer and stromal cells in immunogenic tumors.186 The authors also found 

that ablating FAP-expressing cells in a subcutaneous model of pancreatic ductal 

adenocarcinoma also permitted immunological control of growth, thereby establishing that in 

a tumor microenvironment, FAP-expressing cells are a non-redundant, immune-suppressive 

component.186  

 

As seen below in Figure 1.7, the treatment group of transgenic FAP-DM2 mice that received 

diphtheria toxin (DTX), as indicated by the red line, showed significantly suppressed tumor 

expansion and growth compared to the other groups. Other groups, such as non-transgenic 

mice that received DTX and transgenic mice that did not receive the toxin, had normal and 

expected LL2/OVA tumor expansion. Furthermore, Figure 1.8 shows quantitative 

measurements of the LL2/OVA tumors following cell ablation in both non-transgenic and 

transgenic mice. In this figure, Kraman et al. show that tumor growth, when compared to the 

tumor volume before DTX administration, was virtually non-existent in transgenic mice 

showing an average of 5% change in tumor volume 48 hours following ablation; whereas, in 

non-transgenic mice, the LL2/OVA tumors showed an average of 113% change in tumor 

volume in the same time period (Figure 1.8a). Similarly, when the authors measured the cell 

viability of the tumor following ablation, they found that the tumors of transgenic mice 

contained significantly lower numbers of viable cells when compared to the tumors of non-

transgenic mice, indicating that the ablation of FAP-expressing stromal cells resulted in 

significant tumor suppression (Figure 1.8b). 

 



 

45 
 

 

Figure 1.7 Tumor expansion was significantly suppressed by the diphtheria toxin (DTX) 

treatment in transgenic FAP-DM2 mice. Non-transgenic and transgenic mice were injected 

with LL2/OVA cells. Twelve days later, when tumors were palpable, the indicated groups 

began alternate-day DTX treatment. As indicated, the red line corresponding to transgenic 

mice that received DTX showed significantly suppressed tumor metastasis. (Figure used with 

permission from Kraman et al.)186 

 

 

Figure 1.8 Quantitative measurements of LL2/OVA tumors following cell ablation 

showed significantly suppressed tumors. After ablating FAP-expressing stromal cells with 

DTX, the  LL2/OVA tumors in non-transgenic (Non Tg) and transgenic (DTR Tg) mice were 
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assessed. A) The growth by comparison in tumor size before DTX showed that transgenic mice 

had almost zero percent change in tumor volume, compared to non-transgenic mice which 

showed a 130% growth in tumor volume. B) Transgenic mice showed significantly lower 

numbers of viable cells in the tumor following FAP ablation indicating tumor collapse 

following DTX administration. (Figure used with permission from Kraman et al.)186 

 

Ultimately, the findings detailed by Kraman et al. show the generation of a novel TRECK 

transgenic model that provided the authors a better understanding on the protective role of 

FAP-expressing stromal cells in the tumor.186  

 

In a follow-up paper published in the Journal of Experimental Medicine, Roberts et al. found 

that the in vivo depletion of FAP-expressing stromal cells from the skeletal muscle and bone 

marrow in FAP-DM2 transgenic mice resulted in cachexia and anemia.187 In this paper, 

Roberts et al. reported that the experimental ablation of FAP-expressing cells causes loss of 

muscle mass and a reduction of B-lymphopoiesis and erythropoiesis, revealing their essential 

functions in maintaining normal muscle mass and hematopoiesis, respectively.187 The authors 

modified the bacterial artificial chromosome (BAC) containing the fap gene from the Kraman 

et al. paper. In this iteration, the authors modified the BAC by inserting a cassette encoding 

for diphtheria toxin receptor (DTR), firefly luciferase (Luc2), and mCherry (linked by E2A 

sequences) at the start codon (Figure 1.9a). The purpose of this modification was so that 

bioluminescence imaging could be used to visualize FAP-expressing stromal cells. 
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Figure 1.9 Bioluminescence imaging was used to assess the localization of FAP+ stromal 

cells. A) In this paper, the authors used a bacterial artificial chromosome (BAC) containing 

the fap gene and modified it by inserting a cassette encoding the DTR, Luc2, and mCherry 

(linked by E2A sequences) at the start codon. B) Using bioluminescence imaging, the firefly 

luciferase and the DTR in stromal cells are visualized before and 24 hours after DTX 

administration in both transgenic and non-transgenic mice. C) Selected organs were dissected 

from transgenic and non-transgenic mice and visualized using bioluminescence before and 

after ablation. (Figure used with permission from Roberts et al.) 187 

 

With the intent on using bioluminescence imaging for visualization of FAP-expressing cells, 

the authors used a white-haired mouse that had been crossed at least 10 times to the C57BL/6 

Tyr–/– background. This specific mouse carries a mutation in the tyrosinase gene, causing 

pigment to be completely absent from the skin, hair, and eyes. Aside from the lack of albino 

nature of mouse, there are no other associated phenotypes with the Tyr–/– mutation. Roberts et 

al. successfully used bioluminescence imaging to visualize the firefly luciferase (Luc2) and 

the DTR in stromal cells before and 24 hours after DTX administration in both transgenic and 

non-transgenic mice (Figure 1.9b). Furthermore, by dissecting out specific organs, the authors 

were able to visualize the presence/absence of FAP-expressing cells using bioluminescence 

imaging before and after ablation, namely, the pancreas, femur, quadriceps, visceral adipose 

tissue, and salivary gland (Figure 1.9c). The key takeaway from the bioluminescence imaging 

is that there is a high frequency of FAP+ stromal cells throughout the transgenic mouse as 

evidenced by the high luminescence color readings; however, when DTX is injected into 

transgenic mice, there is a pointedly and marked decrease of FAP+ stromal cells due to the 

ablation. The authors found that this decrease was not just isolated to localized or specific 
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organs and showed a significant decrease in FAP+ cells throughout various organs.187 The 

authors then quantified the mRNA levels of FAP using quantitative real-time polymerase chain 

reaction (qRT-PCR) in a variety of tissues and organs within the mouse and detected varying 

levels of FAP expression (Figure 1.10a). Similarly, the authors enzymatically dissociated 

select tissues, stained for FAP and CD45, and quantified the % of FAP+ cells using flow 

cytometry (Figure 1.10b). 

 

 

Figure 1.10 Distribution of FAP+ cells within FAP-DM2 transgenic mice. A) The relative 

expression of FAP mRNA levels were quantified in a variety of organs and tissues using qRT-

PCR. B) Select tissues were enzymatically dissociated and cells were stained with antibodies 

to FAP and CD45 for analysis by flow cytometry. Numbers represent the % of live cells gated 

as FAP+. (Figure adapted and used with permission from Roberts et al.)187 
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Figure 1.11 FAP-DM2 transgenic mice exhibited phenotypes specific to FAP+ cell 

ablation, including weight loss, cachexia, and anemia. A) Transgenic mice that received 

DTX showed a characteristic 10% drop in body weight when compared to littermates that 

received DTX. B) The weight drop was then shown to have a correlative effect on muscle 

mass. At day 7 and day 22 timepoints, the authors found muscle wasting (cachexia) in 

quadriceps muscle mass. C) There was a significant drop in the number of FAP+ cells in the 

quadriceps when analyzed by flow cytometry at both day 3 and day 22 timepoints. D) 

Transgenic mice exhibited lower hemoglobin levels compared to littermates and E) also 

showed to have a reduced number of peripheral blood erythrocytes when compared to 

littermate controls. (Figure adapted from Roberts et al.)187 

 

Furthermore, Roberts et al. found that following the ablation of FAP+ cells, transgenic mice 

exhibited phenotypes that were specific to the ablation itself, namely, weight loss, cachexia, 

and anemia.187 Transgenic mice lost 10% of their body weight immediately following 

administration of DTX, whereas non-transgenic mice that received DTX showed no weight 
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loss (Figure 1.11a). When looking at the quadriceps muscles, transgenic mice showed 

significantly lower muscle masses at the day 7 and day 22 timepoints (Figure 1.11b) and also 

had a significant drop in the number of FAP+ cells when analyzed by flow cytometry at both 

the day 3 and day 22 timepoints (Figure 1.11c). When analyzing hematological parameters in 

the peripheral blood, transgenic mice that received DTX showed significantly lower levels of 

hemoglobin (Figure 1.11d), as well as significantly lower levels of circulating erythrocytes 

(Figure 1.11e), indicating that the FAP ablated mice presented with anemia following DTX 

administration.  

 

The phenotypes observed in the FAP-DM2, as presented above in Figure 1.10 and Figure 1.11, 

indicate a highly complex transgenic animal model in which the ablation of FAP-expressing 

cells causes specific phenotypes not observed in littermates, most notably, weight loss, 

cachexia/muscle wasting, and altered hematology. Keeping these considerations in mind is 

crucial when using this transgenic model to understand the role of FAP-expressing stromal 

cells in a specific biological function or disease state. In the context of this thesis, the aim is 

to understand if and how FAP+ stromal cells react to an ischemic setting and to elucidate the 

role they play in revascularizing the tissue. Recognizing and being aware of the innate 

phenotypes specific to the FAP-DM2 animal model will be important in experimental design 

and data interpretation, in that the complex nature of this model will require intricately 

designed and controlled studies to really pinpoint the role of FAP+ cells in revascularizing 

ischemic tissues. 

 

1.6.3 Immunological implications and the study of disease models using the FAP-DM2 

transgenic mouse 

In an autochthonous model of pancreatic ductal adenocarcinoma (PDA), Feig et al. used the 

FAP-DM2 mouse model to explore the effects that depletion of FAP-expressing carcinoma-

associated fibroblasts (CAFs) would have on tumor growth.188 Two immunological checkpoint 

antagonists that have been shown to promote T cell function and tumor suppression – anti-

cytotoxic T-lymphocyte associated protein-4 (CTLA-4) and anti-programmed cell death 

1/programmed cell death 1 ligand 1 (PD-1/PD-L1) – have been unsuccessful in patients with 

PDA.207 However, Feig et al. found that by removing FAP-expressing CAFs in a KPC model 

of PDA, immune control of adenocarcinoma growth was achieved and uncovered the efficacy 

of the aforementioned immunotherapeutic antibodies.188 The authors also found that FAP+ 

CAFs are the only source of CXCL12 in the tumor and when the authors administered 
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AMD3100, an inhibitor of CXC4, a CXCL12 receptor, they observed antitumor effects from 

the immunotherapeutic antibodies and greatly diminished cancer cells, indicating that that 

targeting CXCL12 from FAP-expressing CAFs synergizes with anti-PD-L1 immunotherapy 

in pancreatic cancer.188  

 

In a paper by Denton et al., the authors use the FAP-DM2 transgenic mouse to explore the role 

of lymph node fibroblastic reticular cells (FRCs) in attracting and retaining both resting and 

activated T cells in the lymph nodes.208 By conditionally depleting FAP-expressing FRCs from 

lymph nodes, Denton et al. reported the loss of naïve T cells, B cells, and dendritic cells from 

the lymph nodes, and this loss decreased the magnitude of the B and T cell responses to a 

subsequent infection with influenza A virus.208 Interestingly, Denton et al. found that depleting 

FAP+ FRCs during an ongoing influenza infection did not diminish the response of activated 

T and B cells in the draining lymph nodes, despite still resulting in the loss of naïve T cells.208 

As a result, by using the FAP-DM2 transgenic mouse to ablate FRCs, the authors were able to 

discern that different rules govern how fibroblastic reticular cells in the lymph nodes traffic 

resting and activated T cells.208 

 

More recently, the FAP-DM2 transgenic mouse has been used to study the role of distinct 

subsets of fibroblasts responsible for mediating inflammation and tissue damage in arthritis.209 

Significant levels of FAP expression in the cartilage of patients with osteoarthritis (OA) has 

previously been shown.210 In rheumatoid arthritis (RA), the levels of FAP expression are even 

higher than those seen in patients with OA. Bauer et al. found that FAP is both expressed in 

the synovial fibroblasts and localized in the joint lining layer of patients with RA.197  

 

In a mouse model of serum transfer induced arthritis (STIA), Croft et al. found that depleting 

FAP+ fibroblasts suppressed both inflammation and bone erosions in mouse models of 

resolving and persistent arthritis.209 More specifically, FAP ablation led to a significant 

reduction in the cellularity of the synovial membrane and also attenuated synovial 

inflammation.209 Within the FAP+ fibroblast population, Croft et al. found two distinct subsets: 

FAP+ THY1+ immune effector fibroblasts located in the synovial sub-lining, and FAP+ THY1− 

destructive fibroblasts restricted to the synovial lining layer.209 By using the FAP-DM2 

TRECK model, the authors were able to differentiate the two subsets and track these cells in 

vivo through bioluminescence imaging, and found that depleting FAP+ fibroblasts during the 

initiation and maintenance phases of the disease led to a substantial reduction in the number 
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of cells in the synovial membrane, suggesting a general reduction in inflammation.209 

Furthermore, the authors isolated FAP-expressing cells that either expressed or did not express 

THY1 in order to understand their individual contributions to inflammation and bone damage. 

They found that when FAP+ THY1- cells were exogenously injected into the joint, these cells 

selectively mediated bone and cartilage damage with little effect on inflammation;  whereas, 

transfer of FAP+ THY1+ fibroblasts resulted in a more severe and persistent inflammatory 

arthritis, with minimal effect on bone and cartilage.209 

 

Ultimately, since first developed by Kraman et al., the FAP-DM2 transgenic mouse has been 

used to study a variety of biological processes and diseases, including lung carcinoma,186 

hematopoiesis,187 colon cancer,187 pancreatic ductal adenocarcinoma,188 T cell recruitment,208 

and rheumatoid arthritis.209 By utilizing diphtheria toxin receptor (DTR) mediated conditional 

cell knockout, the FAP-DM2 TRECK model allows for the selective depletion of FAP+ 

fibroblasts and cells in vivo. This is a powerful tool that allows for investigating the role of 

this specific subset of cells with respect to various disease models and biological functions.  

 

1.7 Conclusion 

While much progress has been made in the area of therapeutic angiogenesis for CLI, there is 

still a large translational gap that remains in treating this common yet debilitating problem. To 

date, there are no market-approved therapies for CLI and while this is partially due to the 

complexity of the complication, this is also due to a lack of specificity and a gap of knowledge 

in the mechanism of action of various clinical therapies. Pinpointing a proposed mechanism 

of action is crucial in progressing through clinical trials and regulatory approval, and 

elucidating the biological mechanism requires a deep understanding of the interplay between 

disease and immunology, the intersection of CLI and atherosclerotic conditions with 

macrophage infiltration and chemokine signaling. Only then will the field begin to progress 

toward developing smarter therapeutics in combating this unmet medical need. 

 

As discussed above, cell therapy holds significant potential as a next-generation advanced 

therapy medicinal product (ATMP) for treating CLI and other peripheral vascular conditions. 

This thesis focuses on the potential of stromal cells as a therapeutic modality and emphasizes 

the revascularizing role of stromal cells in limb ischemia and vascular disease. There is a large 

breadth of literature that ties stromal cells to the structural vascular responses of angiogenesis, 

arteriogenesis, and vasculogenesis during the onset of ischemia. The overwhelming majority 
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of these preclinical studies aimed are “gain-of-function” studies – where the addition of an 

exogenous product is introduced into an injured or diseased environment and the subsequent 

effects are observed. While this has proved useful in many contexts, it rarely answers the 

underlying biological question of what role stromal cells are playing in that disease.  

 

Cell ablation animal models have recently emerged as a unique tool for analyzing the in vivo 

function of cells and have been utilized by researchers to perform “loss-of-function” studies. 

Using the transgenic FAP-DM2 diphtheria toxin receptor-mediated conditional cell knockout 

(TRECK) mouse model, it is now possible to design “loss-of-function” studies that answer the 

question: what role do endogenous FAP+ stromal cells play when it comes to revascularization 

in the context of limb ischemia?  

 

This thesis aims to address this question in a systematic and methodological manner. Firstly, 

characterization of the FAP-DM2 transgenic model is carried out to ensure that the cell 

ablation performed using diphtheria toxin and observation of the corresponding phenotypes 

match what is seen in the literature. Secondly, induction of the hind limb ischemia (HLI) injury 

is carried out in FAP-DM2 transgenic mice to understand how the depletion of endogenous 

FAP+ stromal cells affects the system’s revascularization responses. Lastly, if a phenotype is 

observed that can be attributed to the ablation of FAP+ cells within transgenic mice, stromal 

cells will be exogenously delivered in an attempt to rescue the mouse from the observed 

vascular phenotype. Ultimately, studying the vascular role of stromal cells in ischemia and 

understanding how they mount structural vascular responses is the central research question 

of this thesis. 
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2.1 Overview 

This chapter describes the materials and methods used to conduct the experiments presented 

in the research chapters of this thesis.  

 

2.2 Genotyping of FAP-DM2 mouse 

2.2.1 Collection of ear tissue and identification tagging of  FAP-DM2 mouse 

Ear tissue biopsies were obtained from 6-8 week old FAP-DM2 mice using a 2 mm manual 

ear punch (Kent Scientific Corp., CT, USA). The punched-out ear tissue was used to assess 

whether the mouse was the BAC transgene or not and thus stratified into two classifications: 

non-transgenic (non-Tg) and transgenic (Tg). Tools required to extract and isolate the ear 

tissue sample included the following: 2 mm ear punch, fine tweezers, and fine scissors. The 

tissues were then collected into labeled 0.5 mL Eppendorf tubes and either processed 

immediately or stored at 4ºC for processing the next day. While the ear punch biopsies were 

used in the genotyping of the mouse, they simultaneously served the secondary purpose of 

being an identification system, as each cage housed multiple mice at the same time (see Figure 

2.1 below).  

 

Figure 2.1 The following numbering system was used to “tag” the mouse for 

identification purposes. This ear notch system was adapted from the University of 

Connecticut’s Center for Mouse Genome Modification. Reference: Hogan B, Beddington R, 

Costantini F and Lacy E, ed. 1994. Manipulating the Mouse Embryo - A Laboratory Manual, 

2nd ed. Cold Spring Harbor Laboratory Press.1 

 

2.2.2 Digestion of ear tissue 

After collection, ear tissues were incubated with DirectPCR® lysis reagent (Viagen Biotech 

Inc., CA, USA) in order to facilitate the rapid lysis of the samples. The ear lysis buffer resulted 



 

80 
 

in DNA extracts compatible with genomic PCR for genotyping. Each tissue was incubated in 

80 µL ear lysis buffer and 2 µL proteinase K (Sigma-Aldrich Corp., MO, USA). After mixing 

several times to ensure fully submersion of the tissue in the lysis buffer, tubes were placed in 

an Eppendorf ThermoMixer® F1.5 set at 55ºC and shaking at 700 rpm for 3 h 45 min. Halfway 

through the DNA extraction process, the tubes were flicked to ensure the sample was lysing 

completely. After the 3 h 45 min incubation at 55ºC, the ThermoMixer® temperature was 

increased to 85ºC for an additional 30 min to inactivate the proteinase K. Samples were then 

allowed to cool and stored at 4ºC until the PCR amplification step. Otherwise, samples were 

stored at -20ºC for future use. 

 

Table 2.1 Reagents required for the digestion of ear tissue. 

Reagent Catalog No. Manufacturer 

DirectPCR® lysis reagent (ear),  

50 mL 

402-E Viagen Biotech 

Proteinase K from Tritirachium 

album, ≥800 units/mL 

P4850 Sigma-Aldrich 

 

 

2.2.3 PCR of digested ear tissue 

PCR was performed on the digested ear tissue to amplify a specific segment of DNA that was 

indicative of the bacterial artificial chromosome (BAC) within the mouse, determining its 

transgenicity. The Platinum™ Pfx DNA polymerase kit was used for high-fidelity amplification 

of DNA fragments (Thermo Fisher Scientific, MA, USA). The PCR master mix was prepared 

according to the calculations in Table 2.2 using the reagents listed in Table 2.3. An extra 2-3 

reaction (rxn) volumes were added to the master mix due to residual liquid on the wall of the 

tube and on the sides of the pipette tips. This ensured that there was enough master mix for all 

tissue samples. 

 

Reagents are stored in the -20ºC freezer and kept on ice during preparation and use. Once 

prepared, the master mix was transferred into a separate biosafety cabinet for the addition of 

template DNA. It is critical that the PCR master mix reagents are prepared in a designated 

biosafety cabinet that has not seen template DNA (digested ear tissue) in order to prevent 

cross-contamination and false positives. New 0.2 mL Eppendorf tubes are labeled and 45 µL 
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of the PCR master mix is aliquoted into each tube. 5 µL of template DNA (digested ear tissue) 

is then added carefully into its designated, labeled tube and pipette-mixed thoroughly to ensure 

homogeneity between the two solutions. 

 

Table 2.2 PCR master mix calculations for genotyping ear tissue. 

Reagent Volume ×1 Rxn ×20 Samples (make ×22) 

10× Pfx Amplification buffer 5 µL 110 µL 

10 mM dNTP mixture 1.5 µL 33 µL 

50 mM MgSO4 1 µL 22 µL 

Primer mix (10 µM each) 1.5 µL × 2 33 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 8.8 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 750.2 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 

 

Table 2.3 Reagents required for preparing PCR master mix and agarose gel. 

Reagent Catalog No. Manufacturer 

Platinum™ Pfx DNA polymerase,  

500 rxn 

11708039 Thermo Fisher Scientific 

Nuclease-free water, 10 × 50 mL 129114 QIAGEN 

Deoxynucleotide (dNTP) set,  

100 mM, 0.25 mL each 

DNTP100-1KT Sigma-Aldrich 

Agarose,  

for molecular biology, low EEO 

A9539 

Trizma® (TRIS base) T6791 

Acetic acid, glacial ARK2183 

EDTA disodium salt dihydrate, 

for electrophoresis 

E5134 

SYBR™ Safe DNA gel stain S33102 Thermo Fisher Scientific 

Gel loading dye, purple (6×) B7024S New England BioLabs 

1 kb DNA ladder N3232S 
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The primer mix mentioned in Table 2.2 consists of a forward primer (“ewr29”) and a reverse 

primer (“ewr43”) with oligonucleotide sequences detailed in Table 2.4. The forward primer is 

427 nucleotides into the DTR sequence of the transgene, and the reverse primer is the 3' primer 

for resolution of 5' Luc2 sequence. The primers together produce a band of 882 bp in a 

transgenic animal. 

 

Table 2.4 Oligonucleotide sequences for forward and reverse primers. 

Primer Label Sequence 

Forward primer “ewr29” GCATCCATGGAGAATGCAA 

Reverse primer “ewr43” AATGGGAAGTCACGAAGGTG 

 

Tubes containing master mix and template DNA were then placed into a GeneAmp® PCR 

System 9700 thermocycler (Applied Biosystems, CA, USA). The run program is stored in the 

thermocycler software under the username lisao and the program name is exp001. The 

PCR conditions for this program include one cycle at 94ºC for 3 min; 35 cycles of 94ºC for 15 

sec, 55ºC for 30 sec, and 68ºC for 1 min; one cycle at 68ºC for 12 min; and held at 4ºC. 

Samples were held at 4ºC (either in thermocycler or refrigerator) until the PCR product was 

ready to be visualized. 

 

2.2.4 Preparation of agarose gel and imaging of PCR product  

PCR product was visualized using a 1% agarose gel in 1× TAE buffer. The 1× TAE buffer 

was prepared using Trizma® TRIS base, glacial acetic acid, and EDTA salt listed in Table 2.3. 

After weighing out 1% w/v agarose in TAE buffer, the flask was placed in a microwave on 

medium intensity to dissolve the agarose.  

 

Once the agarose was fully dissolved, the flask was rinsed under cold water to cool the solution 

down to allow handling of the flask. SYBR™ Safe DNA gel stain (Thermo Fisher Scientific, 

MA, USA) was added to the solution at a concentration of 3 µL SYBR™ Safe per 100 mL TAE 

buffer. The flask was gently swirled to ensure homogenous distribution of staining agent 

without introducing unwanted air bubbles into the solution.  
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The agarose solution containing the SYBR™ Safe was then gently poured into the mold to 

minimize bubble formation. A small mold (holding two 10-well combs) or a large mold 

(holding two 25-well combs) was chosen depending on the number of ear tissue samples to be 

analyzed. Bubbles were popped using a pipette tip after pouring, and the gel is then let to cool 

for 30-45 minutes.  

 

Once the gel set, the combs were gently removed from the gels and 1× TAE buffer was poured 

into the electrophoresis chamber until the marked line. Samples were then loaded into the well 

using a P10 pipette. 2 µL of PCR product was mixed with 10 µL purple loading dye (New 

England BioLabs, MA, USA) on Parafilm® and resulting mixture was slowly pipetted into the 

well. Blank wells containing 1× TAE buffer and loading dye were inserted every five wells to 

help keep track sample loading. Lastly, 10 µL of 1 kb DNA ladder (New England BioLabs, 

MA, USA) was added into each of the edge wells. Figure 2.2 below indicates the band sizes 

of this 1 kb DNA ladder and Figure 2.3 illustrates the labeling template for a 20-sample gel 

where “L” indicates 1 kb DNA ladder and “B” indicates blank wells containing 1× TAE buffer 

and loading dye. 

 

 

Figure 2.2 Bands for 1 kb DNA ladder. The size range of this ladder was 500 bp to 10 kb. 

Image courtesy of New England BioLabs website (http://www.neb.com).  

 

http://www.neb.com/
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Figure 2.3 Template for a 25-well gel. This template was used for a large gel containing two 

25-well combs. This gel contained 20 ear tissues labeled by identification tag number. L: 

ladder, B: blank.   

 

Samples were then run at 100 V for one hour using a POWER 300 power supply (Fisher 

Scientific, NH, USA) or a Consort E835 power supply (Medical Supply Co., Ireland), ensuring 

that samples did not run off of the gel. Once distinct separation of the bands was seen in the 

ladder under ambient light, the power supply was turned off and disconnected. The gel was 

carefully removed from the electrophoresis chamber, dabbed dry, and visualized using a 

Syngene G:BOX imaging system with UV transilluminator (Synoptics Group, UK). The 

presence of a band at 882 bp indicated that the ear tissue sample, and subsequently the mouse, 

carried the FAP transgene. This genotyping step was critical in determining animal study 

groups and control groups. 

 

2.3 Administration of diphtheria toxin 

Diphtheria toxin (List Biological Laboratories Inc., CA, USA) was intraperitoneally injected 

into mice at a concentration of 25 ng/g. Briefly, a frozen aliquot of diphtheria toxin was 

resuspended and diluted in 1 mL of sterile saline under aseptic conditions and brought into the 

pre-clinical facility. Mice were weighed before the injection and the appropriate amount of 

DTX was withdrawn into a sterile syringe. The mouse was then restrained and the toxin was 

injected into the peritoneal cavity. A second injection of DTX was administered to the mice 

48 hours later, on the alternate side of the peritoneal cavity. This was the dosing regimen for 

the toxin through the entire project. Control mice received an equivalent volume of sterile 

saline injected into their peritoneal cavity, based on their weight. 
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2.4 Induction of hind limb ischemia (HLI) injury 

Induction of the hind limb ischemia (HLI) injury was performed by Dr. Xizhe Chen – an oral 

maxillofacial surgeon who has several years’ experience performing the HLI model on small 

rodents. The HLI surgery is extremely delicate, especially on the small size scale of a mouse, 

so having repetitive, reproducible surgeries is key to consistent results and data. Figure 2.4 

details the surgical instruments required for performing the HLI model. Tools were cleaned 

using a warm, 50ºC solution of Rapidex® powdered detergent (Rapidex Ltd., UK) and then 

autoclaved at 121ºC to ensure sterility before the HLI surgery. 

 

 

Figure 2.4 Surgical instruments required to perform hind limb ischemia (HLI) injury 

model. The following tools were used by the surgeon to carry out the HLI surgery: 1) ALM 

self-retaining retractor, 2) Castroviejo needle holder with lock, 3) Mosquito forceps ×2, 4) 

Ultrafine tweezers ×3, 5) Castroviejo straight scissors, 6) Dura blunt hook, 7) Ethicon® 

MERSILK* braided non-absorbable suture, size 6-0, and 8) Ethicon® VICRYL* rapide undyed 

braided, absorbable suture, size 5-0.  

Mice used for the study were acclimatized to their surroundings for at least seven days before 

the first procedure was carried out. This has been shown to decrease the stress experienced by 
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the mouse during re-housing2. On the day of surgery, mice were individually removed from 

their cage and brought to the pre-surgery suite for weighing, scoring, and anesthesia.  

 

In preparation for the surgery, mice were anesthetized with an intraperitoneal (i.p.) injection 

of 75-100 mg/kg of ketamine hydrochloride (Ketamidor®) and 10 mg/kg of xylazine 

(Chanazine®, Chanelle Pharmaceuticals Manufacturing Ltd., Ireland). Mice were left in an 

empty cage on top of a heated pad as the anesthesia begun to take effect. During this time, 

mice were shaved from the lower abdomen to the ankles on both hind limbs. This reduced the 

risk of contamination with hair during the surgery, as well as reduced the level of itching 

experienced by the mouse due to hair stuck underneath the suture or wound closure site. 

Carbomer gel (Vidisic®, Bausch + Lomb, UK) was applied topically to the eyes at this point 

to prevent corneal dehydration while the animal is under general anesthesia. 

 

Once the mouse was fully anesthetized, it was brought over to the laser Doppler imaging (LDI) 

machine for its pre-surgery scan. Lighting pinching the toes of the mouse to check any reflexes 

was done to ensure anesthesia has fully set in. The mouse is then laid into the heated glass 

chamber shown in Figure 2.6 for its pre-surgery Doppler scan. The pre-surgery scan of the two 

hind limb paws indicated whether there were inherent differences in the blood flow, and thus 

vasculature, between the two limbs. An exclusion criterion of greater than 20% flux difference 

between the two paws was set to exclude inherent variability in animal vasculature. Section 

2.5 below details the full procedure for carrying out the LDI scans of hind limb blood 

perfusion. Once the scan was completed and the blood flow flux difference between the two 

paws was confirmed to be less than 20%, the mouse was given a subcutaneous (s.c.) injection 

of 5-10 mg/kg of enrofloxacin (Baytril®, Bayer AG, Germany) as a broad-spectrum anti-

microbial before the HLI surgery. Table 2.5 below details the drugs required for the 

preparation and carrying out of the HLI surgery. 

 

Table 2.5 Drugs required for performing HLI surgery. 

Drug Trade Name Manufacturer Dose 

Ketamine hydrochloride, 

100 mg/mL  

Ketamidor® Chanelle 

Pharmaceuticals 

Manufacturing 

75-100 mg/kg 

i.p. 
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Xylazine,  

2% w/v 

Chanazine® Chanelle 

Pharmaceuticals 

Manufacturing 

10 mg/kg i.p. 

Enrofloxacin, 

2.5% w/v 

Baytril® Bayer  5-10 mg/kg s.c. 

Buprenorphine 

hydrochloride,  

0.3 mg/mL 

Bupaq® Chanelle 

Pharmaceuticals 

Manufacturing 

0.05-0.1 mg/kg 

s.c. 

Carbomer gel,  

0.2% w/v 

Vidisic® Bausch + Lomb  Topical 

application 

 

 

The surgery itself is detailed below in Figure 2.5 and is representative of the single ligation 

model used throughout the experiments. Briefly, the following steps were performed by the 

surgeon: first, the anesthetized mouse was placed in the supine position on a heated operating 

table with limbs taped down using autoclave tape (Figure 2.5a). Sterile saline was applied to 

the incision site to wipe down the area, then a small amount of surgical-grade iodine was 

applied to disinfect the area (Figure 2.5a). Then, a small incision was made in the lower 

abdomen of the mouse, superficially above the femoral artery, and the incision site was held 

upon carefully using the ALM self-retaining retractor (Figure 2.5b). There, the femoral artery 

can be seen accompanied by the femoral vein and femoral nerve in the femoral sheath (Figure 

2.5c). The femoral artery was carefully separated and isolated using the Dura blunt hook. A 

VICRYL* rapide undyed braided, absorbable suture, size 5-0 (Ethicon Inc., NJ, USA) was 

placed underneath the artery (Figure 2.5d). A ligature was made using the suture proximal to 

the snipping site (Figure 2.5e) and a second ligature was made distal to the snipping site in 

similar fashion (Figure 2.5f). Once the snip was made between the ligatures, the incision site 

was carefully cleaned of any residual blood, the underlying fascia and external skin were 

sutured closed using a MERSILK* braided non-absorbable suture, size 6-0 (Ethicon Inc., NJ, 

USA).  

 

Once the surgery was completed, a dose of 0.05-0.1 mg/kg of buprenorphine (Bupaq®, 

Chanelle Pharmaceuticals Manufacturing Ltd., Ireland) was administered subcutaneously 

(s.c.) to the mouse as an analgesic to provide temporary pain relief. Buprenorphine was also 

administered s.c. to the mouse every 9-12 hours for the first three days following surgery. 

Section 2.6 details more post-operative care and animal husbandry. The mouse was then 
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placed back into the heated glass chamber for the post-surgery LDI scan. This step ensured 

that the ligation of the femoral artery was successful, and this was evidenced by a scan 

indicating zero to negligible amounts of blood flow in the paw of the ischemic limb. The mouse 

was placed on top of clean paper tissue in a “recovery” cage situated on top of a heated pad. 

A tube containing 100% O2 pumped oxygen into the cage to help improve recovery from 

anesthesia. The empty cage without bedding or other environmental stimuli ensured that the 

mouse did not face any additional trauma coming out of general anesthesia. Once the animal 

was fully recovered and moving around the cage, it was placed back in its original cage and 

monitored closely. 

 

 

Figure 2.5 Schematic illustrating the ligation of the femoral artery. The steps illustrated 

above detail the hind limb ischemia (HLI) surgery. The representative mouse in the photo is a 

Balb/c rather than the C57BL/6 Tyr-/- mouse used in the experiments. C57BL/6 mice were 

shaved from the lower abdomen to the ankles on both hind limbs to reduce the risk of 

contamination and itchiness. Image adapted from NUI Galway Standard Operating Procedure 

(SOP) No. RD/SP/007.02. 
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2.5 Laser Doppler imaging (LDI) of hind limb blood perfusion  

Laser Doppler imaging was used to assess and quantify blood perfusion of the hind limbs 

before and after the ischemic insult. LDI measures the superficial blood flow in the skin of the 

paw and, by projecting an infrared laser beam onto the paw, the instrument is able to measure 

the flux change as light interacts with moving blood cells. LDI was performed using a 

moorLDI2 Laser Doppler Perfusion Imager (Moor Instruments Ltd., UK). A circular glass 

chamber with circulating water was connected to a water bath to ensure that the chamber would 

be heated and kept at the body temperature of the mouse during the scan, in order to minimize 

any artifacts and fluctuations in the body temperature of the mouse.  

 

 

Figure 2.6 Setup of Laser Doppler imaging system within animal facility. The arrangement 

of the Laser Doppler imaging system included: (a) circulating water bath set to 37ºC, (b) the 

moorLDI2 imaging system with affixed stand and power supply, (c) glass chamber where mice 

were placed during the scan and the scan area (inset), and (d) laptop containing moorLDI V6.1 

measurement and review software. 

 

2.5.1 Capturing of Laser Doppler images using measurement software 

Once the infrared laser was given sufficient time to warm up, animals were anesthetized based 

on the dosage and instructions in Section 2.4. Mice were placed on a heated pad in an empty 

animal cage while the anesthetic set in. Once the mouse was fully anesthetized, it was brought 
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over to the laser Doppler imaging (LDI) machine for its pre-surgery scan. Lightly pinching the 

toes of the mouse to check any reflexes was done to ensure anesthesia has fully set in. The 

mouse is then carefully laid into the heated glass chamber shown in Figure 2.6 for its pre-

surgery Doppler scan. Figure 2.7 below illustrates the instructions for setting up the moorLDI 

V6.1 Laser Doppler measurement software. These software windows allowed for 

customization of the scan area and scan resolution, as well as inputting scan/subject details 

into the metadata. This information included animal ID, tag #, blinded and randomized 

grouping, and other pertinent information. Once the scan area detailed in Figure 2.6c was 

marked, the scan window seen in Figure 2.8 appears and begins to scan the hind limb paws of 

the mouse. Scans took roughly 150-200 seconds depending on the size of the scan area. Scans 

were analyzed using the moorLDI V6.1 review software.  

 

 

Figure 2.7 moorLDI V6.1 measurement software for capturing Laser Doppler image. 

Once the software is open, the button in the upper left-hand corner (highlighted) labeled 

“Single” is clicked. This opened the scanner setup window. In this window, the scan area was 

adjusted based on the sizing and area of interest. In the case of the hind limb paws, a 

rectangular area was drawn in the shape seen in Figure 2.6c. The button labeled “Mark” was 

used to indicate the perimeter of the scan area and when clicked, would trace the scan area 

outline using the laser over the mouse. Once the scan area was confirmed, the next window 

allowed for information regarding the subject details to be entered. This window contained the 

animal ID, tag #, blinded and randomized grouping, and other pertinent information.   
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Figure 2.8 Scan window after setting up moorLDI V6.1 measurement software. Once the 

scan setup is completed (as shown in Figure 2.7), this window appears that captures both a 

“photo image” (on right) using the digital camera and a “flux image” (on left) using the Laser 

doppler imaging system.  

 

2.5.2 Analysis of scanned Laser Doppler images using review software 

Once the scanned images were imported into the moorLDI V6.1 review software, a rectangular 

region of interest (ROI) was drawn to correspond to the bottom of the non-ischemic hind limb 

paw. In order to ensure that the measurement area was identical, the rectangle ROI was copied 

and pasted and then overlaid onto the ischemic hind limb paw. Figure 2.9 shows the analysis 

of hind limb blood perfusion using the review software.  

 

After the two rectangular ROIs were properly positioned over the flux image, the “Statistics 

(F9)” button in the upper right-hand corner was clicked. Figure 2.10 shows the menu detailing 

the image ROIs statistics. This compares the mean flux of each of the two rectangular ROIs 

and provides a “Flux %” difference between ROI 1 and ROI 2. This difference was used to 

calculate the blood perfusion, % as a ratio between the ischemic and non-ischemic limbs. The 

animal ID and treatment groups were randomized and the primary researcher in charge of the 

experiment was blinded to which animal received which treatment.  
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Figure 2.9 Analysis of hind limb blood perfusion using moorLDI V6.1 review software. 

Rectangular regions of interest (ROI) were drawn to correspond with the bottom of the paws 

and used to measure the blood perfusion flux of the two paws. 

 

 

Figure 2.10 The image statistics menu showing the quantitative results of the ROIs. The 

“Flux %” column indicated the difference in blood perfusion between the two paws. The 

“Valid %” and “Area” columns were kept as close to each other as possible to ensure that the 

same surface area of the hind limb paw was being measured in each of the rectangular ROIs. 
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2.6 Post-operative care and animal husbandry conditions 

Immediately following the HLI surgery, animals were closely monitored until they were fully 

recovered from the anesthesia. As stated in Section 2.4, analgesia was administered post-

operatively for a minimum of three days to the animals to minimize pain and discomfort (and 

as required from then on). Prophylactic antibiotic (Enrofloxacin/Baytril®) was also given post-

operatively. Animals were housed in a warm environment (20-24ºC and 45-65% relative 

humidity) and closely monitored for signs of pain and distress. Animals were housed 

individually following the surgery in autoclaved, sterile, ventilated (HEPA-filtered) cages. 

Animals were observed twice daily during the first 48 hours and daily thereafter. Animals were 

checked for health and behavioral changes and the environmental parameters of the holding 

room were also monitored. Cage conditions, food/water levels were also checked daily and 

recorded, with food and water being topped up as required. Individually ventilated cages (IVC) 

contained a variety of objects to provide environmental enrichment (i.e. nesting materials, 

tunnels, etc.). Deviations from normal health, behavior, cage status or environmental 

parameters were dealt with immediately by contacting the Animal Care & Welfare Officer 

(ACWO), Designated Veterinary Surgeon (DVS), or university buildings management as 

required.   



 

 
 

2.6.1 Post-procedure distress scoring sheet  

 

Figure 2.11 Post-procedure distress scoring sheet. This score sheet was used to assess and monitor each animal after the induction of hind limb ischemia.



 

 
 

2.6.2 Ambulation & necrosis scoring sheets 

 

Figure 2.12 Ambulation & necrosis scoring sheets. This score sheet was used to assess the animal’s ambulatory ability and the severity of necrosis on and 

around the toes of the animal. 
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2.6.3 Humane endpoints and euthanasia 

Animals that suffered from severe infection, >20% loss of overall weight, severe necrosis 

or/and auto-amputation of the distal hind limb (scoring of >3), or severe pain not controlled 

by analgesics were considered to have met a “humane endpoint” and euthanized. The decision 

to euthanize was made in consultation with the named veterinary surgeon. 

 

All animals were euthanized by CO2 asphyxiation and cervical dislocation, whether this was 

a study endpoint, tissue harvest, or humane endpoint. Euthanasia was performed only by 

trained and competent personnel. During the course of the study, euthanasia was performed 

on any animals showing signs of distress, which was recorded with the help of the post-

procedure score sheets in Sections 2.6.1 and 0. Euthanasia was carried out in the event of auto-

amputation of the limb or in the presence of an infection that could not be resolved with the 

initial post-operative antibacterial treatment. Such an outcome was evidenced by suppuration 

or infection around the incision site.  

 

Euthanasia was also considered if the animal suffered a loss of >20% in body weight post-

surgery or upon losing >0.1 mL of blood due to excessive bleeding during the hind limb 

ischemia surgery. The decision to euthanize the animal was made by the experienced and 

qualified animal technician, principal investigator, project manager, and/or designated 

veterinary officer. 

 

2.7 Isolation of murine stromal cells from bone marrow and skeletal muscle tissue 

2.7.1 Separation of the femur and tibia bones from muscle tissue 

Bone marrow stromal cells were isolated from the two hind legs of mice for flow cytometry 

analysis. After euthanizing the animal by CO2 asphyxiation and cervical dislocation, the mouse 

was carefully placed in the supine position and its four paws were pinned down using 25G 

needles on a Styrofoam board. A light spray of 70% ethanol was used to sterilize the exterior 

surface of the mouse before dissection. A sterile No. 10 carbon steel scalpel blade (Swann-

Morton, UK) was used along with autoclaved tools, namely, a scalpel, fine tweezers, and fine 

scissors. 
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Firstly, a light incision was made around the abdomen area and the outer skin was carefully 

peeled away from the inner tissue, exposing the inner organs of the mouse. Next, the skin of 

the hind limbs was then carefully removed, exposing the skeletal muscles of the mouse. If the 

skeletal muscles were being harvested for flow cytometry or tissue histology, the respective 

muscles – the gastrocnemius and quadriceps – were carefully excised from the surrounding 

skeletal muscle tissue. The isolated tissue was then placed in sterile 1× Dulbecco's phosphate-

buffered saline (PBS) (Thermo Fisher Scientific, MA, USA) containing 1% penicillin-

streptomycin (Thermo Fisher Scientific, MA, USA) on ice for stromal cell isolation, or the 

tissue was placed in a 10% neutral-buffered formalin solution (Sigma-Aldrich Corp., MO, 

USA) at room temperature for tissue histology.  

 

Otherwise, the skeletal muscle was crudely cut off of the femur and tibia bones and, using the 

needle as an anchor point, the residual tissue was scraped off using the scalpel blade under the 

bones were clean. Once the bones were cleaned of any residual tissue, the hind foot was 

severed from the tibia and fibula bone. The DN. It was critical that the bones were not broken 

in any way or exposed to the air, as that would have compromised the sterility of the bone 

marrow. 

 

2.7.2 Digestion of bones and bone marrow for stromal cell isolation 

Once all the tissues were harvested, the femur and tibia bones were brought out of the animal 

facility and into a sterile workspace for further downstream processing. Bones were kept in 

the sterile PBS solution on ice during this transition. Once in the sterile workspace, the bones 

were removed from their respective tubes, and rinsed twice in a petri dish with rinse buffer 

(sterile PBS containing 1% penicillin-streptomycin) to remove any residual soft tissue.  

 

The bones were transferred to a sterile mortar and 2 mL of Dulbecco's Modified Eagle Medium 

(DMEM) (Thermo Fisher Scientific, MA, USA) was added. A pestle was then used to firmly 

crush the bones using a circular motion, releasing the bone marrow from within the femur and 

tibia bones. The slurry containing the bone marrow cells was then pipetted into a sterile 15 mL 

conical tube containing 8 mL of stop solution (sterile DMEM containing 20% fetal bovine 

serum (FBS)), ensuring that the crushed bones remained in the mortar. Another 2 mL of 

DMEM was added to the mortar and the bones were given another round of crushing with the 

pestle. Once again, the light slurry containing media and cells was transferred to the conical 

tube containing stop solution. Finally, 1 mL of DMEM was added to the bones and the bones 
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were ground using the pestle one last time. The bones were nearly white and translucent at this 

stage and the last remaining liquid in the mortar was transferred into the conical tube 

containing stop solution. 

 

The bone fragments were then transferred to a new 15 mL conical tube and 2 mL of digestion 

buffer was added. The digestion buffer was made using DMEM and contained 0.2 mg/mL of 

collagenase P, 0.1 mg/mL of DNAse I, and 0.8 mg/mL of dispase II (all from Sigma-Aldrich 

Corp., MO, USA). The digestion buffer was sterile-filtered before use. Once the digestion 

buffer was added to the bone fragments, tubes were placed in a water bath at 37ºC for 20 min, 

with gentle agitation every five minutes.  

 

After the 20 min incubation, the contents were gently pipette mixed and the bone fragments 

were let to settle. The supernatant containing extracted cells was transferred into the conical 

tube containing the stop solution from the previous step. Another 2 mL of digestion buffer was 

added to the conical tube containing the bone fragments and placed into the water bath for 

another incubation of 20 min, with gentle agitation every five minutes. 

 

Like before, after the 20 min incubation, the contents were gently pipette mixed and the bone 

fragments were let to settle. The supernatant containing extracted cells was transferred into the 

conical tube containing the stop solution from the previous step. Finally, the last step of 1 mL 

of digestion buffer was added to the conical tube containing the bone fragments and placed 

into the water bath for another incubation of 20 min, with gentle agitation every five minutes. 

 

Lastly, once the 20 min incubation was finished, the remaining liquid from the conical tube 

containing the bone fragments was transferred into the tube containing the stop solution. The 

bone fragments were discarded in biohazard waste, and the conical tube containing the stop 

solution along with the extracted cells was filtered through a 40 µm mesh to remove any 

unwanted clumps or fragments. The filtered liquid was then spun down in a centrifuge at 1,200 

rpm for 5 min and the supernatant was discarded using a pipette. The pellet was resuspended 

in 2 mL of ACK lysis buffer (Thermo Fisher Scientific, MA, USA) and incubated for 3 min at 

room temperature, lysing any red blood cells (RBCs) in solution. After the 3 min incubation, 

stop solution containing FBS was added to neutralize the red blood cell lysis buffer. The 

conical tube was then placed in the centrifuge at 1,200 rpm for 5 min and the resulting 
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supernatant was discarded using a pipette. The resulting pellet was then resuspended in sterile 

PBS for downstream flow cytometry applications.  

 

Table 2.6 Reagents required for isolation of bone marrow and skeletal muscle stromal 

cells. 

Reagent Catalog No. Manufacturer 

Dulbecco's phosphate-buffered saline, 

1×, no Ca2+, no Mg2+ 

14190094 Thermo Fisher Scientific 

Penicillin-streptomycin,  

10,000 U/mL 

15140122 

Dulbecco's Modified Eagle Medium, 

GlutaMAX™, phenol red, 

without sodium pyruvate 

61965026 

ACK lysis buffer A1049201 

Formalin solution,  

neutral-buffered, 10% 

HT501128 Sigma-Aldrich 

Collagenase P,  

from Clostridium histolyticum 

11213857001 

Dispase II, protease 

from Bacillus polymyxa 

D4693 

Deoxyribonuclease I (DNAse I),  

from bovine pancreas,  

≥400 Kunitz units/mg protein 

DN25 

 

 

2.8 Flow cytometry and characterization of murine stromal cells 

After cells were isolated from their respective tissues according to the digestion protocols 

detailed above in Sections 2.7.2, cells were suspended in flow cytometry buffer (also known 

as FACS buffer) and counted using a hemocytometer. FACS buffer was made using 1× PBS 

containing 2% fetal bovine serum (FBS) (Thermo Fisher Scientific, MA, USA) and 1mM 

EDTA (Sigma-Aldrich Corp., MO, USA). Table 2.7 below lists the reagents required for the 

preparation of FACS buffer.  
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Table 2.7 Reagents required for the preparation of FACS buffer. 

Reagent Catalog No. Manufacturer 

Dulbecco's phosphate-buffered saline, 

1×, no Ca2+, no Mg2+ 

14190094 Thermo Fisher Scientific 

Fetal bovine serum (FBS), 

HyClone™ 

12349692 

Ethylenediaminetetraacetic acid 

(EDTA), 99.4-100.6%, powder 

E9884 Sigma-Aldrich 

 

 

Once cells were counted, they were pipetted into a sterile 96-well, conical-base microplate 

(Sarstedt AG, Germany) according to the staining layout for that experiment. Typically, the 

more cells per well is beneficial. Due to the various staining and wash steps involved, there is 

invariably a proportion of cells that will be lost; thus, starting with the most cells possible is 

highly advantageous, usually anywhere between 2-5 million cells/well is used. These wells 

typically hold a maximum of 300 µL of liquid, so cells are generally pipetted in 100 µL 

quantities. This allows for an additional 100 µL of FACS buffer to be used as a washing step, 

without risk of overflow and cross-contamination. 

 

2.8.1 Staining of FAP-expressing stromal cells for flow cytometry analysis 

The staining of FAP-expressing stromal cells was a time-intensive process and required paying 

strict attention and adherence to the protocol due to the multiple steps involved. This entire 

process was performed on ice in a Styrofoam box or in a cold room at 4ºC with minimal light 

exposure to preserve cell viability and prevent photobleaching of the fluorochromes. Once 

cells had been aliquoted into the 96-well V bottom well plates, one well of unstained cells was 

set aside (typically well A1). This well acted as a true unstained negative control that was 

never incubated with any of the staining antibodies or the viability dye.  

 

The remaining wells were then incubated with 100 µL of eBioscience™ eFluor™ 780 viability 

dye (APC-Cy7) (Thermo Fisher Scientific, MA, USA) at a 1:2000 working dilution for 30 

min. After the 30 min incubation time, cells were washed in 100 µL FACS buffer using a 

multi-channel pipette by pipetting up and down several times. The microwell plate was then 

placed in a large refrigerated benchtop centrifuge and the cells were spun down at 1200 rpm 
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for 5 min. The supernatant was then removed by inverting the microwell plate and dumping 

away the supernatant in one swift motion. 

 

Next, each well was resuspended in 90 µL of anti-mouse CD16/32 antibody (BD Biosciences, 

NJ, USA). This step acted as a blocking solution for non-specific binding and the cells were 

incubated with the CD16/32 antibody at a 1:100 working dilution for 15 min. Once the 15 min 

had elapsed, 10 µL of sheep anti-mouse FAP antibody (Bio-Techne Corp., MN, USA) at a 1:5 

working dilution was added into the 90 µL of CD16/32 antibody and incubated for 30 min. 

Because the 10 µL of FAP antibody was being added to 90 µL of CD16/32 antibody, the actual 

working dilution of the anti-mouse FAP antibody on the cells was 1:50. After the 30 min 

incubation time, cells were washed in 100 µL FACS buffer using a multi-channel pipette by 

pipetting up and down several times. The microwell plate was then placed in a large 

refrigerated benchtop centrifuge and the cells were spun down at 1200 rpm for 5 min. The 

supernatant was then removed by inverting the microwell plate and dumping away the 

supernatant in one swift motion. 

 

Next, each well was resuspended again in 90 µL of anti-mouse CD16/32 antibody at a 1:100 

working dilution and incubated for 15 min. Once the 15 min had elapsed, 10 µL of mouse anti-

sheep biotin antibody (Sigma-Aldrich Corp., MO, USA) at a 1:100 working dilution was added 

into the 90 µL of CD16/32 antibody and incubated for 30 min. Similar to the FAP antibody 

addition in the previous step, the actual working dilution of the biotin antibody on the cells 

was 1:1000. After the 30 min incubation time, cells were washed in 100 µL FACS buffer using 

a multi-channel pipette by pipetting up and down several times. The microwell plate was then 

placed in a large refrigerated benchtop centrifuge and the cells were spun down at 1200 rpm 

for 5 min. The supernatant was then removed by inverting the microwell plate and dumping 

away the supernatant in one swift motion. 

 

Next, each well was resuspended in 90 µL of PE-conjugated streptavidin (BD Biosciences, 

NJ, USA) at 1:400 working dilution and incubated for 30 min. This step allowed for the highly-

specific, non-covalent bonding of the streptavidin moiety to the biotin moiety in the previous 

step. Streptavidin is a 52.8 kDa tetrameric protein that possesses an extraordinarily high 

affinity for biotin with a dissociation constant (Kd) of 10-15 mol/L.3 It is commonly used in 

biological assays that require the formation of an irreversible and specific linkage between 

biological macromolecules.4 In this instance, because there is not a commercial fluorochrome-
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conjugated FAP antibody readily available, this biotin-streptavidin step was necessary to 

provide the linkage between the FAP antibody and the PE fluorochrome. After the 30 min 

incubation time, cells were washed in 100 µL FACS buffer using a multi-channel pipette by 

pipetting up and down several times. The microwell plate was then placed in a large 

refrigerated benchtop centrifuge and the cells were spun down at 1200 rpm for 5 min. The 

supernatant was then removed by inverting the microwell plate and dumping away the 

supernatant in one swift motion. 

 

At this point, the multi-step conjugation of the FAP-biotin-streptavidin-PE was complete. The 

next staining step was making the master mix of antibodies containing syndecan-2 (SDC2, 

also known as CD362, staining for stromal cells), CD31 (also known as PECAM-1, staining 

for endothelial cells), CD45 (staining for leukocytes), and Ter119 (staining for erythrocytes). 

The APC-conjugated SDC2 antibody (Bio-Techne Corp., MN, USA) was aliquoted at a 1:50 

working dilution. The PE-Cy7-conjugated CD31 antibody (BD Biosciences, NJ, USA) was 

aliquoted at a 1:50 working dilution. The FITC-conjugated CD45 antibody (BD Biosciences, 

NJ, USA) was aliquoted at a 1:500 working dilution. The FITC-conjugated Ter119 antibody 

(BD Biosciences, NJ, USA) was aliquoted at a 1:250 working dilution. Once the master mix 

was made, each well was resuspended in 90 µL of this master mix and incubated for 30 min. 

After the 30 min incubation time, cells were washed in 100 µL FACS buffer using a multi-

channel pipette by pipetting up and down several times. The microwell plate was then placed 

in a large refrigerated benchtop centrifuge and the cells were spun down at 1200 rpm for 5 

min. The supernatant was then removed by inverting the microwell plate and dumping away 

the supernatant in one swift motion. 

 

Cells were then resuspended in 100 µL of FACS buffer and transferred to 5 mL round-bottom 

polystyrene flow cytometry tubes. An additional 100 µL of FACS buffer was added into the 

wells and transferred to the FACS tubes to minimize residual cells left in the wells. At this 

point, the cells have been stained with the cell surface markers of interest and the microplate 

was kept on ice and carefully brought up to the flow cytometer in the Biomedical Sciences 

Building/NCBES Flow Cytometry Core.  
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Table 2.8 Antibodies and stains required for FAP flow cytometry staining. 

Antibody Clone Isotype Label Working 

dilution 

Catalog 

No. 

Manufacturer 

FAP-α Poly-

clonal 

Sheep, 

IgG 

Purified 1:50 AF3715 Bio-Techne 

SDC2 305515 Rat,  

IgG2B 

APC 1:50 FAB2965A 

CD31 390 Rat LEW, 

IgG2b, κ 

PE-Cy7 1:50 561410 BD Biosciences 

CD45 30-F11 Rat LOU, 

IgG2b, κ 

FITC 1:500 553079 

Ter119 TER-

119 

Rat WI, 

IgG2b, κ 

FITC 1:250 557915 

CD16/32 2.4G2 Rat SD, 

IgG2b, κ 

Purified 1:100 553142 

Streptavidin 

 

-- -- PE 1:400 554061 

Biotin GT-34 Sheep 

IgG1 

Biotin 1:1000 B3148 Sigma-Aldrich 

eFluor 780 

viability 

dye 

-- -- APC-

Cy7 

1:2000 65-0865-18 Thermo Fisher 

Scientific 

SYTOX™ 

Blue dead 

cell stain 

-- -- 405/450 1:1000 S34857 

 

 

2.8.2 Flow cytometry cell acquisition and measurement  

Flow cytometry was performed for single-cell analysis of cells obtained from the isolation 

processes detailed in Sections 2.7 of stromal cells from the bone marrow and skeletal muscle 

of FAP-DM2 mice. The instrument used for this analysis was a three-laser, eight-channel BD 

FACSCanto™ II flow cytometer (BD Biosciences, NJ, USA), housed in the central flow 

cytometry core of the National Centre for Biomedical Engineering Science (NCBES). The BD 

FACSCanto™ II was equipped with a 405 nm violet laser, a 488 nm blue laser, and a 633 nm 

red laser. It had the following filters available: 450/50 and 510/50 (for the violet laser); 530/30, 
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585/42, 670 LP, and 780/60 (for the blue laser); and lastly, 660/20 and 780/60 (for the red 

laser).  

 

The software used for the acquisition of flow cytometry data was the BD FACSDiva™ program 

(BD Biosciences, NJ, USA). One of the first steps was to set up the “Experimental Layout” 

panel. This determined which lasers and filters were to be used in the experiment. Next, in the 

“Browser” window, the names of the experiment, groups, and samples were edited and added 

in the workspace. The gates of interest were then draw within the software, so that stopping 

gates could be set. Figure 2.13 below illustrates the gating strategy that is set up in the 

FACSDiva™ software to isolate the cells of interest: FAP-expressing stromal cells.  

 

Firstly, the live cells were gated by comparing viability – in this case, the eFluor 450 viability 

dye on the 405/450/50 channel – against FSC-A (forward scatter, area). Next, the cells gate 

was drawn to exclude cell debris and lysed cells by comparing SSC-A (side scatter, area) 

against FSC-A (forward scatter, area). Next, the single cells gate was drawn to exclude 

doublets and cell aggregates by comparing FSC-H (forward scatter, height) against FSC-A 

(forward scatter, area). Next, the stromal compartment of the tissue of interest was isolated by 

drawing a gate that compared PE-Cy7-conjugated CD31 on the 488/780/60 channel against 

FITC-conjugated CD45 and FITC-conjugated Ter119 on the 488/530/30 channel. The gate of 

interest is highlighted in red in Figure 2.13a as the CD31-CD45-Ter119- subset of cells. The 

stromal compartment was then plotted to identify FAP+ stromal cells by comparing PE-

conjugated FAP against APC-conjugated SDC2, as seen in Figure 2.13b.  

 

Instrument parameters such as flow rate, stopping gate events, acquisition thresholds, and the 

button to record data are all located in the “Acquisition Dashboard”. Other adjustable 

parameters such as photomultiplier tubes (PMT) voltages and area/height/width are located in 

the “Cytometer Settings”.  

 

Once the flow cytometry data had been acquired, the data was exported as .FCS files and 

analyzed using FlowJo™ v10 software (FlowJo LLC, OR, USA). 
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Figure 2.13 Gating strategy for the flow cytometry of FAP-expressing cells. (a) Setting up 

this gating strategy was one of the first steps performed in the FACSDiva™ software. This 

identified the stromal compartment of the tissue, which are cells that do not express CD31, 

CD45, or Ter119. (b) This inset depicts the red box highlighted in (a) of this figure. It compares 

PE-conjugated FAP against APC-conjugated SDC2 to identify FAP+ stromal cells, along with 

other subset populations of stromal cells.  

 

2.9 Culturing methods for murine bone marrow-derived stromal cells  

Cells isolated from murine bone marrow following the protocol in Section 2.7 were placed 

into tissue culture flasks and cultured for later re-administration into mice during the rescue 

experiment. Stromal cells were isolated immediately after genotyping when pups were around 

5-6 weeks old to maximize the number of stromal cells present in the bone marrow for 

isolation. After the bone marrow cells had been isolated and the bone fragments had been 

digested under sterile conditions, the resulting cell product was cultured in Minimum Essential 

Medium (MEM-α) with 10% fetal bovine serum (FBS) and 10% equine serum (ES) (Thermo 

Fisher Scientific, MA, USA). This bone marrow passage zero (P0) product was then seeded at 

a concentration of 50,000 cells/cm2 (which was roughly 10 million cells per T175 tissue culture 

flask). Cells were grown in hypoxic incubators and were washed and topped-up with fresh 

media every other day. When cells reached confluence, they were split and re-seeded at a 

concentration of 5,000/cm2 (which was roughly 1 million cells per T175 tissue culture flask). 

 

In order to determine when the bone marrow cell product had become largely stromal in nature, 

cells were observed under a microscope to identify the characteristic spindle-like shape of 

stromal cells. In the early days of P0 and P1, shapes were largely rounded; however, as the 

cells continued to progress into P2 and P3, the adherent cells began to take on the spindle-like 
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shape indicative of stromal cells. Furthermore, bone marrow cells corresponding to passage 2 

(P2) and passage 3 (P3) were also characterized using flow cytometry to identify their 

phenotype by quantifying the expression of specific cell surface markers. 

 

2.10 Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) is a highly sensitive 

tool that combines the reverse transcription of RNA into complementary DNA (cDNA) with 

the amplification of specific DNA segments through conventional PCR.  

 

2.11 Whole blood hematology analysis via cardiac puncture exsanguination 

Blood hematology analysis was performed on mice after the depletion of FAP+ cells to assess 

the hematological parameters of the whole blood. In previous reports, Roberts et al. had shown 

that the FAP-DM2 transgenic mouse exhibited phenotypes of anemia after administration of 

diphtheria toxin.5 As such, it was necessary to include a blood panel in the post-euthanasia 

analysis to confirm whether a loss of circulating red blood cells (RBCs) was observed. 

 

Exsanguination of the mouse was performed via cardiac puncture. A variety of collection sites 

are possible when it comes to blood collection in mice, namely, submandibular sampling, 

lateral tail vein sampling, dorsal artery sampling, retro-orbital sinus sampling, saphenous vein 

sampling, and cardiac puncture.7 Each method has its advantages and disadvantages; but 

ultimately, cardiac puncture was chosen because it allows for the maximum volume of blood 

to be collected. This was ultimately one of the most important factors to consider given the 

small volume of mouse whole blood, along with the high likelihood of coagulation and cell 

lysis during blood collection.  

 

Briefly, the blood collection occurred immediately after euthanasia since cardiac puncture is 

strictly a non-survival procedure only. Once the mouse was asphyxiated in the CO2 chamber, 

cervical dislocation was carried out and then quickly but carefully brought over to a separate 

work station for cardiac puncture. The skin was sprayed down with 70% ethanol to sterilize 

the working area. Then, a 1 mL syringe with a 23-25G needle was inserted into the left side of 

the chest cavity of the mouse with the bevel facing upward. Once the needle had punctured 

the ventricle of the heart, the syringe plunger was slowly pulled back to begin the blood 

collection, ensuring the draw was slow enough to prevent the heart from collapsing.  
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Once the blood was withdrawn, the needle was removed and the blood was transferred to a S-

Monovette 1.2 mL blood collection tube coated with EDTA (Sarstedt AG, Germany; catalog 

no. 06.1664.001). The tube was then placed on a gentle roller at room temperature to minimize 

coagulation until courier pick-up a few hours later. The tubes were sent off to the Clinical 

Pathology Laboratory at the University College Dublin (UCD) School of Veterinary Medicine. 

Table 2.9 below lists the hematological parameters that were tested for in the whole blood 

analysis. 

 

Table 2.9 List of hematological parameters tested for in whole blood analysis. 

Abbreviation Parameter Abbreviation Parameter 

Hgb Hemoglobin NeutA Neutrophils 

(absolute number) 

RBC Red blood cells NeutP Neutrophils  

(% of total white cells) 

MCHC Mean corpuscular 

hemoglobin concentration 

LymA Lymphocytes  

(absolute number) 

MCV Mean corpuscular volume LymP Lymphocytes 

(% of total white cells) 

MCH Mean corpuscular 

hemoglobin 

MonoA Monocytes 

(absolute number) 

MPV Mean platelet volume MonoP Monocytes 

(% of total white cells) 

Plt Platelets BasA Basophils 

(absolute number) 

Hct Hematocrit BasP Basophils 

(% of total white cells) 

Pdw Platelet distribution width EosA Eosinophils 

(absolute number) 

MPXI Myeloperoxidase index  EosP Eosinophils 

(% of total white cells) 

WBC White blood cells LUCA Large unidentified cells 

(absolute number) 

RetA Reticulocytes  

(absolute number) 

LUCP Large unidentified cells 

(% of total white cells) 
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2.12 Skeletal muscle tissue harvesting 

Following euthanasia of the mice, the skeletal muscle tissues – more specifically, the 

quadriceps femoris and gastrocnemius muscles – were harvested for further downstream 

analysis, namely, flow cytometry, qRT-PCR, and tissue histology. The tissue harvesting 

followed the protocol outlined by Limbourg et al. in their Nature Protocols paper.6  

 

Briefly, after the mouse was euthanized via CO2 asphyxiation and cervical dislocation, the 

animal was placed on its back in the supine position on a Styrofoam box lid, similar to the 

position during the surgical induction of HLI. The four paws of the mouse were pinned down 

using 25G needles and the exterior layer of fur and skin were sprayed down with 70% ethanol 

to sterilize the area. The skin and fascia over the thighs and lower limbs were removed on both 

the ischemic and non-ischemic limbs. Once the skin was removed and the inner limb 

musculature was exposed, the quadriceps femoris muscle was then dissected out, starting with 

an incision near the pelvic joints, and following the natural quadriceps muscle shape towards 

the knee joint. Figure 2.14 below illustrates the hind limb after the removal of the outer skin 

and fascia and identifies the quadriceps femoris muscle that was dissected out. The muscle is 

then stored in PBS at 4ºC for flow cytometryError! Reference source not found., snap-

frozen in liquid nitrogen for qRT-PCR detailed in Section 2.9, or put aside for tissue histology 

via embedding protocols detailed below in Sections 2.12.1 and 2.12.2.  

 

 

Figure 2.14 Dissection of the quadriceps femoris muscle from the hind limbs. A) After the 

skin and fascia were removed, the inner limb musculature was exposed. B) The quadriceps 

femoris muscle (indicated here by the red star) was then carefully excised using tweezers and 

a scalpel. (Figure adapted from Limbourg et al.)6 
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As for the gastrocnemius muscle, the Achilles tendon was severed from the ankle of the hind 

limb using fine-tip tweezers and a scalpel (Figure 2.15a). Then, by gripping the severed 

Achilles tendon with the tweezers, the gastrocnemius muscle is carefully peeled off the mouse 

leg bone, using the scalpel to guide the muscle removal and to gently remove any connective 

tissue (Figure 2.15b). Lastly, the gastrocnemius muscle is then severed behind the knee joint 

(Figure 2.15c). The muscle is then stored in PBS at 4ºC for flow cytometry, snap-frozen in 

liquid nitrogen for qRT-PCR detailed in Section 2.9, or put aside for tissue histology via 

embedding protocols detailed below in Sections 2.12.1 and 2.12.2. 

 

 

Figure 2.15 Dissection of the gastrocnemius muscle from the hind limbs. A) Firstly, the 

achilles tendon was severed from the ankle. B) Then, the gastrocnemius muscle was gently 

peeled back and away from the bone using fine-tip tweezers, using the scalpel to guide the 

muscle and gently remove any residual or connective tissue. C) The gastrocnemius muscle is 

then severed behind the knee joint. (Figure adapted from Limbourg et al.)6 

 

2.12.1 OCT embedding of tissues 

After the skeletal muscles had been dissected out following the protocol outlined in Section 

2.12, tissues were placed in a clean petri dish on ice to be embedded in optimum cutting 

temperature (OCT) formulation for histological analysis. OCT cryo-embedding matrix 

(Thermo Fisher Scientific, MA, USA) is a water-soluble blend of glycols and resins that 

provides a convenient specimen matrix for cryostat sectioning at temperatures of -10ºC and 

below. 

 

Briefly, isopentane (Sigma-Aldrich Corp., MO, USA) was poured into a small beaker and 

suspended in liquid nitrogen. The isopentane was let to chill until it reached -150ºC, the 

optimal temperature for freezing tissues in OCT compound. Opaque and milky-white spots 

appearing in the isopentane liquid and a rim of frozen isopentane indicated when the 

isopentane was ready to be used. Firstly, the OCT compound was squeezed into small plastic 
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molds, ensuring to minimize any bubbles in the viscous solution as bubbles would negatively 

affect downstream processing. Once the OCT was in the mold, the tissue(s) were placed into 

the mold in the desired orientation, such that the cryotome slices would be accurate cross-

sections of the tissue. Then, using long-handled forceps, the mold containing the OCT and 

tissue(s) was carefully dipped into the isopentane and held there for roughly 30 seconds, 

depending on the thickness of the mold and the amount of OCT cryo-embedding medium. 

Ensure that the isopentane does not touch or mix with the OCT compound itself, so this will 

cause swirly patterns once the block is frozen. Once the block was frozen, the tissues were 

quickly placed on dry ice, until carried out of the pre-clinical facility to be wrapped and placed 

in the -80ºC freezer. Table 2.10 below lists the reagents used for the OCT cryo-embedding of 

skeletal muscle tissue. 

 

Table 2.10 Reagents used for the embedding of skeletal muscle tissue in OCT compound. 

Reagent Catalog No. Manufacturer 

OCT cryo-embedding matrix, 

125 mL bottles 

12678646 Thermo Fisher Scientific 

Isopentane (2-methylbutane) 

ReagentPlus®, ≥99% 

M32631 Sigma-Aldrich 

 

 

2.12.2 Paraffin embedding of tissues 

After the skeletal muscles had been dissected out following the protocol outlined in Section 

2.12, tissue designed for paraffin embedding were placed into plastic histology cassettes and 

submerged in a large container of 10% formalin (Sigma-Aldrich Corp., MO, USA) to fix the 

tissue. Once all the tissues had been collected and placed in formalin, the large container was 

placed into a fume hood to prevent vapor leakage into the ambient environment. After the 

tissues had been fixed in the formalin solution for at least 24 hours, the cassettes were 

transferred to containers of 70% ethanol (Sigma-Aldrich Corp., MO, USA) for short- to 

medium-term storage. Once samples were ready for tissue processing, the cassettes were 

brought to the Histology Core Suite and placed in the Excelsior™ AS tissue processor (Thermo 

Fisher Scientific, MA, USA). The daytime or overnight program was selected depending on 

the number of users for that day and if there were any pre-booked slots. The tissue processor 

essentially brings the samples through a gradient of ethanol dehydration steps until 100% 
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ethanol, then does three xylene treatment, and finally ends with three wax treatments. Figure 

2.16 below illustrates the pre-programmed processing steps involved in the tissue processing. 

 

 

Figure 2.16 An example of the daytime tissue processing protocol. This pre-programmed 

processing protocol from the Excelsior™ AS tissue processor includes a gradient of alcohol 

dehydration steps, xylene, and paraffin wax steps.  

 

Table 2.11 Reagents used for the embedding of skeletal muscle tissue in paraffin 

Reagent Catalog No. Manufacturer 

Formalin solution,  

neutral buffered, 10% 

HT501128 Sigma-Aldrich 

Ethanol (ethyl alcohol), 

pure, 200 proof 

E7023 

Parablast® paraffin wax, 

tissue embedding medium 

39601006 Leica Biosystems 
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Once tissues were processed, the solution and waste were drained from the Excelsior™ AS 

tissue processor and the samples were brought over to the Leica EG1150H paraffin dispensing 

module (Leica Biosystems, Germany). The paraffin dispensing module was equipped with a 

Leica EG1150C cold plate (Leica Biosystems, Germany) for fast setting of the paraffin mold. 

Briefly, fixed and processed tissues were taken out of their plastic cassettes. Next, Parablast® 

paraffin wax (Leica Biosystems, Germany) was dispensed into clear plastic molds. While the 

wax is still in liquid form, the tissues were then gently placed and arranged in the wax mold 

in the desired orientation. The backing of the plastic cassette was then placed on top of the 

mold to keep the tissues in place. Hot paraffin wax was added until the mold and cassette were 

filled and then placed onto the cold plate to solidify the paraffin. Once the paraffin had set, the 

molds were boxed and stored at room temperature until being sectioned at the microtome. 

 

A Leica RM2235 manual rotary microtome (Leica Biosystems, Germany) was used to section 

the paraffin-embedded tissues. Sections were cut at a specification of 5 µm in thickness. After 

sections had been cut, they were carefully brought over and floated on the surface of an RA 

Lamb E65 heated 2L water bath (Thermo Fisher Scientific, MA, USA) with the water heated 

to 37ºC. The sections are then floated onto a Superfrost™ Plus glass microscope slide (Thermo 

Fisher Scientific, MA, USA). Once all the tissue had been sectioned and placed on glass slides, 

the slides with the paraffin sections were then placed into a small 65ºC oven for 30 minutes to 

bond the tissue to the glass. Afterwards, the slides were stored in slide boxes at room 

temperature for imaging. 

 

2.13 Statistical analysis 

Statistical analysis was performed using Prism 7 for Mac OS X, version 7.0d (GraphPad 

Software Inc., CA, USA).  
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3.1 Overview 

This chapter presents the results and data generated for Chapter 3: Characterization of FAP+ 

stromal cell ablation in FAP-DM2 mouse. The purpose of this chapter is to provide a deep 

understanding of the characteristics of the FAP-DM2 transgenic mouse and establish a 

phenotypic baseline during cell ablation. Using the data presented in this chapter, it is then 

possible to understand the complexities of the model and discern how a hind limb ischemia 

injury model, as presented in Chapter 4, will affect the scientific results. A brief introduction 

is provided in Section 3.2 below. The objectives and hypothesis of this chapter are presented 

below in Sections 3.3 and 3.4, respectively.  

 

3.2 Introduction 

Cell-based therapy has piqued the interest of many researchers over the past decade in attempts 

to develop more effective treatments for unmet clinical needs. In particular, stromal cell 

therapy has seen unprecedented growth in research and its position in being a next-generation 

advanced therapy medicinal product (ATMP) sets it apart from more traditional therapeutics 

and pharmaceuticals. Potential treatments typically include the transplantation of stromal cells, 

which have been hypothesized to act via an angiogenic paracrine signaling mechanism and 

also through immunomodulatory means as well.1 Rather than simply act as palliative care, 

cell-based therapy aims to repair, restore, and regenerate ischemic tissues.  To progress this 

field of clinical investigation however, it will be necessary to understand the mechanism of 

action of this therapeutic approach.  In recent years, it has become increasingly apparent that 

there are various subtypes of stromal cells in the body and this thesis aims to understand the 

potential role of one stromal cell subset in vascular regeneration. 

 

3.2.1 Toxin receptor-mediated cell knockout (TRECK) as a useful tool for analyzing 

the in vivo function of cells 

In order to study the efficacy and role of stromal cells, and subsets thereof, in disease, the 

development of pre-clinical models have been utilized as an effective means of investigation. 

There are two primary methodologies that can be used to study the implications of stromal cell 

function: “gain-of-function” studies and “loss-of-function” studies. The overwhelming 

majority of preclinical studies aimed at understanding the role of stromal cells in an ischemic 

environment are “gain-of-function” studies – where the addition of an exogenous product is 

introduced into an injured or diseased environment and the subsequent effects are observed.  
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While this has proved useful in many contexts, it rarely answers the underlying biological 

question of what role stromal cells are playing in that disease process. One reason for this is 

that “loss-of-function” studies are very difficult to execute and complex on a technical level, 

and there are very few tools available that provide the specificity desired to perform “loss-of-

function” studies.  

 

In the early 2000s, Saito et al. developed a simple and sensitive method for conditional cell 

ablation in transgenic mice called “toxin receptor-mediated cell knockout (TRECK)”.2 In this 

novel model, Saito et al. generated transgenic mice that expressed the diphtheria toxin (DTX) 

receptor using a hepatocyte-specific promoter and found that the injection of DTX caused the 

severe and sudden onset of hepatitis.2 This level of specificity had never been shown to be 

possible.  

 

Wild-type mice are not sensitive to diphtheria toxin (DTX) because non-transgenic mice do 

not have DTX receptors. It has been shown that intramuscular injections of DTX, even at high 

doses of 50 µg/kg, caused no abnormalities in wild-type mice.3 Thus, Saito et al. had pioneered 

a new technique that could be used to generate mouse models of various diseases and this 

TRECK method could now be applied for studying the recovery or regeneration of tissues 

from cell damage or loss.2 

 

3.2.2 FAP-DM2 transgenic mouse as a TRECK animal model for stromal cell ablation 

The FAP-DM2 mouse is a transgenic murine model that allows for diphtheria toxin (DTX) 

receptor-mediated conditional knockout of tissue-resident FAP-expressing cells. The FAP-

DM2 transgenic mouse was developed in the laboratory of Prof. Douglas Fearon at the 

University of Cambridge and uses diphtheria toxin-based TRECK to ablate endogenous FAP-

expressing cells within the mouse.4–6  

 

The authors utilized a 206 kb bacterial artificial chromosome (BAC) clone (RP23-16A15) 

containing the murine fap gene modified by insertion of a cassette for the primate diphtheria 

toxin receptor (DTR).6 In their seminal Science paper, Kraman et al. found that the depletion 

of FAP-expressing stromal cells, which made up only 2% of all tumor cells in a Lewis lung 

carcinoma model, caused rapid hypoxic necrosis of both cancer and stromal cells in 

immunogenic tumors.6 The authors also found that ablating FAP-expressing cells in a 
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subcutaneous model of pancreatic ductal adenocarcinoma also permitted immunological 

control of growth, thereby establishing that in a tumor microenvironment, FAP-expressing 

cells are a non-redundant, immune-suppressive component.6 

 

In a follow-up paper published in the Journal of Experimental Medicine, Roberts et al. found 

that the in vivo depletion of FAP-expressing stromal cells from the skeletal muscle and bone 

marrow in FAP-DM2 transgenic mice resulted in cachexia and anemia.4 The authors reported 

that the experimental ablation of FAP-expressing cells causes loss of muscle mass and a 

reduction of B-lymphopoiesis and erythropoiesis, revealing their essential functions in 

maintaining normal muscle mass and hematopoiesis, respectively.4 In this iteration, the authors 

modified the BAC from the original Kraman et al. paper by inserting a cassette encoding for 

diphtheria toxin receptor (DTR), firefly luciferase (Luc2), and mCherry (linked by E2A 

sequences) at the start codon, as shown below in Figure 3.1.4 As such, Roberts et al. were able 

to use bioluminescence imaging to visualize FAP-expressing stromal cells within the animal 

and further characterize the phenotypes exhibited by the FAP-DM2 transgenic mouse during 

the depletion of FAP+ cells.  

 

 

Figure 3.1 The bacterial artificial chromosome (BAC) that was used for introducing 

primate diphtheria toxin receptor (DTR) into cells expressing FAP. The authors used a 

bacterial artificial chromosome (BAC) containing the fap gene and modified it by inserting a 

cassette encoding the DTR, Luc2, and mCherry (linked by E2A sequences) at the start codon. 

(Figure used with permission from Roberts et al.)4 
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3.2.3 Fibroblast activation protein-alpha (FAP) as a surface marker of tissue-resident 

stromal cells 

Fibroblast activation protein-alpha (FAP), also known as prolyl endopeptidase or seprase, is a 

type II transmembrane glycoprotein that identifies tissue-resident stromal cells of 

mesenchymal origin.4 It is comprised of 760 amino acids and shares 50% of its sequence 

identity at the amino acid level with DPP4.6 Early cloning work found FAP to be selectively 

expressed in reactive stromal fibroblasts of epithelial cancers, granulation tissue of healing 

wounds, and malignant cells of bone and soft tissue sarcomas.7 Originally reported to be 

expressed on human astrocytomas,8 further secondary analysis found FAP expression to be 

mainly by reactive fibroblasts in the tumor stroma of human adenocarcinomas and in healing 

dermal scars.9 In the last two decades, FAP+ stromal cells have also been found in tissues of 

chronic inflammation, such as primary biliary cirrhosis,10 rheumatoid arthritis,11 and 

atherosclerosis.12 

 

Interestingly, FAP not only identifies stromal cells of mesenchymal origin in human cancers 

and chronic inflammatory lesions,4 but FAP has also been shown to play a critical role in 

development and wound healing.13 While not normally expressed in most normal adult human 

tissues, FAP-expressing reactive fibroblasts are commonly found in the granulation tissue of 

healing wounds.7,9 FAP is also a robust marker of reactive mesenchymal stromal cells 

associated with pathophysiologic tissue remodeling.13 In such cases, the literature has reported 

that FAP is a selective marker of activated fibroblasts in tissues undergoing remodeling of 

their extracellular matrix (ECM) due to chronic inflammation, fibrosis, or wound healing.13 

 

Published literature on FAP indicates that it plays a critical role in many biological processes 

and disease states. To mention a few, FAP has been shown to play a key role in the migration 

of bone marrow stromal cells to injured tissues and its expression can be modulated through 

inflammatory cytokines interleukin-1-beta (IL-1β) and transforming growth factor-beta (TGF-

β).14 FAP has been shown to be expressed by fibroblasts at the remodeling interface of fibrotic 

diseases, specifically, in Crohn’s disease15 and chronic liver disease.16  

 

More detailed reports of these findings can be found in Chapter 1: Introduction. 
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3.3 Objectives/Rationale 

The purpose of this chapter was to characterize the FAP-DM2 transgenic animal model and 

understand the phenotypic changes that occur due to the depletion of FAP+ stromal cells upon 

the administration of diphtheria toxin (DTX). 

 

The key objectives set out in this chapter include: 

x optimizing and learning the techniques involved in genotyping FAP-DM2 mice and 

administering DTX  

x characterizing the FAP-DM2 mouse model during the ablation of stromal cells upon 

administration of diphtheria toxin (DTX) 

o examining the loss of stromal cells within the bone marrow of the mouse three 

days after injection of DTX 

o examining the loss of stromal cells within the skeletal muscle of the mouse 

three days after injection of DTX 

o quantifying the weight loss and food intake of the mice after receiving DTX 

x characterizing the long-term effects of the ablation on the animal over the course of 

22 days, in terms of weight, food intake, and cellular composition 

x understanding the molecular role of FAP within the skeletal muscle tissue and the 

effect that DTX has on RNA levels of muscle-related genes 

x investigating the hematology and biochemistry of the animal after receiving DTX 

 

3.4 Hypothesis 

The central hypothesis of this chapter is adapted from published reports in the literature that 

indicate that the ablation of FAP+ cells within the FAP-DM2 transgenic mice exhibits specific 

phenotypes. These phenotypes include the depletion of FAP+ stromal cells from specific tissue 

compartments, marked reduction in body weight, reduced muscle mass, altered blood 

hematology, to name a few.4,6 The hypothesis herein is that the FAP-DM2 transgenic model 

behaves similarly if not identically in our researcher’s hands as it has been reported by others 

in the literature. Furthermore, this chapter sets out to establish a phenotypic baseline of the 

transgenic model in our hands and thus to generate a comparison to that which has been 

previously reported by others. 
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3.5 Results 

The data and results presented below were generated to address the objectives set out in 

Section 3.3 of this chapter. 

 

3.5.1 Experimental design of animal studies using the FAP-DM2 transgenic model 

A critical understanding of the intention behind pre-clinical models is key to any experiment, 

and thorough and careful investigation is always necessary when incorporating the inherent 

complexities of a nuanced transgenic model. In the case of studying the role of FAP+ stromal 

cells in ischemic diseases, an experimental design had to first be set up to determine how to 

best proceed in elucidating and answering the objectives and hypotheses set out in this chapter.  

 

Obtaining approval for animal experimentation through the Animal Care Research Ethics 

Committee (ACREC) and Health Products Regulatory Authority (HPRA) require procedure-

specific and severity ratings for all procedures carried out on animals. The flow chart presented 

below in Figure 3.2 outlines the use of FAP-DM2 transgenic mice and understanding its role 

in addressing the central research question of this thesis. This flow chart helps illustrate the 

discomfort experienced by the animal at various timepoints in the study (through color coding) 

and aids the regulatory bodies in understanding the checkpoints involved in mitigating any 

unnecessary pain and stress experienced by the animal.  

 

In these animal experiments, particularly the ones detailed in this chapter, both wild-type non-

transgenic mice and transgenic FAP-DM2 mice were used. This was imperative in order to 

establish a littermate control group. The transgenic identity of the animals was determined 

using an ear tissue genotyping technique detailed in Chapter 2: Materials & Methods and is 

also detailed below. Typically, the experimental groups are designed based on transgenic 

status, with secondary parameters like gender and age-matching also coming into effect when 

allocating animals to treatment groups.  

 

Following the flow chart in Figure 3.2, after animals are stratified into littermate and transgenic 

groups, two intraperitoneal injections of diphtheria toxin (DTX) at a concentration of 25 ng/g 

are administered to the mice. This chapter focuses on identifying the phenotypes in transgenic 

mice upon the depletion of FAP-expressing cells from the DTX injection. 
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Figure 3.2 Flow chart of using the transgenic FAP-DM2 mice in the hind limb ischemia 

(HLI) injury studies. By comparing non-transgenic mice with the transgenic FAP-DM2, this 

project allowed for the observation of the deleterious effects of endogenous stromal ablation 

in the context of hind limb ischemia and determine if stromal cells are necessary and sufficient 

for resolution of the ischemic injury.  

 

3.5.2 Genotyping and characterization of FAP-DM2 mice 

As discussed in detail, the FAP-DM2 transgenic mouse model was generated in the laboratory 

of Prof. Douglas Fearon at the University of Cambridge. FAP identifies tissue-resident stromal 

cells and this model utilizes TRECK via a bacterial artificial chromosome (BAC) containing 

the murine fap gene modified by insertion of a cassette for the primate diphtheria toxin receptor 

(DTR).6 This caused transgenic mice to be susceptible to diphtheria toxin (DTX), and upon 

DTX administration, would experience depletion of FAP-expressing cells. 

 

FAP-DM2 mice – both transgenic and wild-type animals – were bred in-house in the pre-

clinical facilities, also known internally as the Bio-Resources Unit (BRU), of both the Orbsen 

Building and Biomedical Sciences Building. As the lead researcher on the project, the author 

of this thesis was in charge of colony maintenance, which involves breeding, genotyping, 

culling, and general day-to-day animal husbandry. The breeding scheme involved pairing 

transgenic FAP-DM2 mice with either other transgenic mice or wild-type mice, and when the 

pups reached six-weeks-old, they were ear tagged using an ear punch and the resulting tissue 

was used for genotyping purposes. The full protocol for this procedure can be found in Section 

2.2 of Chapter 2: Materials & Methods. 

 

Genotyping and identifying the transgenic status of the mice began with an ear biopsy. The 

purpose of this step was to understand whether animals had the bacterial artificial chromosome 

(BAC) integrated into their core DNA. This step was critical because it laid the foundation for 

determining which mice were FAP transgenics and which mice were littermate controls. Other 
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tissue considerations were deemed as candidates for the identification system based on reports 

in the literature, including toes, tail markings, etc.17 Ultimately, ear tissue was determined to 

be the best tissue to proceed with because it provided two important pieces of information: the 

transgenic identity of the animal, and as an identification tag for locating mice within the cage. 

 

Briefly, a small piece of ear tissue was obtained from 6-week-old mouse using a 2 mm biopsy 

punch according to the designated numbering system. The tissue was then digested in ear lysis 

buffer and polymerase chain reaction (PCR) was performed on the digested tissue product to 

identify the presence or absence of an amplified segment of DNA corresponding to the BAC. 

Table 3.1 below lists the amounts of each reagent that was used for the PCR master mix in the 

genotyping step and Table 3.2 below lists the oligonucleotide sequences for the forward and 

reverse primers. After the PCR step, gel electrophoresis was utilized to visualize the PCR 

product. The presence of a band corresponding to 882 bp denoted a specific segment of DNA 

that was indicative of the bacterial artificial chromosome (BAC) within the mouse, 

determining its transgenic identity, as can be evidenced below in Figure 3.4.  

 

 

Table 3.1 PCR master mix calculations for genotyping n=17 ear tissues. 

Reagent Volume ×1 Rxn ×17 Samples (make ×20) 

10× Pfx Amplification buffer 5 µL 100 µL 

10 mM dNTP mixture 1.5 µL 30 µL 

50 mM MgSO4 1 µL 20 µL 

Primer mix (10 µM each) 1.5 µL × 2 30 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 8 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 682 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 
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Table 3.2 Oligonucleotide sequences for forward and reverse primers. 

Primer Label Sequence 

Forward primer “ewr29” GCATCCATGGAGAATGCAA 

Reverse primer “ewr43” AATGGGAAGTCACGAAGGTG 

 

 

In this experiment, a total of n=17 pups were born between the 30th of January 2016 and the 

2nd of February 2016. Because the breeding harem was set up at the same time, this helped 

ensure that these pups would be age-matched in order to minimize any variance. The 17 pups 

were born from litter ID #1577 (mother ID #13630, father ID #12766) and litter ID #1578 

(mother ID #13631, father ID #12766). Ear punches were performed on these 17 pups after 

they were weaned and were between 5-6 weeks old. The ear punches were placed in sterile 

tubes and digested using ear lysis buffer and proteinase K, following the protocol detailed in 

Section 2.2.2 in Chapter 2: Materials & Methods.  

 

Once the tissues were digested, the DNA product was then mixed with the PCR master mix 

shown above in Table 3.1 and placed into the thermocycler and run using the settings and 

protocols detailed in Section 2.2.3 in Chapter 2: Materials & Methods. While the PCR was 

running, a 1% agarose gel was made according to the protocol detailed in Section 2.2.4 in 

Chapter 2: Materials & Methods. The gel was used to visualize the PCR product in order to 

determine if the mouse itself is transgenic or not. Figure 3.3 below details the positioning of 

the 17 PCR products within a 25-well gel.  

 

Figure 3.4 below details the transgenic identity of FAP-DM2 mice involved in the experiment 

to quantify the level of cell ablation in bone marrow stromal cells. Figure 3.4a lists relevant 

information pertaining to the 17 mice that were genotyped and used for early timepoint FAP 

ablation experiments, such as animal ID, gender, date of birth (DOB), litter ID, mother ID, 

father ID, tag #, and transgenic status. Most importantly, the 17 mice used in the genotyping 

step were age-matched to ensure continuity across treatment groups. Figure 3.4b images the 

DNA agarose gel that was used to visualize the PCR products of the corresponding ear tissues. 

Those animals highlighted with a red box were determined to be transgenic and this method 

was used to populate the table in Figure 3.4a.  
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Figure 3.3 Template for a 25-well gel. This template was used for genotyping the FAP-DM2 

mice that would be used for the quantification of ablation in bone marrow stromal cells. This 

gel contained n=17 ear tissues labeled by identification tag number. L: ladder, B: blank. 

 

Figure 3.4 Transgenic identity of FAP-DM2 mice involved in experiment to quantify 

ablation in bone marrow stromal cells indicated 11 transgenic mice and 6 wild-type mice. 

Ear tissue genotyping was performed to determine the transgenic identity of animals. (a) 

Animal identification details including animal ID, gender, date of birth (DOB), litter ID, 

mother ID, father ID, ear tag #, and transgenicity. (b) DNA agarose gel indicating whether the 

PCR product from the respective animals’ ear tags contained the presence or absence of a band 

at 882 bp. Those highlighted with red box are transgenic mice. L: ladder, B: blank.   
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3.5.3 Observing gross body weight differences in wild-type and transgenic animals 

after cell ablation 

Following the genotyping of the 17 mice, the animals were stratified into specific experimental 

groups based on their transgenic status. As shown above in Figure 3.4, from the 17 pups that 

were genotyped, 11 were transgenic and 6 were non-transgenic/wild-type. This indicated a 

65% transgenic rate and was ideal for creating control groups. Table 3.3 below illustrates the 

experimental groups that were used for observing body weight differences between littermate 

and FAP transgenic animals when given either saline or DTX. Ultimately, 16 mice were used 

for this study. 

 

Table 3.3 Experimental groups for investigating the effects of saline vs. DTX in non-

transgenic and transgenic FAP animals. 

 

 

As shown above in Table 3.3, animals were split into four experimental groups: a) LM saline 

– littermates/wild-type mice that received saline, b) LM DTX – littermates/wild-type mice that 

received diphtheria toxin, c) FAP saline – transgenic mice that received saline, and d) FAP 

DTX – transgenic mice that received diphtheria toxin. The purpose of having these four 

groups, particularly in the early stages of this project, was to ensure that there were proper 

controls for all variable conditions. First, littermates/wild-type mice were included to show 
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that any effects observed in transgenic mice was due to the presence of the transgene. Second, 

saline injections were included to show that any effects observed in those animals receiving 

DTX was due to the injection of the toxin itself. 

 

Furthermore, an even distribution of mice by sex within the experimental groups was also 

important. While it would have been favorable to have all animals be the same sex, the 

logistical complexity of breeding one gender of transgenic mice and the gender equivalent of 

littermates/wild-type mice exceeded the scope of this study. As such, the decision was made 

to ensure that there were both male and female mouse representation within each of the 

experimental groups. Reports in the literature have shown that sex differences in mice can 

affect cardiovascular health,18 liver disease,19 and cancer risk.20  

 

Once animals had reached 8-12 weeks old, they are considered in the adult stage of life. The 

mice listed in the experimental groups in Table 3.3 are then weighed on the first day of 

diphtheria toxin injection. DTX was administered intraperitoneally (i.p.) according to the 

protocol detailed in Section 2.3 of Chapter 2: Materials & Methods. Briefly, a frozen aliquot 

of diphtheria toxin was resuspended and diluted in 1 mL of sterile saline and administered at 

a concentration of 25 ng/g.  

 

Mice were weighed before the injection and the appropriate amount of DTX was withdrawn 

into a sterile syringe. The mouse was then restrained and the toxin was injected into the 

peritoneal cavity. A second injection of DTX was administered to the mice 48 hours later, on 

the alternate side of the peritoneal cavity. This was the dosing regimen for the toxin through 

the entire project. Control mice received an equivalent volume of sterile saline injected into 

their peritoneal cavity, based on their weight. 

 

Mice were then weighed at the same time each day until the endpoint of the study. In the study 

with these 16 mice, the mice were weighed starting on “Day -2” – the day of the first injection 

of diphtheria toxin (or saline, as the control) – up until “Day 3”, which was the endpoint of 

this study. Figure 3.5 below represents the weights of each mouse throughout the course of 

this study.  

 



 

 
 

 

Figure 3.5 Animal body weights (grams) recorded over the six-day time course. The body weights of animals (in grams) in Groups A, B, C, and D were 

recorded starting from Day -2 (day of first i.p. injection – saline or DTX depending on group). Day 0 was classified as the day of the second i.p. injection and 

Day 3 was considered as the endpoint of this study. Group A LM saline, littermate with saline treatment; Group B LM DTX, littermate with diphtheria toxin 

treatment; Group C FAP saline, transgenic with saline treatment; Group D FAP DTX, transgenic with diphtheria toxin treatment. 
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Figure 3.6 Transgenic animals showed significant decrease of roughly three grams in 

body weight when compared to controls. Body weights (g) were plotted as a change in body 

weight from the day -2 weight – the day of first DTX i.p. injection – and normalized to the 

body weight on day -2. LM saline, littermate with saline treatment; LM DTX, littermate with 

diphtheria toxin treatment; FAP saline, transgenic with saline treatment; FAP DTX, transgenic 

with diphtheria toxin treatment. Data represented as mean ± SEM. One-way ANOVA. 

*p<0.05, **p<0.01, ***p<0.001. 

 

 

Figure 3.7 Transgenic animals showed significant decrease of 10-15% in relative weight 

change when compared to controls. Body weights (g) were plotted as a percentage (%) of 

relative weight change compared to day -2 – the day of first DTX i.p. injection. LM saline, 

littermate with saline treatment; LM DTX, littermate with diphtheria toxin treatment; FAP 

saline, transgenic with saline treatment; FAP DTX, transgenic with diphtheria toxin treatment. 

Data represented as mean ± SEM. One-way ANOVA. *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3.6 (on the previous page) plots the body weights of the mice tabulated in Figure 3.5 

as the change in body weight, in grams, compared to day -2, which was the day of the first 

diphtheria toxin injection. In this figure, it is shown that transgenic FAP-DM2 animals that 

received the toxin (FAP DTX) lost roughly three grams in body weight when compared to the 

control groups. Both groups of littermate/wild-type mice (LM saline & LM DTX) did not 

exhibit any decreases in body weight over the course of the study. This indicates that wild-

type mice were not affected by either the saline or the DTX injection. This is in keeping with 

what has been reported in the literature, that wild-type mice do not bind DT-B (the toxin 

fragment responsible for binding with the receptor on the cell surface) and thus are not toxin-

sensitive animals,21 indicating that murine cells are ~105 more resistant to DTX than human 

cells.3,22 

 

More interestingly, Figure 3.6 also shows that between the two experimental groups of 

transgenic mice (FAP saline & FAP DTX), the mice that received diphtheria toxin (FAP DTX) 

showed a statistically significant decrease of roughly three grams in overall body weight when 

compared to its saline control, as indicated by the solid red line in Figure 3.6. This indicates 

that the weight loss is not due to the presence of the transgene, since the saline group (FAP 

saline) did not experience any weight loss and maintained body weights similar to their non-

transgenic littermates. But rather, it is attributed to the presence of diphtheria toxin in 

transgenic animals (FAP DTX) as this is indicative of the mechanics of the TRECK ablation 

model.  

 

Likewise, Figure 3.7 plots the body weights of the mice tabulated in Figure 3.5 as a relative 

change in weight, as a percentage (%), compared to day -2, which was the day of the first 

diphtheria toxin injection. Similar to the data and results presented in Figure 3.6, there was 

no % change in body weight between the two non-transgenic groups (LM saline & LM DTX). 

Whereas in the two groups of transgenic mice that received either saline or DTX (FAP saline 

& FAP DTX), the group that received the toxin (FAP DTX) exhibited a statistically significant 

13% decrease in body weight when compared to its saline control, as indicated by the solid 

red line in Figure 3.7. This data is in line with published results from Roberts et al. in their 

Journal of Experimental Medicine paper, where the authors studied the phenotypes of the 

FAP-DM2 transgenic mouse and found that transgenic mice lost 10-15% of their body weight 

within the first few days following diphtheria toxin administration.4 
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Figure 3.8 The average food intake of transgenic animals that received diphtheria toxin 

was significantly decreased by 40% when compared to controls. Average food intake per 

day (grams) was recorded for each animal and tracked over the time course of this study, 

indicating that ablated mice ate an average of 2.8 grams food perday compared to the 4.7-5.2 

grams of food eaten by non-ablated mice. LM saline, littermate with saline treatment; LM 

DTX, littermate with diphtheria toxin treatment; FAP saline, transgenic with saline treatment; 

FAP DTX, transgenic with diphtheria toxin treatment. Data represented as mean ± SEM. One-

way ANOVA. *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 3.8 above tracks the amount of food eaten by each mouse over the course of this study. 

In this figure, the data shows that all of the mice in the four groups ate the same amount of 

food on the first day of the experiment – day -2, averaging around 6.0 grams of food per day. 

After the administration of diphtheria toxin to transgenic mice, these ablated mice began to 

exhibit a 40% decrease in food intake, averaging 2.7 grams/day compared to the saline controls 

at 4.7-5.2 grams/day. 

 

3.5.4 Flow cytometry analysis of bone marrow to determine level of FAP+ stromal cell 

depletion after DTX administration 

After the marked drop in body weight phenotype had been observed in FAP-DM2 transgenic 

mice that had received diphtheria toxin, the next step was to investigate if there was actually 

a depletion of FAP-expressing cells within the mouse. The primary method for determining 
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the loss of FAP+ cells is by flow cytometry. In this experiment, the bone marrows from each 

of the 16 mice was analyzed to assess the FAP stromal content, as detailed below. 

 

On the study endpoint of day 3, mice were euthanized using CO2 asphyxiation and cervical 

dislocation techniques. Euthanasia was carried out strictly only by trained and competent 

personnel. Once the mice was euthanized, the isolation of the femur and tibia bones was carried 

out. Briefly, the mouse was carefully placed in the supine position and its four paws were 

pinned down using 25G needles on a Styrofoam board. A light spray of 70% ethanol was used 

to sterilize the exterior surface of the mouse before dissection. After removing the skin and 

underlying fascia around the hind limbs, the skeletal muscles were either dissected out for 

further downstream processing or cut away and off the bones. The femoral head was then 

separated from the pelvic bone and any residual tissue was scraped off the bones using the 

scalpel blade. After the cartilage around the femoral head, knee joint, and ankle joint was 

removed and any ligaments or tendons were also removed, the bones were placed in sterile 

saline to be crushed and digested. The full protocol for the separation of the mouse femur and 

tibia bones from the surrounding muscle tissue is detailed in Section 2.7.1 of Chapter 2: 

Materials & Methods.  

 

The bones were then brought down to the laboratory to be crushed and digested so that the 

bone marrow could be extracted. Briefly, the bones were rinsed off with sterile saline and 

crushed several times using a sterile mortar and pestle. The extruded marrow was placed into 

a “stop solution” that contained sterile media and fetal bovine serum (FBS). The bone 

fragments then underwent three digestion cycles using a digestion buffer (an enzymatic 

cocktail containing collagenase P, DNAse I, and dispase II) at 37ºC. Once all the resulting 

supernatants had been collected in the “stop solution”, the cell mixture was passed through a 

40 µm mesh filter and ACK lysis buffer was added to the cell mixture to lyse any erythrocytes 

(red blood cells).  Full details of the bone marrow digestion protocol including volumes and 

concentrations can be found in Section 2.7.2 of Chapter 2: Materials & Methods.  

 

Flow cytometry was performed on the bone marrow single cell mixture that resulted from the 

isolation and digestion processes. After centrifugation, cells were resuspended in FACS buffer 

and counted using a hemocytometer. Cells were then aliquoted into a 96-well, conical-base 

microplate based on the staining layout designed for the experiment ahead of time. Typically, 

the more cells per well is beneficial. Due to the various staining and wash steps involved, there 
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is invariably a proportion of cells that will be lost; thus, starting with the most cells possible is 

highly advantageous, usually anywhere between 2-5 million cells/well is used. Because the 

starting tissue in this experiment was bone marrow, there was a high number of cells to work 

with. This is not always the case, particularly in the case of skeletal muscle, as discussed in 

later sections. 

 

Figure 3.9 below illustrates the staining panel layout for this experiment. This panel contains 

4 unstained wells, 16 test sample wells, and 9 fluorescence minus one (FMO) control wells. 

The purpose of the unstained well is to establish a baseline for the cells on the flow cytometer 

in case of any auto-fluorescence. The cells in the unstained wells are also used to establish a 

viability baseline when the viability dye is added to the wells. The test samples are the bone 

marrow stromal cells isolated from the femur and tibia bones of the 16 mice. In Figure 3.9, the 

wells are labeled as the ear tag ID of the animals, and can be matched up with the experimental 

groups detailed in Table 3.3. Lastly, the FMO controls are used as staining controls. FMOs 

wells include all of the fluorochromes used in the test sample staining panel except the one of 

interest (hence the “minus one”  in FMO). The use of these special staining controls becomes 

necessary to accurately identify expressing cells in the fully stained sample and is useful in 

determining gates during analysis.23  

 

Figure 3.10 below shows the amount of each antibody that was added to each of the wells. The 

markers of interest in this experiment included fibroblast activation protein-alpha (FAP, 

staining for tissue-resident stromal cells), syndecan-2 (SDC2, also known as CD362, staining 

for stromal cells), CD31 (also known as PECAM-1, staining for endothelial cells), CD45 

(staining for leukocytes), and Ter119 (staining for erythrocytes). The use of CD31, CD45, and 

Ter119 antibodies helped identify the stromal compartment of the bone marrow. 

 

Full and detailed protocols of the flow cytometry experimental set up, staining procedure, and 

cytometer instrument usage are detailed in Sections 2.8, 2.8.1, and 2.8.2, respectively. 



 

 
 

 

Figure 3.9 Staining panel to identify FAP+ bone marrow stromal cells. This panel contained 4 unstained controls, 16 test samples, and 9 FMO controls. 

 

 

Figure 3.10 Antibody calculations for test sample master mix (n=16) and FMO controls. All values given in µL and 100 µL was dispensed into each well.  



 

 
 

Table 3.4 Flow cytometer photomultiplier tube (PMT) voltages for bone marrow stromal 

cells and compensation controls.  

Bone Marrow Stromal Cells Compensation Beads 

FSC 290 mV FSC 420 mV 

SSC 265 mV SSC 472 mV 

FITC 450 mV FITC 450 mV 

PE 320 mV PE 320 mV 

PE-Cy7 480 mV PE-Cy7 480 mV 

APC 528 mV APC 528 mV 

APC-Cy7 565 mV APC-Cy7 565 mV 

Abbreviations: APC – allophycocyanin; APC-Cy7 – allophycocyanin cyanine 7; FITC – 

fluorescein isothiocyanate; FSC – forward scatter; PE – phycoerythrin; PE-Cy7 – 

phycoerythrin cyanine 7; SSC – side scatter. 

 

After staining, samples were brought to the NCBES flow cytometry core facility in the 

Biomedical Sciences Building. A FACSCanto™ II flow cytometer was used to analyze the 

cells. The photomultiplier tube (PMT) voltages used on the FACSCanto™ II flow for bone 

marrow stromal cells are detailed in Table 3.4 above. Recording the voltages and ensuring that 

they are consistently used across all samples was paramount when comparing samples across 

a dataset. Once the flow cytometry data had been acquired, the data was exported as .FCS files 

and analyzed using FlowJo™ software.  

 

Figure 3.11 (next page) illustrates the gating strategy used for analyzing the flow cytometry 

data acquired in this experiment. The data is firstly compensated using UltraComp eBeads™ 

compensation beads from Thermo Fisher Scientific. The purpose of compensation is to un-

bias the cytometry data by correcting for the fluorescence spillover that occurs between 

different channels.24 Gates were then drawn in the FlowJo™ software to identify the population 

of interest. When the data was first imported into FlowJo™, each data point was considered 

an “event” rather than a “cell”. The purpose of the subsequent gating was to identify cells and 

use cytometry analysis to understand its cell surface profile. First, the data was plotted as APC-

Cy7 vs. FSC-A to identify live cells. The viability dye used in this experiment was 

eBioscience™ eFluor™ 780 and irreversibly labels dead cells. A “live” gate was drawn using 

the APC-Cy7 FMO control that selected cells that did not express APC-Cy7, indicating that 

these cells were still considered live (Figure 3.11a). Using the cells isolated from the “live” 
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gate, the data was then plotted as SSC-A vs. FSC-A – side scatter, area vs. forward scatter, 

area. This “cells” gate identified cells by size and scatter, which allowed for the exclusion of 

debris or dust that could have penetrated the sample wells (Figure 3.11a). Using the cells 

isolated from the “cells” gate, the data was then plotted as FSC-H vs. FSC-A – forward scatter, 

height vs. forward scatter, area. This measured the cell height vs. area ratio and allowed for 

the exclusion of doublets, or cell aggregates, creating a “single cells” gate (Figure 3.11a). Due 

to the length of time involved in the preparation and staining procedures, it is common for 

some cells to aggregate or stick to each other. Removing doublets and aggregates generates 

cleaner data that is a more accurate representation of the cells. Using the data isolated from 

the “single cells” gate, the data was then plotted as PE-Cy7 vs. FITC – also represented as 

CD31 vs. CD45/Ter119. The PE-Cy7-conjugated CD31 antibody stained for endothelial cells 

in the sample, and the FITC-conjugated CD45 and FITC-conjugated Ter119 antibodies stained 

for leukocytes and erythrocytes in the sample, respectively. This plot served as an exclusion 

gating strategy, in that cells not expressing these markers were considered to be stromal cells 

(Figure 3.11a). Using the data isolated from the CD31-CD45-Ter119- population, cells were 

then plotted as PE vs. APC – also represented as FAP vs. syndecan-2, both cell surface markers 

that identify stromal cells, as shown below in Figure 3.11b. 

 

 

Figure 3.11 Gating strategy for the flow cytometry of FAP-expressing cells. (a) Setting up 

this gating strategy was one of the first steps performed in the FACSDiva™ and FlowJo™ 

software. These gates identified the stromal compartment of the tissue, which are cells that do 

not express CD31, CD45, or Ter119. (b) This inset depicts the red box highlighted in (a) of 

this figure. This is a pseudocolor representation of the cell population of interest and is used 

for quantifying the stromal cell compartment composition. It compares PE-conjugated FAP 

against APC-conjugated SDC2 to identify FAP+ stromal cells, along with other subset 

populations of stromal cells.   
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Ultimately, this gating strategy explained above in Figure 3.11 was applied to all of the data 

gathered from this experiment that aimed to show the level of depletion, in any, of FAP+ 

stromal cells from the bone marrows of transgenic mice that received diphtheria toxin. This 

experiment focused on the day 3 timepoint; future experiments detailed later in this chapter 

track the cell ablation over a longer course of time. 

 

Figure 3.12 (on the next page) plots the flow cytometry data of each individual animal in this 

experiment, after the initial gates of cell viability, debris, and doublet exclusion had been 

drawn. This figure plots PE-Cy7-conjugated CD31 vs. FITC-conjugated CD45 and FITC-

conjugated Ter119. As discussed previously, in order to isolate stromal cells from the bone 

marrow, the first step is gate out cells of hematopoietic origin. As such, the purpose of this 

gating strategy was to omit endothelial cells (stained by CD31), leukocytes (stained by CD45), 

and erythrocytes/red blood cells (stained by Ter119). In Figure 3.12a, the flow cytometry plots 

of the 16 animals is arranged based on the four experimental groups of this study: LM saline, 

LM DTX, FAP saline, and FAP DTX.  

 

These plots are divided into four quadrants based on the staining gates drawn from the FMO 

controls in Figure 3.12b. The FMO controls are used to determine whether the presence of that 

specific antibody is present or not. Specifically, for the comparison shown in Figure 3.12a, the 

relevant FMO controls were “FMO no CD31” (indicating where to draw the CD31 gate along 

the PE-Cy7 channel), “FMO no CD45”, and “FMO no Ter119” (indicating where to draw the 

CD45/Ter119 gate along the FITC channel). Thus, the lower left-hand quadrant, the CD31-

CD45-Ter119- population, was the cell population of interest – the stromal compartment of the 

bone marrow. 

 

Figure 3.13 uses the data from the CD31-CD45-Ter119- population and further plots it as PE-

conjugated FAP vs. APC-conjugated syndecan-2 (Sdc2). Similar to Figure 3.12, Figure 3.13a 

is a complete representation of the 16 individual animals indicating what percentage of bone 

marrow stromal cells express either FAP, syndecan-2, or both. The gates for the presence of 

FAP and syndecan-2 were drawn off of the FMO controls shown in Figure 3.13b. The relevant 

FMO controls were “FMO no FAP” (indicating where to draw the FAP gate along the PE 

channel) and “FMO no Sdc2” (indicating where to draw the syndecan-2 gate along the APC 

channel).   
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Figure 3.12 Plotting flow cytometry data as CD31 vs. CD45/Ter119 identified the stromal 

compartment of the bone marrow. (a) In order to isolate stromal cells from the bone marrow, 

the first step is gate out cells of hematopoietic origin. These are cells that express CD31 

(endothelial cells), CD45 (leukocytes), and Ter119 (erythrocytes). The cells of interest reside 

in the CD31-CD45-Ter119- population, which is effectively the stromal population of the bone 

marrow. (b) When probing for multiple epitopes via flow cytometry, it is critical that 

fluorescence minus one (FMO) controls are used. This type of control is used to properly 

interpret the data by ensuring that any spillover of the fluorochromes into the channel of 

interest is properly identified. The FMOs in this figure allow for proper gating of CD31 and 

CD45/Ter119. LM saline, littermate with saline treatment; LM DTX, littermate with diphtheria 

toxin treatment; FAP saline, transgenic with saline treatment; FAP DTX, transgenic with 

diphtheria toxin treatment.  
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Figure 3.13 Plotting the bone marrow stromal compartment as FAP vs. syndecan-2 

identified the portion of stromal cells expressing these two markers. (a) The CD31-CD45-

Ter119- lineage-negative population from Figure 3.12 is stained with antibodies for fibroblast 

activation protein, alpha (FAP) and syndecan-2 (Sdc2) to determine what percentage of 

stromal cells express these two known stromal cell surface markers. (b) When probing for 

multiple epitopes via flow cytometry, it is critical that we use fluorescence minus one (FMO) 

controls. This type of control is used to properly interpret the data by ensuring that any 

spillover of the fluorochromes into the channel of interest is properly identified. The FMOs in 

this figure allow us to properly gate for FAP and syndecan-2. LM saline, littermate with saline 

treatment; LM DTX, littermate with diphtheria toxin treatment; FAP saline, transgenic with 

saline treatment; FAP DTX, transgenic with diphtheria toxin treatment.   
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Using the plots generated from Figure 3.12 and Figure 3.13, the quantitative graphs in the 

following figures were made to measure the level of depletion, if any, of FAP+ stromal cells 

from the bone marrows of transgenic mice that received diphtheria toxin. Using the quadrants 

in Figure 3.11b, the following results analyze the number of stromal cells in the mouse bone 

marrow that express FAP, syndecan-2, or both cell surface markers and observe whether the 

presence of the transgene and/or the administration of diphtheria toxin affected cell numbers.  

 

Figure 3.14 below analyzes the number of FAP+Sdc2- stromal cells in the bone marrow at day 

3. As outlined in the left-hand side of the figure, this quadrant (outlined by the light blue box) 

represents the numbers of cells within the stromal compartment that express PE-conjugated 

FAP and do not express APC-conjugated syndecan-2. Firstly, comparing the two littermate 

groups – LM saline vs. LM DTX – the data indicates that there is no difference in the number 

of CD31-CD45-Ter119- (also represented as lineage-negative, Lin-) FAP+Sdc2- stromal cells 

in the bone marrow. This indicates that the presence of the toxin in a non-transgenic, wild-

type animal did not affect the number of FAP+Sdc2- stromal cells in the bone marrow. 

Furthermore, Figure 3.15 below analyzes the number of FAP+Sdc2+ stromal cells in the bone 

marrow at day 3 (outlined by the red box) and, similarly, when comparing the two littermate 

groups in this figure, the data indicates that there is no difference in the number of CD31-

CD45-Ter119- FAP+Sdc2+ stromal cells in the bone marrow when DTX is administered to 

wild-type mice. Combined with the data from Figure 3.6 and Figure 3.7, it can be confirmed 

that the administration of diphtheria toxin (DTX) in wild-type mice has no effect on its overall 

well-being (as indicated by no difference in body weight compared to saline controls) and its 

stromal compartment composition (as indicated by no difference in the number of FAP+Sdc2- 

stromal cells in the bone marrow). These results backs up previous reports in the literature 

stating that wild-type mice are not susceptible to diphtheria toxin.3 

 

Interestingly, when comparing the two transgenic animal groups in Figure 3.14 and Figure 

3.15 – FAP saline vs. FAP DTX – there is a statistically significant decrease in the number of 

both FAP+Sdc2- and FAP+Sdc2+ stromal cells in the bone marrow of transgenic mice that 

received diphtheria toxin (DTX). The data presented indicates that the administration of DTX 

in transgenic mice caused a marked depletion of both FAP+Sdc2- and FAP+Sdc2+ stromal cells 

in the bone marrow at the day 3 study endpoint. Simply the presence of the transgene did not 

elicit any response, as comparing LM saline and FAP saline groups yielded no difference. This 

indicates a high level of specificity and sensitivity of the FAP-DM2 TRECK animal model to 

diphtheria toxin.  
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Figure 3.14 Flow cytometry analysis indicates significant depletion of FAP+Sdc2- stromal 

cells in the bone marrow at day 3. This figure investigated the Lin-FAP+Sdc2- cells (light 

blue box, left) in the bone marrow. While there was no observable difference between 

littermates (LM) that received saline or DTX, there was a statistically significant difference 

between transgenic mice (FAP) that received saline or DTX. Data represented as mean ± SEM. 

Mann–Whitney U test. *p<0.05, **p<0.01, ***p<0.001.  

 

 

Figure 3.15 Flow cytometry analysis indicates significant depletion of FAP+Sdc2+ stromal 

cells in the bone marrow at day 3. This figure investigated the Lin-FAP+Sdc2+ cells (red box, 

left) in the bone marrow. While there was no observable difference between littermates (LM) 

that received saline or DTX, there was a statistically significant difference between transgenic 

mice (FAP) that received saline or DTX. Data represented as mean ± SEM. Mann–Whitney U 

test. *p<0.05, **p<0.01, ***p<0.001.   
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Figure 3.16 below combines the analysis presented in Figure 3.14 and Figure 3.15 and looks 

at the total quantifiable loss of FAP+ stromal cells in the bone marrow. This figure measures 

both FAP+Sdc2- and FAP+Sdc2+ stromal cells (as indicated by the presence of both the light 

blue and red boxes on the left-hand side of Figure 3.16). In line with the results presented 

above in Figure 3.14 and Figure 3.15, there is no observable difference when comparing the 

two littermate groups – LM saline vs. LM DTX. The two intraperitoneal injections of 

diphtheria toxin in wild-type/non-transgenic mice did not affect the number of FAP+ stromal 

cells in the bone marrow at day 3, as shown on the right-hand side of Figure 3.16. This robustly 

backs the assertion that the administration of DTX does not have any harmful phenotypic 

effects in non-transgenic mice. Interestingly, when comparing the two FAP-DM2 transgenic 

groups in Figure 3.16 – FAP saline vs. FAP DTX – the data indicates a statistically significant 

65% decrease in the number of FAP+ stromal cells in the bone marrow at day 3 of transgenic 

mice that received diphtheria toxin (DTX). This indicates that the presence of the toxin was 

specific in its ability to deplete FAP+ stromal cells from transgenic mice and not wild-type 

mice. This data is in line with the marked depletion of FAP+ stromal cells in the bone marrow 

presented by Roberts et al. in their seminal Journal of Experimental Medicine paper.4  

 

 

Figure 3.16 Flow cytometry analysis indicates a significant level of depletion of all FAP+ 

stromal cells in the bone marrow at day 3, measuring a 65% loss of FAP+ stromal cells in 

transgenic mice that received DTX when compared to saline controls. This figure 

investigated the entire FAP+ population (blue and red boxes combined, left) in the bone 

marrow stromal compartment, as a % of saline controls. While there was no observable 

difference between littermates (LM) that received saline or DTX, there was a statistically 

significant 65% difference between transgenic mice (FAP) that received saline or DTX. Data 

represented as mean ± SEM. Mann–Whitney U test. *p<0.05, **p<0.01, ***p<0.001.  
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Figure 3.17 Flow cytometry analysis indicates significant depletion of Sdc2+ stromal cells 

in the bone marrow at day 3. This figure investigated the entire Sdc2+ population (orange 

and red boxes combined, left) in the bone marrow stromal compartment, as a % of saline 

controls. While there was no observable difference between littermates (LM) that received 

saline or DTX, there was a statistically significant difference between transgenic mice (FAP) 

that received saline or DTX. Data represented as mean ± SEM. Mann–Whitney U test. 

*p<0.05, **p<0.01, ***p<0.001. 

 

The other stromal cell marker of interest in this study was syndecan-2, also known as CD362. 

Syndecan-2 (Sdc2) is a transmembrane heparin sulfate proteoglycan and has been shown to 

be expressed by mesenchymal stromal cells.25,26 Sdc2 has also been shown to play an essential 

role in the modulation of angiogenesis.26,27 Its inclusion in these experiments is of scientific 

interest to the industry partner of this Ph.D. project – Orbsen Therapeutics Ltd., a clinical-

stage cell therapy startup that has identified syndecan-2 as a proprietary isolation marker for 

its stromal cell product. Figure 3.17 above quantifies the number of Sdc2+ stromal cells in the 

bone marrow at day 3 (as shown by the red and orange boxes on the left-hand side of the 

figure). The data indicates that there is no significant difference in the number of CD31-CD45-

Ter119- Sdc2+ stromal cells between the two littermate groups – LM saline vs. LM DTX. 

Conversely, when comparing the two FAP-DM2 transgenic groups – FAP saline vs. FAP DTX 

– the data indicates a statistically significant decrease in the number of Sdc2+ stromal cells in 

the bone marrow at day 3 of transgenic mice that received diphtheria toxin (DTX). Sdc2+ 

stromal cells had not previously been studied in the context of cell ablation. Analysis of the 

stromal cell atlas generated by Baryawno et al. indicates that a high degree of overlap between 

FAP and SDC2 expression in MSC-descendent osteolineage cells (plots shown in Section 1.2 

of Chapter 1: Introduction).28  
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Figure 3.18 A comparison of the gross weights of quadriceps femoris, gastrocnemius, and 

soleus muscles from mouse hind limbs indicate no difference based on DTX treatment. 

The gastrocnemius, quadriceps, and soleus muscles were harvested from all animals on day 3 

(endpoint date) and weights were recorded in (a). The muscles were then snap-frozen for RNA 

analysis or embedded for histological analysis. (b) Weights from the gastrocnemius and 

quadriceps muscles are stratified into two groups: male and female. This stratification is 

evident in all four groups. (c, d) Muscles weights are graphed based on the gender of the 

mouse. Data represented as mean ± SEM.  

 

In their Journal of Experimental Medicine paper, Roberts et al. reported that mice that had 

undergone FAP+ cell ablation displayed characteristics of cachexia.4 Cachexia, or muscle 

wasting, is a multifactorial syndrome defined by an ongoing loss of skeletal muscle mass that 

cannot be fully reversed by conventional nutritional support.29 As such, based on these reports, 
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skeletal muscles were harvested from all 16 mice involved in this experiment to determine if 

there were any signs of cachexia present. The skeletal muscles of interest in this study included 

the quadriceps femoris, gastrocnemius, and soleus muscles. 

 

Figure 3.18 on the previous page tabulates and graphs the weights of the quadriceps femoris, 

gastrocnemius, and soleus muscles from each individual animal involved in this study. The 

weights are recorded in milligrams (mg) and listed as right (R) or left (L) depending on which 

leg the muscle was harvested from (Figure 3.18a). The mean gastrocnemius weight ranged 

from 140-150 milligrams and the mean quadriceps femoris muscle weight ranged from 160-

175 milligrams (Figure 3.18b). A comparison of the all the muscle weights by treatment group 

indicates that no statistical difference between experimental groups.  

 

When comparing the two littermate groups – LM saline vs. LM DTX – the data indicates that 

there were no signs of cachexia, as both groups had comparable muscle weights for the 

quadriceps femoris and gastrocnemius muscles Figure 3.18b. This result was expected and 

confirmed that the presence of diphtheria toxin should not have any effect on wild-type/non-

transgenic mice, as was previously confirmed by the body weight data in Figure 3.6 and Figure 

3.7 and the flow cytometry data in Figure 3.14, Figure 3.15, Figure 3.16, and Figure 3.17.  

 

The narrative is a little different than before when comparing the two FAP-DM2 transgenic 

groups – FAP saline vs. FAP DTX. The data indicates no significant differences in muscle 

weights in transgenic animals that received diphtheria toxin when compared to saline controls 

(Figure 3.18b). This counters the cachexic phenotype observed by Roberts et al. Figure 3.18c 

and Figure 3.18d further stratifies the data by sex, separating the skeletal muscle weights by 

female and male mice, respectively. This was done given the inherent body weight and size 

difference common between mice. However, while the stratification presented in Figure 3.18c 

and Figure 3.18d showed a trend toward decreased weights in the toxin-treated transgenic 

animals, there was not a statistically significant result when comparing the various groups.  
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3.5.5 Determination of the sustainability and stability of FAP+ stromal cell depletion 

over longer timelines in the bone marrow and skeletal muscle  

Following the results observed from the previous study, the next experiment aimed to answer 

whether the phenotypes associated with the depletion of FAP+ stromal cells by diphtheria toxin 

(DTX) administration observed at day 3 in Section 3.5.3 and Section 3.5.4 persisted over a 

longer time course. Execution of this study helped answer questions regarding the potentially 

transient identity of the FAP protein and the role of FAP-expressing cells within the mouse.  

 

 

Figure 3.19 Agarose gel visualizing the presence/absence of the characteristic 882 bp 

band to determine the transgenic identity of n=32 FAP-DM2 mice involved in experiment 

to quantify ablation in bone marrow and skeletal muscle over multiple time points. Ear 

tissue genotyping of FAP-DM2 was once again performed and visualized using a DNA agarose 

gel. The wells in the bottom right labeled “4.”, “11.”, “22.”, and “29.” were randomly chosen 

duplicates to ensure the integrity of the genotyping. Those highlighted with red boxes are 

transgenic mice. L: ladder, B: blank.   
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Figure 3.20 Transgenic identity of FAP-DM2 mice involved in experiment to quantify 

ablation in bone marrow and skeletal muscle over multiple time points. Animal 

identification details including animal ID, gender, date of birth (DOB), litter ID, mother ID, 

father ID, ear tag #, and transgenicity based on genotyping visualization from Figure 3.19. 

 

A total of 32 pups were bred to carry out this study. Figure 3.19 on the previous page is an 

image of the agarose gel that visualized the presence/absence of the characteristic 882 bp band 

indicative of the FAP transgene. Following the ear tissue genotyping protocol detailed in 

Section 2.2 of Chapter 2: Materials & Methods, the 32 pups were genotyped and their 

transgenic status is listed above in Figure 3.20. As noted in this figure, the 32 pups were all 

born within the same week to ensure age-matched test subjects. The 32 pups were born from 

the following litters: litter ID #1657 (mother ID #13630, father ID #12766), litter ID #1671 
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(mother ID #14198, father ID #13982), litter ID #1672 (mother ID #14196, father ID #13629), 

and litter ID #1655 (mother ID #13517, father ID #13629). Of the 32 pups that were genotyped, 

24 were transgenic mice and 8 were non-transgenic/wild-type mice. Table 3.5 below details 

the PCR master mix calculations used for the genotyping of these 32 pups. Figure 3.21 below 

details the layout of the two 25-well combs in the agarose gel used for the visualization of the 

PCR products, as shown previously in Figure 3.19. This gel contained randomly chosen 

duplicates (the four wells in the bottom right-hand side of the gel) to ensure the integrity and 

reproducibility of the genotyping. 

 

Table 3.5 PCR master mix calculations for genotyping n=32 ear tissues. 

Reagent Volume ×1 Rxn ×32 Samples (make ×35) 

10× Pfx Amplification buffer 5 µL 175 µL 

10 mM dNTP mixture 1.5 µL 52.5 µL 

50 mM MgSO4 1 µL 35 µL 

Primer mix (10 µM each) 1.5 µL × 2 52.5 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 14 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 1193.5 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 

 

 

 

Figure 3.21 Template for a DNA agarose gel with two 25-well combs. This template was 

used for genotyping the FAP-DM2 mice that would be used for the quantification of ablation 

in bone marrow and skeletal muscle at multiple time points. This gel contained n=32 ear tissues 

labeled by identification tag number. Genotyping of FAP-DM2 was once again performed and 

visualized using a DNA agarose gel. The wells in the bottom right labeled “4.”, “11.”, “22.”, 

and “29.” were randomly chosen duplicates to ensure the integrity of the genotyping. L: ladder, 

B: blank.  
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Figure 3.22 Experimental design for elucidating the toxin receptor-based conditional 

ablation of FAP-expressing cells over multiple timepoints, namely day 3, 7, and 22. (a) 

The timeline for this set of experiments involved the standard two doses of diphtheria toxin 

(DTX), administered intraperitoneally at 25 ng/g. Groups A, B, and C correlate to the tissue 

harvest endpoints of day 3, day 7, and day 22 post-toxin, respectively. (b) Genotyping of FAP-

DM2 in Figure 3.19 and Figure 3.20 indicated the animals and their respective groups. 

 

Using the genotyped pups from the previous few figures, the experimental design of this study 

was planned and detailed above in Figure 3.22. This study focused on understanding whether 

or not the phenotypes associated with the depletion of FAP+ stromal cells by diphtheria toxin 

(DTX) administration observed at day 3 in Section 3.5.3 and Section 3.5.4 persisted over a 

longer time course. The time course chosen for this study included tissue harvest endpoints at 

day 3, day 7, and day 22 post-toxin administration (Figure 3.22a) and the genotyped mice were 

split into various experimental groups – LM saline, LM DTX, FAP saline, and FAP DTX – 

across the three study endpoints. A total of 10 mice were allotted to each harvest endpoint. 

The femur and tibia bones were harvested from each of the mice for the digestion and isolation 

of stromal cells for flow cytometry analysis. The skeletal muscle, namely, the quadriceps 

femoris and gastrocnemius muscles, were also harvested from each of the mice for flow 

cytometry analysis. Animals were also weighed every day from day -2 – the day of the first 

intraperitoneal injection of diphtheria toxin – until each of the endpoints of the study. 
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Figure 3.23 Multiple timepoint study showed that FAP ablation in mice was transient in 

both bone marrow and skeletal muscle. Flow cytometry analysis of FAP-expressing stromal 

cells in the bone marrow and skeletal muscle (namely, quadriceps and gastrocnemius muscles) 

indicated a significant level of ablation at day 3, followed by a gradual resolution at day 7 and 

no noticeable difference compared to saline-treated controls at day 22 (a, b, c, respectively). 

The body weight of individual mice was recorded and plotted and showed the characteristic 

10% drop in body weight at day 3 in FAP transgenic mice that received DTX, correlating to 

the finding in Figure 3.7, the weight loss plateaus out by day 7, and mice begin to recover and 

gain weight once again by day 22 (d, e, f, respectively).  
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Figure 3.23 on the previous page plots the representative data from the multiple timepoint 

study observing if FAP ablation was transient or not. This study focused on understanding 

whether or not the phenotypes associated with the depletion of FAP+ stromal cells by 

diphtheria toxin (DTX) administration observed at day 3 in Section 3.5.3 and Section 3.5.4 

persisted over a longer time course. As discussed previously and shown at the top of Figure 

3.23, this study incorporated two intraperitoneal injections of DTX at 25 ng/g administered 48 

hours apart. Tissue harvest endpoints were on day 3, day 7, and day 22 after the second 

injection of the toxin. 

 

Using the flow cytometry protocol detailed in Section 2.8, 2.8.1, and 2.8.2 of Chapter 2: 

Materials & Methods, the following three tissues were isolated, digested, and analyzed for the 

expression of FAP+ stromal cells: bone marrow, quadriceps femoris, and gastrocnemius. 

Figure 3.23a plots the percentage of CD31-CD45-Ter119- FAP+ stromal cells in the bone 

marrow, quadriceps femoris, and gastrocnemius muscles at day 3. The bone marrow data is 

consistent with the data presented in Figure 3.16 and indicates a significant 65-70% depletion 

of FAP+ stromal cells in FAP-DM2 transgenic animals three days after the administration of 

diphtheria toxin (Figure 3.23a). In the quadriceps femoris muscle, the data also indicates a 

significant 70-75% depletion of FAP+ stromal cells in transgenic animals three days after the 

administration of diphtheria toxin (Figure 3.23a). In the gastrocnemius muscle, the data 

indicates a trend towards depletion but no statistically significant difference in the % of FAP+ 

stromal cells at day 3 in transgenic mice that received DTX when compared to their saline 

controls (Figure 3.23a).  

 

Figure 3.23b quantifies the percentage of CD31-CD45-Ter119- FAP+ stromal cells in the bone 

marrow, quadriceps femoris, and gastrocnemius muscles at day 7. In the bone marrow, the 

data indicates a lagging trend of 30% reduced FAP+ stromal cells but no statistically significant 

different in the percentage of FAP+ stromal cells at day 7 in transgenic mice that received DTX 

(Figure 3.23b). In both the quadriceps femoris and gastrocnemius muscles, the data indicates 

no difference in FAP+ stromal cells at day 7 in transgenic mice that received DTX when 

compared to their saline controls (Figure 3.23b). These observations indicate that compared to 

the significant depletion of FAP+ stromal cells at day 3 shown previously in Figure 3.23a, these 

tissues no longer had any noticeable or significant differences in their FAP+ stromal cell 

composition at day 7.  
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Figure 3.23c quantifies the percentage of CD31-CD45-Ter119- FAP+ stromal cells in the bone 

marrow, quadriceps femoris, and gastrocnemius muscles at day 22. In all three tissues, the data 

indicates no significant difference in the percentage of FAP+ stromal cells at day 22 in 

transgenic mice that received DTX when compared to their saline controls (Figure 3.23c). This 

indicates the depletion of FAP+ stromal cells is transient and most severe in the first three day 

following administration the diphtheria toxin. The data indicates that while TRECK is a 

considered conditional knockout model, it is not a true knockout model like a genetic knockout 

model where the production of the knocked-out cells is completely quenched. Hence, the FAP-

DM2 transgenic model is more accurately described as a cell ablation model where the level 

of depletion can be fine-tuned by the concentration and timing of the toxin administration.  

 

Figure 3.23d tracks the body weight of the animals over the course of the study to the day 3 

endpoint. Similar to the results presented in Figure 3.6 and Figure 3.7 from a previous study, 

there was no % change in body weight between the two non-transgenic groups – LM saline 

vs. LM DTX – at day 3 (Figure 3.23d). Whereas in the two groups of FAP-DM2 transgenic 

mice – FAP saline vs. FAP DTX – the group that received the toxin exhibited a statistically 

significant decrease in body weight of roughly 10% when compared to its saline control, as 

indicated by the solid red line in Figure 3.23d. This short-term drop in body weight at day 3 

was in line with had been found in the previous study and also what has been reported in the 

literature at this timepoint. 

 

Figure 3.23e tracks the body weight of the animals over the course of the study to the day 7 

endpoint. The characteristic 10% drop in body weight was observed in the first few days after 

toxin administration. However, by day 7, the drop in body weight had stabilized at 10% and 

did not continue to drop further, as indicated by the solid red line in Figure 3.23e. Lastly, 

Figure 3.23f tracks the body weight of the animals over the course of the study to the day 22 

endpoint. The initial 10% drop in body weight was observed in the first 3-7 days, similar to 

the data showed in Figure 3.23d and Figure 3.23e. However, after the first week, the data 

shows the body weight of the FAP DTX animals beginning to increase, indicating that the 

animals were putting on weight again, as indicated by the solid red line in Figure 3.23f. The 

FAP-DM2 transgenic mice that received diphtheria toxin began to recover their body weight 

but did not ultimately catch up to their saline control counterparts (Figure 3.23f). Ultimately, 

this study showed that the depletion of FAP+ cells via TRECK is transient and most prominent 

the first three days following the administration of diphtheria toxin, and afterwards, the 

animals begin to endogenously recover the deleterious phenotypes associated with ablation.  
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3.5.6 Examination of FAP-expressing CD45+ hematopoietic cells within the bone 

marrow of transgenic mice 

 

Figure 3.24 Representative CD31 vs. CD45/Ter119 flow cytometry dot plot of the bone 

marrow hematopoietic compartment. This subpopulation of bone marrow cells represents 

those that stained postive for CD45 and Ter119. CD45 stains leukocytes and cells of 

hematopoietic origin and Ter119 stains erythrocytes. It has been previously reported that 

certain populations of CD45+ cells also co-express fibroblast activation protein (FAP). 

 

Figure 3.24 above is a representative flow cytometry dot plot of the bone marrow 

hematopoietic compartment. These are cells that have stained positively for FITC-conjugated 

CD45 or FITC-conjugated Ter119. Given the fact that most of the erythrocytes/red blood cells 

in the bone marrow cell suspension would have bene lysed during the ACK lysis buffer step 

in the protocol in Section 2.7.2 of Chapter 2: Materials & Methods, it can be presumed that 

cells that stained positively in the FITC channel are labeled as CD45-positive – cells of 

hematopoietic origin.  

 

Using the data in the red gate drawn in Figure 3.24, Figure 3.25 on the next page plots the data 

as PE-conjugated FAP vs. APC-conjugated Sdc2. By quantifying the number of cells that 

appear in the entire FAP+ population (blue and red boxes on the left-hand side combined), the 

plot on the right-hand side quantifies the number of CD45+ FAP+ cells as a % of saline controls 

(Figure 3.25). 



 

154 
 

 

Figure 3.25 Flow cytometry analysis of CD45+ cells shows 45-50% depletion of FAP+ cells 

of hematopoietic origin within the bone marrow. This figure quantifies the entire FAP+ 

population (blue and red boxes, left) in the bone marrow hematopoietic compartment 

(indicated as cells that stained positive for CD45), as a % of saline controls. While there was 

no observable difference between littermates (LM) that received saline or DTX, there was a 

statistically significant difference between transgenic mice (FAP) that received saline or DTX. 

Data represented as mean ± SEM. Mann–Whitney U test. *p<0.05, **p<0.01, ***p<0.001.  

 

The data indicates that there is no observable difference when comparing the two littermate 

groups – LM saline vs. LM DTX. The two intraperitoneal injections of diphtheria toxin in 

wild-type/non-transgenic mice did not affect the number of CD45+ FAP+ cells of hemato-

poietic origin within the bone marrow at day 3, as shown on the right-hand side of Figure 3.25.  

 

Interestingly, when comparing the two FAP-DM2 transgenic groups in Figure 3.25 – FAP 

saline vs. FAP DTX – the data indicates a statistically significant 45-50% decrease in the 

number of CD45+ FAP+ cells of hematopoietic origin within the bone marrow at day 3 of 

transgenic mice that received diphtheria toxin (DTX). This indicates that the presence of the 

toxin was specific in its ability to deplete CD45-expressing FAP+ cells of hematopoietic origin 

from the bone marrow of transgenic mice and not wild-type mice. 
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3.5.7 Analysis of the skeletal muscle of ablated mice by quantifying muscle atrophy-

related genes 

Another phenotype reported by Roberts et al. was the up-regulation of muscle atrophy-related 

genes.4 The authors found that depletion of FAP+ stromal cells affected both pathways of 

muscle atrophy by causing an acute and persistent decrease of follistatin (Fst) and laminin 

(Lama2) mRNA levels at day 3, which led to a transient increase in atrogin-1 and muscle 

RING-finger protein (MuRF1) mRNA levels at day 3.4 Atrogin-1, also known as MAFbx1, is 

a cardiac and skeletal muscle-specific F-box protein and is a crucial participant in skeletal 

muscle atrophy programs.30 MuRF1, also known as TRIM63, is a RING zinc finger protein 

that participates in skeletal muscle atrophy and is commonly found in striated muscle.31 Both 

atrogin-1 and MuRF1 are E3 ubiquitin ligases that are important regulators of ubiquitin-

mediated protein degradation in skeletal muscle.32  

 

MuRF1 and atrogin-1 were first reported by Bodine et al. during the transcriptomic profiling 

of a number of atrophy animal models.33 While many genes were up-regulated in a single rat 

model of atrophy, only a small handful of genes was universal to all models and only MuRF1 

and atrogin-1 encoded for ubiquitin ligases.33 Bodine et al. found that the overexpression of 

atrogin-1 in myotubes produced atrophy, whereas mice deficient in either atrogin-1 or MuRF1 

were found to be resistant to atrophy, indicating that these two genes are sensitive markers of 

skeletal muscle atrophy.33  

 

Bodine et al. further investigated the in vivo functional importance of these two atrophy-related 

genes by generating transgenic atrogin-1-/- and MuRF1-/- mice.33 Mice were then challenged in 

a denervation-based atrophy model to determine the effect of atrogin-1 and MuRF1 deficiency 

on skeletal muscle loss. The authors found that while wild-type mice had significant muscle 

atrophy in the gastrocnemius muscles at 7 and 14 days after denervation, atrogin-1-/- mice had 

significant muscle sparing relative to wild-type mice.33 The same pattern was also observed in 

MuRF1-/- mice when compared to wild-type mice.33 Thus, Bodine et al. concluded that both 

atrogin-1 and MuRF1 are critical regulators of muscle atrophy, most likely through the 

regulation of the degradation of crucial muscle proteins.33 Further investigation into these two 

atrophy-related genes from Stitt et al. showed that the IGF-1/PI3K/Akt pathway, which has 

been shown to induce hypertrophy, prevents the induction of requisite atrophy mediators, 

namely atrogin-1 and MuRF1.34 These findings show the critical role these muscle-specific 

ubiquitin ligases play in regulating muscle atrophy. 
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Figure 3.26 RNA expression of muscle gene atrogin-1 and muscle RING-finger protein 

(MuRF1) in quadriceps femoris and gastrocnemius muscles. (a) RNA isolated from the 

quadriceps and gastrocnemius muscles was evaluated for atrogin-1 gene expression. Blue dots 

represent male mice and pink dots represent female mice, which is separated in (b). (c) RNA 

isolated from the quadriceps and gastrocnemius muscles was evaluated for MuRF1 gene 

expression. Blue dots represent male mice and pink dots represent female mice, which is 

separated in (d). Data represented as mean ± SEM. LM saline, littermate with saline treatment; 

LM DTX, littermate with diphtheria toxin treatment; FAP saline, transgenic with saline 

treatment; FAP DTX, transgenic with diphtheria toxin treatment. 

 

Figure 3.26 quantifies the RNA expression of atrogin-1 and MuRF1 in the quadriceps femoris 

and gastrocnemius muscles at the day 3 harvest endpoint. Figure 3.26a plots the mRNA levels 

of atrogin-1 as relative quantification (RQ) to the saline-treated controls. Interestingly, the data 

indicates that while there is increased atrogin-1 RNA expression in the transgenic mice that 

received diphtheria toxin, all of the toxin treated-animals showed an increased level of atrogin-

1 RNA expression regardless of their transgenic status (Figure 3.26a). This result was certainly 

unexpected given the previous data in this chapter that had indicated that the toxin had no 

effect on non-transgenic/wild-type mice. Both the body weight data in Section 3.5.3 and the 

flow cytometry data in Section 3.5.4 showed that in the littermate groups – LM saline vs. LM 

DTX – there were no observable differences, indicating that the presence of the toxin in wild-

type mice had no effect because they lacked the proper diphtheria toxin receptor (DTR) that 

the FAP-DM2 transgenic mice possessed. This countered the findings from before and is 
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discussed below in further detail in Section 3.6. Figure 3.26c plots the mRNA levels of MuRF1 

as relative quantification (RQ) to the saline-treated controls. In the quadricep femoris muscle, 

the data indicates that MuRF1 expression was only elevated roughly 2-3 fold in transgenic 

FAP-DM2 mice that had received diphtheria toxin (Figure 3.26c). In non-transgenic/wild-type 

mice, those treated with diphtheria toxin did not exhibit any increases in MuRF1 mRNA 

expression (Figure 3.26c). In the gastrocnemius muscle, the data indicated slightly elevated 

levels of MuRF1 mRNA expression in both littermates and transgenic mice that received 

diphtheria toxin (Figure 3.26c). 

 

An observation that arose during the data analysis was that of a gender bias in the PCR results. 

The data in presented in Figure 3.26 has been color-coded to indicate gender. Blue data points 

represent male mice and pink data points represent female mice. Interestingly, when the data 

is plotted separately by gender, as done so in Figure 3.26b and Figure 3.26d for atrogin-1 and 

MuRF1 mRNA levels, respectively, the data indicates the RNA expression levels of only male 

mice were affected. In both Figure 3.26b and Figure 3.26d, the graphs representing only female 

mice (as represented by the pink dots) showed no changes in RQ for either gene. Regardless 

of whether the mice were transgenic or wild-type and regardless of which tissue, administering 

diphtheria toxin did not change the mRNA expression of atrogin-1 and MuRF1 in female mice 

compared to saline controls. The graphs in Figure 3.26b representing male mice (as 

represented by the blue dots) showed a 2.8-fold increase of atrogin-1 in the quadriceps of LM 

DTX mice and a 3.2-fold increase of atrogin-1 in the quadriceps of FAP DTX mice; whereas 

in the gastrocnemius muscle, the data indicated a 3.6-fold increase of atrogin-1 in the 

gastrocnemius of LM DTX mice and a 2.5-fold increase of atrogin-1 in the gastrocnemius of 

FAP DTX mice. The graphs in Figure 3.26d representing male mice (as represented by the 

blue dots) showed a 1.2-fold increase of MuRF1 in the quadriceps of LM DTX mice and a 

2.9-fold increase of MuRF1 in the quadriceps of FAP DTX mice; whereas in the 

gastrocnemius muscle, the data indicated a 1.8-fold increase of MuRF1 in the gastrocnemius 

of LM DTX mice and a 1.7-fold increase of MuRF1 in the gastrocnemius of FAP DTX mice. 

This gender effect is discussed further in-depth in Section 3.6. 

 

Furthermore, it has been previously reported that the ablated mice in the FAP-DM2 transgenic 

animal model exhibit muscle cachexia.4 The primary way for quantifying muscle cachexia is 

through histological staining and analysis using ImageJ software. Figure 3.27 below illustrates 

a representation of software analysis using an immuno-stained cross-section of the skeletal 

muscle. 
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Figure 3.27 Representative histological analysis of an immuno-stained cross-section of 

skeletal muscle and the software analysis used to quantify individual muscle fibers. (a) 

Skeletal muscle cross-sections are stained with DAPI (blue), isolection-B4 (IB4, green), and 

wheat germ agglutinin (WGA, red). (b) The red channel outlining the muscle fibers is isolated. 

(c) ImageJ software then creates a color threshold to convert the picture in black and white. A 
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region of interest (ROI) selector is used to individually select muscle fibers to be quantified, 

as shown as purple outlines with region number inside. 

 

After mouse skeletal muscles are fixed and sectioned, the skeletal muscle cross-sections are 

stained using 4’,6-diamidino-2-phenylindole (DAPI, blue), isolectin-B4 (IB4, green), and 

wheat germ agglutinin (WGA, red), as seen above in Figure 3.27a. Using the OlyVIA V2.9 

microscope software (Olympus Life Science, PA, USA), the red channel is isolated from the 

immuno-stained image (Figure 3.27b). Then, using ImageJ software developed by the National 

Institutes of Health (Bethesda, MD, USA), a region of interest (ROI) selector is used to 

individually select muscle fibers to be quantified (Figure 3.27c). Quantification was performed 

on 200-300 fibers within a 10× field of view, and an average of ten different views was taken 

for each muscle. Figure 3.28 below quantifies the mean cross-sectional fiber area and Feret 

diameter of the gastrocnemius muscles from both non-ablated and ablated mice. Figure 3.28a 

shows that the mean cross-sectional fiber area of the gastrocnemius muscle in ablated mice 

average 1,459 µm2 compared to 2,317 µm2 in the saline controls, indicating a 37% reduction 

in ablated mice. Figure 3.28b shows that the Feret diameter of the gastrocnemius muscle in 

ablated mice averaged 57.02 µm compared to 84.38 µm in the saline controls, indicating a 

32% reduction in ablated mice. Both of these results are indicative of muscle cachexia as a 

result of FAP+ cell ablation in transgenic mice. 

 

 

Figure 3.28 Gastrocnemius muscle fibers from ablated mice showed a statistically 

significant reduction in both mean cross-section fiber area and Feret diameter. (a) The 

mean cross-sectional fiber area (µm2) of the gastrocnemius muscle in FAP DTX mice averaged 

1,459 µm2 compared to 2,317 µm2 in the saline controls, indicating a 37% reduction in ablated 

mice. (b) The Feret diameter (µm) of these muscle fibers was 57.02 µm in FAP DTX mice 

compared to 84.38 µm in the saline controls, indicating a 32% reduction in ablated mice. Data 
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represented as mean ± SEM. FAP saline, transgenic with saline treatment; FAP DTX, 

transgenic with diphtheria toxin treatment. Unpaired t test. *p<0.05, **p<0.01, ***p<0.001. 

 

3.6 Discussion 

Toxin receptor mediated cell knockout (TRECK) models provide researchers with a valuable 

tool to further study the underlying biology of a disease and a specific cell population’s 

contribution to a phenotype. Like many ablation or classical knockout models, these unique 

and complex animal models allow researchers to answer “loss of function” questions. In this 

thesis, the overarching hypothesis was asked – what role do FAP expressing stromal cells play 

in the vascularization during a hind limb ischemic insult? Do endogenous stromal cells play a 

key role in maintaining the healthy vasculature and what effect is observed when these stromal 

cell are absent during ischemia?  To answer this question we first needed to establish the 

animal model and characterize it phenotypically.  This is the goal of the experiments outlined 

in this chapter. 

 

The FAP-DM2 model originated and was developed at the University of Cambridge in the 

laboratory of Prof. Douglas Fearon. The scientists who developed the model were interested 

in ablating FAP-expressing stromal cells in the context of cancer and tumor biology. The 

authors found that administering diphtheria toxin to animals reduced tumor progression, 

primarily due to the ablation of FAP stromal cells that protect the tumor from infiltrating 

lymphocytes and other immune cells.6 More specifically, Kraman et al. found that the 

depletion of FAP-expressing stromal cells, which made up only 2% of all tumor cells in a 

Lewis lung carcinoma model, caused rapid hypoxic necrosis of both cancer and stromal cells 

in immunogenic tumors.6 The authors also found that ablating FAP-expressing cells in a 

subcutaneous model of pancreatic ductal adenocarcinoma also permitted immunological 

control of growth, thereby establishing that in a tumor microenvironment, FAP-expressing 

cells are a non-redundant, immune-suppressive component.6 

 

The FAP-DM2 transgenic mouse model was transferred to the National University of Ireland, 

Galway to better understand the hematopoietic functions and properties of bone marrow 

stromal cells. During this transition and in these experiments studying the role of FAP+ stromal 

cells in hematopoiesis, the FAP-DM2 model was hypothesized to be a relevant and novel 

model to understand the underlying physiology of stromal cells in the context of ischemia. 

Previous work in the literature had shown a correlation between the function of stromal cells 
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in ischemia.35–38 The breadth of research covered in this thesis further continues this premise 

by incorporating this complex stromal cell ablation model into a hind limb ischemia (HLI) 

injury.  

 

Firstly, a key component of this project was mastering the complex nature of the FAP-DM2 

model. It has been reported in the literature by Roberts et al. that an early indicator of 

successfully depleting FAP+ cells in the transgenic model comes in the form of body weight 

loss.4 This has been hypothesized to be due to the structure of fibroblast activation protein 

sharing 50% of amino acids with DPP4 analogue.6 For context, DPP4 inhibitors are a class of 

prescription medicines that are used with diet and exercise to control high blood glucose in 

adults with type 2 diabetes mellitus.39 These inhibitors are part of a class of glucagon-like 

peptide-1 (GLP-1)-based therapies and affect glucose control through several mechanisms, 

including enhanced glucose-dependent insulin secretion, slowed gastric emptying, and 

reduction of postprandial glucagon and of food intake.40 As such, we hypothesize that FAP-

DM2 transgenic mice lose weight after diphtheria toxin administration because of the high 

analogous structural similarity between FAP and DPP4. Perhaps the depletion of FAP has a 

similar effect on the mouse that the inhibition of DPP4 has on human patients. We have 

observed previously that FAP-ablated transgenic mice have decreased levels of food intake 

following DTX administration, eating an average of 2.8 grams of food per day compared to 

4.7-5.2 grams of food per day in non-ablated controls (see Figure 3.8). No outward changes in 

behavior, distress, or appearance were observed in mice that lost weight, indicating that the 

weight loss could potential be linked to endogenous mechanisms similar to DPP4 inhibitors 

caused by the loss of FAP+ cells. The correlation between FAP depletion and body weight loss 

and DPP4 was not further investigated as it was outside the scope of the current thesis but is a 

consistent feature of this model. In our experiments, the loss in body weight was most 

prominent in the first few days following the administration of diphtheria toxin and, after 

several days, it was shown to level off and did not continue to decrease over longer periods of 

time. 

 

As mentioned previously in the experimental design, diphtheria toxin was administered 

intraperitoneally at 25 ng/g in two doses 48 hours apart. This dosing regimen was taken from 

published protocols from Kraman et al.6 and Roberts et al.4 and further investigation of 

TRECK models in the literature indicated that this dose within range for small rodent 

models.41–43 In order to best understand what role the DTX was having on the biological 

functions in the animal, it was critical to have well-powered and adequate control groups. This 
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explains why there are generally four groups in most of the experiments that were performed: 

“LM saline” – littermates/wild-type mice that received saline, “LM DTX” – littermates/wild-

type mice that received diphtheria toxin, “FAP saline” – transgenic FAP-DM2 mice that 

received saline, and lastly, “FAP DTX” – transgenic FAP-DM2 mice that received diphtheria 

toxin. The purpose of comparing LM saline vs. LM DTX was to control for the diphtheria 

toxin. Wild-type mice lack diphtheria toxin receptor (DTR) and thus, are not susceptible to the 

toxin. Furthermore, since these mice do not express the transgene, these two littermate groups 

– LM saline and LM DTX – were expected to not exhibit any differences from each other. The 

purpose of comparing FAP saline vs. FAP DTX was to control for the transgene. Simply the 

presence of the transgene in FAP-DM2 mice was not expected to yield any phenotypic 

difference compared to wild-type mice. By administering saline to transgenic mice, the FAP 

saline acted as a baseline when comparing the effects observed in transgenic mice that received 

diphtheria toxin (FAP DTX).  

 

As shown above in Figure 3.7, the FAP DTX group – transgenic FAP-DM2 mice that received 

the toxin – experienced a 10-15% decrease in body weight by day 3 after the second injection 

of DTX, as indicated by the solid red line. This finding was in keeping with the 10-15% 

decrease in body weight published in the literature, as shown on the next page in Figure 3.29a.4 

The other three experimental groups – LM saline, LM DTX, and FAP saline – did not exhibit 

any decreases in body weight, as expected. This was the first and most prominent positive 

signal that the model was behaving similarly in our hands as it also had in its previous pre-

clinical facility. By measuring the body weights and food intake of mice during the 

experiment, we were able to observe whether the phenotype and behavioral changes indicative 

of successful FAP+ cell ablation were present. In our experiments, the loss in body weight was 

most prominent in the first few days following the administration of diphtheria toxin and, after 

several days, it was shown to level off and did not continue to decrease over longer time 

periods. 

 

Secondly, depletion of FAP+ cells within the animal was quantified using flow cytometry 

analysis. By creating a flow panel that stained for FAP+ cells, both stromal and non-stromal in 

nature, the results were able to assess the level of ablation on a cellular level (see Figure 3.9 

and Figure 3.10 above). The bone marrow was chosen in the initial experiments as the tissue 

of interest to determine whether there was in fact any depletion of FAP+ stromal cells. After 

the femur and tibia bones were harvested from mice in all four experimental groups, the bones 

were crushed and digested to isolate the bone marrow cells in a single cell solution for flow 
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cytometry analysis. By following the gating strategy shown above in Figure 3.11, the bone 

marrow stromal cells were identified and thus the number of FAP+ stromal cells could be 

quantified in each animal and treatment group. As shown previously in Figure 3.16, the data 

showed a statistically significant 65-70% depletion of FAP+ stromal cells in the bone marrow 

at day 3 when compared to saline controls, indicating that transgenic mice that received 

diphtheria toxin experienced marked levels of FAP+ cell ablation. Littermate controls and 

saline-treated transgenic controls did not experience any changes in their respective FAP+ bone 

marrow stromal cell composition. These results were in line with results previously reported 

in the literature. As shown on the next page in Figure 3.29b, Roberts et al. found that transgenic 

mice that received diphtheria toxin exhibited a statistically significant 75% depletion of FAP+ 

cells in the bone marrow.4 

 

While the body weight data discussed previously was a positive signal, the flow cytometry 

data shown in Figure 3.12, Figure 3.13, Figure 3.14, Figure 3.15, and Figure 3.16 was a more 

robust signal indicating that there was, in fact, a successful depletion of FAP+ cells within 

FAP-DM2 transgenic mice when diphtheria toxin was administered. In fact, the data indicates 

that even other stromal cell markers such as syndecan-2 (Sdc2) were significantly depleted in 

this stromal cell ablation model. This represents the versatile and synergistic role that 

fibroblast activation protein (FAP) plays in the maintenance of the bone marrow stroma, 

represented by stromal cells expressing both FAP and Sdc2. 

 

 

Figure 3.29 Correlative phenotypic data, namely body weight and flow cytometry data, 

from published literature regarding FAP-DM2 transgenic model. (A) Representative 

published data showing a significant 10% drop in body weight in FAP-DM2 transgenic mice 

that received diphtheria toxin, as indicated by the gray line. (B) Representative published data 
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showing a significant 75% depletion of FAP+ bone marrow cells in transgenic mice when 

compared to their littermate controls. (C) Representative published data showing a significant 

75% depletion of FAP+ cells in the quadriceps muscle at day 3 and a noticeable recovery to 

roughly 40% depletion of FAP+ cells in the quadriceps muscle at day 22. (Figure adapted from 

Roberts et al.)4 

This chapter went further in investigating the FAP-DM2 transgenic model to better understand 

whether or not the phenotypes associated with the depletion of FAP+ stromal cells by 

diphtheria toxin (DTX) administration observed at day 3 in Section 3.5.3 and Section 3.5.4 

persisted over a longer time course. Section 3.5.5 above presents data regarding the long-term 

effects of diphtheria toxin-mediated ablation on FAP-DM2 transgenic mice. In this section, 

the standard four experimental groups (LM saline, LM DTX, FAP saline, and FAP DTX) were 

split into three groups corresponding to three different study endpoints: namely, day 3, day 7, 

and day 22 post-toxin administration.  

 

The data presented previously in Figure 3.23 paints an interesting picture regarding the 

transient identity of FAP+ cell depletion. This complex study was able to show that there was 

a significant 65-70% depletion of FAP+ stromal cells in the bone marrow and a significant 70-

75% depletion of FAP+ stromal cells in the quadriceps femoris muscle of FAP-DM2 transgenic 

animals three days after the administration of diphtheria toxin (Figure 3.23a). A similar trend 

towards depletion was also observed in the gastrocnemius muscle of transgenic mice at day 3 

but the level was not considered statistically significant (Figure 3.23a). These results indicate 

a marked depletion of FAP+ stromal cells from different tissues at day 3, and the data generated 

from the quadriceps femoris muscle corresponds to published literature previously showing a 

75% depletion of FAP+ cells in the quadriceps muscle at day 3 of FAP-DM2 transgenic mice 

that had received diphtheria toxin, as shown above in Figure 3.29c.4 

 

Interestingly, the data indicates that as time progresses after the toxin administration, the latter 

two timepoints – day 7 and day 22 – showed that the level of FAP+ cell depletion in these three 

tissues was minimal and this specific subpopulation of stromal cells had recovered and were 

equivalent to their saline-treated controls that never experienced any ablation in the first place 

(shown previously in Figure 3.23b and Figure 3.23c). This indicates the depletion of FAP+ 

stromal cells is transient and most severe in the first three day following administration of the 

diphtheria toxin. The data indicates that while TRECK is a considered conditional knockout 

model, it is not a true knockout model like a genetic knockout model where the production of 

the knocked-out gene is completely quenched. Hence, the data generated from these studies 
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indicate that the FAP-DM2 transgenic model is more accurately described as a transient cell 

ablation model. 

 

The long-term body weight data shown in Figure 3.23d-f also shed some light regarding the 

transient identity of FAP+ cell ablation. The initial 10-15% drop in body weight observed with 

the first three days after diphtheria toxin administration is presented in both Figure 3.7 and 

Figure 3.23d as results from separate studies. These findings match published data in the 

literature that had also observed a similar 10% drop in body weight at day 3 post-toxin, as 

shown by the gray line in Figure 3.29a. Long-term body weight measurements show that the 

drop in body weight levels off and beings to plateau between day 3 and day 7 (Figure 3.23e), 

with animals ultimately beginning to gain weight again by day 22 (Figure 3.23f). Similar to 

the longer timepoint flow cytometry data, these findings indicate a sharp deleterious response 

to diphtheria toxin in transgenic animals that show some levels of resolve and recovery at the 

end of the first week, and are ultimately phenotypically on par with the saline-treated controls 

by day 22. 

 

Interestingly, not all of the results generated in this chapter match what has been previously 

published, particularly the phenotypes observed by Roberts et al.4 Firstly, the data plotting the 

gross muscle weights in Figure 3.18 did not indicate any presence of a cachexic phenotype. 

The data did not show any differences in the weights of the quadriceps femoris and 

gastrocnemius muscles between the two littermate groups – LM saline vs. LM DTX – which 

was expected given previous data and reports indicating that diphtheria toxin has no effect in 

wild-type mice. However, the data also did not show any differences in the weights of the 

quadriceps femoris and gastrocnemius muscles between the two transgenic groups – FAP 

saline vs. FAP DTX – which was unexpected given previous data indicating significant 

decreases in body weight and depletion in FAP+ stromal cells in transgenic mice that had been 

exposed to diphtheria toxin. This countered the results published in the literature that showed 

a 13% drop in the muscle mass of quadriceps muscles at day 7 in transgenic animals treated 

with diphtheria toxin control to their saline-treated controls (as indicated in Figure 3.30a 

below). It is not known whether the data presented by Roberts et al. in Figure 3.30a represents 

a specific gender of mice. Given the unique differences between the muscle weights of male 

and female mice (regardless of treatment group) shown in the data presented in Figure 3.18b-

d, it would have been useful to know this information regarding the published results in the 

literature.  
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Figure 3.30 Correlative phenotypic data, namely muscle mass and mRNA data, from 

published literature regarding FAP-DM2 transgenic model. (A) FAP-DM2 transgenic 

mice that received diphtheria toxin exhibited a 13% drop in muscle mass in the quadriceps 

muscle at day 7 when compared to littermates. This loss in muscle mass is sustained in the 

quadriceps of transgenic mice up through day 22. (B) PCR data indicated an elevated level of 

both atrogin-1 and MuRF1 mRNA expression at day 3 in transgenic animals post-toxin. mRNA 

levels return to normal by day 22. (Figure adapted from Roberts et al.)4 

 

The majority of the data presented in the Results section of this chapter focused on the stromal 

compartment of the bone marrow and skeletal muscle. As shown previously by the flow 

cytometry gating strategy in Figure 3.11, the stromal compartment is identified by gating out 

cells that stained positive for PE-Cy7-conjugated CD31 (staining for endothelial cells), FITC-

conjugated CD45 (staining for leukocytes and cells of hematopoietic origin), and FITC-

conjugated Ter119 (staining for erythrocytes/red blood cells). However, it has been previously 

reported that certain populations of CD45+ cells also co-express fibroblast activation protein 

(FAP).6 Because of this, there was some interest to look at the flow cytometry data in further 

depth to understand if these CD45+ FAP+ cells were affected by the diphtheria toxin in the 

FAP-DM2 TRECK transgenic model.  

 

Figure 3.24 showed that a significant proportion of bone marrow cells expressed CD45 on the 

cell surface, and Figure 3.25 indicated a subset of these CD45-expressing bone marrow cells 

also co-express FAP. Furthermore, the data presented in Figure 3.25 indicated that while there 

was no observable difference when comparing the two littermate groups, the data showed a 

statistically significant 45-50% decrease in the number of CD45+ FAP+ cells of hematopoietic 
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origin within the bone marrow at day 3 of transgenic mice that received diphtheria toxin 

(DTX). This indicates that the presence of the toxin was specific in its ability to deplete CD45-

expressing FAP+ cells of hematopoietic origin from the bone marrow of transgenic mice and 

not wild-type mice. This was an interesting finding, yet not completely surprising either. 

Kraman et al. had previously reported the loss of a statistically significant level of ablation of 

CD45+ FAP+ cells in the LL2/OVA Lewis lung carcinoma tumors of transgenic mice that 

received diphtheria toxin.6 Ultimately, the investigation of CD45+ cells of hematopoietic origin 

that co-expressed FAP was outside the scope of this project, since this project was focused on 

stromal cells within the bone marrow and skeletal muscle, particularly when it comes to the 

stromal contribution in the revascularization of ischemic tissues. 

 

The PCR data presented in Figure 3.26 also counters what was previously published about this 

model. In the Journal of Experimental Medicine paper by Roberts et al., the authors find a 

significant upregulation of muscle atrophy-related genes, namely, atrogin-1 (also known as 

MAFbx1) and MuRF1 (also known as TRIM63), in transgenic mice that received diphtheria 

toxin, as shown above in Figure 3.30b. Background regarding these two genes is discussed 

previously near the end Section 3.5.5. In keeping with their observations of cachexia in FAP-

DM2 transgenic mice, the authors also found 2- and 3-fold increases in the mRNA expression 

levels of atrogin-1 and MuRF1, respectively (Figure 3.30b). Interestingly, our data indicated 

that while there was increased atrogin-1 RNA expression in the transgenic mice that received 

diphtheria toxin, all of the toxin treated-animals showed an increased level of atrogin-1 RNA 

expression regardless of their transgenic status (Figure 3.26a). This result was certainly 

unexpected given the previous data in this chapter that had indicated that the toxin had no 

effect on non-transgenic/wild-type mice. Both the body weight data in Section 3.5.3 and the 

flow cytometry data in Section 3.5.4 showed that in the littermate groups – LM saline vs. LM 

DTX – there were no observable differences, indicating that the presence of the toxin in wild-

type mice had no effect because they lacked the proper diphtheria toxin receptor (DTR) that 

the FAP-DM2 transgenic mice possessed.  

 

The muscle data indicated that non-transgenic/wild-type mice that had previously shown no 

phenotypic changes in the presence of the toxin showed elevated mRNA levels of muscle 

atrophy-related genes atrogin-1 and MuRF1. When the data was further stratified by gender, 

it was apparent that only male mice exhibited any changes in RNA expression. Figure 3.26b 

and Figure 3.26d showed atrogin-1 and MuRF1 mRNA levels, respectively, separated by 

gender with a plot for female mice and a plot for male mice. The plots representing female 
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mice showed the relative quantification (RQ) values for both genes hovered around 1, 

indicating that all experimental groups had the same mRNA levels as the saline-treated 

controls, as shown by the pink data points in Figure 3.26b and Figure 3.26d. This data indicates 

that the administration of diphtheria toxin in female mice had no effect on the mRNA levels 

of these genes, regardless of whether the animal was a non-transgenic/wild-type mouse or a 

FAP-DM2 transgenic mouse. While atrogin-1 and MuRF1 genes were not down- or up-

regulated by the presence of diphtheria toxin in female mice, the data from the male mice in 

the study showed a stark contrast. The plots representing the data from male mice showed a 

clear difference between saline- and DTX-treated animals, as shown by the blue data points in 

Figure 3.26b and Figure 3.26d. The data showed elevated levels of atrogin-1 in toxin-treated 

male mice, regardless of transgenicity, in both the quadriceps femoris and gastrocnemius 

muscles; whereas, MuRF1 was only elevated in the quadriceps of FAP DTX group, but 

elevated in the gastrocnemius of both toxin-treated groups.  

 

While gender bias in skeletal muscle gene expression has not been shown in mice, Welle et al. 

have reported sex-related differences in gene expression in human skeletal muscle.44 The 

authors found that men tended to have higher expression of genes encoding for mitochondrial 

proteins, ribosomal proteins, and a few translation initiation factor; whereas, women tended to 

have greater expression of two genes that encode proteins in growth factor pathways known 

to be important in regulating muscle mass: growth factor receptor-bound 10 (GRB10) and 

activin A receptor IIB (ACVR2B).44 Furthermore, Welle et al. also found that expression 

levels of FOXO3 – a gene that encodes a forkhead box transcription factor that can influence 

muscle catabolism – was significantly higher in women than in men.44 In its active non-

phosphorylated state, FOXO3 stimulates expression of the ubiquitin ligase atrogin-1 (also 

known as MAFbx).45 Whether FOXO3 is significantly higher or lower in female mice 

compared to male mice is not currently known. An analysis of murine transcription factors 

involved in muscle catabolism could provide an explanation as to why the administration of 

diphtheria toxin only affected male mice. We did not find any literature that show diphtheria 

toxin affecting any pathways upstream of atrogin-1 or MuRF1.  

 

Further investigation surrounding the gender bias in the PCR data is strongly warranted. This 

bifurcation in the data had not been previously reported, and given the dearth of literature 

indicating any sex-related differences in murine skeletal muscle mRNA expression. Stratifying 

animal groups based on gender in future PCR experiments would be instrumental in answering 

the question – why do female mice not exhibit any changes in the mRNA levels of atrogin-1 
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and MuRF1, regardless of whether they receive diphtheria toxin or not? The expansion of 

additional n-numbers within both the male and female group would be needed to further 

elucidate this effect. Given the preliminary data from these findings and performing power 

calculations for this follow-on experiment, this experiment would require at least eight female 

and eight male mice in order to show statistical power. Ultimately, further investigation with 

powered studies would indeed show if there is a gender bias in the atrogin-1 and MuRF1 

expression in the skeletal muscle.  

 

While the mRNA levels of muscle cachexia-related genes were not definitively shown to be 

changed in only the toxin-treated transgenic mice, histological analysis of the gastrocnemius 

muscle showed that there was, in fact, presence of cachexia in ablated mice. The gastrocnemius 

has been previously reported as one of the important weight-bearing hind limb muscles in mice 

and as such, it commonly examined and quantified to determine the presence of absence of 

muscle wasting or cachexia.46 Figure 3.28 showed a 37% reduction in the mean cross-sectional 

fiber area and a 32% reduction in the Feret diameter of gastrocnemius muscles of ablated mice 

when compared to their saline controls. These two data points were indicative of underlying 

muscle cachexia in transgenic mice that were treated with diphtheria toxin, showing that the 

ablation of FAP+ cells within the skeletal muscles contributed to muscle wasting.  

While wheat germ agglutinin (WGA) is a sensitive and useful lectin that stains for the 

connective tissue in skeletal muscle, outlining the fibers in a cross-sectional view, the 

functionality of WGA is ultimately limited as it lacks of specificity of many antibody-based 

stains.47 When it comes to quantifying muscle fibers, the use of lectin staining suffices; 

however, when it comes to quantifying and measuring more mechanistic aspects of the skeletal 

muscle such as vasculature-specific and inflammatory markers, the use of antibody-based 

stains becomes more prominent. For example, α-smooth muscle actin (α-SMA) and CD31 

immuno-staining are staining techniques used to look at blood vessel sprouting, capillary 

formation, and pericyte/endothelial cell activity within tissues.48 Co-staining with these 

antibodies would provide a clearer picture on the vascular and inflammatory activity within 

the gastrocnemius muscle during FAP+ cell ablation, which could then be correlated to muscle 

fiber size and area to show if there are synergistic effects between muscle cachexia and 

vasculature phenotypic changes. 

 

Ultimately, the FAP-DM2 transgenic mouse is a powerful yet challenging animal model. It 

affords the researcher an extremely specific cell ablation model through the use of toxin 

receptor-mediated conditional cell knockout (TRECK) technology.  
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3.7 Conclusion 

The first phase of this project set out to characterize the FAP-DM2 animal model and 

understand the phenotypic changes that occur when diphtheria toxin (DTX) is administered to 

transgenic mice. The data generated from these experiments has been reported in the above 

sections.  

 

The results presented in this chapter indicate many significant findings. To recap, firstly, 

transgenic FAP-DM2 animals that received diphtheria toxin experienced significant depletion 

of both FAP+ stromal and non-stromal cells. More specifically, the data shown in Figure 3.16 

indicate that transgenic mice that received DTX showed a statistically significant 65-70% 

depletion of FAP+ stromal cells in the bone marrow at day 3 when quantified by flow 

cytometry. The other treatment groups – both littermate/wild-type groups and transgenic mice 

that received saline – all did not exhibit any signs of cell ablation when observed and quantified 

under the same parameters. This was the first positive signal that indicated specificity of this 

diphtheria toxin-based TRECK model, that it only affected transgenic mice, and also that it 

matched a comparable level of cell ablation that had been previous published in the literature.4 

 

Secondly, observations of phenotypic changes during the course of the experiment were 

indicative of what the mice were experiencing. The data shown in Figure 3.7 indicate that 

transgenic mice that received DTX showed a statistically significant 15% drop in body weight. 

The other treatment groups – both littermate/wild-type groups and transgenic mice that 

received saline – all did not exhibit any changes in body weight when observed and quantified 

under the same parameters. Similarly, the food intake levels of transgenic mice that received 

diphtheria toxin (FAP DTX) were significantly reduced by 40% by day 3 when compared to 

saline controls, indicating that food intake played a key role in the drop in body weight. This 

served as a strong secondary signal reaffirming the specificity of the FAP-DM2 model and 

mitigated any concerns regarding off-target toxin effects.  

 

Thirdly, when animals were observed over a longer time course, there were several interesting 

and noteworthy observations. Again, the 10-15% decrease in body weight was only seen in 

the FAP DTX group – transgenic animals that received diphtheria toxin – at day 3, and as the 

course of the study lengthened to include timepoints at day 7 and day 22, the research showed 

that the weight reduction in the FAP DTX animal group plateaued out around day 7 and 

animals began to regain weight and maintain a normal trajectory of body weight. As expected, 
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unaffected animal groups – both littermate/wild-type groups and transgenic mice that received 

saline – did not exhibit any response to the diphtheria toxin and maintained and gained body 

weight normally as healthy mice. Another key observation at the day 22 timepoint was 

revealed by histological analysis, which showed that the mean cross-sectional fiber area and 

Feret diameter were significantly reduced by 37% and 32% , respectively, in the gastrocnemius 

muscles of ablated mice when compared to the saline controls. 

 

Fourthly, flow cytometry was carried out at the three harvest study endpoints of day 3, day 7, 

and day 22. During this extended timepoint study, three different tissues were assessed to 

determine the level of FAP+ cell ablation: the bone marrow, the quadriceps femoris, and the 

gastrocnemius muscles. The results in Figure 3.23 indicate that FAP expression is transient 

and FAP+ cell depletion levels are highest shortly after the administration of DTX – in this 

case, at the day 3 timepoint. The bone marrow and quadriceps femoris muscles indicate 

statistically significant levels of FAP-expressing stromal cell ablation at day 3. However, at 

days 7 and 22, the levels of FAP+ stromal cells within these tissues had rebounded back and 

were comparable to the saline-treated controls. 
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4.1 Overview 

This chapter presents the results and data generated for Chapter 4: Characterization of hind 

limb ischemia (HLI) injury model in ablated FAP-DM2 mouse. The purpose of this chapter 

was to take the findings and knowledge from Chapter 3 and assess the role of FAP+ stromal 

cells in the response to acute ischemia in an animal model.  This combinatorial strategy then 

allowed us to address whether the depletion of FAP+ stromal cells through diphtheria toxin-

mediated TRECK affect the endogenous revascularization capacity of the mouse following an 

ischemic insult. A brief introduction is provided in Section 4.2 below. This addresses the 

hypothesis that exogenously delivering stromal cells is able to rescue this phenotype by way 

of reversing the animal’s revascularization potential to restore blood perfusion to the ischemic 

limb. The objectives and hypothesis of this chapter are presented below in Sections 4.3 and 

4.4, respectively. 

 

4.2 Introduction 

Critical limb ischemia (CLI) is the most severe manifestation of peripheral vascular disease, a 

condition commonly associated with the narrowing and/or obstruction of arteries that carry 

blood to the lower extremities. This stage of the disease is characterized by ulceration, 

gangrene, or minor/major tissue loss in the lower leg and foot. The American College of 

Cardiology (ACC) and American Heart Association (AHA) jointly define CLI as “limb pain 

that occurs at rest or impending limb loss that is caused by severe compromise of blood flow 

to the affected extremity”.1 Patients who present with CLI tend to also present with other 

cardiovascular co-morbidities, making this patient population a difficult and complicated one 

to treat. The optimal treatment of CLI is to locate the site(s) of stenosis and re-vascularize 

using balloon angioplasty and/or stents.2 However, as discussed in further depth in Chapter 1: 

Introduction, a significant proportion (roughly 40%) of patients who present with CLI are not 

suitable candidates for surgical intervention and the only therapeutic option is amputation.3 

These patients are deemed as “no-option” patients and current research strategies have been 

targeted at providing a solution for this unmet medical need, sparking significant growth in 

this research space. Over the last two decades, the advent of new advanced therapy medicinal 

products (ATMPs) have been developed and researched to combat critical limb ischemia, 

namely gene therapy and cell therapy products. Both avenues aim to accomplish the same 

therapeutic outcomes: to increase blood flow to the affected limb, to heal any ischemic ulcers, 

and, most importantly, to avoid limb loss. In order to do so, the development of sophisticated 

pre-clinical models is necessary to test novel and ground-breaking therapies for the treatment 

of CLI. 
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4.2.1 Induction of hind limb ischemia (HLI) injury in pre-clinical models as an 

analogous representation of CLI for the testing of ATMPs 

Pre-clinical models have attempted to mimic this chronic injury in humans through the 

induction of acute hind limb ischemia (HLI) in many animal models. While this injury model 

does not fully recapitulate the complexity and chronicity of the disease seen in patients, animal 

models of limb ischemia provide researchers with the tools to address specific facets of this 

disease, as well as aiding in the testing and regulatory framework for translating new therapies 

from the laboratory into the clinic.  

 

There are a vast number of published papers in the literature that utilize pre-clinical models of 

hind limb ischemia to test the potential therapeutic benefit of a new drug, material, or device. 

The scope of this thesis focuses on understanding the role of a subset of stromal cells in the 

response to ischemia to contribute to a greater understanding of the mechanism of action of 

ATMPs, such as mesenchymal stromal cells. While there are a handful of approved ATMPs 

for other conditions such as Crohn’s disease4 and diffuse large B-cell lymphoma (DLBCL),5 

there are no ATMPs to date with market authorization for the treatment of critical limb 

ischemia (CLI).6 

 

Published literature has utilized a number of different pre-clinical models to examine how 

novel gene therapy and cell therapy products affect the outcome of the limb ischemia injury. 

On the gene therapy front, papers have investigated the role of vascular endothelial growth 

factor (VEGF),7 fibroblast growth factor (FGF),8 and hepatocyte growth factor (HGF)9 in their 

role in ameliorating the HLI injury in pre-clinical models. In fact, gene therapy for growth 

factors was a widely pursued clinical target at one point, with many trials focusing on the 

delivery of VEGF,10–13 FGF,14–17 HGF,3,9,18–21 and other growth factors22–24 for treating limb 

ischemia. More details regarding gene therapy clinical trials for the resolution of CLI can be 

found in Table 1.3 of Section 1.1.4.1 in Chapter 1: Introduction.  

 

On the cell therapy front, papers have also investigated how cell therapy could potentially treat 

CLI. A multitude of pre-clinical research supports the hypothesis that cell therapy has the 

ability to promote the formation of new blood vessels within the ischemic tissues.25 The type 

of cell used for these studies range from any of the following: bone marrow-derived stem cells 

(BMSC), adipose tissue-derived stem cells (ADSC), mesenchymal stem cells (MSC), bone 

marrow mononuclear cells (BMMNC), bone marrow aspirate concentrate (BMAC), and 
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peripheral blood mononuclear cells (PBMC).26–30 There is extensive literature supporting the 

concept that mesenchymal stromal cells promote angiogenesis and this understanding of their 

angiogenic potential can be applied toward the treatment of CLI.31–38 More details regarding 

cell therapy for the resolution of CLI can be found in Sections 1.1.4.2 and 1.1.5 in Chapter 1: 

Introduction. It should be noted however that these experiments have all used an approach 

whereby large numbers of each cell type are transplanted into the ischemic limb. There is much 

more limited literature on the role of endogenous cell types in the response to ischemia.  

 

Given the large amount of literature and number of clinical trials focused on discovering new 

treatments for the amelioration of critical limb ischemia, it is surprising to realize that there 

are as of yet no market-approved ATMPs for CLI. There are certainly a good number of 

published pre-clinical studies with positive signals showing significant efficacy of gene and 

cell therapies in promoting angiogenesis and vascularization of the ischemic limb. There are 

also early-phase clinical trials, namely phase 1 and 2 trials, demonstrating safety and 

preliminary efficacy in patients with CLI. However, in large-scale phase 3 clinical trials where 

randomization, double-blinding, and the presence of placebo controls are necessary, ATMPs 

have not been proven to be efficacious in treating CLI. The primary outcomes of these types 

of clinical trials is often amputation-free survival, and ATMPs have not been able to show a 

statistically significant improvement over placebo. Poor amputation-free survival tends to lead 

to a poor prognosis in mortality rates for these patients. Figure 4.1 on the following page tracks 

and quantifies 1-year and 4- to 5-year mortality rates of patients with CLI. One-year mortality 

ranges anywhere from 15% to 40%, depending on a variety of factors.39 Over periods of 4 to 

5 years, mortality rates commonly exceed 50%, especially in patients with more severe forms 

of the disease, typically Rutherford score 5 (involving ulceration) or Rutherford score 6 

(involving gangrenous tissue).39  

 

To date, the overwhelming amount of pre-clinical and early-phase clinical trial data showing 

positive signals has not matched the outcomes of what is seen in later-phase clinical trials. 

While great strides have been made in pre-clinical models of limb ischemia and early phase 

clinical trials have shown adequate safety and tolerance, the lack of efficacy in later-phase, 

randomized, blinded, and controlled trails has led researchers to focus on the development of 

a greater understanding of the mechanism of action underlying stromal cells in settings of 

ischemia. As such, this dissertation’s research had a goal to understand the role of endogenous 

stromal cells in severe limb ischemia. It is our belief that this understanding will enhance the 

translational process. 
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Figure 4.1 Long-term mortality rates of patients with critical limb ischemia (CLI). One-

year mortality ranges anywhere from 15% to 40%, depending on a variety of factors. Over 

periods of 4 to 5 years, mortality rates commonly exceed 50%, especially in patients with more 

severe forms of the disease, typically Rutherford score 5 (involving ulceration) or Rutherford 

score 6 (involving gangrenous tissue) (Figure used with permission from Duff et al.)39 

 

4.3 Objectives/Rationale 

The central research hypothesis addressed in this chapter is that endogenous stromal cells, and 

specifically those expressing FAP, have a role in enhancing vascular regeneration after an 

ischemic insult.  

 

The rationale behind this chapter hinged on the following three factors. Firstly, it has been 

shown previously that stromal cells play a key role in promoting vascular function and repair 

in the context of ischemia using transplantation experiments. In patients who present with any 

stage of peripheral vascular disease, the major imbalance between blood supply and the 
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metabolic demand of the tissue is primarily due to structural abnormalities in the vessel wall 

or surrounding vasculature. There are many mechanisms that impair the functional and 

structural responses of the vasculature to the metabolic demands of the tissue.40. When the 

onset of ischemia does occur, structural alterations in the vasculature – namely, angiogenesis, 

arteriogenesis, and vasculogenesis – are initiated and there is an endogenous response to the 

imbalance in supply and demand between blood supply and the tissue’s metabolic demands.41 

Stromal cells are unique in their ability to promote processes to restore the hemodynamic 

imbalance seen during ischemia, and have also been previously shown to play a role in the 

three key structural responses to ischemia – angiogenesis,42–46 arteriogenesis,29,47–49 and 

vasculogenesis.50–52  

 

Secondly, the data generated in Chapter 3 gave a clearer picture regarding the FAP-DM2 

transgenic mouse and the ability for diphtheria toxin administration to specifically and 

conditionally ablate FAP+ stromal cells, at least in a transient manner. Using this model 

therefore we can determine if the response to ischemia is normal or impaired by this transient 

depletion of these cells. One of the observed phenotypes was dysregulation of the skeletal 

muscle homeostasis;53 interestingly, critical limb ischemia also leads to extensive damage and 

alterations to the skeletal muscle homeostasis.54 Mohiuddin et al. have previously reported that 

the hind limb ischemia (HLI) injury model induces skeletal muscle regeneration and motor 

unit remodeling by exploring cellular interactions between the vasculature, neural network, 

and muscle fibers within the muscle stem cell niche.54 The overlapping interest in the skeletal 

muscle homeostasis and its corresponding stem cell niche are represented in both the FAP-

DM2 transgenic model and the hind limb ischemia injury. 

 

Thirdly, “loss-of-function” studies investigating hind limb ischemia (HLI) have never been 

performed. An extensive literature search for “loss-of-function” studies return only a small 

handful of studies involving immune cells (see Table 1.4 in Chapter 1: Introduction). The 

overwhelming majority of preclinical studies aimed at understanding the role of stromal cells 

in an ischemic environment are “gain-of-function” studies – where the addition of an 

exogenous product is introduced into an injured or disease environment and the subsequent 

effects are observed. While this has proved useful in many contexts, it rarely answers the 

underlying biological question of what role stromal cells are playing in that disease. The FAP-

DM2 TRECK model has emerged as a superior “loss-of-function” animal model that allows 

for the selective depletion of tissue-resident FAP+ stromal cells. This model specifically has 

only recently been developed and other researchers have previously used the model to look at 
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the role of FAP+ stromal cells in a variety of biological processes and diseases, including lung 

carcinoma,55 hematopoiesis,53 colon cancer,53 pancreatic ductal adenocarcinoma,56 T cell 

recruitment,57 and rheumatoid arthritis.58 The addition of critical limb ischemia (CLI) to this 

list was the primary goal of this chapter and added breadth to the versatility yet responsiveness 

of this unique transgenic model. As such, the use of FAP-DM2 transgenic mouse model allows 

researchers to gain a more in-depth understanding of the role of endogenous stromal cells in 

their ability to repair an ischemic insult such as hind limb ischemia. 

 

The key objectives set out in this chapter include: 

x Understanding how the introduction of hind limb ischemia (HLI) affects the complex 

nature of the FAP-DM2 transgenic animal to ensure that animal welfare and humane 

endpoints were observed if necessary 

x Determining if the depletion of endogenous FAP+ stromal cells affects the mouse’s 

innate ability to endogenously revascularize an ischemic tissue 

 

4.4 Hypothesis 

The hypothesis of this chapter is that endogenous FAP+ cells are necessary for vascular 

regeneration. To examine this hypothesis we will utilize the model described in the last chapter 

wherein is the ablation of FAP+ cells by diphtheria toxin (DTX) administration within FAP-

DM2 transgenic mice and will assess if this results in attenuation of its endogenous 

revascularization response due to an ischemic injury. By ligating the femoral artery to induce 

a hind limb ischemia (HLI) injury in ablated FAP-DM2 transgenic mice, it can be observed 

whether or not there is impaired recovery in blood perfusion due to the loss of FAP+ stromal 

cells.   

 

Angiogenesis is a key driver in wound healing and tissue regeneration, and there are strong 

implications that link interactions between angiogenic endothelial cells and the other 

components of the stroma – namely, fibroblasts, pericytes, and extracellular matrix59. For 

example, the initiation of new blood vessel formation requires metalloproteinase induction, 

leading to the degradation of the basement membrane, sprouting of endothelial cells and 

regulation of pericyte attachment59. As such, the central research question of this chapter is to 

explore and understand the protective role played by the endogenous stromal cells in critical 

limb ischemia (CLI).  
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What happens specifically to the microvasculature during animal models of limb ischemia is 

very poorly understood. It has previously been hypothesized that there is endogenous stromal 

cell contribution to vascular regeneration in CLI models48,60,61. However, this has never been 

investigated before as it has previously not been possible to perform such experiments in vivo 

until recently with the development of the first stromal cell ablation model55.  

 

The FAP-DM2 transgenic mouse is a unique animal model where, upon intraperitoneal 

administration of diphtheria toxin (DTX), the overwhelming majority of fibroblast activation 

protein (FAP)-expressing stromal cells are ablated within the animal55. Depletion of these 

FAP-expressing cells from the skeletal muscle and bone marrow causes CXCL12-mediated 

cachexia and anemia in the animal53,56. This highlights the underlying importance of stromal 

cells within the microvasculature of the animal and reaffirms the hypothesis that there is cross-

talk between the vascular architecture and the stroma within ischemic tissues. As such, it is 

critical to know precisely what depletory effects occur in the underlying stroma during hind 

limb ischemia.  

 

4.5 Results 

The previous chapter (Chapter 3: Characterization of FAP+ stromal cell ablation in FAP-DM2 

mouse) focused on establishing a coherent and reproducible baseline for the FAP-DM2 

transgenic mouse. Due to the complex nature of the FAP ablation model, it was imperative to 

understand the timepoints at which FAP ablation was at its peak and at what timepoint 

endogenous FAP expression, and subsequently FAP+ stromal cells, began to recover following 

toxin-mediated ablation. In the current chapter, we initially sought to understand the nuances 

involved in combining two very complex animal models: the FAP-DM2 transgenic mouse and 

the hind limb ischemia (HLI) injury model. 

 

Figure 4.2 Flow chart of using the transgenic FAP-DM2 mice in the hind limb ischemia 

(HLI) injury studies. By comparing wild-type and transgenic mice, this project allowed for 

the observation of the deleterious effects of endogenous stromal ablation in the context of hind 
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limb ischemia and determine if stromal cells are necessary for resolution of the ischemic injury.  

 

Figure 3.2 above shows the experimental flow chart for this chapter. In the previous chapter, 

only the left three boxes were explored, specifically, the two green boxes comparing C57BL/6 

non-transgenic/wild-type mice with FAP-DM2 transgenic mice by giving the animals an 

intraperitoneal injection of either saline or diphtheria toxin (DTX). The purpose of the previous 

chapter was to characterize the FAP-DM2 transgenic animal model and understand the 

phenotypic changes that occur due to the depletion of FAP+ stromal cells upon the 

administration of diphtheria toxin (DTX). 

 

Chapter 4 progresses further into the flow chart and explores all of the boxes except for the 

last orange one, in that intramuscular injection of treatment was not within the scope of this 

chapter (Figure 3.2). This chapter compares both C57BL/6 non-transgenic/wild-type mice and 

FAP-DM2 transgenic mice in the context of diphtheria toxin-mediated cell ablation, then 

introduces the induction of hind limb ischemia (HLI), and follows up post-surgery with laser 

Doppler perfusion imaging (Figure 3.2).  

 

The data presented below is from two major studies: firstly, a feasibility study was conducted 

to determine if inducing an ischemic injury in FAP-ablated mice was possible (as discussed 

below in Section 4.5.1. Secondly, after the feasibility study showed that hind limb ischemia 

could be induced and carried out in FAP-ablated mice, a substantive study with larger group 

numbers was conducted to elucidate the vascular regeneration phenotype observed when FAP+ 

stromal cells are ablated in mice with limb ischemia (as discussed below in Section 4.5.2). 
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4.5.1 Feasibility study to determine the effect of HLI injury model in ablated FAP-

DM2 

First, a study was conducted to determine if inducing an ischemic injury in FAP-DM2 ablated 

transgenic mice was possible. A “loss-of-function” hind limb ischemia (HLI) animal 

experiment had never been undertaken nor were there any reports in the literature regarding 

its feasibility and safety. Furthermore, from an animal welfare point-of-view and from a skill 

acquisition perspective of the lead researcher, this study was critical.  

 

A total of 19 pups were born between the 9th of February 2016 and the 15th of February 2016. 

Because the breeding harems was set up at the same time, this helped ensure that these pups 

would be age-matched in order to minimize any variance. The 19 pups were born from litter 

ID #1598 (mother ID #13390, father ID #12380), litter ID #1599 (mother ID #13068, father 

ID #13629) and litter ID #1594 (mother ID #13136, father ID #12380). Ear punches were 

performed on these 19 pups after they were weaned and were between 5-6 weeks old. The ear 

punches were placed in sterile tubes and digested using ear lysis buffer and proteinase K, 

following the protocol detailed in Section 2.2.2 in Chapter 2: Materials & Methods. 
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Figure 4.3 Transgenic nature of FAP-DM2 mice involved in feasibility experiment 

looking at how HLI affects stromal cell ablated transgenic mice. (a) Table showing animal 

ID details. (b) Agarose gel with presence/absence of characteristic 882 bp band indicative of 

transgene. Those highlighted with red box are transgenic FAP-DM2 mice. L: ladder, B: blank.  



 

 
 

Table 4.1 Experimental groups for investigating the feasibility of inducing a hind limb ischemia (HLI) injury in FAP-DM2 TRECK transgenic mice.  

 

As shown above in Table 4.1, animals were split into two blocks for a total of eight experimental groups. Each block had the following groups: a) LM saline – 

littermates/wild-type mice that received saline, b) LM DTX – littermates/wild-type mice that received diphtheria toxin, c) FAP saline – transgenic mice that 

received saline, and d) FAP DTX – transgenic mice that received diphtheria toxin. The difference being that the second block (listed above as Groups A3, A4, 

B3, and B4) also included the hind limb ischemia (HLI) surgery. Table 4.2 on the next page lists the calculations of each reagent that was used in creating the 

PCR master mix for genotyping the ear tissues from the 19 pups.  



 

 
 

Table 4.2 PCR master mix calculations for genotyping n=24 ear tissues. 

Reagent Volume ×1 Rxn ×24 Samples (make ×30) 

10× Pfx Amplification buffer 5 µL 150 µL 

10 mM dNTP mixture 1.5 µL 45 µL 

50 mM MgSO4 1 µL 30 µL 

Primer mix (10 µM each) 1.5 µL × 2 45 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 12 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 1023 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 

 

 

 

Figure 4.4 Template for a DNA agarose gel with two 25-well combs. This template was 

used for genotyping the FAP-DM2 mice that would be used in the feasibility experiment 

looking at how HLI affects stromal cell ablated transgenic mice. This gel contained n=19 ear 

tissues labeled by their respective identification tag numbers shown in Figure 4.3a. The grayed 

out wells in the middle of the bottom comb labeled “126”, “127”, “128”, “129”, and “130” 

were samples that were run for a colleague and not relevant to this study. L: ladder, B: blank. 

 

Figure 4.3 on the previous page shows the transgenic status of the 19 pups that were genotyped. 

Figure 4.3a lists the pertinent identification information relevant to each animal, and Figure 

4.3b images the DNA agarose gel that was used to visualize the PCR products of the 

corresponding ear tissues of the 19 pups. Animals highlighted with a red box were determined 

to be transgenic mice and this method was used to populate the table in Figure 4.3a. Figure 4.4 

above details the positioning of the 19 PCR products within a two-comb 25-well gel. In both 

Figure 4.3 and Figure 4.4, only the wells labeled with animal IDs between 18-36, inclusive, 

are relevant for this study. The grayed out wells the middle of the bottom comb labeled “126”, 

“127”, “128”, “129”, and “130” were samples that were run for a colleague and not relevant 
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to this study. Based on the genotyping data from the 19 pups, 13 were FAP-DM2 transgenic 

mice and 6 were non-transgenic, wild-type mice. Using these genotyping results, animals were 

assigned into their respective experimental groups, as shown on the previous page in Table 

4.1. Due to the complexity of the study, all eight experimental groups were required to ensure 

a thorough and methodical approach was taken to understanding the feasibility of combining 

the hind limb ischemia (HLI) injury with the FAP+ stromal cell ablation model. 

  



 

 
 

 



 

193 
 

Figure 4.5 Evaluation of blood flow via laser Doppler perfusion imaging (LDI) after induction of hind limb ischemia (HLI) in mice with stromal cell 

ablation. Two injections of diphtheria toxin (DTX) were administered intraperitoneally at 25 ng/g on days -4 and -2. HLI surgery was performed on day 0 and 

follow-up laser Doppler imaging (LDI) was performed on day 3, day 7, and day 14. (a) Representative Doppler images at day 0 – the time of HLI induction – 

showing both the pre- and post-surgery scans. (b) Representative Doppler images (x2) at day 3 post-surgery to observe endogenous recovery of blood flow. (c) 

Representative Doppler images (x2) at day 7 post-surgery to observe endogenous recovery of blood flow. (d) Representative Doppler images (x2) at day 14 

post-surgery to observe endogenous recovery of blood flow.  



 

 
 

Figure 4.5 above details the findings from this feasibility study. The experimental plan at the 

top of the figure details the timeline of the study. Similar to all the studies performed over the 

course of this project, two injections of diphtheria toxin (DTX) were given intraperitoneally 

at a concentration of 25 ng/g on day -4 and -2, 48 hours apart. Control mice received an 

equivalent volume of sterile saline injected into their peritoneal cavity, based on their weight. 

Hind limb ischemia (HLI) surgery was then carried on the mice on day 0 (that is, if they were 

part of the block of experimental group that underwent HLI surgery). The reasoning behind 

the timing was to wait for the diphtheria toxin to clear from the mouse so that the surgeon was 

not exposed to the toxin during the induction of HLI.  

 

Induction of the hind limb ischemia (HLI) injury was performed by Dr. Xizhe Chen – a 

surgeon who has several years’ experience performing the HLI model on small rodents. The 

HLI surgery is extremely delicate, especially on the small size scale of a mouse, so having 

repetitive, reproducible surgeries is key to consistent results and data. The induction of HLI 

follows the protocol detailed in Section 2.4 of Chapter 2: Materials & Methods. Briefly, on 

the day of surgery, mice were anesthetized with an intraperitoneal injection of 75-100 mg/kg 

of ketamine hydrochloride and 10 mg/kg of xylazine. Mice were left in an empty cage on top 

of a heated pad as the anesthesia begun to take effect. During this time, mice were shaved from 

the lower abdomen to the ankles on both hind limbs. This reduced the risk of contamination 

with hair during the surgery, as well as reduced the level of itching experienced by the mouse 

due to hair stuck underneath the suture or wound closure site. Carbomer gel was applied 

topically to the eyes at this point to prevent corneal dehydration while the animal is under 

general anesthesia. 

 

Once the mouse was fully anesthetized, it was brought over to the laser Doppler imaging (LDI) 

instrument for its pre-surgery scan. The purpose of the pre-surgery scan was to measure the 

blood of the two limbs before induction of HLI. The pre-surgery scan of the two hind limb 

paws indicated whether there were inherent differences in the blood flow, and thus vasculature, 

between the two limbs. An exclusion criterion of greater than 20% flux difference between the 

two paws was set to exclude inherent variability in animal vasculature. A representative view 

of all the pre-surgery Doppler scans for this study can be found in Figure 4.5a. Based on the 

pre-surgery scans of all of the mice in the block receiving HLI injury, none of them were 

excluded because the innate difference in blood flow flux between the two paws were all under 

the 20% exclusion criteria threshold. 
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Laser Doppler perfusion imaging (LDI) was carried out according to the protocol detailed in 

Section 2.5 of Chapter 2: Materials & Methods. LDI measures the superficial blood flow in 

the skin of the paw and, by projecting an infrared laser beam onto the paw, the instrument is 

able to measure the flux change as light interacts with moving blood cells. Briefly, after the 

mouse was fully anesthetized, it was placed in a heated glass chamber in the prone position 

with the dorsal side facing up. Placed directly underneath the scanning head of the laser 

Doppler imaging instrument, the glass chamber was heated with circulating water from a water 

bath to ensure that the chamber would be kept at the body temperature of the mouse during 

the scan, in order to minimize any artifacts and fluctuations in the body temperature of the 

mouse. Full instructions on the protocol using the moorLDI V6.1 scanning software can be 

found in Section 2.5 of Chapter 2: Materials & Methods. 

 

Once the scan was completed and the blood flow flux difference between the two paws was 

confirmed to be less than 20%, the mouse was given a subcutaneous injection of enrofloxacin 

as a broad-spectrum anti-microbial before the HLI surgery. The surgery itself is detailed in 

Figure 2.5 of Section 2.4 of Chapter 2: Materials & Methods. Briefly, after the pre-surgery 

laser Doppler scan, the animal was brought over to the heated operating table and placed in 

the supine position with the ventral side facing up. The incision site was wiped down and 

sterilized and a small incision was made in the lower abdomen of the mouse superficially 

above the femoral artery. Once the artery was isolated, a ligature was made using the 

VICRYL* rapide undyed braided, absorbable suture proximal to the snipping site and a second 

ligature was made distal to the snipping site in similar fashion. Once the snip was made 

between the ligatures, the incision site was carefully cleaned of any residual blood, the 

underlying fascia and external skin were sutured closed using a MERSILK* braided non-

absorbable suture. Buprenorphine was then administered subcutaneously after the surgery as 

an analgesic to provide temporary pain relief, and the mouse was brought back to the laser 

Doppler imaging area for its post-surgery scan. 

 

The purpose of the post-surgery LDI scan was to ensure that the ligation of the femoral artery 

was successful, and this was evidenced by a scan indicating zero to negligible amounts of 

blood flow in the paw of the ischemic limb. A representative view of all the post-surgery 

Doppler scans for this study can be found in Figure 4.5a. All of the mice that underwent HLI 

surgery showed that the surgery went successfully, as indicated by virtually no blood flow 

(blue-colored flux) in the ischemic limb immediately after surgery in Figure 4.5a. 
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Follow-up laser Doppler perfusion imaging was performed on the mice at several timepoints 

along this experiment, namely, at day 3, day 7, and day 14. Representative laser Doppler 

images are shown for these timepoints in Figure 4.5b, Figure 4.5c, and Figure 4.5d, 

respectively. All three of these post-HLI surgery imaging timepoints included two scans, 

performed back-to-back. The purpose of this was to ensure that the scans were an accurate 

representation of what was happening in the hind limb blood flow at these times. Both scans 

were quantified using the moorLDI V6.1 measurement software review software and then 

averaged. 

 

As seen in Figure 4.5, animals that did not undergo hind limb ischemia (HLI) surgery were 

also scanned using the laser Doppler perfusion imaging instrument. The purpose of this was 

two-fold: first, this would answer the question if the administration of diphtheria toxin (DTX) 

in FAP-DM2 transgenic affected the underlying vasculature and blood flow of mice that did 

not undergo HLI surgery, and second, this would explore whether or not LDI could be used as 

a unique tool for observing the subcutaneous blood flow of the animal. In addressing the first 

motivation, the data presented in Figure 4.5 indicates that LDI showed no differences between 

the mice in the non-HLI block. The data indicates that both non-transgenic/wild-type mice and 

FAP-DM2 transgenic mice exhibited normal subcutaneous blood flow of the paws, and this 

measurement was not altered with the administration of saline or diphtheria toxin (DTX). This 

result shows that the blood flow baseline for these animals was not altered because of the 

TRECK model, by the presence of the transgene, or by the administration of diphtheria toxin.  

 

In addressing the second motivation, it had been previously shown internally within our 

research group that FAP-DM2 transgenic animals that received DTX showed signs of 

subcutaneous hemorrhaging in the peripheral vasculature during tissue harvest. When 

accessing the internal organs, the skin and fascia of the mouse are peeled back and pinned 

down. During this process, the peripheral blood vessels were exposed and one observation that 

was noticed was that toxin-treated mice had significantly more red vessels. This could imply 

a few things – it could be internal hemorrhaging within the peripheral vasculature or a case of 

hemoglobinemia where there is an excess of hemoglobin in the blood plasma. Hemo-

globinemia is an effect of intravascular hemolysis, in which hemoglobin separates from red 

blood cells, a form of anemia.62 As such, it was hypothesized that laser Doppler perfusion 

imaging could be a tool to quantitatively assess the level of peripheral vasculature “red”-ness. 

However, the peripheral vasculature of interest surrounds the ventral cavity of the mouse and 

there was too much interference from the respirations of the mouse and movement of the chest 
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with the breathing that the laser Doppler imaging was unable to capture a clean image of the 

subcutaneous vasculature around the thoracic and abdominal cavities.  

 

Figure 4.5 also shows that a few mice died earlier than the last laser Doppler imaging on the 

study endpoint at day 14. The purpose of the feasibility study was iron out issues like this. One 

mouse in group “B3: FAP saline + HLI” died recovering from the anesthesia after the hind 

limb ischemia surgery and that is why it does not have a day 3 LDI scan (Figure 4.5b). Also, 

two mice in group “B2: FAP DTX” and one mouse in group “B4: FAP DTX + HLI” died 

recovering from the anesthesia after their day 7 laser Doppler scan, which is why these mice 

do not have a day 14 LDI scan (Figure 4.5d). This was a larger than expected number of deaths 

in the study. We coordinated with the animal care and welfare officer (ACWO) and designated 

veterinary surgeon (DVS) after these observations to understand how to minimize unexpected 

and premature deaths in animals for future studies. This is discussed in further detail below in 

Section 4.6. 

 

 

 

Figure 4.6 Blood perfusion, as a percentage (%), between the ischemic and non-ischemic 

limbs as a result of HLI surgery. The laser Doppler perfusion images were evaluated for 

changes in flux to compare the subcutaneous blood flow of the paws. These are normalized to 

their value pre-surgery. Data represented as mean ± SEM. LM saline, littermate with saline 

treatment; LM DTX, littermate with diphtheria toxin treatment; FAP saline, transgenic with 

saline treatment; FAP DTX, transgenic with diphtheria toxin treatment.  
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Figure 4.6 above plots the quantification of the laser Doppler perfusion imaging scans from 

Figure 4.5. Measurement of blood perfusion from the LDI scans is performed following the 

protocol detailed in Section 2.5.2 of Chapter 2: Materials & Methods. Briefly, a rectangular 

region of interest (ROI) was drawn to correspond to the bottom of the non-ischemic hind limb 

paw. In order to ensure that the measurement area was identical, the rectangle ROI was copied 

and pasted and then overlaid onto the ischemic hind limb paw. The moorLDI v6.1 review 

software then generates “Flux %” difference between the two ROIs and this value was used to 

quantify blood perfusion (%) as a ratio between the ischemic and non-ischemic limbs. The 

animal ID and treatment groups were randomized and the primary researcher in charge of the 

experiment was blinded during the analysis of the laser Doppler scans.  

 

The data presented in Figure 4.6 indicates that hind limb ischemia (HLI) is able to be carried 

out in all four experimental groups: LM saline, LM DTX, FAP saline, and FAP DTX.  

 

4.5.2 Substantive study to elucidate the vascular regeneration phenotype observed in 

FAP-ablated mice during limb ischemia 

The purpose of the feasibility study was to determine if inducing an ischemic injury on ablated 

FAP-DM2 transgenic mice was possible. As such, the n-numbers for each group was quite 

small, especially the eight experimental groups. Not much can be concluded from the data 

shown in Figure 4.6, as that was not the primary purpose of the feasibility study.  

 

When analyzing the laser Doppler perfusion imaging scans from the four experimental groups 

in the HLI block, Figure 4.6 plots the blood perfusion (%) as a ratio between the ischemic and 

non-ischemic limbs. The data indicates that all four groups experienced a decrease in blood 

perfusion from the HLI surgery and recovered at variable rates. What can be said about this 

feasibility study is that it is possible to induce a hind limb ischemia injury in ablated FAP-

DM2 transgenic mice without severe or jeopardizing phenotypic results. Given the complexity 

of this TRECK model and the severity of the HLI injury, performing a small-scale feasibility 

study incorporating the two models was extremely beneficial and provided a green light 

towards larger experimental groups.  
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Figure 4.7 Experimental plan observing how ablation of endogenous FAP+ stromal cells 

affects revascularization during hind limb ischemia (HLI) injury. (a) Two injections of 

DTX are administered intraperitoneally 48 hours apart. Induction of HLI injury is performed 

on day 0 and follow-up laser Doppler perfusion imaging is performed on days 3, 7, 14, and 

21. (b) Animals were divided into two groups: FAP-DM2 transgenic mice that received either 

saline (FAP saline) or DTX (FAP DTX). Laser Doppler perfusion imaging was performed and 

skeletal muscles quadriceps and gastrocnemius were collected on day 21. (c) DNA agarose gel 

of genotyping of mice using ear tissue to identify FAP transgenic mice.  

 

Figure 4.7 above details the experimental plan for a larger-scale, powered study observing 

how the ablation of FAP+ stromal cells affects the endogenous revascularization potential of 

mice following hind limb ischemia (HLI). The experiment detailed in Figure 4.7 was 

developed from the experiment detailed in Figure 4.5. The only difference in the timeline was 

that this experiment observed and tracked the mice until day 21 post-HLI surgery (Figure 

4.7a). Given the results of the feasibility study, we were comfortable in stating that just the 

toxin itself or the transgene itself was not sufficient to yield any difference in limb blood flow. 

The focus in this study was to focus on two experimental groups: FAP-DM2 transgenic mice 

that either received saline or diphtheria toxin (Figure 4.7b).  
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A total of 37 pups were born on the 17th of March 2017. Because the breeding harems was set 

up at the same time, this helped ensure that these pups would be age-matched in order to 

minimize any variance. The 37 pups were born from various litters using four transgenic male 

mice (IDs #704, #705, #706, and #707) and five wild-type female mice (IDs #918, #919, #920, 

#922, and #924). Ear punches were performed on these 37 pups after they were weaned and 

were between 5-6 weeks old. The ear punches were placed in sterile tubes and digested using 

ear lysis buffer and proteinase K, following the protocol detailed in Section 2.2.2 in Chapter 

2: Materials & Methods. Table 4.3 on the next page lists the calculations of each reagent that 

was used in creating the PCR master mix for genotyping the ear tissues from the 37 pups. 

Table 4.4 lists pertinent animal identification information for these 37 pups, along with their 

transgenic status, based off of the DNA agarose gel shown in Figure 4.7c.  
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Table 4.3 PCR master mix calculations for genotyping n=37 ear tissues. 

Reagent Volume ×1 Rxn ×37 Samples (make ×40) 

10× Pfx Amplification buffer 5 µL 200 µL 

10 mM dNTP mixture 1.5 µL 60 µL 

50 mM MgSO4 1 µL 40 µL 

Primer mix (10 µM each) 1.5 µL × 2 60 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 16 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 1364 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 

 

Table 4.4 Animal identification information for the n=37 pups. 
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Of the 37 pups genotyped in Figure 4.7c and Table 4.4, there were 18 FAP-DM2 transgenic 

mice and 19 non-transgenic/wild-type mice. Because this experiment focused only on the two 

groups of FAP-DM2 transgenic mice – FAP saline vs. FAP DTX – the 18 transgenic pups 

were assigned to the two groups (n=9) and the wild-type mice were used for future breeding 

purposes. Figure 4.8 below shows the laser Doppler perfusion imaging (LDI) scans from 

immediately before and after the surgical induction of HLI. Both animal groups were initially 

powered with n=9 animals; however, there were a few deaths, as is expected during such a 

severe surgical procedure. Animal #13 had excessive bleeding during the surgery and the 

bleeding was unable to be stopped, causing the mouse to reach a humane endpoint. Animal 

#20 died immediately after its pre-surgery laser Doppler scan and before the surgery itself, so 

it never reached the operating table. A mortality rate is always factored into the experimental 

group numbers and these n-numbers were still statistically viable. 

 

 

Figure 4.8 Pre- and post-HLI surgery laser Doppler perfusion imaging captured on day 

0. Both animal groups (FAP saline & FAP DTX) were initially powered with n=9 animals. 

These scans are used to identify outliers, i.e. mice that have >20% difference in blood flow 

between limbs before the surgery or mice with abnormally high blood flow in the ischemic 

limb immediately after ligation of the femoral artery.  



 

 
 

 

Figure 4.9 Follow-up laser Doppler perfusion imaging captured on day 3, day 7, day 14, and day 21.  



 

 
 

As discussed previously, the pre- and post-surgery scans in Figure 4.8 are used to identify 

outliers, i.e. mice that have >20% difference in blood flow between limbs before the surgery, 

or mice with abnormally high blood flow in the ischemic limb immediately after ligation of 

the femoral artery. Fortunately, none of the mice met the >20% blood flow difference 

exclusion criterion before the surgery, and all of the mice were deemed to have underwent a 

successful ligation of the femoral artery (as indicated by <10% blood flow in the ischemic 

limb immediately after HLI surgery).  

 

Figure 4.9 on the previous page shows the follow-up laser Doppler perfusion imaging (LDI) 

scans captured on day 3, day 7, day 14, and day 21 after the induction of hind limb ischemia 

(HLI). Similar to the data captured in the feasibility study, two scans were taken back-to-back 

to provide a snapshot of the subcutaneous paw vasculature of both the ischemic and non-

ischemic hind limbs.  

 

Following the protocol for quantifying the LDI scans detailed in Section 2.5.2 of Chapter 2: 

Materials & Methods, Figure 4.10 on the following page plots the blood perfusion as a 

percentage (%) between the ischemic and non-ischemic limb. The flux difference of the region 

of interest (ROI) around the paw in each scan is calculated and plotted as a ratio between the 

ischemic and non-ischemic limbs. Firstly, the blood perfusion is graphed individually with 

each data point and connecting line representing one animal (Figure 4.10a). The solid black 

boxes represent the FAP saline group and the solid red circles represent the FAP DTX group. 

The blood perfusion values are normalized to their basal levels during the pre-HLI surgery 

scan.  

 

Next, the blood perfusion is group plotted, where the open block box represents the FAP saline 

group and the open red circle represents the FAP DTX group (Figure 4.10b). In this figure, the 

data indicates that the blood perfusion did not differ between the two groups before and 

immediately after the induction of HLI (see timepoints “D0 Pre” and “D0 Post”, representing 

day 0 pre- and post-HLI surgery, respectively). However, subsequent laser Doppler imaging 

indicates that the FAP-DM2 transgenic mice that received DTX rather than saline before the 

surgery exhibited impaired revascularization. This indicates that the depletion of FAP+ stromal 

cells through diphtheria toxin-mediated TRECK causes mice to have an impaired ability to 

endogenously restore blood flow to the ischemic limb.   



 

205 
 

 

Figure 4.10 Measuring blood perfusion, represented as a percentage between the 

ischemic and non-ischemic limb, of laser Doppler scans shows that diphtheria toxin-

treated FAP-DM2 transgenic mice have an impaired ability to endogenously restore 

blood flow. (a) Using the laser Doppler perfusion imaging and software from Moor 

Instruments, the flux difference of each scan is calculated and plotted as a ratio between the 

ischemic and non-ischemic limbs. This graph represents each animal individually. (b) This 

graph represents the two animal groups: FAP saline + HLI (represented by the open black box) 

and FAP DTX + HLI (represented by the open red circle). The blood perfusion did not differ 

between the two groups before and immediately after induction of HLI. However, follow-up 

Doppler scans indicated that the FAP mice that received DTX rather than saline before the 

surgery exhibited impaired revascularization. This impairment was sustained over the course 

of the study. Data represented as mean ± SEM. FAP saline (n=9), FAP DTX (n=6). Two-way 

ANOVA, Sidak’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.11 General distress, ambulatory, and necrosis scoring of animals post-HLI 

surgery indicate that FAP-DM2 transgenic animals treated with diphtheria toxin had 

poorer distress and ambulation scoring following HLI surgery. (a) General distress scoring 

of individual mice for FAP saline + HLI (black line) and FAP DTX + HLI (red line). The 

scoring is done by competent researchers who are blinded to treatment group and each mouse 

is scored on a scale of 0-12. (b) Ambulatory scoring of individual mice for FAP saline + HLI 

(black line) and FAP DTX + HLI (red line). The scoring is done by competent researchers who 

are blinded to treatment group and each mouse is scored on a scale of 0-3. (c) Necrosis scoring 

of individual mice for FAP saline + HLI (black line) and FAP DTX + HLI (red line). The 

scoring is done by competent researchers who are blinded to treatment group and each mouse 

is scored on a scale of 0-5. (d) Group plotted general distress scoring of treatment groups: FAP 

saline + HLI (black line) and FAP DTX + HLI (red line). (e) Group plotted ambulatory scoring 

of treatment groups: FAP saline + HLI (black line) and FAP DTX + HLI (red line). (f) Group 

plotted necrosis scoring of treatment groups: FAP saline + HLI (black line) and FAP DTX + 

HLI (red line). Data represented as mean ± SEM. FAP saline (n=9), FAP DTX (n=6). 

 

Furthermore, the animals involved in this study were also evaluated using the post-procedure 

distress scoring sheet and ambulation & necrosis scoring sheets shown in Sections 2.6.1 and 

2.6.2 of Chapter 2: Materials & Methods, respectively. The purpose of these score sheets was 

ensure that the utmost standards of animal welfare was met and maintaining standards set forth 

by the Animal Care & Research Ethics Committee (ACREC) at the National University of 

Ireland, Galway and the Irish government regulatory body Health Products Regulatory 

Authority (HPRA). The general distress, ambulatory, and necrosis scores for the animals are 
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individually plotted in Figure 4.11a, Figure 4.11b, and Figure 4.11c, respectively. The scores 

for the same three parameters are then group plotted in Figure 4.11d, Figure 4.11e, and Figure 

4.11f, respectively.  

 

The data in Figure 4.11 indicates that FAP-DM2 transgenic mice that received diphtheria toxin 

– the FAP DTX group – had poorer general distress scores and worse ambulation scoring when 

compared to FAP-DM2 transgenic mice that received saline – the FAP saline group – as shown 

by the red line in Figure 4.11. The necrosis scoring was slightly worse in the FAP DTX group, 

however, this could have been due to the single animal in the FAP DTX group that exhibited 

more severe levels of toe necrosis, whereas the rest of the FAP DTX group. For all of these 

scorings, the lead researcher carrying out these scorings was blinded to each animal’s 

experimental group.  

 

4.6 Discussion 

The primary focus of this chapter was to understand whether incorporating the HLI injury 

model into the complex and nuanced FAP-DM2 transgenic model was firstly, feasible from 

an animal welfare and logistical point-of-view and secondly, potentially yielding any 

interesting scientific result that had previously not been explored. This chapter emphasizes the 

underlying importance of stromal cells within the microvasculature of the animal and the 

results presented confirm the hypothesis that partial and transient ablation of FAP+ stromal 

cells impairs recovery of blood flow in animals with hind limb ischemia. Due to the novelty 

of this FAP-DM2 TRECK stromal ablation model, previous work in the literature53,55–58 has 

not explicitly indicated the role of stromal cells in ameliorating or augmenting endogenous 

revascularization processes during an ischemic injury. 

 

Firstly, a feasibility study was designed to understand how the addition of a hind limb ischemia 

(HLI) surgical procedure would affect this animal model. This study was also intended to 

inform if the HLI surgery could be carried out in tandem with the DTX dosing regimen, as 

well as to familiarize the researchers with the invasive procedures involve and the day-to-day 

animal husbandry and post-operative care. A “loss-of-function” hind limb ischemia (HLI) 

animal experiment had never been executed before nor were there any reports in the literature 

regarding its feasibility and safety. Using the genotyping data from Figure 4.3, Table 4.1 lists 

the experimental groups in this feasibility study. The experimental design of this study 

required careful planning and execution. As discussed previously, animals were split into two 
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blocks for a total of eight experimental groups. Each block had the following groups: a) “LM 

saline” – littermates/wild-type mice that received saline, b) “LM DTX” – littermates/wild-type 

mice that received diphtheria toxin, c) “FAP saline” – transgenic FAP-DM2 mice that received 

saline, and lastly, d) “FAP DTX” – transgenic FAP-DM2 mice that received diphtheria toxin. 

Because a baseline for each of these groups had been established in Chapter 3, all four groups 

underwent HLI induction. As a measure to control for the DTX affecting laser Doppler 

imaging scans, one mouse from the “LM saline” and “LM DTX” groups along with two mice 

from the “FAP saline” and “FAP DTX” groups underwent laser Doppler imaging without 

induction of HLI. Based on the results in Figure 4.5, the data indicates that the DTX dosing 

regimen did not affect or alter the blood flow between the hind limb paws. The reason for this 

initial analysis was because any differences in paw blood flow due to the DTX would have 

obscured and affected the laser Doppler scans after the HLI injury.  

 

Induction of HLI was chosen to be 48 hours after the second dose of DTX. This timeline was 

determined because of concerns of exposing the surgeon to harmful toxin. While the level of 

toxin administered to the mouse was well below the threshold for human toxicity, it was 

decided that waiting three half-lives would ensure maximal clearance of the toxin while 

maintaining the FAP-ablated phenotype observed in Chapter 3. The experiment was a rigorous 

training exercise for the researchers carrying out the procedures.  

 

One of the reasons that laser Doppler perfusion imaging is favorable for these types of studies 

is that LDI allows for a “snapshot” of the in vivo vasculature without being a terminal 

procedure. This, of course, brings about some limitations with the sensitivity and resolution of 

the technique, but unlike some other terminal imaging procedures, using laser Doppler 

imaging allows the researcher to track the progress of the same animal and its corresponding 

vasculature over a long period of time. Other tracking techniques that could be beneficial for 

these types of studies are discussed in depth in Chapter 6: Conclusion and Future Directions. 

 

Figure 4.5 and Figure 4.6 indicate that inducing a HLI injury on a FAP-DM2 transgenic mouse 

was feasible and the tasks involved were able to be carried out by the lead researcher. 

Furthermore, the data indicates that there was no interference from the DTX in the laser 

Doppler perfusion imaging readouts, as well as little to no bleeding/hemorrhaging during the 

hind limb ischemia (HLI) surgery itself. One of the concerns prior to conducting this 

experiment was that previous internal research from our research group indicated that animals 
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that had undergone FAP ablation exhibited anemia and lower red blood cell count in their 

bloodstream. We had found that transgenic animals that received DTX showed signs of 

subcutaneous hemorrhaging in the peripheral vasculature during tissue harvest. When 

accessing the internal organs, the skin and fascia of the mouse are peeled back and pinned 

down. During this process, the peripheral blood vessels were exposed and one observation that 

was noticed was that toxin-treated mice had significantly more red vessels. This could imply 

a few things – it could be internal hemorrhaging within the peripheral vasculature or a case of 

hemoglobinemia where there is an excess of hemoglobin in the blood plasma.62 As such, 

concerns arose regarding further stressing this model by introducing the HLI injury.  

 

However, the data indicates that the FAP ablated animals tolerated the HLI surgery as well as 

the littermate (LM) controls. Due to the pilot and exploratory nature of this experiment, small 

animal group numbers were used to maintain optimal animal welfare regulations, thus, small 

n-numbers were used and there is little that can be interpreted from the result seen in Figure 

4.6, as that was not the primary purpose of the feasibility study. What can be said about this 

feasibility study is that it is possible to induce a hind limb ischemia injury in ablated FAP-

DM2 transgenic mice without severe or jeopardizing phenotypic results. Given the complexity 

of this TRECK model and the severity of the HLI injury, performing a small-scale feasibility 

study incorporating the two models was extremely beneficial and provided a green light 

towards larger experimental groups. 

 

Next, a substantive study was conducted to evaluate a powered study looking at the role of 

FAP+ stromal cells in endogenous revascularization. Figure 4.7, along with the data presented 

in Table 4.3 and Table 4.4, showed the experimental plan for a larger-scale, powered study 

observing how the ablation of FAP+ stromal cells affects the endogenous revascularization 

potential of mice following hind limb ischemia (HLI). Figure 4.8 and Figure 4.9 show the laser 

Doppler perfusion imaging data from this study, and analysis of these scans (as shown in the 

graphs in Figure 4.10) indicates that the depletion of FAP+ stromal cells through diphtheria 

toxin-mediated TRECK causes mice to have an impaired ability to endogenously restore blood 

flow to the ischemic limb. This was an astonishing result, given that a “loss-of-function” hind 

limb ischemia (HLI) animal experiment had never been executed before nor were there any 

reports in the literature indicating if FAP+ stromal cells played any role in the endogenous 

restoration of blood flow following an ischemic insult.  
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This impaired vascular response in FAP-DM2 transgenic animals that were treated with 

diphtheria toxin (DTX) indicates a crucial vascular role for FAP+ cells within the animal. By 

selectively depleting FAP+ cells in a hind limb ischemia (HLI) injury model, a statistically 

significant delay in the restoration of subcutaneous paw blood flow was observed. In saline-

treated transgenic mice (the FAP saline group), animals were able to quickly restore blood 

flow to the ischemic limb, recovering back to 50% at day 3 and over 80% at day 7. By day 14, 

the blood perfusion in the ischemic limb matched that of the non-ischemic limb, indicating 

that the endogenous revascularization attempt in those animals was present and beneficial. 

However, when looking at toxin-treated transgenic mice (the FAP DTX group), animals 

lagged and showed an impairment in their ability to revascularize the ischemic tissue. At day 

3, these mice had only recovered back up to 15% and were just at over 30% at day 7. This 

period of time is when where is a significant depletion of FAP+ cells, both stromal and non-

stromal, in FAP-DM2 transgenic mice that have received diphtheria toxin (as shown by 

timepoint data in Chapter 3). This indicates that FAP+ cells play a key role in the animal’s 

ability to endogenously revascularize the ischemic limb after insult, and that the selective 

ablation of these cells had detrimental and severe effects on the vasculature. This observation 

confirmed that FAP+ stromal cells are necessary for the resolution of hind limb ischemia (HLI) 

injury, a finding that had not previously been reported by other researchers or in the literature. 

 

The findings presented in this chapter bring about an interesting discussion regarding the 

various subtypes/subpopulations of stromal cells and their roles in carrying out various 

biological functions. Mesenchymal stromal cells, isolated under the criteria established by the 

International Society for Cell and Gene Therapy (ISCT) in 2006,63 still have a poorly 

characterized phenotype that is difficult to distinguish from similar cell populations.64 

However, further research in stromal cells has begun to show that the heterogeneity of these 

cells include many subtypes based on their tissue of origin, surface marker expression, and 

genomic/transcriptomic profile. Because cellular phenotypes can be defined by their 

expression of specific genes, genome-wide profiling of stromal cells has become a beneficial 

tool in identifying features of stromal cell subtypes.64 One method for characterizing subtypes 

of stromal cells is by looking at the tissue of origin. In a report by Wagner et al., the authors 

analyzed global gene expression profiles of human mesenchymal stromal cells isolated from 

adipose tissue, umbilical cord blood, and bone marrow.65 They found significant differences 

in the global gene expression patterns of stromal cells depending on tissue of origin, and also 

demonstrated that several genes involved in mesodermal differentiation were differentially 

expressed.65 For example, the authors found that bone marrow-derived stromal cells 

demonstrated a higher expression of genes in the categories of ossification, skeletal 
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development, and bone re-modeling; whereas, gene expression levels of extracellular matrix 

and triacyl glycerol biosynthesis were more highly expressed in umbilical cord blood-derived 

and adipose tissue-derived stromal cells, respectively.65 Other reports in the literature have 

also confirmed significant gene expression and mRNA differences between stromal cell 

subtypes depending on their tissues of origin.66,67 

 

Cell surface marker expression is another way to characterize mesenchymal stromal cell 

(MSC) subtypes and has been effective at defining specificity of stromal cell subtypes and 

understanding their respective biological and pathophysiological functions. is a representation 

of the various subtypes of MSCs and roles they play.  
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Table 4.5 below categorizes various stromal cell subtypes by cell surface marker. Using single-

cell analysis and flow cytometry sorting techniques, MSC subtypes are able to be isolated and 

teased out of the heterogenous stromal cell population, and their biological roles and functions 

are then observed in vitro. In a report from Covas et al., the authors investigated different MSC 

subtypes obtained from human tissue and found that strong similarities between adult and fetal 

stromal cells, retinal perivascular cells, fibroblasts, and hepatic stellate cells.68 However, after 

further investigation, the authors found a heterogenous expression of genes related to 

angiogenesis.68 Covas et al. found that the specific CD146-expressing MSC subtype function 

similar to pericytes located in the wall of the vasculature, where they function as cell sources 

for repair and tissue maintenance.68  

 

Another separate paper from Roson-Burgo et al. reports a CD106-expressing MSC subtype in 

bone marrow-derived stromal cells.64 It has been shown that a subpopulation of human stromal 

cells overexpressing CD106 and STRO-1 have been shown to develop bone tissue in vivo 

following ectopic transplantation to mice.69 Beyond the bone marrow, other MSC subtypes 

have been identified in other tissues, such as placenta-derived stromal cells. Battula et al. found 

that the CD56-expressing MSC subtype represented a highly clonogenic stromal cell, which 

are small stromal cells that divide more rapidly and are detected frequently in preparations 

from younger donors.70 Roson-Burgo et al. also found that the leptin receptor gene LEPR and 

its corresponding surface marker LepR are specifically expressed in bone marrow-derived 

stromal cells.64 Zhou et al. show that the LepR-expressing stromal cell subtype is the main 

source of CFU-Fs in the bone marrow and are key regulators of marrow homeostasis and the 

main bone producers in the adult mouse.71 O’Connor et al. review the molecular profiles of 

cell-to-cell variation in the regenerative potential of mesenchymal stromal cells and Table 4.5 

below is a representation of the various subtypes of MSCs and roles they play.  
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Table 4.5 Mesenchymal stromal cell subtypes categorized by surface marker (Table 

adapted from O’Connor et al.)72 

MSC Subtype Surface Marker Role Ref. 

Fast-growing 

multipotent MSCs 

CD271 – Low-

affinity nerve growth 

factor receptor 

Isolation marker that is down-

regulated in expanded MSCs 
73–77 

CD146 – Melanoma 

cell adhesion 

molecule 

A pericyte marker expressed in 

primary and expanded MSCs 

68,78–

81 

NG2 – Neuron-glial 

antigen 2 

Up-regulated in expanded MSCs; 

similar expression in tri- and bi-

potent MSCs 

78,82 

SSEA-4 – Stage-

specific embryonic 

antigen-4 

An embryonic stem cell marker 

expressed on primitive MSCs 
83–85 

STRO-1 

Clonogenic MSCs that constitute a 

small fraction of the isolated 

stromal cells 

86–88 

Osteogenic MSCs 

TNAP – Tissue 

nonspecific alkaline 

phosphatase 

Selects for MSCs with increased 

mineralization and expression of 

osteogenic-related genes 

89 

Chondrogenic 

MSCs 

CD56 – Neural cell 

adhesion molecule  

Isolates chondro-progenitor cells 

but is downregulated in expanded 

MSCs 

70,90 

ROR2 – Receptor 

tyrosine kinase- like 

orphan receptor 2 

Isolates chondro-progenitor cells 

from confluent and undifferentiated 

MSCs 

91 

Triploblastic 

MUSE cells 

SSEA-3 – Stage-

specific embryonic 

antigen-3 

Selected cells exhibit triploblastic 

differentiation at the single-cell 

level 

92–97 

Immunoregulatory 

MSCs 

CD317 – tetherin 

(bone marrow stromal 

antigen 2) 

MSCs isolated for tetherin 

expression have pro-inflammatory 

properties and may participate in 

pathogen clearance 

98 
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CD106 – Vascular 

cell adhesion 

molecule-1, VCAM-1 

Selects for MSCs that suppress 

inflammatory cytokine and 

stimulate regulatory T cells 

99–101 

Aging MSCs 
CD264 – Decoy 

TRAIL receptor 

Up-regulated concurrently with p21 

and remains elevated through 

senescence 

102 

 

 

The various MSC subtypes shown above indicate that the largely heterogenous population of 

stromal cells within the body account for highly specific biological functions and roles. When 

there is an ablation or depletion of these stromal cell subtypes, there is potential for deleterious 

effects and dysregulation of the specific processes that those subtypes are responsible for. We 

hypothesized that the selective depletion of FAP+ stromal cells using the TRECK transgenic 

model would lead to the disruption of its biological function. The data presented in this chapter 

indicates that this FAP-expressing stromal cell subtype is responsible for the endogenous 

revascularization response during the presence of ischemia. This would indicate that this 

specific subtype of MSCs play a critical role in the injury response of the animal during an 

ischemic insult, and this novel finding informs that the FAP+ MSC subtype is an important 

driver in vascular regeneration and repair. 

 

In a separate study, Hellingman et al. were able to observe the endogenous role of regulatory 

T cells in post-ischemic revascularization using DEREG (depletion of regulatory T cells) 

mice.103 Lahl et al. generated transgenic DEREG mice that express a diphtheria toxin receptor 

(DTR)/green fluorescent protein (GFP) fusion protein under the control of the Foxp3 gene 

locus, which resulted in a powerful approach to fully depleting regulatory T cells within the 

mouse.104 Hellingman et al. injected diphtheria toxin into DEREG mice and then induced hind 

limb ischemia (HLI) by electro-coagulation of the femoral artery to observe how the loss of 

regulatory T cells affected post-ischemic neovascularization.103 The authors were surprised to 

find that the depletion of regulatory T cells resulted in a minor increase on blood flow recovery, 

along with the observation that collateral and capillary densities in the post-ischemic skeletal 

muscle were significantly increased in DEREG mice depleted for regulatory T cells.103 

Ultimately, the authors concluded that the contribution of regulatory T cells to the regulation 

of the arteriogenic response to post-ischemic neovascularization was only moderate.103 
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4.7 Conclusion 

This chapter dealt with understanding the complexities of the hind limb ischemia (HLI) injury 

model and overlaying it onto the stromal cell ablated FAP-DM2 mouse to uncover the 

depletion of FAP+ stromal cells in transgenic mice affected their ability to recover from an 

ischemic insult. The data presented in this chapter indicates that there was a statistically 

significant attenuation in endogenous vascular recovery in transgenic animals that received 

diphtheria toxin – the FAP DTX treatment group. Animals with significant levels of stromal 

cell ablation exhibited a delayed response in the revascularization of the ischemic limb, as 

measured by laser Doppler blood perfusion imaging. This indicates that the depletion of FAP+ 

stromal cells through diphtheria toxin-mediated TRECK causes mice to have an impaired 

ability to endogenously restore blood flow to the ischemic limb. This observation confirmed 

that FAP+ cells are necessary for the resolution of hind limb ischemia (HLI) injury, a finding 

that had not previously been shown before, indicating the novelty of such an observation.  

 



 

 
 

4.8 Appendix 

 

Figure 4.12 Severity banding chart for the in vivo experiments detailed in this chapter. The purpose of this chart was detail the individual severity of each 

procedure carried out on the animals, as well as the cumulative severity experienced by the animal as an accumulation of the procedures. On the right-hand side, 

this figure lists the researcher(s) responsible for the various procedures. 
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Figure 4.13 Statistical analysis of powered in vivo experiment showing that diphtheria toxin-treated FAP-DM2 transgenic mice have an impaired ability 

to endogenously restore blood flow. 2-way ANOVA and Sidak’s multiple comparisons test were used to analyze the data presented in Figure 4.10b. 
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5.1 Overview 

This chapter presents the results and data generated for Chapter 5: Assessment of the effect of 

the intramuscular administration of stromal cells into a FAP-depleted HLI model. The purpose 

of this chapter was to take the findings and results from Chapters 3 and 4 and determine 

whether the impaired vascular regeneration observed in the FAP+ stromal cell depletion model 

could be rescued by transplantation of stromal cells.  In the previous chapter, the data indicated 

that the selective depletion of FAP+ stromal cells in FAP-DM2 transgenic mice affected its 

endogenous revascularization potential in a hind limb ischemia (HLI) injury model, affirming 

the premise that FAP+ stromal cells are necessary for the resolution of the ischemic insult. This 

chapter addresses the hypothesis that exogenously delivering stromal cells will rescue this 

phenotype by way of reversing the animal’s revascularization potential to restore blood 

perfusion to the ischemic limb. A brief introduction is provided in Section 5.2 below. The 

objectives and hypothesis of this chapter are presented below in Sections 5.3 and 5.4, 

respectively. 

 

5.2 Introduction 

The delivery of an exogenous cell product has been a frequent therapeutic effort by many in 

the field of regenerative medicine. By integrating several biomedical approaches, cell therapy 

is one of many regenerative medicine strategies used to facilitate regeneration of damaged 

cells within an organ or tissue. This approach holds the tremendous promise and potential of 

repairing the faulty mechanisms underlying disease initiation, disease progression, and disease 

phenotypes.1  

 

5.2.1 The promise of cell therapy for the resolution of critical limb ischemia (CLI)  

Cell therapy aims to repair the mechanisms underlying disease initiation and progression. 

Whether through the trophic secretion of paracrine factors or cell replacement or recruitment, 

exogenous cell therapy has the means to reverse and restore function to a diseased area. In 

fact, the mechanism of action of cell therapy is as varied as the types of the cells themselves. 

Particularly when it comes to a complex disease like critical limb ischemia (CLI) where the 

instigator for disease can arise from a host of factors, understanding the implied mechanism 

of action of a chosen therapeutic approach is paramount. Table 5.1 on the next page lists 

various therapeutic approaches for the resolution of CLI and their respective advantages and 

disadvantages.  
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Table 5.1 Advantages and disadvantages of several approaches for treating CLI. 

Approach Advantages Disadvantages 

Amputation • Reduces mortality when no 

other options or therapeutic 

approaches are available 

• Can cause psychological trauma 

• Presence of a physical disability 

• May require a prosthesis  

• Post-operative pain 

Surgical bypass • Has a high survival rate • Increased morbidity risks 

• Post-operative infection risks 

• Not all patients with CLI are 

suitable candidates 

Endovascular 

treatment 

• Low procedural morbidity and 

mortality rates 

• Less expensive than surgical 

bypass 

• Shorter hospitalization time 

post-operation 

• Poor effectiveness for long and 

distal lesions 

• Only has application for isolated 

sites of stenosis 

Pharmacological 

application 

• Improvement of blood vessel 

patency 

• Can improve the CLI treatment 

outcome when used as an 

adjuvant therapy 

• Not a very effective approach if 

used alone 

Gene/protein 

therapy of pro-

angiogenic 

factors 

• Has been shown to be effective 

at improving CLI symptoms 

• Requires laborious and expensive 

preparation techniques 

• Possesses a short half-life for the 

administered proteins 

• Requires the use of viral/bacterial 

vectors for plasmid generation 

• Not entirely able to trigger 

angiogenesis cascades 

Stromal cell-

based therapy 

• Has been shown to promote 

blood vessel formation in 

ischemic tissues  

• Generally improvement of CLI 

symptoms  

• Reduces amputation rate in 

early-phase clinical trials 

• Demanding techniques for the 

harvesting and large-scale 

production of stromal cells 

• Lack of standard/optimized 

protocols for clinical use 

• Lack of efficacious late-phase, 

large-study clinical results 
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The various therapeutic approaches listed in Table 5.1 show the multitude of avenues that 

researchers and clinicians alike have pursued to improve the therapeutic outcome of patients 

with CLI. As discussed previously in Chapter 1: Introduction, the use of advanced therapy 

medicinal products (ATMPs) has gained a promising position at the forefront of treating this 

significant unmet medical need, particularly gene therapy medicinal products (GTMP) and 

somatic cell therapy medical products (SCTMP).  

 

Within the context of treating critical limb ischemia (CLI), both approaches aim to accomplish 

the same therapeutic outcomes: to increase blood flow to the affected limb, to heal any 

ischemic ulcers, and, most importantly, to avoid limb loss. To date, studies have focused on 

gene therapy using pro-angiogenic factors and/or cell-based therapy using several types of 

cells, including, but not limited to, mesenchymal stromal cells (MSCs) and endothelial 

progenitor cells (EPCs), in an effort to achieve therapeutic angiogenesis.2  

 

Cell therapy approaches aim to repair, restore, and regenerate ischemic tissues and, while quite 

complex, hold certain advantages over more straight-forward approaches like gene therapy 

and recombinant protein therapy. Rather than using a plasmid encoding for one specific growth 

factor or delivering just forms of those proteins, cell therapy allows for the production of a 

wide range of growth factors that are necessary for tissue regeneration and angiogenesis. 

Furthermore, the delivery of stromal cells into an ischemic site has been shown to interact with 

cells in the local microenvironment in ways that gene therapy cannot.3 The use of cell-based 

therapies for the treatment of critical limb ischemia (CLI) is discussed in further detail in 

Chapter 1: Introduction. 

 

5.2.2 Lack of clear understanding on the role of stromal cells in ischemia driving new 

research avenues 

While significant progress has been made on the pre-clinical front regarding the use of stromal 

cells in ameliorating limb ischemia, there are still no market-approved ATMPs for use in 

patients with CLI. There are certainly a large number of published pre-clinical studies with 

positive signals showing significant efficacy of cell-based therapies in promoting angiogenesis 

and vascularization of the ischemic limb. There are also early-phase clinical trials, namely 

phase 1 and 2 trials, that demonstrate well-tolerated safety and preliminary efficacy in patients 

with critical limb ischemia. Liew et al. previously authored a systematic review of published 

pre-clinical studies and clinical trials that utilize cell-based therapies for the critical limb 
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ischemia (CLI), and the authors showed a vast number of studies indicating positive signals.4 

However, in large-scale phase 3 clinical trials where randomization, double-blinding, and the 

presence of placebo controls are necessary, cell-based therapies have not been efficacious in 

treating CLI. These studies however have largely used heterogenous mix of bone marrow-

derived mononuclear cells (BM-MNCs). There are no phase 3 studies using mesenchymal 

stromal cells (MSCs) in CLI reported to our knowledge. These studies are however in progress 

by industry such as Pluristem. 

 

This translational “valley-of-death” has become a significant disconnect and hindrance for the 

field. One might ask why the large number of studies reporting stromal cell efficacy in pre-

clinical animal injury models are not matched by outcomes in clinical trials? Of course, there 

are obvious differences between small rodents and human patients. There is also a significant 

difference between the acute nature of hind limb ischemia (HLI) animal models and the 

chronicity of critical limb ischemia (CLI) cases seen in humans. As we try to address 

shortcomings in MSC therapeutics for CLI, it is reasonable to ask: what role do stromal cells 

actually play in the pathophysiology of the disease? Furthermore, do endogenous stromal cells 

play a role in the resolution of limb ischemia? If stromal cells continue to be proposed as a 

next-generation therapy for this disease, it is important to understand if, and how, stromal cells 

actually play a role in treating ischemia.   

 

The issue of whether endogenous stromal cells play a role in vascular regeneration has been 

particularly instrumental in informing the research direction of this thesis. The use of the FAP-

DM2 transgenic model was key to addressing some of these question, in that it provided insight 

on whether stromal cells played a role in the response to the underlying disease itself. Is critical 

limb ischemia a stromal cell-mediated disease? Do patients who present with CLI naturally 

have a depleted amount of stromal cells compared to healthy patients, bearing a striking 

resemblance to the FAP+ stromal cell depleted transgenic mice? This last question is difficult 

to answer given the challenges with performing flow cytometric analysis on a biopsy from a 

patient in such a fragile and severe state. Also, due to the long-term chronicity of the disease 

itself, it would be difficult to characterize whether a true loss of stromal cells is truly present. 

However, as a surrogate approach, we aimed to determine if endogenous stromal cells 

participated in the response to limb ischemia and in this chapter, we sought to attempt to rescue 

any detectable deficiency.  
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It is well known that stromal cells are integrally involved in the tissue remodeling process, and 

when there is a lack or deficiency of these cells, the regeneration process as a whole is 

hindered.5 Subsets of mesenchymal stromal cells have been shown to contribute to specific in 

vivo biological processes: marrow stromal cells contributing to bone repair,6 fat stromal cells 

contribute to fat expansion,7 and muscle stromal cells contribute to muscular repair.8 Without 

these subsets of tissue-resident stromal cells, the ability of these biological processes would 

be severely limited.  

 

Interestingly, when Pax7+ muscle stem cells were selectively depleted in a tamoxifen-

inducible animal model, the authors found that muscle tissue regeneration was significantly 

inhibited.9 Pax7 is a canonical marker for quiescent muscle stem cells, 10 a population of stem 

cells within skeletal muscle also known as satellite cells or bipotent myogenic precursor 

cells.11 The greater frequency of Pax7+ cells implies that muscle stem cells have undergone 

myogenesis and proliferation to increase the self-renewal of muscle stem cells following 

ischemia, in order to replenish the pool of quiescent muscle stem cells to continue 

regenerating.9 In fact, in the lower leg muscles of patients with CLI, an increased number of 

quiescent Pax7+ satellite cell numbers has been observed, demonstrating that proliferation 

occurs in abundance but maturation and terminal differentiation are inhibited.10 Analysis of 

CLI muscle has also indicated that patients have an increased number of hematopoietic stem 

cells (HSCs), as identified by antigen markers such as CD34.12,13 These increases in 

endogenous Pax7+ muscle stem/satellite cells and CD34+ hematopoietic stem cells are 

indicative of the remodeling and regenerating processes occurring within the skeletal muscle 

of patients with CLI. Thus, when there is an inhibition or lack of these stem cell populations, 

the regenerative mechanism is inhibited. In the tamoxifen-inducible model, the authors crossed 

a Pax7 CreER mouse with a ROSA26-tdTomato mouse and found that the soleus muscle in the 

calf was unable to regenerate without the presence of muscle stem cells following an ischemic 

injury.9 These studies represent how the deficiency of stromal cells hinders the innate tissue 

remodeling process after an injury.  

 

Specifically regarding FAP+ stromal cells, it has been documented that FAP is not normally 

expressed in most normal adult human tissues; however, in healing wounds, FAP+ reactive 

fibroblasts are commonly found in the granulation tissue.14,15 Jacob et al. have shown that FAP 

is a selective marker of activated fibroblasts in tissues undergoing remodeling of their 

extracellular matrix (ECM) due to chronic inflammation, fibrosis, or wound healing.16 FAP is 

also a robust marker of reactive mesenchymal stromal cells associated with pathophysiologic 
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tissue remodeling.16 Furthermore, FAP also plays a key role in the migration of bone marrow 

stromal cells to injured tissues. Chung et al. report that FAP plays an important role in the 

localization of bone marrow mesenchymal stromal cells through modulation of RhoA GTPase 

activity.17  

 

When the phenotype of patients with CLI is considered, we hypothesize that this subtype of 

FAP+ stromal cells could also play an important functional role in revascularization. Based on 

the papers discussed above showing that CLI skeletal muscles have increased numbers of 

quiescent Pax7+ muscle satellite cells and CD34+ HSCs, it is possible that this subtype of 

reactive FAP+ stromal cells are similarly elevated in response to the ischemia. Jacob et al. have 

shown that FAP is a selective marker of activated fibroblasts in tissues undergoing remodeling 

of their extracellular matrix (ECM) due to chronic inflammation, fibrosis, or wound healing.16 

FAP is also a robust marker of reactive mesenchymal stromal cells associated with 

pathophysiologic tissue remodeling.16 As such, the dysregulation of this FAP+ population 

would in turn negatively affect the innate remodeling response to ischemia. It has also been 

shown in the literature that excessive metabolic and oxidative stress, along with aging and 

senescence, affect the ability for adult stromal cell pools to replenish and direct repair at sites 

of tissue injury throughout the body.18 As such, when there is a dysregulation or dysfunctional 

adult stromal cell pool, this results in degenerative disease.18 

 

The data presented in “Chapter 4: Characterization of hind limb ischemia (HLI) injury model 

in ablated FAP-DM2 mouse” showed that the depletion of FAP+ stromal cells in FAP-DM2 

transgenic mice affected the animal’s endogenous revascularization potential in a hind limb 

ischemia injury model. This observation affirmed the premise that FAP+ stromal cells are 

necessary for the resolution of the ischemic insult. This chapter set out to understand if the 

exogenous delivery of stromal cells is able to rescue this phenotype by way of reversing the 

animal’s revascularization potential to restore blood perfusion to the ischemic limb. 

 

5.3 Objectives/Rationale 

The central research question of this chapter focuses on answering the following question – is 

the exogenous delivery of a stromal cell product sufficient in rescuing the attenuated and 

impaired revascularization seen in FAP+ stromal cell depleted mice during hind limb 

ischemia?  
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The rationale behind this chapter hinged on two main observations. Firstly, in Chapter 4, the 

data indicated that the toxin-mediated depletion of FAP+ stromal cells impaired the 

endogenous vascular response of the mouse during an ischemic insult. This data confirms that 

FAP+ stromal cells are thus a necessary player in the resolution of limb ischemia, and by 

ablating this population of stromal cells, animals were unable to effectively repair and restore 

blood flow to the ischemic limb (as was seen in healthy mice). Secondly, given the phenotype 

observed in Chapter 4, the data indicated that there was potential for a rescue attempt by 

administering stromal cells to mice during a period of FAP+ cell ablation. This delivery could 

potentiate cell engraftment or cell recruitment, or simply act as a sufficient instigator for 

inducing blood vessel formation and blood perfusion restoration to the ischemic limb. This 

delivery mimics what is seen in the majority of “gain-of-function” studies and the results 

would provide insight into the role of stromal cells in the resolution of hind limb ischemia 

(HLI).  

 

The key objective set out in this chapter includes: 

x Examining if the delivery of an exogenous stromal cell product in FAP+ stromal cell 

depleted mice was a sufficient therapy for rescuing the revascularization potential in 

a hind limb ischemia injury model 

 

5.4 Hypothesis 

The central hypothesis of this chapter is that the administration of stromal cells following hind 

limb ischemia (HLI) in a FAP-ablated animal will rescue the impaired and attenuated vascular 

regenerative response to ischemia seen in Chapter 4.  

Understanding the protective role played by the endogenous stroma during limb ischemia 

injury was vital and made possible by using the FAP-DM2 animal model. As discussed 

previously, what happens specifically to the microvasculature during animal models of limb 

ischemia is very poorly understood. It has been previously hypothesized that there is 

endogenous stromal cell contribution in CLI models. This highlights the underlying 

importance of stromal cells within the microvasculature of the animal and has caused us to 

formulate the hypothesis that there is cross-talk between the vascular architecture and the 

stroma within ischemic tissues. 
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This purpose of this chapter was to elucidate if the phenotype observed in Figure 4.10 of 

Chapter 4 can be rescued by the administration of stromal cells. Chapter 4 confirmed the result 

that the endogenous FAP-expressing stromal cells in the mouse were responsible for the innate 

revascularization of the ischemic limb during an HLI insult. The deletion of said FAP-

expressing cells, both in the bone marrow and skeletal muscle, played a key role in attenuating 

the mouse’s response to ischemia. The question then remains – does the delivery of exogenous 

stromal cells following FAP ablation reverse the attenuated vascular phenotype observed 

during hind limb ischemia, effectively rescuing the observed phenotype through a restorative 

mechanism?  

 

The molecular mechanism behind the efficacy of MSCs and other cell therapy products is still 

relatively unknown. Using the diphtheria toxin receptor (DTR) conditional knockout animal 

model where a specific subset of stromal cells are ablated from the mouse, the mechanism of 

action of stromal cells can be studied with more scrutiny and accuracy. In this FAP-DM2 

transgenic model, it was required that murine stromal cells were administered due to the 

xenogeneic effect that is observed when delivering human cells into an immune-competent 

animal. The FAP-DM2 animal is a transgenic mouse that is on an immune-competent 

C57BL/6 background; thus, even though stromal cells are ablated with the diphtheria toxin, 

the animal still has immune cells to combat xenogeneic antigens. To date, there is no immune-

comprised FAP-DM2 transgenic mouse that would allow for the administration of human 

stromal cells. 

 

5.5 Results 

The first research chapter (Chapter 3: Characterization of FAP+ stromal cell ablation in FAP-

DM2 mouse) focused on establishing a coherent and reproducible baseline for the FAP-DM2 

transgenic mouse. Due to the complex nature of the FAP ablation model, it was imperative to 

understand the timepoints at which FAP ablation was at its peak and at what timepoint 

endogenous FAP expression, and subsequently FAP+ stromal cells, began to recover following 

toxin-mediated ablation.  

 

The second research chapter (Chapter 4: Characterization of hind limb ischemia (HLI) injury 

model in ablated FAP-DM2 mouse) focused on understanding the role of these FAP+ stromal 

cells in the context of ischemia, and sought to determine whether the selective depletion of 

these cells played a role in the animal’s endogenous revascularization potential in a hind limb 
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ischemia injury model. The data presented in Chapter 4 indicated that the transient depletion 

of FAP+ stromal cells in FAP-DM2 transgenic mice affected its endogenous revascularization 

potential in a hind limb ischemia (HLI) injury model, affirming the premise that FAP+ stromal 

cells are necessary for the resolution of the ischemic insult.  

 

This last research chapter addresses the hypothesis that exogenously delivering stromal cells 

are able to rescue this phenotype by way of reversing the animal’s revascularization potential 

to restore blood perfusion to the ischemic limb. This chapter focuses on the administration of 

stromal cells into an ablated FAP-DM2 mouse following the induction of hind limb ischemia. 

The purpose of delivering stromal cells was to assess whether the exogenous delivery of 

stromal cells, similar to how “gain-of-function” studies are performed in cell therapy, can have 

a beneficial effect in reversing the delayed vascular response observed when FAP stromal cells 

are ablated during a hind limb ischemia (HLI) injury.  

 

Figure 3.2 on the next page illustrates the flow chart for the experimental design of the studies 

presented in this chapter. This time, all of the boxes will be utilized in this chapter, building 

from the flow charts presented earlier in Chapters 3 and 4. By incorporating a stromal cell 

injection step as a potential treatment after hind limb ischemia (HLI) injury, this chapter will 

compare if ablated FAP-DM2 transgenic mice are able to reverse the vascular phenotype seen 

in Chapter 4 through the therapeutic avenue of stromal cell delivery. 
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Figure 5.1 Flow chart of using the transgenic FAP-DM2 mice in the hind limb ischemia 

(HLI) injury studies to study whether the exogenous delivery of a stromal cell product is 

sufficient in rescuing the attenuated vascular phenotype seen in Chapter 4. Comparing 

non-transgenic mice with the transgenic FAP-DM2, this project allowed for the observation of 

the deleterious effects of endogenous stromal ablation in the context of hind limb ischemia 

and determine if stromal cells are necessary and sufficient for resolution of the ischemic injury.  

 

A total of 65 pups were born between the 23rd of August 2017 and the 31st of August 2017. 

Because the breeding harems was set up at the same time, this helped ensure that these pups 

would be age-matched in order to minimize any variance. Using the PCR master mix 

calculations listed below in Table 5.2, ear punch tissues from the 65 pups were genotyped for 

the presence of absence of the FAP-DM2 transgene, as shown below in Figure 5.2. Table 5.3 

on the following page lists the pertinent animal identification information for the 54 transgenic 

pups, including animal ID, gender, date of birth (DOB), mother ID, father ID, ear tag #, and 

transgenic nature. 

Table 5.2 PCR master mix calculations for genotyping n=65 ear tissues. 

Reagent Volume ×1 Rxn ×65 Samples (make ×70) 

10× Pfx Amplification buffer 5 µL 350 µL 

10 mM dNTP mixture 1.5 µL 105 µL 

50 mM MgSO4 1 µL 70 µL 

Primer mix (10 µM each) 1.5 µL × 2 105 µL × 2 

Template DNA 5 µL 

DNA polymerase 0.4 µL 28 µL 

Nuclease-free water  

(to 50 µL) 

34.1 µL 2387 µL 

 50 µL per sample:  

45 µL master mix + 5 µL template DNA 
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Figure 5.2 Genotyping of ear tissues to determine transgenic nature of the 65 FAP-DM2 

pups involved in rescue experiment looking at how the exogenous delivery of stromal 

cells can improve the attenuated revascularization potential in hind limb ischemia injury 

model. Agarose gels with presence/absence of characteristic 882 bp band indicative of 

transgene. Those highlighted with red box are transgenic FAP-DM2 mice. L: ladder, B: blank. 
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Table 5.3 Animal identification information for only the transgenic pups from genotyping 

agarose gel shown in Figure 5.2. This table includes pertinent animal identification details 

including animal ID, gender, date of birth (DOB), mother ID, father ID, ear tag #, and 

transgenicity. 
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Figure 5.3 Template for two DNA agarose gels with three 25-well combs for genotyping 

the 65 pups. This template was used for genotyping the 65 mice that would be used in the 

rescue experiment looking at how the exogenous delivery of stromal cells can improve the 

attenuated revascularization potential in hind limb ischemia injury model. These two gels 

contained n=65 ear tissues labeled by their respective identification tag numbers shown in 

Table 5.3. L: ladder, B: blank. 

 

The 65 pups that were genotyped for the rescue experiment were born from various litters 

using seven transgenic male mice (IDs #705, #706, #818, #819, #1036, #1037 and #1038) and 

nine female mice (IDs #921, #922, #924, #1043, #1078, #1337, #1379, #1389 and #1390). Ear 

punches were performed on these 65 pups after they were weaned and were between 5-6 weeks 

old. The ear punches were placed in sterile tubes and digested using ear lysis buffer and 

proteinase K, following the protocol detailed in Section 2.2.2 in Chapter 2: Materials & 

Methods. Figure 5.3 above shows the layout of the 65 samples for agarose gel electrophoresis. 

Due to the large number of pups, the PCR products had to be run on two separate gels given 

the limitations of the two 25-well combs.  

 

Of the 65 pups that were genotyped, 54 pups were identified to be FAP-DM2 transgenic mice 

and the other 11 pups were identified as non-transgenic/wild-type mice. This experiment built 

off the design shown in Chapter 4, so only transgenic mice were needed for the experimental 

group design. The 11 wild-type mice were used for the isolation of murine bone marrow 

stromal cells. This animal model required murine stromal cells to be administered due to the 

xenogeneic effect that is observed when administering human cells into an immunocompetent 

animal. The bone marrow stromal cells used in this experiment were isolated following the 

protocol detailed in Section 2.7 of Chapter 2: Materials & Methods, and the cells were cultured 

following the protocol detailed in Section 2.9 of Chapter 2: Materials & Methods. 
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Two different cell culturing protocols were used in tandem to observe which one yielded a 

more homogenous population of stromal cells. We were interested in identifying a population 

that constituted a high percentage of stromal cells, low to no percentage of immune cells, and 

large enough quantities for injecting into mice with limb ischemia. Figure 5.4 on the following 

page compares two different protocols used within our research group for the isolation and 

culturing of bone marrow-derived stromal cells. The first protocol seeded cells at an initial P0 

concentration of 5×104 cells/cm2 and used Minimum Essential Medium alpha (MEM-α) with 

10% fetal bovine serum (FBS) and 10% equine serum (ES), as shown in Figure 5.4a. The 

second protocol seeded cells at a P0 concentration of 1×106 cells/cm2 and used Dulbecco's 

Modified Eagle Medium (DMEM) with 20% fetal bovine serum (FBS), as shown in Figure 

5.4b.  

 

A comparison of these two protocols at passage 2 (P2) by flow cytometry phenotyping 

indicates that the second protocol (Figure 5.4b) had significantly higher levels of immune 

cells, staining very prominently for CD45+, CD11b+, Ter119+, F4/80+ and lineage-positive 

cells; whereas, while the first protocol (Figure 5.4a) also still showed a presence of these 

immune markers, the percentage was significantly lower and more indicative of being on track 

for a cleaner P3 cell product. The high initial seeding density of the second protocol could 

have been a confounding factor in retaining high levels of immune cells after passaging. Plastic 

adherent growth has long been an identifier of isolating stromal cells in vitro, given that 

primary immune cells and cells of hematopoietic origin grow in suspension. The high seeding 

density of 1×106 cells/cm2 in the second protocol decreased the amount of culture medium 

between cells, driving cell-cell contact, which could have led to a high amount of cell 

aggregation and immune cells aggregating with adherent cells during culture. Indeed, reports 

have shown that cell culture densities have also been able to affect the stemness gene 

expression levels of stromal cells in culture.19 Given that the study called for strictly stromal 

cells to be administered, the decision was made to use the bone marrow-derived cells cultured 

according to the first protocol and its P3 flow cytometry phenotyping is shown above in Figure 

5.6, indicating a more homogenous, less contaminated stromal cell product.   
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Figure 5.4 A comparison of stromal cell culturing protocols reveals significant differences 

in cell phenotyping results at passage 2 (P2). (a) This protocol seeded cells at a P0 

concentration of 5×104 cells/cm2 and used MEM-α with 10% FBS and 10% ES. (b) This 

protocol seeded cells at a P0 concentration of 1×106 cells/cm2 and used DMEM with 20% 

FBS.  
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Once a proportion of cells began to exhibit the characteristic spindle-like shape around passage 

2 (P2), cells were harvested and stained for flow cytometry markers to determine what 

percentage of cells in culture were mesenchymal stromal cells by looking at cell surface 

marker phenotyping. Bone marrow cells corresponding to passage 2 (P2) and passage 3 (P3) 

were characterized using flow cytometry to identify their phenotype by quantifying the 

expression of specific cell surface markers, as represented by Figure 5.5 and Figure 5.6, 

respectively.  

 

Figure 5.5 on the next page plots flow cytometry histograms of various cell surface markers 

of the bone marrow-derived cells at passage 2 (P2). Cells were stained for a variety of markers, 

including gp38, Ter119, CD45, CD31, EpCAM, Sdc2, Sca-1, MHC-I, MHC-II, CD80, 

CD11b, CD140a, F4/80, CD44, CD73, CD34, and a lineage stain. gp38, also known as 

podoplanin, is a type-I, integral membrane, heavily O-glycosylated glycoprotein that has been 

shown to be expressed on lymph node stromal cells and fibroblastic reticular cells (FRCs).20 

It has also been shown to label stromal cells that play a central role in the formation and 

reorganization of the extracellular matrix and in the functional regulation of immune 

responses.21,22 Syndecan-2 (Sdc2) has also been shown to be a prominent stromal cell marker 

and has been discussed in detail previously in this thesis.22 Sca-1, also known as stem cells 

antigen-1, identifies hematopoietic stem and progenitor cells and has been used as an isolation 

marker for stromal cell subtypes.23 CD44 is another cell surface marker of stromal cells, 

although it has been shown that CD44 is curiously not expressed on stromal cells in vivo but 

its expression is only acquired after in vitro culture.24  

 

The flow cytometry data presented in Figure 5.5 below indicates that, at P2, the bone marrow-

derived cells were beginning to express significant stromal markers like gp38, Sca-1, and 

Sdc2; however, there was still a noticeable percentage of CD45+, CD11b+, Ter119+, F4/80+ 

and lineage-positive cells, indicating that there was still a significant proportion of immune 

cells in the culture. In our research group’s experience, bone marrow-derived cells are 

generally required to be cultured until P3 for significant stromal cell composition. 
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Figure 5.5 Flow cytometry analysis of murine bone marrow-derived cells at confluency at passage 2 (P2). Cells were beginning to express some stromal 

and stem cell markers, however, there was still a noticeable percentage of CD45+, CD11b+, Ter119+, F4/80+ and lineage-positive cells.   
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Figure 5.6 Flow cytometry analysis of murine bone marrow-derived cells at confluency at passage 3 (P3). Cells express high levels of stromal and stem 

markers such as gp38, Sca-1, and Sdc2, and negligible levels of immune cell markers such as CD45, CD11b, and CD34. 



 

 
 

Figure 5.6 on the previous page plots flow cytometry histograms of the same cell surface 

markers as Figure 5.5 but this time, the culture murine bone marrow-derived cells are at 

passage 3 (P3). As evidence between the two figures, there is a noticeable difference in the 

cell phenotyping between P2 and P3. In the P3 cells in Figure 5.6, the data indicates that the 

cultured cells express high levels of stromal and stem markers such as gp38 (also known as 

podoplanin), Sca-1, and Sdc2, and negligible levels of immune cell markers such as CD45, 

CD11b, and CD34. Whereas there was still a significant fraction of cells staining positively 

for immune cell markers at passage 2 (see Figure 5.5), the subsequent passage 3 staining of 

the same bone marrow-derived cells showed that this fraction of immune cells had become 

insignificant. These plastic-adherent, culture-expanded murine bone marrow cells were 

determined to be the exogenous stromal cells that would be delivered into FAP-ablated 

transgenic mice following the induction of hind limb ischemia (HLI).  

 

Figure 5.7 on the following page is a schematic illustrating the experimental plan for observing 

if the administration of mouse stromal cells can rescue the impaired endogenous recovery 

exhibited by FAP-DM2 transgenic mice that received diphtheria toxin. Using the genotyped 

mice from Figure 5.2, FAP-DM2 transgenic mice were assigned into the four experimental 

groups. While there were a total of 55 transgenic mice,  the study was restricted by the number 

of surgeries that could be performed by the surgeon in a day, as well as the number of days 

the pre-clinical facility surgical suite could be booked. There were four groups that were 

included in this study: 1) Group A (n=10) – transgenic animals that received saline (non-

ablated), underwent HLI surgery, and received 1×106 stromal cells intramuscularly, 2) Group 

B (n=12) – transgenic animals that received DTX (ablated), underwent HLI surgery, and 

received the saline control, 3) Group C (n=11) – transgenic animals that received DTX 

(ablated), underwent HLI surgery, and received the 0.5×106 stromal cells intramuscularly, and 

4) Group D (n=11) – transgenic animals that received DTX (ablated), underwent HLI surgery, 

and received the 1×106 cells intramuscularly. With regards to the experimental timeline, mice 

were injected with two intraperitoneal injections of either saline or DTX at day -4 and day -2. 

Hind limb ischemia (HLI) surgery was then performed 48 hours later on day 0. The 

intramuscular injection of stromal cells (or saline control) was then injected 24 hours later on 

day 1. In the ablated animals, stromal cells were delivered at two difference doses: 0.5×106 

stromal cells and 1×106 stromal cells, represented by Group C and Group D, respectively, in 

Figure 5.7a. Follow-up laser Doppler perfusion imaging was performed on day 3, day 7, day 

14, and day 21 following the HLI surgery. Laser Doppler perfusion imaging scans for day 0, 

day 3, day 7, day 14, and day 21 are shown below in Figure 5.8, Figure 5.9, Figure 5.10, Figure 

5.11, and Figure 5.12, respectively. Similar to the other HLI experiments detailed in this thesis, 
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a pre- and post-HLI surgery Doppler scan is taken to remove any outlier (i.e. >20% blood flow 

difference before surgery, >10% flow in ischemic limb after surgery). For follow-up Doppler 

scans, animals were scanned twice and averaged to get the most accurate readings possible. 

 

 

Figure 5.7 Experimental plan observing if administration of mouse stromal cells can 

rescue the impaired endogenous recovery exhibited by FAP mice that received DTX. (a) 

The timeline of the experiment is almost identical to the previous experiment in Fig. 1. The 

only difference is the injection of stromal cells on day 1. The different experimental groups 

are shown in the inset box. (b) The outputs of the experiment include laser Doppler perfusion 

imaging, body weight, food intake weights, necrosis and ambulatory scores, and histological 

and RNA analysis of the skeletal muscles quadriceps and gastrocnemius collected on day 21. 

  



 

 
 

 

Figure 5.8 Representative laser Doppler scans pre- and post-HLI surgery on day 0.  These scans represent hind limb blood perfusion imaging. 
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Figure 5.9 Representative laser Doppler scans at day 3. Animals were scanned twice and averaged to get the most accurate readings possible. 
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Figure 5.10 Representative laser Doppler scans at day 7. Animals were scanned twice and averaged to get the most accurate readings possible. 
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Figure 5.11 Representative laser Doppler scans at day 14. Animals were scanned twice and averaged to get the most accurate readings possible. 
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Figure 5.12 Representative laser Doppler scans at day 21. Animals were scanned twice and averaged to get the most accurate readings possible. 
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Figure 5.13 Blood perfusion represented as a percentage between the ischemic and non-

ischemic limb. (a) Graph of laser Doppler blood perfusion for FAP transgenic animals treated 

with saline and 1×106 stromal cells on day 1 (n=10). (b) Graph of laser Doppler blood 

perfusion for FAP transgenic animals treated with DTX and saline on day 1 (n=11). (c) Graph 

of laser Doppler blood perfusion for FAP transgenic animals treated with DTX and 0.5×106 

cells on day 1 (n=11). (d) Graph of laser Doppler blood perfusion for FAP transgenic animals 

treated with DTX and 1×106 cells on day 1 (n=11). 

 

In this experiment, stromal cells were administered directly from culture. On the day of 

injection, murine bone marrow-derived stromal cells at passage 3 (P3) were trypsinized and 

counted using a hemocytometer. Cells were then resuspended in sterile saline such that one 

dose was 100 µL (i.e. for the low dose cohort, cells were resuspended at a concentration of 

0.5×106 cells/100 µL saline; for the high dose cohort, cells were resuspended at a concentration 

of 1×106 cells/100 µL saline). The reason for the 100 µL is that the cell suspension was injected 

in three doses of 33 µL each into the ischemic limb, two injections into the thigh muscle and 

one injection into the calf muscle. Injections were carried out by the designated surgeon for 

accuracy and reproducibility. Further discussion regarding the timing, route, and type of 

stromal cell administration can be found below in Section 5.6.  
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By using the moorLDI V6.1 review software, the laser Doppler scans shown above in Figure 

5.8, Figure 5.9, Figure 5.10, Figure 5.11, and Figure 5.12 are quantified and individually 

plotted above in Figure 5.13. The purpose of the individually plotting is to identify any outliers 

that might skew the data, as well as to track the individual animal’s laser Doppler scans over 

time. The data is then group plotted below in Figure 5.14. The data indicates that no significant 

differences in blood perfusion existed between the three groups of FAP-DM2 transgenic mice 

that received diphtheria toxin (Groups B, C, and D), regardless of treatment (saline, 0.5×106 

cells, and 1×106 cells, respectively). On the other hand, Group A – FAP-DM2 transgenic mice 

that received saline (non-ablated mice) and then received 1×106 cells after HLI) – significantly 

outperformed all of the toxin-treated, ablated mice. However, this was not the main intent of 

this experiment. What the data below shows, is that the delivery of an exogenous stromal cell 

product 24 hours after the induction of hind limb ischemia (HLI) was not sufficient to restore 

blood perfusion to the ischemic limb in transgenic mice that had underwent toxin-mediated 

FAP+ cell depletion. This is shown below in the nearly overlapping lines from Group B (solid 

black circle), Group C (open black square), and Group D (open black circle). Further 

discussion regarding the laser Doppler imaging outcome of this study can be found later on in 

Section 5.6. 

 

 

Figure 5.14 Blood perfusion, represented as a percentage between the ischemic and non-

ischemic limb, indicates that administration of stromal cells following HLI does not 

enhance the revascularization potential of the animal. This graph represents the data 

presented in Figure 5.13 and plots the data by experimental group. Data represented as mean 

± SEM. Saline + 1×106 cells (n=10). DTX + saline (n=11). DTX + 0.5×106 cells (n=11). DTX 

+ 1×106 cells (n=11). No statistical differences existed between the groups treated with DTX, 

regardless of treatment.   
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Figure 5.15. Gross weights of gastrocnemius and quadriceps femoris muscles from the 

ischemic and non-ischemic legs of mice indicate that the administration of 1×106 cells in 

ablated FAP-DM2 mice significantly increased the gastrocnemius and quadriceps 

femoris weights when compared to saline-treated controls. (a) Gross weight of 

gastrocnemius muscles represented in milligrams. (b) Gross weight of quadriceps muscles 

represented in milligrams. Data represented as mean with box and whiskers. The right leg 

(non-ischemic limb) is plotted in the black box and whisker plots, whereas the left leg 

(ischemic limb) is plotted in the red box and whisker plots. Two-way ANOVA, Tukey’s 

multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001. 

 

The skeletal muscle weight data was also analysed to see if any differences were observed in 

the gastrocnemius and quadriceps femoris muscles of the various experimental groups. Figure 

5.15 above plots the gross weights of the gastrocnemius and quadriceps femoris muscles of 

both the ischemic and non-ischemic limbs (in milligrams, mg). As seen in the black box and 

whisker plots (non-ischemic limb) in both the gastrocnemius muscle (left-hand side of Figure 

5.15) and quadriceps femoris muscle (right-hand side of Figure 5.15), there were no noticeable 

difference in muscle weight in the right leg (non-ischemic limb). This result was expected 

given that the right leg (non-ischemic limb) was not operated on and did not receive any 

stromal cell injections. When looking at the red box and whisker plots (ischemic limb) in both 

the gastrocnemius muscle (Figure 5.15a) and quadriceps femoris muscle (Figure 5.15b), a 

significant increase was observed in the gastrocnemius weight of Group D: DTX + 1×106 cells 

when compared to Group B: DTX + saline and Group C: DTX + 0.5×106 cells. Furthermore, 
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a significant increase was also observed in the quadriceps femoris weight in Group D: DTX + 

1×106 cells when compared to Group B: DTX + saline. Thus, the data shown above in Figure 

5.15 indicates that the administration of 1×106 cells in ablated FAP-DM2 transgenic mice 

significantly increased the gastrocnemius and quadriceps femoris weights when compared to 

saline-treated controls. 

 

 

Figure 5.16 Gender stratification of gastrocnemius and quadriceps femoris weights from 

the ischemic and non-ischemic legs of mice that received hind limb ischemia (HLI). (a) 

Gross weight of gastrocnemius muscles represented in milligrams, males only. (b) Gross 

weight of quadriceps femoris muscles represented in milligrams, males only. (c) Gross weight 

of gastrocnemius muscles represented in milligrams, females only. (d) Gross weight of 

quadriceps femoris muscles represented in milligrams, females only. Data represented as mean 

with box and whiskers. The right leg (non-ischemic limb) is plotted in the black box and 

whisker plots, whereas the left leg (ischemic limb) is plotted in the red box and whisker plots. 

Two-way ANOVA, Tukey’s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.17 Gastrocnemius and quadriceps femoris weights, represented as a ratio 

between the ischemic and non-ischemic limbs. (a) Gastrocnemius weights represented as 

ratio between the ischemic and non-ischemic limb. (b) Quadriceps femoris weights 

represented as ratio between the ischemic and non-ischemic limb. 

 

 

Figure 5.18 Gastrocnemius and quadriceps femoris weights, represented as the 

difference between the ischemic & non-ischemic limbs. (a) Difference in gastrocnemius 

weights between the ischemic and non-ischemic limb. (b) Difference in quadriceps femoris 

weights between the ischemic and non-ischemic limb. 

 

Furthermore, Figure 5.17 and Figure 5.18 above show the gastrocnemius and quadriceps 

femoris weights, represented as a ratio between the ischemic and non-ischemic limbs and as 

the difference between the ischemic and non-ischemic limbs, respectively. Neither of these 

analyses indicated any noticeable or significant differences.  
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5.6 Discussion 

This primary focus of this chapter was to elucidate if the phenotype observed in Figure 4.10 

of Chapter 4 can be rescued by the intramuscular administration of syngeneic stromal cells. 

The chapter set out to determine if exogenously delivering stromal cells was able to rescue 

this impaired vascular phenotype by way of rescuing the animal’s revascularization potential 

to restore blood perfusion to the ischemic limb. 

 

The accumulation of data and knowledge from Chapter 3 and Chapter 4 demonstrated a 

complex TRECK model that allowed for the study of hind limb ischemia (HLI). The model 

was robustly characterized in chapter 3, and the study of inducing an HLI injury in animals 

with depleted levels of FAP+ stromal cells indicated that these stromal cells were necessary 

for the amelioration of blood perfusion during ischemia. Designing a conclusive and results-

driven rescue experiment required detailed and deliberate considerations regarding the 

planning.  

 

Firstly, the FAP-DM2 animal model required murine stromal cells to be administered due to 

the potential for a xenogeneic effect when administering human cells into an 

immunocompetent animal. The FAP-DM2 transgenic mouse is on an immunocompetent 

C57BL/6 background; thus, even though stromal cells are ablated with diphtheria toxin, the 

animal still possesses functional immune cells to combat xenogeneic antigens. As such, the 

human tissue-derived stromal cells were considered to be suboptimal relative to a syngeneic 

rescue approach. For clinical translation, delivering human stromal cells would be ideal given 

that this represents the final therapeutic product. It should be noted that, when cell products 

are submitted to regulatory agencies for clinical trial approval, regulatory agencies require that 

the final product (in the case of many CLI trials, the final product is human tissue-derived 

stromal cells) be tested in a pre-clinical animal model. Because FAP-DM2 mice are still 

considered immunocompetent, we believed that use of murine cells would have advantages in 

avoidance of an immune response to the cell transplant.  

 

With regards to the isolation of murine bone marrow-derived stromal cells, we wanted to 

ensure that the highest quality of stromal cells are obtained for this experiment. That is why 

wild-type mice that were deemed as non-transgenic from the genotyping data seen in Figure 

5.2 were used, rather than using frozen or cryo-stored murine cells from other researchers. As 

such, non-transgenic C57BL/6 mice from the same litters as the transgenic FAP-DM2 mice 
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served as donors for the isolation of bone marrow-derived stromal cells. Previous work from 

our research group (see Dr. Eva Camarillo’s thesis in the NUI Galway Library ARAN 

Repository) had previously shown that passage 3 (P3) was the ideal population of murine bone 

marrow-derived stromal cells for these types of studies, due to the majority presence of stromal 

cells in culture as well as minimizing the risk of senescence from excessive over-passaging. 

As shown above in the flow cytometry phenotyping data, early passages still showed high 

levels of immune cell markers such as CD45+, CD11b+, Ter119+, F4/80+ and lineage-positive 

cells (Figure 5.5). It was only at passage 3 that these immune cell surface antigens were below 

detectable limits in flow cytometry Figure 5.6. Furthermore, at passage 3, the overwhelming 

majority of cells exhibited the spindle-like shape characteristic of cultured stromal cells and 

demonstrated high expression levels of stromal and stem cell markers on the cell surface 

(Figure 5.6). 

 

Another key discussion during the design of this experiment was determining the best route of 

administration, whether to deliver the stromal cells intramuscularly (i.m.) or intravenously 

(i.v). There was much debate surrounding the route of administration during the planning and 

design of this animal experiment. While the ablation of FAP+ cells is a systemic effect, the 

hind limb ischemia (HLI) surgery was a local, targeted injury model that specifically affected 

the hind limb skeletal muscle and vasculature. Thus, the primary argument for intramuscular 

delivery was that the stromal cells were given in an attempt to fix the local injury of impaired 

blood perfusion during FAP ablation. It was hypothesized that the stromal cells given after the 

injury would substitute for the ones that had been ablated by the DTX conditional cell ablation. 

Ultimately, stromal cells were injected intramuscularly at three different sites – two in the 

thigh muscle and one in the calf muscle. In a comprehensive review of literature surrounding 

limb ischemia performed by Liew et al., the authors show a wide range of studies that employ 

either intramuscular or intravenous injection techniques.4 Discussion regarding the route of 

administration in future experiments can be found in Chapter 6: Conclusion and Future 

Directions. 

 

With regards to the timing of the rescue attempt, the decision was made to deliver stromal cells 

on day 1 – 24 hours after the induction of hind limb ischemia. This timepoint matches the day 

3 timepoint seen in the FAP+ stromal cell depletion studies in Chapter 3. The data indicated 

that at day 3, there was 65-70% depletion of FAP- stromal cells in the bone marrow and 

quadriceps femoris muscle of transgenic mice that received diphtheria toxin. Given the 

hypothesis that the exogenous delivery of stromal cells would act as a surrogate for the ablated 
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cells, the decision was made to deliver the cells at this day 3 timepoint (corresponding to 24 

hours after HLI surgery) when the levels of FAP+ cell expression are most lacking. Liew et al. 

also report a wide range of injection times, ranging anywhere from 0 hours after HLI surgery 

to a few days after to even three weeks after HLI surgery.4 The most commonly used timepoint 

in the literature is 24-48 hours following the induction of HLI and given the data that had been 

previously generated regarding the ablation levels, the decision was made to inject stromal 

cells the day after surgery. 

 

The data presented show that the exogenous delivery of murine bone marrow-derived stromal 

cells was unable to rescue the revascularization efforts of FAP-ablated mice. The hypothesis 

that exogenous stromal cells delivered into an HLI injury after depletion of FAP+ stromal cells 

was able to recover the endogenous revascularization potential of the animal was proven to be 

incorrect. We speculate that the relative deficiency of stromal cells due to the ablation inhibited 

the ability of exogenous cells to have an effect. It could be that the overall severity of the hind 

limb ischemia injury, combined with the depletion of FAP+ cells, was too significant for an 

exogenous delivery of cells to be efficacious. We also speculate that the local vascular 

microenvironment in the skeletal muscle, which showed a significant depletion of FAP+ 

stromal cells due to the presence of DTX, did not allow for any engraftment or recruitment 

mechanisms from the delivered stromal cells. Or if it did, these mechanisms were not able to 

restore blood flow to the ischemic paw. 

 

The cultured stromal cells that were delivered into FAP-ablated mice following the induction 

of HLI were non-selected, plastic-adherent murine bone marrow-derived stromal cells. These 

cells had been washed and passaged several times to isolate a stromal population 

uncontaminated by immune and hematopoietic cells, and cells were then harvested at 

confluency at passage 3 for intramuscular injection. During the planning of this experiment, 

we discussed whether or not the exogenous cells for delivery should be selected or non-

selected. On the one hand, the FAP-DM2 transgenic mouse selectively ablates for FAP-

expressing cells within the mouse so using FAP-selected stromal cells for rescuing the 

impaired vascular phenotype was a possibility. On the other hand, the depletion of FAP+ 

stromal cells undercut stromal cells’ contribution to the stem cell niche and we hypothesize 

that the depletion of FAP+ stromal cell also results in the loss of surrounding contact-dependent 

cells. Indeed, it has been reported that the ablation of FAP+ stromal cells induced acute 

hypocellularity in the bone marrow of transgenic mice that received diphtheria toxin, as 

indicated by the marked decrease in the subpopulations of megakaryocyte-erythroid 
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progenitors, proerythroblasts, and pro-B cells, along with modest losses of the common 

lymphoid progenitors and granulocyte-macrophage progenitors.25 From our own data, we 

found that the ablation of FAP+ stromal cells from the bone marrow also dramatically affected 

the number of Sdc2+ stromal cells. Others have also found similar hematopoietic phenotypes 

reflecting the synergistic depletion that occurs when a specific subtype of cells are ablated, 

pinning the explanation on the fact that FAP+ stromal cells from the bone marrow express 

CXCL12 (also known as stromal cell-derived factor 1, SDF1) and KitL (also known as stem 

cell factor, SCF), key components that maintain the hematopoietic stem cell (HSC) niche.26,27 

These reports informed us of the co-expression of FAP on other cells along with the 

microenvironmental effects of cell ablation in an in vivo model. As such, the decision was 

made to exogenously deliver non-selected, plastic adherent stromal cells in an effort to restore 

revascularization potential.  

 

Despite this rationale, the exogenous delivery of non-selected murine bone marrow-derived 

stromal cells was unable to rescue the revascularization efforts of FAP-ablated mice. This 

opens up discussion as to whether selecting FAP+ stromal cells via fluorescence-activated cell 

sorting (FACS) would have been a more effective strategy. Collaborative work within our 

research group has shown that at confluency at passage 3, ~30% of murine bone marrow-

derived stromal cells express FAP on cell surface as identified using flow cytometry. This of 

course is not the same as using flow cytometry to isolate a pure FAP+ population. However, 

given the scarce and transient nature of FAP expression on stromal cells, it was unclear 

whether culturing or confluency would affect its expression profile given that no time course 

studies of FAP cell surface expression have been reported in the literature. Given the lack of 

movement in the restoring the vascular potential in the ischemic limbs of FAP-ablated mice, 

it is possible that FAP-selected stromal cells would have been a better vehicle for exogenous 

delivery to rescue the observed phenotype.  

 

5.7 Conclusion 

Ultimately, the data presented in this chapter found that the intramuscular injection of stromal 

cells into FAP-DM2 transgenic mice with significant depletion levels of FAP-expressing cells 

after hind limb ischemia was not sufficient in repairing the vascular phenotype observed in the 

previous chapter. The laser Doppler perfusion imaging data was unable to detect any benefits 

in mice that received 0.5×106 or 1×106 stromal cells when compared to saline controls. This 

data indicates that while FAP+ stromal cells play a role in the animal’s endogenous ability to 
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revascularize ischemic tissues, the exogenous administration of stromal cells to counteract and 

ameliorate this phenotype was not sufficient.  

 

We have hypothesized that the relative deficiency of stromal cells due to the ablation inhibited 

the ability of exogenous cells to have an effect. The dysregulation that occurs within transgenic 

mice when injected with diphtheria toxin is quite complex and far-reaching, particularly within 

the stromal compartment of the bone marrow. This depletion of stromal cells is then further 

exacerbated by the induction of hind limb ischemia, leading us to speculate that nature of the 

ablation itself along with the ischemic injury created a microenvironment in which exogenous 

cells were unable to ameliorate. Another hypothesized reason could involve the lack of an 

adequate substrate for stromal cells to effect change. While some have reported little to no 

exogenous cell engraftment during a hind limb ischemia injury,28,29 others have shown that an 

exogenous delivery of stromal cells engraft at the site of ischemia, giving rise to CD31+ 

endothelial cells and α-smooth muscle actin (SMA)+ and desmin+ muscle cells, thereby 

enhancing angiogenesis and restoring muscle structure.30,31 We have shown previously that 

there is a significant depletion of FAP+ stromal cells in the quadriceps femoris muscle after 

administration of diphtheria toxin (DTX) and thus speculate that within FAP-ablated mice, the 

skeletal muscle was already in a state of remodeling and impaired the ability of exogenous 

cells to have a beneficial effect. Cellular bioavailability is another key speculation regarding 

the lack of efficacy in this study. While intramuscular injection of an exogenous product has 

been shown to be efficacious in hind limb ischemia literature,4 the therapeutic efficacy of 

stromal cells has generally been limited because most of the transplanted cells rapidly undergo 

cell death when injected directly into the ischemic region of the affected limb.32 This in turn 

decreases the bioavailability and impact of an exogenously delivered therapeutic product. 

Ultimately, the data presented in this chapter warrants further investigation into whether or not 

this impaired vascular regeneration phenotype can be rescued with the exogenous delivery of 

stromal cells.  
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6.1 Overview 

This thesis set out to address the overarching question: do stromal cells play a role in the 

revascularization of ischemic tissues? Using the highly nuanced and complicated FAP-DM2 

transgenic mouse model, the authors were able to able to employ toxin receptor-mediated 

conditional cell knockout (TRECK) and understand the mechanistic role of FAP-expressing 

stromal cells in the context of limb ischemia. The approach therefore involved three steps: the 

creation and characterization of the FAP-DM2 animal model, an assessment of the role of 

endogenous FAP+ stromal cells in vascular regeneration using a hind limb ischemia model, 

and an attempt to rescue any observed phenotype via stromal cell transplantation. 

 

6.2 Phase I: Characterization of FAP+ stromal cell ablation in FAP-DM2 mouse 

The first phase of this project set out to characterize the FAP-DM2 animal model and 

understand the phenotypic changes that occur when diphtheria toxin (DTX) is administered to 

transgenic mice (see Chapter 3).  

 

The key objectives set out in this chapter were:  

x optimizing and learning the techniques involved in genotyping FAP-DM2 mice and 

administering DTX  

x characterizing the FAP-DM2 mouse model during the ablation of stromal cells upon 

administration of diphtheria toxin (DTX) 

o examining the loss of stromal cells within the bone marrow of the mouse three 

days after injection of DTX 

o examining the loss of stromal cells within the skeletal muscle of the mouse 

three days after injection of DTX 

o quantifying the weight loss and food intake of the mice after receiving DTX 

x characterizing the long-term effects of the ablation on the animal over the course of 

22 days, in terms of weight, food intake, and cellular composition 

x understanding the molecular role of FAP within the skeletal muscle tissue and the 

effect that DTX has on RNA levels of muscle-related genes  

x investigating the hematology and biochemistry of the animal after receiving DTX 

 

The results presented in this chapter indicate many significant findings. Firstly, and perhaps 

most importantly, transgenic animals that received DTX experienced ablation of FAP-
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expressing cells, both stromal and non-stromal. More specifically, the data shown in Figure 

3.15 indicate that transgenic mice that received DTX showed a statistically significant 65-70% 

loss in FAP-expressing stromal cells in the bone marrow at day 3 when quantified by flow 

cytometry. The other treatment groups – namely, transgenic mice that received saline (FAP 

saline, as indicated in the figures), wild-type mice that received DTX (LM DTX), and wild-

type mice that received saline (LM saline) – all did not exhibit any signs of cell ablation when 

observed and quantified under the same parameters. This was the first positive signal that 

indicated specificity of this diphtheria toxin TRECK model, that it only affected transgenic 

mice, and also that it matched a comparable level of cell ablation that had been previously 

published in the literature.  

 

Secondly, phenotypic changes were observed to indicate what effect(s), if any, were being 

experienced by mice that received the toxin. Body weight had been previously reported to be 

affected in groups of transgenic animals who received DTX. The data shown in Figure 3.7 

indicate that transgenic mice that received DTX showed a statistically significant 15% drop in 

body weight. The other treatment groups – namely, transgenic mice that received saline (FAP 

saline, as indicated in the figures), wild-type mice that received DTX (LM DTX), and wild-

type mice that received saline (LM saline) – all did not exhibit any changes in body weight 

when observed and quantified under the same parameters. This served as a strong secondary 

signal reaffirming the specificity of the FAP-DM2 model and mitigated any concerns 

regarding off-target toxin effects.  

 

Furthermore, when animals were observed over a longer time course, there were several 

interesting and noteworthy observations. Again, the 10-15% decrease in body weight was only 

seen in the FAP DTX group – transgenic animals that received diphtheria toxin – at day 3, and 

as the course of the study was prolonged to include timepoints at day 7 and day 22, the research 

showed that the decrease in weight in the FAP DTX animal group plateaued out around day 7 

and animals began to regain weight and maintain a normal trajectory of body weight. As 

expected, unaffected animal groups – namely, transgenic mice that received saline (FAP 

saline, as indicated in the figures), wild-type mice that received DTX (LM DTX), and wild-

type mice that received saline (LM saline) – did not exhibit any response to the diphtheria 

toxin and maintained and gained body weight normally as healthy mice. 
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Flow cytometry was also carried out at the time points of day 3, day 7, and day 22. During this 

extended study, three different tissues were assessed to determine the level of FAP ablation on 

a cellular level: bone marrow, quadriceps, and the gastrocnemius muscles. The results 

indicated that FAP ablation is transient and highest shortly after the administration of DTX – 

in this case, at the day 3 timepoint. The bone marrow and quadriceps muscles indicated 

statistically significant levels of FAP-expressing stromal cell ablation at day 3. However, at 

days 7 and 22, the FAP stromal ablation levels recovered and were comparable to the saline 

controls. 

 

Other data reported in this research phase showed that there were no significant differences in 

the harvested muscle weights from FAP-DM2 mice. The gastrocnemius and quadriceps 

muscles were isolated and weighed using a milligram scale; yet, there were no observable 

differences between treatment groups, even when stratified by gender.  

 

6.3 Phase II: Characterization of hind limb ischemia (HLI) injury model in ablated 

FAP-DM2 mouse 

The second phase of this project dealt with understanding the complexities of the hind limb 

ischemia (HLI) injury model and overlaying it onto the stromal cell ablated FAP-DM2 mouse 

to understand if there was any cross-talk between the underlying vascular and stromal cells in 

their ability to recover from an ischemic insult (see Chapter 4).  

 

The central research question of this phase focused on answering – does the selective ablation 

of endogenous FAP-expressing cells within an animal affects its ability to revascularize 

ischemic tissue after injury?  

 

The key objectives set out in this chapter include: 

x Understanding how the introduction of hind limb ischemia (HLI) affects the complex 

nature of the FAP-DM2 transgenic animal 

x Determining if the loss of endogenous FAP-expressing stromal cells affects an 

animal’s innate ability to revascularize an ischemic tissue 
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The data presented in this phase indicated that there was a statistically significant attenuation 

in endogenous vascular recovery in transgenic animals that received diphtheria toxin – the 

FAP DTX treatment group. Animals with significant levels of stromal cell ablation exhibited 

a delayed response in the revascularization of the ischemic limb, as measured by laser Doppler 

blood perfusion imaging. This is novel and has not been previously reported.  

 

6.4 Phase III: Characterization of re-administration of stromal cells into a FAP-

depleted HLI model 

The third phase of this project set out to assess the effect of an intramuscular administration 

of stromal cells into a FAP-depleted HLI model. This phase focused on whether the attenuated 

vascular phenotype seen in Chapter 4 could be rescued with the exogenous delivery of stromal 

cells. 

 

The central research question of this phase focused on answering the following question – is 

the exogenous delivery of a stromal cell product sufficient in rescuing the attenuated and 

impaired revascularization seen in FAP+ stromal cell depleted mice during hind limb 

ischemia?  

 

The key objective set out in this phase included: 

x Examining if the delivery of an exogenous stromal cell product in FAP+ stromal cell 

depleted mice was a sufficient therapy for rescuing the revascularization potential in 

a hind limb ischemia injury model 

 

The data presented in this phase found that the intramuscular injection of stromal cells into 

FAP-DM2 transgenic mice with significant depletion levels of FAP-expressing cells after hind 

limb ischemia was not sufficient in repairing the vascular phenotype observed in the previous 

chapter. This data indicates that while FAP+ stromal cells play a role in the animal’s 

endogenous ability to revascularize ischemic tissues, the exogenous administration of stromal 

cells to counteract and ameliorate this phenotype was not sufficient.  
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6.5 Future directions and experiments 

Looking at the results presented in this thesis, there are several future directions and 

experiments that can be formulated to further answer and elucidate the cross-talk between 

ischemic tissues and tissue-resident stromal cells.  

 

6.5.1 Dorsal skinfold model to assess the impact of stromal cell loss upon the 

microcirculation blood flow in FAP-DM2 mice 

The microvasculature of the animal is extremely sensitive to perturbations within the system, 

so it is possible that the loss of FAP-expressing cells – both stromal and non-stromal – can 

have a profound impact on the circulatory system of the animal. Elucidating this biological 

mechanism is key to understanding how FAP-expressing cells play a role is vascular stability 

and visualization of the animal’s microcirculation would provide critical insight and newfound 

knowledge.  

 

The dorsal skinfold chamber model is a sophisticated experimental model that provides 

valuable information regarding the systematic in vivo analysis of the dynamic interaction of 

implants with the surrounding host tissue in mice, as well as providing quantitative 

measurements of the tissue microvasculature.1,2 This procedure is the only way to view the 

stromal and vascular architecture in the FAP-depleted transgenic mice. In order to better 

understand the biological mechanisms behind atherosclerosis and how it relates to the 

underlying stroma, it is critical to have a visual technique that permits continuous viewing 

without disrupting normal biological function.  

 

This model could allow for real-time visualization of FAP ablation within the vascular system 

when diphtheria toxin is administered into the animal. By using a dye-conjugated antibody 

that selectively binds to FAP on the cell surface, this model would allow for localization of 

FAP protein to better understand the role of this protein within the vasculature. This would 

prove extremely valuable, particularly in the hind limb ischemia animal model. Rather than 

waiting for a tissue harvest date, the dorsal skinfold chamber model would provide multiple 

timepoints at which the subcutaneous blood vessels can be imaged and measured. We propose 

using this model to quantify the hemodynamic parameters of the mouse at various timepoints 

following the induction of HLI. Quantitative measurements would include flow rates of 

circulating blood cells, capillary density, and blood vessel diameter to understand the systemic 
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effect of FAP ablation. Experiments to be pursued would also include a hind limb ischemia 

(HLI) experiment with the dorsal window providing a snapshot into the microcirculation of 

the animal. Laser Doppler imaging and tissue histology would be carried out post-euthanasia 

to elucidate the presence of any skeletal muscle regeneration. As such, the dorsal skinfold 

chamber model is a potential future experiment that could be executed to develop a deeper 

understanding of what is happening on a vasculature level during FAP ablation and hind limb 

ischemia (HLI).  

 

6.5.2 Attempting to rescue the ablated and ischemic phenotype with a different route 

or dose of stromal cell administration  

After observing the impaired and deleterious effect of stromal cell ablation in a hind limb 

ischemia injury in Chapter 4, the key objective in Chapter 5 was to exogenously administer 

stromal cells and observe if they were able to ameliorate the impaired vascular regeneration in 

the animal. Based on the data presented, it was shown that a single injection of mouse bone 

marrow-derived stromal cells administered intramuscularly 24 hours after the induction of 

hind limb ischemia was unsuccessful in restoring the impaired vascular response. However, 

this does not indicate that stromal cells are unable to have a restorative effect on the limb 

vasculature during ischemia. 

 

A different route of administration could have been more beneficial as a rescue attempt, 

specifically an intravenous injection of stromal cells. There was much debate surrounding the 

route of administration during the planning and design of this animal experiment. While the 

FAP ablation is a systemic effect, the HLI surgery was a local, targeted injury model that 

specifically affected the hind limb skeletal muscle and vasculature. Thus, the primary 

argument for intramuscular delivery was that the stromal cells were given in an attempt to fix 

the local injury of impaired blood perfusion during FAP ablation. It was hypothesized that the 

stromal cells given after the injury would substitute for the ones that had been ablated by the 

DTX conditional cell ablation. The data showed that administering stromal cells – in both a 

low dose (0.5M cells) and high dose (1M cells) – did not rescue the phenotype observed. It is 

possible that administering the cells intravenously could be beneficial and this would need to 

be addressed experimentally. There is published literature indicating that both intramuscular 

and intravenous injections of cells can prove beneficial in restoring the impaired vascular flow 

in models of hind limb ischemia (HLI).3,4   
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On the intramuscular front, Leroux et al. argue that intramuscular injection of hypoxic-

preconditioned MSCs enhance ischemic tissue recovery, facilitate vascular cell mobilization, 

and promote skeletal muscle fiber regeneration via a paracrine Wnt4-dependent mechanism.5 

In another study, Kinnaird et al. assert that the intramuscular delivery of marrow-derived 

mouse stromal cells enhanced collateral flow recovery and remodeling, improved limb 

function, reduced the incidence of auto-amputation, and attenuated muscle atrophy through a 

paracrine mechanism.6  

 

On the intravenous front, Rehman et al. found that when human adipose-derived stromal cells 

were administered intravenously to an animal with hind limb ischemia, the animals had 

decreased limb necrosis and improved limb blood perfusion when compared to controls.7 The 

authors attribute this effect to the secreted angiogenic and anti-apoptotic effect of the stromal 

cells. 7 Another paper that has shown efficacy through intravenous delivery found that human 

adipose-derived stromal cells improved homing and engraftment in a limb ischemia model.8 

Kim et al. argue that CXCR4 overexpression enhanced chemokine receptor signaling toward 

early homing and engraftment of cells into ischemic areas, promoting long-term engraftment 

as well as muscle tissue regeneration.8  

 

Many studies favor intramuscular delivery due to the cell’s ability to stay resident within the 

tissue/injection site for several days after administration, whereas intravenous delivery of cells 

has indicated localization in the lungs within the first 24 hours and low to undetectable levels 

a few days after.9,10 However, as mentioned above, there have been positive reports of 

intravenous delivery rescuing the limb ischemia injury and, as such, is a potential future 

experiment that could be pursued.7,8 

 

With regards to the timing of cell administration, the large majority of previously published 

results in solely HLI studies have administered cells most commonly 24 hours after induction 

of HLI.3 However, there have also been different administration times that have been published 

in the literature indicating positive responses. The second most common timepoint of 

exogenous cell delivery is at the time of HLI induction – essentially, right after the arterial 

ligation is made and the skin is sutured back up, cells are administered into the animal.11–15 

Other papers deliver cells 48 hours after the induction of hind limb ischemia,5 whereas other 

papers have reported longer timelines, such as 10 days after HLI16 or even three weeks post-

HLI surgery.17 



 

282 
 

6.5.3 Intravital fluorescent microscopy (IVFM) as a technique to image stromal cell 

localization and further understand mechanism of action in FAP-DM2 model 

One key scientific question that experiments involving cell delivery and transplantation have 

long struggled with is – where do the cells go after administration? Especially with local 

delivery methods such as intramuscular injection, it is oftentimes hard to say for sure if the 

exogenous cells are still at the site of injection several days afterwards. Questions involving 

engraftment, homing, and mobilization frequently arise in cell transplantation studies; thus, 

techniques focused on the imaging and tracking of cells have proved to be very useful in 

understanding a therapy’s potential mechanism of action.  

 

Due to the multifaceted nature of stromal cells and the hypotheses surrounding their primary 

mechanism of action, the necessity for in vivo imaging of cells becomes one of paramount 

importance. The ideal method for tracking and identifying cells within an animal involves 

incorporating a non-toxic and inert label or tag onto the cells and coupling that with a non-

invasive imaging method. The ability to render three-dimensional structures and tissues or the 

ability to relay real-time images are certainly also desirable qualities.18 We propose that in vivo 

imaging experiments be carried out to better understanding of what happens to the transplanted 

cells. Given the localized nature of the HLI injury, experiments that utilize imaging techniques 

to track and locate exogenous cells would be beneficial, especially imaging techniques that 

allow for the visualization of FAP-expressing cells within the ischemic limb. This would 

provide more insight into the role of FAP and how it is regulating during the presence of 

ischemia. Thus, an experiment using intravital fluorescence microscopy (IVFM) as discussed 

below should be pursued.  
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Table 4.1 below compares various imaging methods that allow for the tracking and detection 

of stromal cells within animal models.  

 

Modern imaging techniques have given rise to a new class of microscopy methods that allow 

for finer resolution and deeper penetration of animal tissue. While older techniques such as 

magnetic resonance imaging (MRI) and computed tomography (CT) are used clinically and 

can be used in conjunction with PET and SPECT, this method still has poor distinction 

between probe and air, leading to the possibility of non-bound, free probe. Furthermore, 

MRI/CT methods are very expensive and require equipment that many pre-clinical facilities 

do not possess. Positron emission tomography (PET) is a nuclear medicine functional imaging 

technique that is used clinically and offers high resolution and unlimited depth. However, PET 

is not able to image single-cell resolution, is expensive, has a shorter probe half-life, and 

exposes the operator to radiation. Similar to PET, single-photon emission computed 

tomography (SPECT) is nuclear medicine tomographic imaging technique that uses gamma 

rays to provide true three-dimensional information. SPECT is relatively inexpensive, used 

clinically, offers unlimited depth, and has a longer probe half-life, especially when compared 

to PET. On the other hand, SPECT has limitations involving low resolution images, the lack 

of single-cell resolution, no anatomical data, and also radiation exposure. 

 

Bioluminescence imaging (BLI) is a non-nuclear technique that is commonly used for the non-

invasive imaging of cells, proteins, and various biological processes. BLI utilizes native light 

emission from naturally-occurring, living organisms that bioluminesce (i.e. firefly luciferase, 

etc.) BLI is advantageous because it allows for live imaging rather than post-mortem or 

terminal imaging, is relatively inexpensive, has high sensitivity, and can distinguish between 

live and dead cells. On the other hand, BLI has poor tissue penetration and, while it provides 

single-cell resolution, single-cell distinction is not possible.  

 

Real-time/quantitative polymerase chain reaction (PCR) is a commonly-used molecular 

biology technique for the tracking and detection of cells in vivo.  PCR is widely used clinically, 

is highly specific due to the nature of the primers, has a broad range of available targets, and 

is very inexpensive. PCR, on the other hand, can only be used a terminal technique, has a 

limited observational area, cannot distinguish between live and dead cells, is not a real-time 

technique, and detects specifically genetic material rather than cells. This means that if cells 

undergo phagocytosis by another cell, that genetic material will still be detected using PCR, 
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but does not indicate whether or not the original cells are still present, leading to false positive 

results. 

 

Histology has also been heralded as a beneficial technique for tracking and detecting cells. 

While used extensively in both clinical and pre-clinical settings, histology allows for single-

cell resolution, is highly accessible, produced high-quality images, and can demonstrate cell 

viability, interactions, and molecular changes. Overall, histology affords the research many 

advantages over other imaging methods. However, histological sections cannot account for 

changes that during tissue processing, has a limited observational area, and of course, requires 

a biopsy or terminal/post-mortem samples. 

Lastly, intravital fluorescent microscopy (IVFM) is a powerful and novel technique that allows 

for real-time in vivo viewing of the underlying vasculature and microcirculation. IVFM is 

highly sensitive, allows for observation at the micrometer scale, and can detect phenotypical 

and morphological cell changes. On the other hand, IVFM is highly invasive and is typically 

used in conjunction with specialized techniques and equipment, such as the dorsal skinfold 

chamber window. Due to the necessity of a window for real-time viewing, IVFM generally 

has a limited observational area. 

 

That being said, IVFM is a critical tool in understanding, both qualitatively and quantitatively, 

the biological processes involved in CLI and many other atherosclerotic conditions.19 What 

happens in the vascular bed during animal models of limb ischemia is very poorly understood. 

As such, it is imperative to understand the hemodynamic effects that occur in the 

microvasculature during ischemic conditions. Rather than relying solely on the qualitative 

assessment of limb function, IVFM provides a new depth of quantitative knowledge. This 

future experiment, particularly when combined with the dorsal skinfold chamber model, will 

be able to measure a variety of parameters that are more indicative of functional recovery: 

namely, leukocyte-endothelial cell interactions, erythrocyte dynamics, and blood perfusion. 

The outputs of this study would heavily inform the hemodynamic properties of endogenous 

and exogenous stromal cells in the context of ischemia, and also provide both a real-time and 

quantitative measurement of the impaired vascular response due to the ablation of FAP-

expressing cells.  
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Table 4.1 Various methods that allow for the tracking and detection of stromal cells in 

animals models. (Table adapted from Masterson et al.)18 

Method Used 

clinically 

Terminal/ 

post-

mortem 

Single-

cell 

resolution 

Benefits Limitations 

MRI/CT Yes No No Good anatomical 

structure, 

unlimited depth, 

can be used with 

PET/SPECT 

Poor distinction 

between probe 

and air, possibility 

of free probe, 

expensive, low 

sensitivity 

PET Yes No No High resolution, 

unlimited depth 

Expensive, shorter 

probe half-life, no 

anatomical data, 

radiation exposure 

SPECT Yes No No Inexpensive, 

longer-lived 

probe, unlimited 

depth 

Low resolution, 

no anatomical 

data, radiation 

exposure 

BLI No No Yes Can distinguish 

live/dead cells, 

inexpensive, high 

sensitivity 

Poor tissue 

penetration, 

single-cell 

distinction not 

possible 

PCR Yes Yes No Highly specific, 

widely available, 

inexpensive 

Limited 

observational 

area, cannot 

distinguish 

live/dead, detects 

genetic material 

only, not real-time 

Histology Yes Yes Yes Accessible 

technique, high-

quality images 

obtained, can 

demonstrate cell 

Cannot account 

for changes 

during processing, 

limited 

observational 
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viability, 

interactions, 

molecular changes 

area, requires 

biopsy/post-

mortem samples 

IVFM No Yes Yes Highly sensitive, 

allows observation 

at micron scale, 

phenotypical and 

morphological cell 

changes 

observable 

Highly invasive, 

needs specialized 

techniques and 

equipment, 

limited 

observational area 

 

Abbreviations: BLI: bioluminescence imaging; CT: computed tomography; IVFM: intravital 

fluorescent microscopy; MRI: magnetic resonance imaging; PCR: real-time/quantitative 

polymerase chain reaction; PET: positron emission tomography; SPECT: single-photon 

emission computed tomography. 

 

6.5.4 Understanding the cross-talk between muscle stromal and satellite cells 

The results presented in this thesis indicate a strong correlation between the ablation of FAP-

expressing cells and dysregulation of the both the skeletal vasculature and musculature. In 

adult skeletal muscle, satellite cells are considered to be the main stem cells responsible for 

muscle repair and maintenance.20 Localized close to the blood vessels in the muscle itself, 

satellite cells play a key role in the regulation and formation of skeletal muscle.21,22 In 

uninjured muscle, satellite cells are quiescent and sit in the basement membrane; however, 

during trauma or injury, satellites cells are activated and begin proliferating initially as 

myoblasts before undergoing myogenic differentiation to facilitate skeletal muscle 

regeneration.23  

 

Satellite cells have a complex and dynamic relationship with the microenvironment of the 

skeletal muscle. It has been hypothesized that there is a “vascular niche” within the skeletal 

muscle that is responsible for the amplification and differentiation of satellite cells.20 This 

niche indicates strong cross-talk between muscle satellite cells and endothelial cells, since 

angiogenesis and myogenesis are processes that occur simultaneously.20 In fact, three-

dimensional co-culture models have shown that satellite cells promote angiogenesis in vitro 

when cultured alongside microvascular fragments such as endothelial, pericyte, and smooth 

muscle cells.22,24  
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However, it is believed that endothelial cells may not be the only cell type neighboring the 

satellite cells and expanding myogenic progenitor cells in this “vascular niche” during muscle 

regeneration.20 Stromal cells also likely participate in this environment. Joe et al. have reported 

that fibro/adipogenic precursors participate in the differentiation of satellite cells at the time 

of muscle regeneration, indicating that stromal cells may provide some proliferating and 

differentiating cues to satellite/myogenic cells in this vascular area.25 This indicates that while 

endothelial cells are an essential component of the “vascular niche”, the niche may also be 

altered due to transient and microenvironmental cues supplied from stromal cells as 

fibro/adipogenic cells.20,25  

 

Further exploring the synergistic relationship between satellite cells, endothelial cells, and 

stromal cells within this “vascular niche” could be facilitated by the FAP-DM2 conditional 

cell knockout animal model. Performing this future experiment would help elucidate the 

relationship between satellite cells and myogenic progenitors in the skeletal muscle with the 

various cell types in the microenvironment during muscle regeneration.  

 

6.6 Conclusion 

This thesis showed that the endogenous revascularization response of an animal during an 

ischemic insult is severely impaired when there is a depletion of FAP+ stromal cells. The FAP-

DM2 transgenic TRECK model allowed for a unique and novel way to understand the role of 

tissue-resident stromal cells through a variety of loss-of-function experiments. In the end, an 

attempt to rescue the attenuated vascular phenotype using an exogenous intramuscular 

delivery of stromal cells was unsuccessful. Carrying out the future experiments and exploring 

tangential pathways and hypotheses surrounding this observation will provide insight into the 

mechanism behind this phenotype. 
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