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Abstract 

Myocardial infarctions (MIs) commonly result from coronary artery disease leading to an 

obstruction of coronary blood flow. This can cause irreversible myocardial necrosis and a 

reduction in heart function. Cardiosphere-Derived Cells (CDCs) have been shown to have 

regenerative capacity largely attributed to paracrine effects mediated by exosomes. Additional 

studies are needed to better understand the mechanisms by which exosomes impart their benefit 

post-MI. As such, we sought to develop a method of tracking physiological exosome uptake in 

vivo. We propose a Cre-LoxP method to identify the functional cellular targets of CDC-derived 

exosomes in vivo. Unlike fluorescently labeled exosomes, this method will enable us to 

differentiate between functional mRNA uptake (exosome mRNA transfer to the cytosol followed 

by translation into protein) and non-functional mRNA uptake (lysosomal degradation of the 

exosome content). Identifying the targets of injected exosomes will enable us to better 

understand the role of CDC-exosomes in cardioprotection post myocardial injury. 
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1. Background 

1.1 Myocardial Infarction 

Cardiovascular disease (CVD) is a major cause of mortality and morbidity worldwide of 

which coronary acute disease (CAD) and acute myocardial infarction (AMI) compromise the 

most significant subsets. CVDs include a wide range of conditions like hypertension, congenital 

heart diseases, rheumatic heart diseases, cardiac arrhythmias, cardiomyopathies, and myocardial 

infarction. As per the WHO report (causes of death 2008, Geneva), cardiovascular diseases 

secure the leading cause of deaths worldwide and are responsible for 17.3 million deaths a 

year [1]. Out of the 17.3 million cardiovascular deaths in 2008, 7.3 million deaths were 

associated with MI, and 6.2 million deaths were associated with stroke [2]. CVD is a complex 

condition with multiple causative factors like tobacco use, physical inactivity, malnutrition, 

obesity, high blood pressure, diabetes mellitus, atherosclerosis, and cardiomyopathy. In the 

United States following an MI, performance on inpatient measures of quality of care was over 

90%. However, among the out-patient group, the measure of preventive comorbidities was less 

than 80% when assessing compliance with recommended guidelines for smoking cessation. The 

annual expenditure on prevention and treatment of CVDs comprised 14% of the total health 

expenditure in the United States [3]. Gaining a better understanding of the pathophysiology and 

cellular pathways associated with CVD can help develop better diagnostic tools and potential 

therapies with high specificity and benefits. 

MI is defined pathologically as the death of myocardial cells due to prolonged ischemia. 

The pathophysiology of MI includes coronary atherosclerosis, which starts asymptomatic with 

formation of plaque and can stay stable for an extended duration of time prior to progressing to 

an unstable plaque. There are many tools to detect CAD, including angiography [4]. Changes 
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associated with atherosclerosis including early endothelial cell damage, necrosis of smooth 

muscle cells, calcification of plaque and inflammation causing migration of monocytes. A 

variety of chemical signals secreted by resident cells, including macrophage colony stimulating 

factor causes differentiation of monocytes to macrophages and dendritic cells [5]. Inflammatory 

response from the immune cells assists in the formation of lesions. The thin fibrous cap on the 

plaque consisting of connective tissue matrix proteins like collagen I and III, elastins and 

proteoglycans stabilize the plaque from rupturing [6]. Macrophages that scavenge on the lipid 

form foamy macrophage cells which secrete a variety of proteolytic enzymes (urokinase, 

plasmin, cathepsins, and MMPs) capable of degrading the extracellular matrix and weakening 

the plaque. The disruption of plaque is a two-step process which includes enzymatic digestion 

followed by clearance by endocytosis [7]. 

The process of rupture and repair is continuous to the point where it forms a large plaque 

causing significant occlusion in the arteries is formed. Rupture and erosion of plaque expose the 

matrix to the components of blood, which leads to platelet adhesion, activation, and aggregation 

to form a thrombus. A platelet-rich clot or white clot partially occludes the artery, whereas a 

fibrin-rich clot or red clot limits the blood flow in artery. 75% of the fatal MIs in autopsy-based 

studies were due to plaque rupture and embolus occlusion [8]. Coronary artery occlusions can 

reduce the flow of oxygen and induce hypoxia in the myocardium, as shown in figure (1.1). At 

this stage, there is a shift in muscle metabolism from aerobic to anaerobic form, resulting in a 

reduced amount of energy production [9]. In the first 10-15 mins following an infarct, depleted 

energy storage of glycogen and oxygen cut-off results in microscopic changes like relaxation of 

myofibrils, mitochondrial abnormalities, sarcolemmal disruption, and cessation of contraction in 

hypoxic cells [10]. 

4 



  

 

     
         

         
     

      
 

 

            

               

          

          

              

       

 

 

     

                    

                 

        

              

Fig 1.1. Myocardial infarction [11] 

Plaque rupture and occlusion in the artery induces hypoxia and cell death in the 
surrounding region (left). Infarction in left ventricle myocardium due to occlusion in 
the left anterior descending artery (right) 
Image sourced from Blausen Medical Communications 

MI is characterized by high levels of cardiac troponin and abnormal ECGs. cTn value 

above the 99th percentile URL is reflective of myocardial injury, and if there is any rise and/or 

fall of cTn values, the injury is considered acute. Although a relatively reliable tool for 

cardiomyocyte apoptosis, a cTn based diagnosis of myocardial infarction does not reflect the 

nature or cause of cell death MI which can also arise from preload-induced mechanical stretch or 

physiological stresses in an otherwise healthy heart [12] 

1.2 Cardiac remodelling post myocardial infarction 

Around the area of occlusion, cardiomyocyte necrosis and apoptosis progress from the 

sub-endocardium region towards the epicardium during the first 24 hours of an MI episode. 

In vivo studies using DNA binding gadolinium chelate showed that cell death followed by 

release of DNA (necrosis) peaked between 9-18 hours of injury and gradually decreased by 

5 



  

              

            

          

        

          

             

         

         

         

         

        

         

  

           

                

            

       

        

        

       

      

         

    

72 hours after injury as clearance of the damaged cells is taken over by the immune system [13]. 

As the necrotic cells around the ischemic zone lose integrity, they secrete DAMPs and PAMPs, 

which are recognized by the TLR group of receptors. Secretion of cytokines and reactive oxygen 

species (ROS) along with impaired vascular endothelial cell integrity allows neutrophil and 

monocyte infiltration [14, 15]. Cardiac fibroblasts in the myocardium are a predominant subset 

of cells which play a crucial role in the process of cardiac repair and wound healing. During the 

early stage of inflammation, DAMPs and other inflammatory stimuli activate cardiac fibroblasts 

and make them pro-inflammatory [16]. The inflammatory fibroblasts activate the inflammasome 

(a multiprotein intracellular complex) which breaks down pro IL-1b leading to secretion of 

inflammatory cytokines (IL-1b and TNFa). Activated cardiac fibroblasts differentiate to a matrix 

degrading phenotype, which helps in the clearing of debris and replacing the wound with 

extracellular matrix (ECM-collagen). IL-1b also inhibits a-smooth muscle actin, delaying the 

myofibroblast conversion [17]. 

The inflammatory stage (day 0-4) of repair focuses on clearing the necrotic tissue. This 

is shortly followed by a reparative phase which occurs from day 4-14 [18]. Clearance of the 

inflammatory stimuli and neutrophils from the infarct zone stimulates the cardiac fibroblast to 

differentiate to myofibroblasts. The myofibroblast transdifferentiation process is induced by 

multiple factors, including TGF-b, thrombospondin-1, TRP ion channels (transient receptor 

potential ion channels) [19-21]. Myofibroblasts are marked by expression of contractile protein 

such as a-smooth muscle actin and the embryonal isoform of smooth muscle myosin [22]. 

Myofibroblasts proliferate (Angiotensin II-mediated), migrate and replace damaged necrotic 

cells while producing extracellular matrix like fibrin and fibronectin (TGF-b/Smad dependent) 

which achieves wound healing homeostasis [23, 24]. 
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Fig 1.2 Cardiac repair and remodeling post-MI [25] 

Biphasic nature of wound healing process. In the early inflammatory stage, 
primary focus is given to destroy the necrotic tissue, damaged matrix followed by 
clearing the debris. In the later reparative stage, myofibroblast resolves 
inflammation and replaces damaged cells with matrix (collagen scar), and 
myocytes undergo hypertrophy to compensate the cell volume in myocardium. 
Image sourced from Frangogiannis et al. [25] 

Figure (1.2) highlights the sequential events that occur in the process of cardiac repair and 

remodeling post MI. In the early remodeling process, adaptive responses like stimulation of the 

renin-angiotensin-aldosterone system and production of atrial and brain natriuretic peptides 

(ANP and BNP) preserve circulatory compensation and stroke volume. However, in the later 

stage of remodeling in an effort to replace lost myocardium, there is a 70% increase in myocyte 

cell volume due to hypertrophy [26]. 

Immediate intervention and reperfusion therapy are beneficial to regain a normoxic 

micro-environment. However, ischaemia-reperfusion injury (IRI) has significant consequences 

which can exacerbate cellular dysfunction and tissue necrosis, causing further damage to tissue 

function [27]. Management of acute MI includes the use of anticoagulants, statins, beta-blockers 

and ACE inhibitors in addition to early reperfusion therapy to manage the symptoms associated 
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with MI or prevent future risks of MI. Although there is a significant decrease in the heart failure 

rate post-MI in recent decades, regaining healthy heart function is still a significant hurdle. 

1.3 Cell based therapy 

Over the past decade, research studies have been largely focused on the regeneration of 

host cardiac tissue using the progenitor cells (iPSCs and bone marrow-derived stem cells) to 

revive, and regain the function of myocardium post-MI. These population of cells come with 

different questions regarding their safety and use in terms of tumor formation, immune rejection, 

and induction of arrhythmias [28, 29]. Autologous injection of Cardiosphere Derived Cells 

(CDCs) in a 12-month phase I human trial (CADUCEUS trial) have shown improvement in scar 

size, scar mass, viable mass, and LV ejection fraction (LVEF) [30]. Although the fraction of 

resident stem-cell like population in heart is tiny, methods have been developed to expand these 

cells ex-vivo for therapeutic purposes. CDCs express surface markers typical for stem cells like 

CD105. Protocol to collect and culture CDCs is explained in more details in section 3.1. The 

first step in ex-vivo expansion of CDCs is to culture the enzymatic digest obtained from the heart 

explant. After several days a layer of stromal-like cells outgrows in a single layer around the 

explant. Small phase bright cardiospheres form over the monolayer stromal cells which are 

collected by gentle enzymatic digestion. These cardiosphere forming cells are then seeded on 

poly-D-lysine-coated dishes in CDC media. following an additional three days in suspension 

culture, the cardiospheres are plated on adhesive tissue culture plate where the consecutive cell 
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passages are referred to as cardiosphere-derived cells or CDCs[31, 32] 

a. 

Fig1.3 Ex-vivo expansion of CDCs [32]. 
a, image modified from Smith et al., schematic process of sample collection and CDC generation. b,c, explant collection and 
plating. d, monolayer stromal cell formation. e,f, cardiosphere collection and plating. g, CDC fully grown after multiple 
passages. 
Image sourced from Smith et al. [32] 

Although promising in reducing scar size and improving viable mass, there are notable 

limitations associated with cell therapy. Around 85% of CDCs post intracoronary administration 

were washed away, showing less retention in the heart. CDCs are immunogenic, which can limit 

the efficiency of the engraftment post-MI in patients. Although CDCs improved the standard 

wound healing parameters, the global function alleviation was less as compared to the 

mononuclear bone marrow transplant post-MI [30, 33]. The therapeutic effect of CDC therapy 
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sustains long after the cells have been cleared, which was attributed to the factors secreted by 

CDCs, including growth hormones, cytokines, and exosomes. A significant shift was evident in 

research studies from cellular therapy to acellular therapy (extracellular vesicles). Exosomes 

became an emerging tool to study the cardioprotective effects. Exosomes are abundantly secreted 

by the cells (1010/ml of plasma), less immunogenic than cells, stable at very low temperatures, 

and can be manipulated to achieve higher therapeutic efficacy, making them a potential off the 

shelf therapy candidate. The role of exosomes is less understood with respect to the 

cardioprotective effects seen with CDC cell therapy. 

1.4 Therapeutic potential of exosomes: biogenesis, secretion, and function 

Extracellular vesicles or exosomes are extracellular bilipid layer vesicles in size range of 

30-150 nm [34]. Exosomes play a pivotal role in intracellular communication, a widely accepted 

reason for the cardioprotective effect seen among the heterogeneous population of cells in the 

myocardium. Intracellular communication is mediated through either transfer of cargo or direct 

cell-cell contact. Almost all types of mammalian cells secrete exosomes and they are very 

specific to the cell type and the physiological state at which they are secreted. 

Biogenesis of exosomes: 

Exosomes biogenesis starts with inward budding of the cellular plasma membrane to form early 

endosomes. Exosomes are formed by a second inward budding from the MVs creating internal 

vesicles. (Figure 1.4.1.). The newly formed MVs can either be directed to the lysosome for 

destruction of the vesicles or can continue to the exocytosis process and bind with the plasma 
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membrane, releasing exosomes. The underlying mechanism of cargo loading inside the 

exosomes is recently attributed to the endosomal sorting complex (ESCRT) pathway. ESCRT 

complex consisting of 4 transport proteins ESCRT- 0, -I, -II, -III and accessory proteins 

(Alix, and VPS4) help load the cargo, recognize sequestered proteins and assist the release of 

exosomes[35]. Exosomes also have an ESCRT independent mechanism of biogenesis which is 

mediated by neutral sphingomyelinase 2 (nSMase2) and the RAB family of small GTPase. 

nSMase2 induce budding of exosomes into MVBs, whereas Rab27a and Rab27b control other 

aspects of exosome trafficking [36]. 

Figure 1.4.1. Exosome biogenesis [36]. 
Exosomes biogenesis starts from a double invagination of the plasma membrane. A second invagination from eMVs 
form exosomes. packaging and inward budding at this stage depends on the ESCRT complex. nSMase2 and members 
of the RAB GTPase family play different ESCRT-independent roles in exosome biogenesis. 
Image sourced from Kyle et al. [36] 
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Exosome surface proteins and cargo: 

The exosomal membrane is rich in membrane proteins, which can have an effect on the host cell 

by direct contact. Exosomal marker proteins typically consist of CD81, Alix, Tsg101, CD9, 

CD63, Heat shock proteins HSP 70, and HSP90 [37]. HSP 70 has a negative correlation with 

symptoms of CVDs, suggesting its beneficial role in cardiac repair [38]. More than proteins, 

exosomal mRNA and miRNA have gain greater interest. Functional delivery of even small 

amounts of miRNA can have a sustained effect in the host cells. In a study by Ibrahim et al. 

exosomes collected from normal human dermal fibroblasts (NHDF) and cardiosphere derived 

cells (CDCs), 43 miRNAs were differentially expressed in the two groups. miRNA 146a is 

abundantly expressed in the CDC-exos, which doubled in quantity when CDCs were incubated 

in hypoxic conditions. miRNA 146a was shown to produce cardioprotective effects but did not 

suffice to produce comprehensive therapeutic benefit, suggesting complex and multiple 

pathways by which exosomes work [39] 

Exosomes are mediators of cardioprotective effects: 

A recent study showed that the CDC-exosomes (CDC-exos) are critical agents involved in 

cardiac repair and regeneration. Exosomes isolated from human CDCs and normal human 

dermal fibroblasts were injected into the MI border zone in mice following MIs. There was a 

reduction in scar mass, increase in viable mass, and increased LVEF suggesting a beneficial role 

of exosomes. The cardioprotective mechanisms of CDC-exos are slowly being discovered, but 

CDC-exos as a mediator of cardioprotective action is well known. GW4869 is a reversible 

inhibitor of neutral sphingomyelinase (nSMase), blocking nSMase causes inhibition of exosome 

12 



  

        

      

           

            

         

    

      

         

 

 

          
            
            

             
       

 

 

 

biogenesis. In a dose-dependent manner GW4869 inhibited the biogenesis of exosomes. 

Suppression of exosome release resulted in reduced cardiomyocyte proliferation, increased scar 

mass, and reduced attenuation of apoptosis indicating a role of exosomes in cellular therapy-

mediated cardioprotection [39]. nSMase2 has a specific role in budding of the plasma membrane 

to form MVs, shRNA blockade of nSMase2 resulted in a robust suppression of exosome 

biogenesis. Suppression of exosome secretion showed decreased angiogenesis, decreased 

proliferation, and decreased attenuation of cardiomyocyte apoptosis supporting previous theories 

of exosomes as a crucial mediator of cardioprotection [40]. 

Figure 1.4.2. Local and distant cardioprotective effects of exosomes [41]. 
Exosomes carry specific cargo which has a beneficial effect on E, endothelial cells; F, 
fibroblasts and S, stem cells, and distant organs such as bone marrow. Exosomes released post-
MI can reprogram BM and recruit to the ischemic zone for cardiac regeneration 
Image sourced from Sahoo et al. [41] 
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1.5 Biodistribution of exosomes 

For practical application of exosome-based therapy, it is essential to understand the 

pharmacokinetic properties of exosomes, including spatial and temporal biodistribution. The 

pharmacokinetic properties can have a drastic effect on determining the potency and toxicity of 

exosomes. It becomes crucial and necessary to understand the fate of exosomes in vivo if we 

envision bioengineering exosomes to carry a substrate (drug) to enhance its therapeutic efficacy. 

Manipulating pharmacokinetics can also be beneficial in selectively delivering the exosomes to 

target tissue [42]. Cellular uptake of exosomes is mediated through cellular recognition of the 

membrane proteins found on the exosomes, which makes the uptake of exosomes specific and 

differential. Learning fate of exosomes could also potentially help understand the mechanism by 

which the exosomes work in vivo. DiD bound-MSC derived exosomes when injected in the mice 

showed biodistribution in spleen, liver, kidney, and lungs [43]. Such findings may help 

understand the mechanism by which MSC exosomes facilitates recovery from acute kidney 

injury [44]. Biodistribution of exosomes also depends on the route of administration. Research 

studies have shown that IV injected HEK293t exosomes mainly accumulated in the liver whereas 

IP or SC injected exosomes accumulated in the liver, pancreas, and gastrointestinal tract [45]. It 

is also necessary to understand the cellular uptake of exosomes within the tissue where exosomes 

have been accumulated to trace the biological effect of exosomes. It is shown that the B16BL6 

exosomes are taken up by the macrophages in spleen and liver (clearance of exosome was 

delayed in macrophage depleted mice), and by the endothelial cells in lungs [46]. 

14 



  

  

           

           

          

               

     

             

            

       

      

          

           

          

   

 

 

    

        

       

            

                   

                     

               

1.6 Bioengineering exosomes 

Exosomes have become an attractive natural nanovesicle carrier for the delivery of 

numerous therapeutic biomolecules owing it to its specific biodistribution patterns (as discussed 

above). There are methods to artificially engineer exosomes so that they carry biomolecules on 

either the surface or the core of exosomes. Substrate loading on/in the exosomes have limitations 

with regard to immunogenicity, stability, and packaging efficiency. Electroporation based cargo 

loading is a widely used method to load cargo in the exosomes. However, it has limitations like 

electrofusion (a property by which under the influence of voltage, vesicles fuse similar to 

hybridoma technique). Doxorubicin loaded in the exosome has been shown to improve the 

efficacy of chemotherapy in ovarian cancer models [47]. Curcumin loaded in the exosomes 

improved bioavailability by increasing the solubility of the drug and improves cellular uptake 

specificity, thus increasing the efficacy [48]. Newer methods are using physiological targets like 

the ESCRT complex to load the molecule of interest in the exosomes, improving stability and 

loading efficiency [49]. 

1.7 Bioengineering CDC-exosomes loaded with Cre-recombinase 

In this project, we sought to develop a Cre-recombinase method to track the physiological 

uptake of exosomes, enabling us to study the biodistribution pattern of CDC-exosomes (CDC-

exos) and genetic changes in vivo at a cellular level. We have extended the technique developed 

by Jason Howitt lab to load proteins in the exosomes. The model we developed uses Ndfip1 

(ESCRT protein conserved from yeast to humans) to load WW-cre recombinase in the 

CDC-exos. Ndfip1 is known to interact with the WW domain of Nedd4 family ubiquitin ligases 
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and export the ligases in the exosomes. Howitt et al. constructed a plasmid encoding WW 

domain (40 tryptophan amino acid series) conjugated to cre recombinase. WW tag on the cre 

recombinase would be recognised by the Ndfip1 receptor expressed on the MVs, followed by 

ubiquitination of WW-cre by Ndfip1 and loading in the exosomes. A cell line with Ndfip1 

plasmid and WW-cre plasmid should transiently express Ndfip1 on the MVs and should be able 

to export WW-cre in the cytoplasm into the exosomes (as summarized in figure 1.7.) The WW-

cre enzyme provides a functional reporter for exosome mediated transfer of the protein into the 

cells harboring floxed fluorescent protein [49]. Cre recombniase deletes, inverts, or translocates 

the genetic sequence in between the LoxP sites, depending on the orientation of LoxP sites in the 

DNA. 

Figure 1.7. Graphical representation of the model to generate cre-exos [49]. 
WW-cre in the cytosol is recognized by the Ndfip1 receptor, followed by 
ubiquitination and loading in the exosomes. cre-exos, when taken up by floxed reporter 
cells, undergoes genetic manipulation and expression of fluorescent proteins indicating 
functional delivery. 
Image sourced from Howitt et al. [49] 
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2. Research objective 

Work from our lab and others has shown that inhibition of exosome secretion decreases 

the beneficial effect imparted by CDCs on cardiac cells in vitro. Despite these findings, the in 

vivo mechanism/s by which exosomes impart a benefit post MI remains unknown. To begin to 

understand these mechanisms, our immediate goal is to “map” the trajectory of injected CDC-

derived exosomes post MI without using transient membrane-bound dyes which can diffuse out 

and be taken up non-specifically. 

Aim of investigation: We propose a Cre-LoxP method to identify the functional cellular targets 

of CDC-derived exosomes in vivo. Unlike fluorescently labeled exosomes, this method will 

enable us to differentiate between functional mRNA uptake (exosome mRNA transfer to the 

cytosol followed by translation into protein) and non-functional mRNA uptake (lysosomal 

degradation of the exosome content). 

Identifying the targets of injected exosomes will enable us to better understand the role of CDC-

exosomes in cardioprotection post myocardial injury. After injecting cre-exos in the host mice, 

Immunostaining and co-staining for specific cell biomarkers can be performed to study cell 

specific uptake of CDC-exosomes. Cells expressing the fluorescent protein post genetic 

manipulation by the cre recombinase can be sorted from the non-expressing cells and can be 

studied for the gene regulation and phenotyic change to infer possible mechanism of CDC-

exosome benefits. 
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Figure 2.1 Depicting the flow of project 
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3. Material and methods 

3.1 Cell Culture 

Mouse Cardiosphere-Derived Cells (mCDCs): 

We followed the established protocol to culture mCDCs [40]. Mouse heart explants obtained 

from the atrial chamber were minced into smallest possible fragments, washed and digested 

using 0.05% Trypsin (ThermoFisher Scientific) at 37oC for 5 minutes. Fragments were then 

rewashed with 1x PBS followed by placing them in fibronectin-coated (20µg/ml) dishes with a 

drop of CDC media on top (20% HyClone heat-inactivated fetal calf serum, 1% L-Glutamine, 

1% penicillin/streptomycin, and 0.1% 2-Mercaptoethanol in Iscove’s modified Dulbecco 

medium) at 37oC and 5% CO2. Two hours later, 7 ml of CDC-media was added to the dishes and 

incubated for three days, followed by regular media changes. Phase bright Cardiospheres were 

harvested from the explant outgrowth by partial digestion using 0.05% Trypsin. Free-floating 

Cardiospheres were then plated on six-well plates at a density of 200,000 cells in CDC-media. 

Following multiple passages, a batch of monolayer Cardiosphere-derived cells (MS 14-002) was 

obtained and characterized by flow cytometry for cell surface markers like CD90 and CD105 

using BD AccuriTM Flow cytometer (CTRC, Buffalo) and FCS express analyzing software[40]. 

Human Embryonic Kidney 293 cells (HEK293): 

HEK 293 were cultured in Dulbecco's Modified Eagle's medium (DMEM) containing 10% 

HyClone heat-inactivated fetal calf serum, 1% L-Glutamine, 1% pen-icillin/streptomycin, and 

0.1% 2-Mercaptoethanol and were maintained at 37o C with 5% CO2. 
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Freezing and maintenance: 

Cells were resuspended at a concentration of 2 x 106 cells/ml in the respective media containing 

10% DMSO and frozen at -80oC in Mr.Frosty™ overnight. The following day cryovials were 

transferred to the nitrogen tank for long term use. For cell culture purposes, cryovials were 

thawed, and the volume was suspended in complete medium followed by centrifugation at 100g 

for 7 minutes to get a cell pellet. The cell pellet was then resuspended in complete medium for 

further use. 

3.2 Plasmids: Amplification and Isolation 

Bacterial transformation and amplification: 

LB agar plates (BD® LB Agar, Miller) were made as per the manufacturer’s protocol, LB agar 

was autoclaved at 121o C for 30 minutes followed by addition of Ampicillin (100 µg/ml). NEB 

stable E. coli was allowed to thaw over ice slowly until there were no visible ice crystals. 

Approximately 100 ng of the plasmid (shown below) to be amplified was added to 50 µL of 

NEB stable E. coli in a transformation tube placed on ice for 30 minutes followed by heat shock 

at 42o C for 30 seconds. The Bacterial mixture was then mixed with 950 µL of NEB 10-

beta/Stable Outgrowth Medium and incubated at 30o C, 225 rpm for 60 minutes. A portion of the 

culture was preserved with glycerol at the ratio of 1:1, while the rest was streaked on the 

Ampicillin agar plates using platinum inoculating loop in a quadrant streaking manner, ensuring 

the colonies to be formed were diluted over the streak pathway followed by incubation at 37o C 

overnight. Colonies were scraped and allowed to amplify in 3 ml of Ampicillin LB Broth (100 

µg/ml) (LB Broth, Miller) at 37o C, 225 rpm overnight. This culture was later transferred to 100 
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ml of Ampicillin LB Broth (100µg/ml) at 37o C, 225 rpm overnight for final plasmid 

amplification. 

Plasmid Resistance gene Source 

WW-cre recombinase Ampicillin Gift from Howitt Jason’s Lab, University of 

Melbourne, Australia [49]Ndfip1 Ampicillin 

pCDH-EF1-DIO-copGFP Ampicillin Gift from Fraser Sim’s Lab, University at Buffalo, 

NY.m-Cherry Ampicillin 

Plasmid isolation: 

Bacterial growth was centrifuged at 4000g for 10 minutes at room temperature to give pellet of 

bacteria containing the desired plasmid. Plasmid was isolated from the pellet using the E.Z.N.A.® 

Endo-Free Plasmid Midi Kit (Omega BIO-TEK) as per the provided protocol. 500 µL of the 

Endo-Free elution buffer was used to extract plasmid from the column matrix. RNA and DNA 

were quantified using a NanoDrop (ThermoFisher Scientific NanoDrop™ 2000) though this 

project. The Nucleic acids are quantified as a function of Absorbance by the NanoDrop using the 

modified Beer-Lambert equation. It also calculates the 260/280 ratio, which is indicative of the 

purity of DNA and RNA. A ratio of ~1.8 is generally accepted as “pure” for DNA whereas a 

ratio of ~2.0 is generally accepted as “pure” for RNA samples. The Quantification of amount and 

purity for the plasmids are provided in the result section. 

21 



  

   

          

          

        

       

             

                       

           

         

         

            

            

           

         

          

        

               

                 

                  

         

      

            

      

3.3 Electroporation-based transfection (Nucleofection) 

mCDCs were nucleofected using Lonza 4D Nucleofector and V4XP-2024, Primary cell 

4D-Nucleofector™ X Kit. Reagents were made using the manufacturer’s protocol, and the 

nucleofection protocol was optimized using the recommended protocols. mCDCs were 

trypsinized using 0.05% Trypsin after the cells attained 70-80% confluency. Trypsin was 

inactivated using CDC media followed by centrifugation to get a cell pellet for nucleofection. 

1 x 106 cells were resuspended in 100 µL of P2 Nucleofector solution followed by addition of 

5 µg of plasmids (2.5 µg of WW-cre + 2.5 µg of Ndfip1) or 2 µg of control plasmid 

(pmaxGFP™ Vector). DS-138 program was used to nucleofect the cells suspended in the 

nucleofection solution. Post nucleofection, cells were collected using provided sterile pipettes 

and resuspended in warm CDC media followed by plating cells in a 20 µg/ml fibronectin-coated 

T-75 flasks (WW-cre+, Ndfip1+ mCDCs) and12 well plate (GFP Control) at 37oC, 5% CO2. 

Media was changed to serum-free CDC media after 24 hours for exosome collection. GFP 

control cells were imaged for GFP expression using EVOS Auto Fluorescence microscope 

(ThermoFisher Scientific) using GFP filter. Post imaging, GFP+ mCDCs were trypsinized using 

0.05% Trypsin and incubated at 37oC for 4 minutes. Trypsin was inactivated using CDC media 

and the cells were centrifuged at 100g for 7 minutes. Cell pellet was resuspended in 1x PBS, pH 

7.4 to get 100,000 cells/ 100 µl of 1x PBS for flow analysis. 100 µl of cells per well was pipetted 

in individual wells of a 96 well round bottom plate. 10 wells out of 96 wells were filled with 

samples as follows: 2 wells with 1x PBS, 3 wells with non nucleofected mCDCs, 5 wells with 

mCDCs nucleofected with pmaxGFPTM to calculate the transfection efficiency. Flow settings in 

the BD AccuriTM were set to fast fluidics, threshold to 90 µl and plate agitation after every 3 

wells. Data were processed and analyzed using FCS Express software. 
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3.4 Exosome collection and Isolation 

mCDCs nucleofected with WW-cre and Ndfip1 were incubated for six days in 15 ml of 

serum-free CDC media without any media changes to collect exosomes rich in WW-cre, 

mimicking hypoxic conditions. Serum-free CDC media ensures no blocking of the filters used in 

the later method of exosome isolation due to volume saturation. Exosomes were isolated from 

the media by using two methods. The earlier method uses ExoQuick-TC™ (System 

Biosciences). ExoQuick-TC is a proprietary polymer which binds water molecules and 

precipitates less water-soluble particles, like vesicles between 30 and 200 nm in size from cell 

culture media, urine, or spinal fluid. Cell culture media was centrifuged at 3000g for 15 minutes 

to remove any cell debris. The supernatant was incubated with 3 ml of ExoQuick-TC at 4o C 

overnight without any shaking or rotations. The following day, solution was centrifuged at 1500g 

for 30 minutes at 4o C. After centrifugation, supernatant was aspirated followed by another 

centrifugation at 1500g for 5 minutes. All traces of fluids were removed, and the pellet was 

resuspended in 500 µl of 1x PBS and stored at -80o C until further applications. The second 

method of exosomes isolation uses protein-based enrichment by ultracentrifugation to isolate 

exosomes. Amicon® Ultra-15 10K centrifugal filter devices uses ultracentrifugation to 

concentrate the diluted media containing exosomes by 80 folds. The initial passage of the cell 

culture media through the 0.2 µM filter ensures removal of cell debris and apoptotic bodies (1-5 

µM) whereas the ultracentrifugation process ensures concentration of exosomes. Serum-free 

media containing exosomes post-harvesting was clarified through the 0.2 µM filter followed by 

centrifugation at 4000g for 30 minutes until the whole batch passed through the filter. Buffer 

exchange was performed using 1x PBS to recover the exosomes from the concentrate. Volume 
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was made up to 500 µl with 1x PBS and samples were preserved at -80o C for further use. 40 µl 

of exosomes sample was added to 160 µl of RIPA Lysis, and Extraction Buffer (ThermoFisher 

Scientific) followed by ultrasonication to lyse exosomes and release all the protein contents. 

Protein concentration of the exosomal lysate was quantified using Thermo Scientific Pierce BCA 

Protein Assay kit measuring the protein absorbance at A562nm comparing to the albumin protein 

standards. 

3.5 Characterization of exosomes 

It was necessary to see if the process of nucleofection and packaging of exogenous 

protein in the exosomes lead to changes in the surface morphology and size of the isolated 

particles. 

Nanoparticle Analysis (NTA) - size distribution: 

NTA helps visualize and quantify the size distribution patterns in the sample containing 

exosomes. It records the size of particles in the range of 30 to 1,000 nm, with lower detection 

limit being dependent on the refractive index of the nanoparticles. The system combines 

techniques of a charge-coupled device (CCD) camera with the laser light scattering microscopy 

to record the Brownian motion of nanoparticles in the solution and calculate the size of 

nanoparticle [50]. Exosome samples (cre-exos, CDC-exos) were analyzed using the LM10 

NanoSight Instrument (NanoSight Ltd, UK. Instrument located at University at Buffalo, New 

York). Samples were first diluted using 1x PBS to give serial dilutions and then loaded into the 

glass stage chamber. Temperature probe was connected to the back of the visualizer, and the 
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field was adjusted to the area of most significant illumination where the laser striations went out 

of focus. NTA software recorded the Brownian motion in the field for 60 seconds with 30 ms 

shutter and other adjustments (capture level 15, screen gain of 6, detection threshold of 6 and 

minimum particle recording at 30 nm). A PDF was generated by the software calculating mean 

size and standard deviations with graphs and statistics. All experiments were performed at room 

temperature and the calculations were adjusted and controlled by the temperature probe. 

3.6 Immunoblot analysis 

Immunoblotting analysis was performed on the exosomes collected from the nucleofected 

mCDCs (WW-cre+, Ndfip1+) to verify the packaging of WW-cre protein inside the exosomes. 

Pierce BCA Assay was used to quantify protein concentration of individual samples. 21 µl of 2x 

Laemmli sample buffer was added to 35 µg of protein sample (1:1 ratio) and was heated in 

boiling water for 5 minutes to prepare protein sample for loading. Bromophenol blue in the 

protein preparation assists to visualize the movement of protein in the SDS-Page, whereas 2-

mercaptoethanol and SDS allow reduction of disulfide bonds and addition of negative charge to 

the protein respectively. The prepared samples and protein ladder (PageRuler™-Thermo 

Scientific) were loaded in a 10% Polyacrylamide gel (Mini-PROTEAN® TGX™ Precast Gels) 

and the electrophoresis was performed using Mini-PROTEAN® Tetra Vertical Cell at 150 V for 

60 minutes. The assembly was embedded in 1X running buffer (25 mM Tris, 192 mM Glycine, 

0.1% SDS). The far positive end of the electrode attracts the negatively charged proteins 

separating the proteins based on their molecular size. Gel was carefully drawn from the precast 

gel cassette and soaked in 1X transfer buffer (25 mM Tris, 192 mM Glycine) for 15 minutes. 
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PVDF membrane (Immobilon-P, Millipore Sigma) of pore size 0.45 µm	 was used for the 

transfer of separated proteins. Immobilon-P	 was briefly soaked in methanol until it turned 

translucent followed by soaking in	 Milli-Q® water	 for	 2	 minutes and then in transfer	 buffer	 

for 15 minutes. For the transfer of separated proteins, Genie blotter (Idea Scientific) was 

set up as	 per the manufacturer’s	 protocol and the	 apparatus was filled with 1X transfer 

buffer. Genie blotter was 	set at 12 Volts for 	60 	minutes. 	Transfer uses the same principle as 

separation where the PVDF membrane (positively charged) pulls	 separated proteins	 

(negatively charged) to the membrane. Blocking buffer was made using 	5% powdered milk 

suspended in 1X TBST (20 mM Tris, 137 mM NaCl, 0.1%	 v/v Tween-20). After	 completion 

of the transfer process, Immobilon-P 	was soaked in methanol for 	15 	seconds, in water for 2 

minutes	 and then placed in blocking buffer for 60 minutes. Antibody dilutions were made 

as per the	 table	 below in 5% milk+TBST. Blocked membrane was then placed	 in a tube 

containing 10	 antibody, with protein side exposed to the	 solution and rotated slowly 

overnight at 4oC. The following day, membrane was washed three times with 1X 	TBST for 5 

minutes	 each. Membrane was	 left in the 2o	 antibody solution and rocked slowly for 60 

minutes, followed by three washes with 1X TBST. SuperSignal™ West Femto (Thermo 

Scientific) was prepared by mixing equal parts of the Stable Peroxide Solution	 and the 

Luminol/Enhancer Solution. This solution was applied to the top of blot and incubated for 

5	 minutes. In this	 step, the HRP (Horseradish peroxidase) conjugated 2o antibody oxidizes 

luminol in the peroxide buffer to	 form an excited state product that emits light as it decays 

to the ground state.	 Light emission occurs only during this stage, which subsides over	 a	 

short 	period. 		Blots were 	imaged 	using 	ChemiDoc 	XRS+ system 	(Bio-Rad), and 	the 	images 

were 	analyzed using 	Image 	Lab 	software 	(Bio-Rad). 
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Antibody name Company Product# Concentration 

Rabbit anti-cre recombinase GeneTex GTX127271 1:10,000 

Mouse anti-Human/Mouse/Rat HSP-90 Santa Cruz SC-515081 1:200 

Goat anti-Mouse IgG HRP Jackson AB_10015289 1:5000 

Goat anti-Rabbit IgG HRP Jackson AB_2307391 1:5000 

3.7 RNA isolation 

RNA was extracted from the cells and exosomes using E.Z.N.A.® Total RNA Kit I 

(Omega BIO-TEK). Volume of TRK lysis buffer to lyse cells and exosomes was calculated as 

per the manufacturer’s protocol. Samples were homogenised as per the protocol followed by a 

DNase I step to degrade any DNA in the sample with intermittent washes using provided buffers. 

40 µl	 of DEPC water was used to	 elute RNA from the HiBind RNA Mini columns. RNA was 

quantified using NanoDrop 2000 (Thermo Scientific) and stored at -80oC	 for further 

downstream 	applications. 

3.8 cDNA synthesis 

cDNA is an essential tool in gene regulation studies. Reverse transcriptase uses the RNA 

template and short primer sequences to direct the synthesis of the first-strand cDNA, which is 

used as a substrate template for RT-PCR studies[51]. Complementary DNA for RT-PCR or qRT-

PCR was synthesized from the RNA samples using SuperScript™ III First-Strand Synthesis kit 

(ThermoFisher Scientific) following manufacturer’s protocol. Amount of RNA was calculated as 
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per the protocol in the range of 1pg-500ng not exceeding 8 µl of RNA per 10 µl total volume. 

The PCR tubes containing RNA, random hexamers, and dNTP mix were incubated at 65oC for 

5 minutes. This step initiates the process of denaturing. The cDNA synthesis mix containing RT 

buffer, MgCl2, DTT, RNAseOUT™, and SuperScript® III RT was made as per the protocol. 

10 µl of this mix was added to each RNA/primer mixture. The reaction mixture was incubated at 

25oC for 10 minutes (annealing), followed by 50oC for 50 minutes (Extension). Reaction was 

terminated at 85oC for 5 minutes and then chilled on ice for 5 minutes. Surplus unreacted RNA 

was degraded using 1 µl of RNAse H with incubation at 37oC for 20 minutes. cDNA was stored 

at -20oC for further experiments. 

3.9 Primer designing and Reverse Transcription Polymerase Chain Reaction (RT-

PCR/qRT-PCR) 

Primer designing: 

Primers were designed using the Primer-BLAST online software from NCBI by blasting the 

gene sequence of interest. The selected primers were analyzed using the Net Primer software 

(PREMIER Biosoft) to calculate the melting temperature (Tm), molecular weight, and GC%. 

Primer pair was resuspended in nuclease-free water (ThermoFisher Scientific) to make a stock of 

100 µM solution. Primer pair (Forward and reverse) was diluted to 20 µM concentration for 

further applications. 

Primer Forward (5'- 3') Reverse (5'- 3') 

WW-cre recombinase CGACCAGGTTCGTTCACTCA CAGCGTTTTCGTTCTGCCAA 

18 S CTTAGTTGGTGGAGCATTTG GGCTGAACGCCACTTGTCC 
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Primer Efficiency: 

In order to test the primer efficiency, serial dilutions of cDNA were made using nuclease-free 

water as follows: 

Dilutions Concentration 

(Log10) 

20 µl of cDNA + 200 µl of Nuclease-free water = 220 µl of RT mix (Stock) 3 

10 µl of stock + 90 µl of Nuclease-free water = 100 µl of mix (D1) 2 

10 µl of D1 + 90 µl of Nuclease-free water = 100 µl of mix (D2) 1 

10 µl of D2 + 90 µl of Nuclease-free water = 100 µl of mix (D3) 0 

PCR reactions were set up using SsoFast EvaGreen Supermix (BIO-RAD) as per the 

manufacturer’s protocol. 15 µl of PCR mix (10 µl SsoFast EvaGreen + 2 µl of 20 µM primer 

mix- forward and reverse + 3 µl of nuclease-free water) was added to 5 µl of the cDNA mix and 

set to the following PCR program in BIO-RAD CFX connect thermal cycler to amplify and 

record PCR product: 

Enzyme activation 95oC 30 seconds 

Denaturation 95oC 05 seconds 

Annealing/Extension 60oC 05 seconds 

Melt curve 95oC 05 seconds/ step 

Quantification cycles or Cq were analysed by the CFX software. Mean Cq (Y-axis) was plotted 

against log10 Concentration (X-axis) to get a linear regressed line, slope was calculated for 

further calculations. Primer efficiency was calculated using the formula below. 

E = 10 (-1/ slope) 

% Efficiency = (E-1) x 100 
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RT-PCR and qRT-PCR: 

Qualitative PCR was performed using SsoFast EvaGreen Supermix (BIO-RAD) as per the 

manufacturer’s protocol. Presence of WW-cre mRNA in nucleofected mCDCs (WW-cre+, 

Ndfip1+), and exosomes was verified using the RT-PCR studies with mCDCs (not nucleofected) 

as a negative control. PCR reaction was set up as described above for the WW-cre mRNA (gene 

of interest) and 18S mRNA (Housekeeping gene). The PCR reactions post thermal cycle were 

stored at 4oC for further experimentation. 

3.10 Agarose Gel Electrophoresis 

In molecular Biology, Agarose gel electrophoresis is widely used in separation of DNA 

fragments and visualization of PCR products. We performed agarose gel electrophoresis on the 

PCR products from the qualitative RT-PCR described above to visualize WW-cre mRNA in the 

samples. A small volume (~20 ml) of TAE buffer (40 mM Tris pH 7.6, 20 mM acetic acid, 1mM 

EDTA) was added to 1g of UltraPure™ Agarose (InvitrogenTM) and heated in a lab microwave 

to dissolve agarose making sure there were no air bubbles trapped in the solution. 

The Remainder volume of TAE buffer to make a 2% gel was added to the agarose mixture while 

stirring continuously. When the temperature dropped to 65oC, agarose solution was poured on 

the agarose gel casts and allowed to cool down at room temperature. 1 µl of PCR product was 

mixed with 1 µl of 6x DNA gel loading dye (ThermoFisher Scientific) and 4 µl of TAE buffer to 

prepare DNA samples for loading. The prepared samples and gene ladder (ThermoFisher 

Scientific) were loaded in gel soaked in TAE buffer, voltage was set to 90 V for 45 minutes or 

until the blue dye reached the end. DNA fragments are macromolecules, which are negatively 
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charged and migrate to the positive electrode (anode). Migration of DNA fragments depends on 

the molecular weight where smaller fragments move faster and farther from the point of loading. 

Decreasing gel concentration and increasing voltage accelerates the movement of DNA 

fragments thus improving resolution of bands [52]. Gel was soaked in SYBR Green I nucleic 

acid stain (InvitrogenTM) at 1X concentration for 30 minutes and visualized using ChemiDoc 

XRS+ 	system 	(Bio-Rad). 

3.11 Exosome surface marker characterization 

We used Exo-CheckTM antibody array (System Biosciences) to characterize the exosomes 

for surface marker expression. Exo-Check has 12 pre-printed spots with 8 antibodies for known 

exosomes markers (CD63, CD81, ALIX, FLOT1, ICAM1, EpCam, ANXA5 and TSG101), a 

GM 130 cis-Golgi marker to detect any cellular contamination in the exosome sample, and a 

positive sample spot derived from human exosomes. Spots in Exo-Check are already conjugated 

with HRP antibodies. 

Sample preparation: 

5 µl of 10x Lysis Buffer was added to the exosome dilution (40 µg of exosome sample + 5 µl 

ultrapure distilled water) and vortexed for 15-30 seconds. 1 µl of the labeling reagent was added 

to the contents from previous step and incubated at room temperature for 30 minutes with 

constant mixing to prepare sample. Provided column was vortexed to resuspend the medium. 

Screw cap was loosened and the bottom closure was twisted off. Column was centrifuged at 
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800g for a minute, and the storage buffer was discarded. 400 µl of column buffer was added to 

the column and centrifuged at 800g for a minute. Column was placed in the collection tube, and 

the prepared sample was placed in the centre of the packed bed. Sample was eluted by 

centrifuging at 800g for 2 minutes. Eluted smaple was added to 5 ml of blocking buffer in a new 

BD falcon 15 ml tube. 

Antibody array capture: 

Provided pre-printed membranes were briefly soaked in 5 ml of milliQ water for 2 minutes. 

Water was decanted and and 5 ml of labeled exosome lysate in blocking buffer was spread over 

the membrane. Tray was incubated at 4oC overnight on shaker. 

Membrane washing and signal detection: 

The blocking mixture was removed, and replaced with 5ml of 1x wash buffer and rock gently for 

5 minutes at room temperature. Wash step was repeated twice, followed by adding 5 ml of 

detection buffer and incubating for 30 minutes at room temperature. Detection buffer was 

removed and the membrane was washed thrice with 5 ml of 1x wash buffer for 5 minutes at 

room temperature. Developer mixture (Refer section 3.6) was made and spread over the 

membrane. Membrane was imaged using ChemiDoc XRS+ system (Bio-Rad) 

3.12 Differential CDC-exosome uptake assay 

Exosome uptake capability is known to be dependent on the endocytosis-related molecule 

expression level. The difference in the expression level of membrane proteins give cell a 
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differential ability to endocytose exosomes. Recent studies also showed that the exosome uptake 

mechanism differs depending on the recipient cell type [53]. We studied the differential uptake 

of exosomes by treating different cells with labeled CDC-exosomes at different doses. A dose v/s 

uptake curve would answer the differential uptake in cells like HEK293t, mCDCs, and mouse 

Bone marrow derived macrophages (mBMDMs). 

Exosome labeling: 

We used Exo-Red (System Biosciences) to label the exosomes and study the differential uptake 

in vitro. Exo-Red binds to the RNA inside exosomes through electrostatic attractions. 50 µl of 

10x Exo-Red dye was added to 500 µl of resuspended exosome suspension (300 µg of exosomes 

+ 200 µl 1x PBS) in a 1.5 ml eppendorf tube. The mixture was mixed by flicking, making sure 

the tube was not vortexed. The solution was incubated at 37oC for 10 minutes. 100 µl of 

ExoQuick-TC (System Biosciences) was added to the exosome suspension to stop the reaction 

and mixed by inverting 6 times. The labeled exosomes were incubated on ice for 30 minutes. 

Tube containing exosomes was centrifuged at 14,000g for 3 minutes. Supernatant was removed, 

and the labeled exosome pellet was resuspended in 500 µl of 1x PBS and stored at -80oC for 

future experiments. 

Differential exosome uptake assay: 

Exosome uptake assay was performed on HEK293t, and mCDCs at doses of 30 µg, 3 µg, and 

0.3 µg of labeled exosomes. Exosome uptake assay in mBMDMs was performed at doses of 30 
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µg, 3µg, and 0.3 µg of labelled exosomes. mCDCs and HEK293t were plated at 50,000 cells per 

12 well-plate, and mBMDMs were plated at 200,000 cells per well of a 24 well plate, and 

incubated overnight at 37oC, 5% CO2. The following day, media was changed to respective 

serum-free media for mCDCs, HEK293t, and mBMDMs. Different doses, as described 

previously, were added to the cells and incubated at 37oC, 5% CO2 for 4 hours. Cells were 

imaged using EVOS Auto (ThermoFisher Scientific) using the RFP filter. Cells were trypsinized 

using 0.05% Trypsin with incubation at 37oC, 5% CO2 for 4 minutes or until the cells detach 

from the surface. Cells were collected in the flow tubes, and trypsin in the solution was 

inactivated using growth media for individual cells. Flow tubes were centrifuged at 100g for 7 

minutes, supernatant was removed, and the cell pellet was resuspended in 1x PBS, pH 7.4 to get 

100,000 cells/ 100 µl of 1x PBS for flow analysis. 100 µl of cells per well was pipetted in 

individual wells of a 96 well round bottom plate. Flow settings in the BD AccuriTM were set to 

FL3 channel, fast fluidics, threshold to 90 µl, and plate agitation after every 3 wells. Data were 

processed and analyzed using FCS Express software. 

3.13 Generation of reporter cell line 

To test the functional efficiency of WW-cre loaded exosomes (cre-exos), we generated a 

transient reporter cell line using HEK293t cells transfected with DIO-Cop-GFP plasmids. When 

these cells are treated with cre-exos, WW-cre is delivered to the cytoplasm followed by 

cre mediated inversion of the GFP sequence and expression of GFP protein. There are multiple 

factors which affect this process, as discussed in the Results section. 

Transfection of HEK293t using Fugene® HD (Promega): 
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We used established protocols form the Fugene HD protocol database 

(https://www.promega.com/techserv/tools/FugeneHdTool/) to transfect HEK293t cells with the 

DIO-Cop-GFP plasmid (reporter cells) and m-Cherry plasmid (reference control for transfection 

efficiency). Transfection was done at a ratio of 3:1 (Fugene HD:DNA). As per the protocol, 

HEK293t cells were plated a day before transfection at a density of 500,000 cells per well of a 

6 well plate in 3 ml HEK293t media (DMEM containing 10% HyClone Heat-inactivated fetal 

calf serum, 1% L-Glutamine, 1% penicillin/streptomycin, and 0.1% 2-Mercaptoethanol). The 

following day media was changed to 3 ml of Opti-MEMTM (GibcoTM), a few hours before 

transfection. Opti-MEMTM is a reduced serum formulation which reduces the serum 

supplementation by at least 50%. It contains additional elements like insulin, transferrin, 

hypoxanthine, thymidine, and trace elements which allows the reduction in serum 

supplementation [54]. Use of Opti-MEM facilitates the process of transfection with good 

efficiency and is compatible with variety of cell lines including HEK23t cells. 6.6 µg of DNA 

was added to 310 µl total volume of Opti-MEM to make a 0.020 µg/µl plasmid solution. 20 µl of 

Fugene® HD was added to the plasmid solution and mixed carefully by pipetting 15 times 

followed by vortexing briefly. The complex was incubated for 8 minutes at room temperature. 

150 µl of complex was added to each well drop by drop directly to the media, ensuring the 

complex didn’t touch the sides of well. The following day, media was changed to HEK293t 

media. Wells transfected with m-Cherry were imaged and analysed using BD AccuriTM flow 

cytometry device for transfection efficiency. 

We followed the protocol described above (Refer section 3.3) for flow cytometry. Further 

assays were performed on the wells transfected with DIO-Cop-GFP plasmid. 
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3.14 Functional transfer assays to evaluate cre-exos system 

Transfer of cargo: 

We studied the transfer of the cre-exos cargo to the generated reporter cell line by multiple 

qualitative and quantitative experimental assays. Transfer of the WW-cre protein to the 

cytoplasm of reporter cell line was analyzed using Immunoblot analysis. 35 µg of cell lysate, as 

shown below in the table, and Ladder (PageRulerTM) was used for the experiment. We followed 

the protocol described previously (Refer section 3.6) for the immunoblot analysis. 

Protein sample Reporter plasmid: DIO-Cop-GFP cre-exos treatment (30 µg) 

HEK 293t cells 

+ + (treated) 

+ - (untreated) 

Transfer of mRNA to the cytoplasm of reporter cell line was analyzed by making PCR products 

using WW-cre primer, as described above (Refer section 3.9). PCR products (treated, and 

untreated) were run on the agarose gel to visualize bands (Refer section 3.10). 

Assessment of WW-cre (cre-exos) recombinase activity in reporter cells: 

The recombinase activity of WW-cre in cre-exos was evaluated as a measure of fluorescence 

produced with the treatment of cre-exos in DIO-Cop-GFP reporter cell line. We followed the 

Fugene® HD protocol database to generate reporter cell line in a 12 well plate (Refer section 

3.12). 30 µg of cre-exos was added to each well of a 12 well plate (~30 µg/2x105 cells) and 

incubated for 24 hours. The following day, cells were trypsinized using 0.05% trypsin and 

collected in individual flow tubes. Trypsin was inactivated using HEK293t media and 
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centrifuged at 100g for 7 minutes. The cell pellet was resuspended in 1x PBS, pH 7.4 to get 

100,000 cells/ 100 µl of 1x PBS for flow analysis. 100 µl of cells per well were pipetted in 

individual wells of a 96 well round bottom plate. 17 wells out of 96 wells were filled with 

samples as follows: 2 wells with 1x PBS, 3 wells with negative control, 3 wells with m-cherry 

control to normalize recombinase activity to transfection efficiency, and 3 wells with reporter 

cells treated with cre-exos to quantify recombinase activity. Flow settings in the BD AccuriTM 

were set to fast fluidics, threshold to 90 µl, and plate agitation after every 3 wells. Data were 

processed and analyzed using FCS Express software. 

3.15 Plasmid digestion 

We used restriction enzymes to linearize the plasmid and reduce the leakiness in DIO-

Cop-GFP reporter cells. Restriction site closest to the promoter site was selected to be the point 

of cleavage. 3 µg of DNA plasmid (DIO-Cop-GFP/ m-Cherry) was added to an Eppendorf tube 

with 5 µl of 1X NEB buffer and water to make up to 50 µl of reaction volume. 3 µl of KpnI 

(New England Biolabs) for DIO-Cop-GFP and 3 µl of NotI (New England Biolabs) for mCherry 

was added to the reaction mixture and incubated for 30 minutes at room temperature. 2 µl of 

Alkaline Phosphatase, Calf Intestinal (New England Biolabs) was added to individual reactions 

and the reaction was further incubated for 30 minutes more. The reaction mixture was then 

processed using PCR cleanup kit (Omega BIO-TEK) as per the manufacturer’s protocol. Linear 

plasmids were used to transfect HEK293t, following the above protocols (Refer section 3.13) 
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4. Results 

In this project, we sought to develop a Cre-recombinase method to track the physiological 

uptake of exosomes, enabling us to study the biodistribution pattern of CDC-exosomes (CDC-

exos) and genetic changes in vivo at a cellular level. 

4.1 Exosomes isolated from CMV-cre mCDCs do not contain any detectable cre protein in 

the exosomes 

In the early stage of the project, our lab hypothesized that the exosomes secreted by 

CMV-cre CDCs would contain cre-recombinase in it. To test this hypothesis, CDCs were 

generated from CMV-cre transgenic mice hearts. Exosomes were purified and characterized 

following our established protocol. Protein was extracted from CMV-cre parent CDCs, 

Experimental “CMV-cre” exosomes, and control mouse CDCs (non-transgenic) using RIPA 

Lysis, and Extraction Buffer (ThermoFisher Scientific). Immunoblot analysis was performed 

using standard protocols discussed in methods. 

Lane Protein sample Concentration 

1 Ladder (PageRuler™-Thermo Scientific) 5 µl 

2 CMV-cre mCDC cell protein lysate (+ control) 30 µg 

3 CMV-cre mCDC exosome protein lysate 30 µg 

4 mCDC cell protein lysate (- control) 30 µg 

5 Ladder (PageRuler™-Thermo Scientific) 5 µl 
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Figure 4.1 Immunoblot analysis to detect the presence of Cre inside the exosomes. 
Immunoblot analysis was performed on (A) 30 µg of cell protein lysate from CMV-Cre mCDCs as a positive control showing 
expression of Cre protein in the cytoplasm, (B) 30 µg of exosome protein lysate from CMV-Cre mCDC exosomes showing no 
packaging of Cre in the exosomes, and (C) 30 µg of cell protein lysate from mCDCs as a negative control showing no 
expression of Cre in the cytoplasm. 

Immunoblot analysis indicated absence of cre in the exosomes. CMV-cre CDCs 

constitutively expressed cre in the cell cytoplasm, but not inside the exosomes, suggesting that 

the packaging of proteins in the exosomes is a very specific process involving transport 

machinery. One of the mechanisms by which proteins are loaded in the exosomes is through the 

ESCRT complex. Exploiting the vesicle trafficking mechanism like ESCRT complex to load 

exogenous protein in the exosomes could be an efficient method to load cre into the 

exosomes (Refer section 1.7) 

4.2 Validation of Plasmids. 

We tried to recreate the WW-cre model in mCDCs by using the technique developed by 

Howitt et al. to efficiently pack WW-cre into the CDC-exosomes (cre-exos) in this project. We 
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received WW-cre, and Ndfip1 plasmids from Jason Howitt research group, University of 

Melbourne. Sanger sequencing was performed to identify and validate the plasmid. Plasmids 

were initially developed using pcDNA3 backbone. We designed primers for CMV forward (5’-

CGCA-AATGGGCGGTAGGCGTG-3’) and BGH reverse (5’- TAGAAGGCACAGTCGAGG-

3’) so that the insert (WW-cre and Ndfip1) region falls in between. Samples were given to 

Roswell park research center, for Sanger sequencing. The sequences were analyzed using Serial 

Cloner, and the presence of inserts was confirmed. Below diagram shows the insert sequence for 

WW-cre in the insert region as analyzed by Serial Cloner. 

Figure 4.2. Sequencing results of WW-cre plasmid, confirming the presence of WW-cre insert. 
Analysis performed by Serial cloner. 

4.3 Plasmid Amplification 

Plasmids were amplified to maintain sufficient stock of the plasmid for nucleofection of 

mCDCs, and generation of reporter cell line to test cre-exosomes. NanoDrop UV-Vis 
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spectrophotometer was used to quantify the concentration and purity of plasmids following DNA 

extraction from bacterial culture. The table below demonstrates concentration along with the 

260/280 ratio indicating the purity of plasmid samples used in the project. Ratio of ~1.8 is 

considered pure for DNA 

Plasmids Concentration 

(ng/µl) 

A 260/280 

WW-cre recombinase 487.5 2.06 

Ndfip1 30 µg 1.98 

pCDH-EF1-DIO-copGFP 322.25 1.88 

m-Cherry 280.35 1.86 

4.4 mCDC generation and characterization 

mCDCs were generated from C57BL/6J adult mice, as described in section 3.1. CDCs 

were characterized previously in the lab for surface marker expression of CD90 and CD105. A 

total of 91.25% of the cells were both CD90 and CD105 positive, as shown below. 

Figure 4.4 Surface marker characterization of mCDCs. 
Isolated mCDCs wer characterized for expression of CD90 and CD105. 
A total of 91.25% of cells expressed both CD90 and CD105. 
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4.5 Electroporation based transfection- Nucleofection 

Nucleofection method was used to introduce the plasmids (WW-cre and Ndfip1) in the 

mCDCs. Nucleofection is a faster and viral free method to introduce plasmids inside the cells, 

thereby increasing the transfection efficiency and viability of cells. The cells are suspended in 

between two electrodes, and an electric pulse (optimized voltage) is used to disturb the cellular 

membrane for a brief period, allowing entry of plasmids. Lonza 4D nucleofector was optimized 

to the program DS-138, and the cells were nucleofected with V4XP-2024 Primary cell 

nucleofection kit, as described in the methods. 

Nucleofection efficiency was quantifed using GFP as a control. We observed a nucleofection 

efficiency of 39 ± 1.1% (Mean ± SEM, n=3), which was consistent at 24 and 72 hours, using BD 

Accuri flow cytometry. 

4.6 Characterization of exosomes 

4.6.1 Nanotrack particle analysis 

Following isolation of cre-exos from mCDCs nucleofected with WW-cre and Ndfip1, exosomes 

were characterized with regards to size, surface protein expression, and presence of WW-cre 

inside the exosomes. NTA was performed to study any changes in the surface morphology and 

size of the isolated particles post nucleofection. The size of cre-exos ranged from 79 nm to 155 

nm, indicating no effect of nucleofection on the size of exosomes, as shown below. 
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Figure 4.6.1 Nanoparticle track analysis (NTA). 
A. Particle distribution profile showing size particle range from 79 nm to 155 nm in 
diameter. B. 3D plot of NTA analysis showing peak at 155 nm. 

4.6.2 Immunoblot analysis to detect the presence of WW-cre inside the exosomes. 

Immunoblot analysis was performed on the exosomes to verify the packaging ability of WW-cre 

inside the exosomes. Protein samples were prepared as discussed in methods. Lanes with protein 

samples are shown in the table below. 

Lane Protein sample Concentration 

1 mCDCs nucleofected with WW-cre+Ndfip1 35 µg 

2 Cre-exos isolated from nucleofected mCDCs 35 µg 

3 Ladder (PageRuler™-Thermo Scientific) 5 µl 

We used Hsp90 as a loading control since it is constitutively expressed on the surface of the 

exosomes. As shown in the figure 4.6.2. the presence of WW-cre is verified in the cre-exos. 

More expression of WW-cre in cre-exos than nucleofected mCDCs could be due to packaging of 

WW-cre in the exosomes over 7 days of incubation and collection of exosomes. 
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Figure 4.6.2 Immunoblot analysis to detect the presence of WW-Cre inside the exosomes, with hsp 90 as a reference 
gene. 
Immunoblot analysis was performed on (A) 35 µg of cell protein lysate from mCDCs nucleofected with WW-Cre and Ndfip1 as 
a positive control showing expression of WW-Cre protein in the cytoplasm, (B) 35 µg of exosome protein lysate from exosomes 
collected from mCDCs nucleofected with WW-cre and Ndfip1 showing packaging of WW-Cre in the exosomes, (C) 35 µg of 
cell protein lysate from mCDCs nucleofected with WW-Cre and Ndfip1 showing no expression of hsp90, and (D) 35 µg of 
exosome protein lysate from exosomes collected from mCDCs nucleofected with WW-cre and Ndfip1 showing expression of 
hsp90 on the surface of exosomes. 

4.6.3 RT-PCR analysis to detect the presence of WW-cre mRNA inside the exosomes 

There are multiple mediators of the cardioprotective effects exhibited by CDC-exosomes, 

one of which is small RNA molecules like mRNA, and miRNA. ESCRT complex also plays a 

crucial role in packaging small RNA molecules into the exosomes. If the developed model is 

efficient, it should also pack mRNA into the exosomes. Presence of mRNA could also possibly 

bring uniformity in the candidates, which can be loaded in the exosomes through this model. 

PCR products were made from RNA substrates as described in the methods. Agarose gel 

electrophoresis was performed on the PCR products to visualize bands. The samples ran on the 

gel are shown below in the table. 
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Lane PCR product Volume 

1 Gene Ladder (ThermoFisher Scientific) 5 µl 

2 mCDCs nucleofected with WW-cre+Ndfip1 

(+ control) 

1 µl 

3 Cre-exos isolated from nucleofected mCDCs 1 µl 

4 mCDCs, No nucleofection (- control) 1 µl 

Figure 4.6.3. RT-PCR analysis to verify packaging of WW-cre mRNA 
PCR products obtained from respective samples were run on agarose to detect the presence of 
WW-Cre RNA in (A) mCDCs nucleofected with WW-Cre and Ndfip1 as a positive control 
showing expression of WW-Cre mRNA in the cytoplasm, (B) Exosomes collected from mCDCs 
nucleofected with WW-cre and Ndfip1 showing the packaging of WW-Cre mRNA inside the 
exosomes, and (C) mCDCs as a negative control showing no expression of Cre in the cytoplasm 

We verified the packaging of WW-cre mRNA in the cre-exos, indicating that Ndfip1 is 

also efficient in packing mRNA into the exosomes. The PCR primer we designed calculated the 

PCR product size to be 180 bp. We observed bands in 2nd , and 3rd lane at ~200 bp, confirming 

WW-cre mRNA presence. 
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4.6.4 Exosome surface protein characterization 

Surface proteins can play a crucial role in the effects mediated by CDC-exosomes. 

We characterized CDC-exos on the basis of standard surface markers using Exocheck Exosome 

antibody array, described in methods. 40µg of CDC-exos were used for the characterization. 

EpCAM 

Figure 4.6.4 Exosome surface protein characterization 
Cre-exos are positive for common surface markers like FLOT-1, ICAM, ALIX (faint), CD81, CD63, EpCAM, ANXAS, and 
TSG101. Cre-exos are negative for cellular contamination marker GM130 (component of Golgi apparatus) 

GM130, a marker for cellular contamination (a component of the Golgi apparatus) is 

negative as seen on the blot. CDC-exosome is positive for common markers like FLOT-1, 

ICAM, ALIX (faint), CD81, CD63, EpCAM, ANXAS, and TSG101. 
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4.7 Differential exosome uptake 

As described previously, the difference in the expression level of membrane protein on 

the exosome membrane gives the host cell a differential ability to endocytose exosomes. The 

uptake of exosome is also dependent on the membrane protein expressed on the cellular 

membrane. Studying dose-dependent uptake can also help calculate the dosage in in vivo and in 

vitro studies. Labeling exosomes with exo-red can provide a basis to quantify the exosome 

uptake in different population of cells. We studied differential exosome uptake in three different 

groups of cells, including mCDCs, HEK293t cells, and naïve BMDMs. 

4.7.1 Exosome uptake in HEK293t cells: 

We tested three different doses of labeled exosomes (0.3, 3, 30 µg) and measured the 

fluorescence post uptake (4 hours) by flow cytometry, as discussed in methods. 

Figure 4.7.1 Exo-red labeled exosome uptake in HEK239t cells 
HEK 293 t cells were treated with different doses of Exo-Red labeled CDC-exosomes. Images recorded with fluorescent 
microscope (10x) showing labeled exosome uptake in HEK293t cells when treated with (A)- 0.3µg, (B)- 3µg, and (C) 30µg 
of CDC-exosomes following 4 hours of incubation. (D) GraphPad prism was used to plot % Exo-Red positive cells v/s log10 
[Exosomes in µg] to calculate EC50 = 0.56 ± 0.08 µg (95% CI) using the least squares-ordinary fit method. 
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A

4.7.2 Exosome uptake in mCDCs: 

We tested three different doses of labeled exosomes (0.3, 3, 30 µg) and measured the 

fluorescence post uptake (4 hours) by flow cytometry, as discussed in methods. 

A 

Figure 4.7.2 Exo-red labeled exosome uptake in mCDCs 
mCDCs were treated with different doses of Exo-Red labeled CDC-exosomes. Images recorded with fluorescent microscope 
(10x) showing labeled exosome uptake in mCDCs when treated with (A)- 0.3µg, (B)- 3µg, and (C) 30µg of CDC-exosomes 
following 4 hours of incubation. (D) Graphpad prism was used to plot % Exo-Red positive cells v/s log10 [Exosomes in µg] to 
calculate EC50 = 4.3 to 6.3 µg (5.3 ± 1 µg) (95% CI) using the least squares-ordinary fit method. 

4.7.3 Exosome uptake in naïve mBMDMs: 

We tested three different doses of labeled exosomes (0.3, 3, 30 µg) and measured the 

fluorescence post uptake (4 hours) by flow cytometry, as discussed in methods. 
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Figure 4.7.3 Exo-red labeled exosome uptake in mBMDMs 
mBMDMs were treated with different doses of Exo-Red labeled CDC-exosomes. Images were recorded with fluorescent 
microscope (10x) showing labeled exosome uptake in mBMDMs when treated with (A)- 0.3µg, (B)- 3µg, and (C) 30µg of 
CDC-exosomes following 4 hours of incubation. (D) GraphPad prism was used to plot % Exo-Red positive cells v/s log10 
[Exosomes in µg] to calculate EC50 = 3.9 to 6 µg (5 ± 1.1 µg) (95% CI) using the least squares-ordinary fit method. 

The uptake of CDC-exosomes in the order of EC50 is mCDCs ~ mBMDMs < HEK293t, 

suggesting that the uptake of CDC-exosomes is highest in HEK293t cells followed by mBMDMs 

which falls in the same ranges as mCDCs. 

4.8 Functional transfer assay of WW-cre from the cre-exos 

The primary aim of the project was to develop a method which could bring site specific 

recombination, addressing common questions associated with CDC-exosomes like bio-

distribution patterns in vivo, regulation of gene upon uptake of exosomes, and scope of 

biomolecule packaging. To study the WW-cre model, we generated a reporter cell line as 
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described in the methods. The DNA plasmid construct has a flipped GFP sequence in between 

the loxP sites. 

4.8.1 Generation of DIO-Cop-GFP reporter cell line 

We used protocols as described in the method section to generate a reporter cell line 

using HEK293t cells and test the cre-exos. As shown below, WW-cre upon functional delivery 

would invert the “non-sense” sequence to “sense” sequence, expressing GFP. Expression of GFP 

and hence successful functional delivery could be recorded by a fluorescent microscope 

(Qualitative) and flow cytometry (Quantitative) 

Figure 4.8.1 Schematic description of functional transfer of WW-cre 

4.8.2 Transfer of cargo – WW-cre protein 

To study the transfer of cargo - WW-Cre protein, we treated reporter cells with 30 µg of 

cre-exos (30 µg exosomes/ 500,000 cells) and performed qualitative studies on it. Transfer of 
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WW-cre protein to the cytoplasm was verified by immunoblot analysis. Protein samples were 

prepared as follows: 

Lane Protein sample Concentration 

1 HEK293t cells + DIO-Cop-GFP + cre-exos 35 µg 

2 HEK293t cells + DIO-Cop-GFP - cre-exos 35 µg 

3 Ladder (PageRuler™-Thermo Scientific) 5 µl 

We verified presence of WW-cre protein in the cytoplasm, indicating functional delivery 

of the WW-cre protein into the cytoplasm. 

Figure 4.8.2 Immunoblot analysis to confirm functional delivery of WW-Cre in the host 
cell 
Immunoblot analysis was performed on (a.) 35 µg of cell protein lysate from HEK293t 
reporter cell line (DIO-Cop-GFP+) treated with Cre-exos confirming functional delivery of 
WW-Cre protein in the cytoplasm, (b.) 35 µg of cell protein lysate from untreated HEK293t 
reporter cell line (DIO-Cop-GFP+) as a negative control 

4.8.3 Transfer of cargo – WW-cre mRNA 

We performed agarose gel electrophoresis on the PCR product made from the cre-exos 

treated and the cre-exos untreated reporter cells mRNA. However, the amount of PCR product 
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was too low to be detected in the gel. This could indicate that the mRNA may not be a crucial 

mediator of the CDC-exosomal activity since the amount of mRNA is too little that even if it is 

transferred, it is not detectable by the gel electrophoresis. 

4.9 Assessment of the WW-cre recombinase activity in reporter cells 

The recombinase activity of the WW-cre in cre exos was evaluated as a measure of GFP 

fluorescence in reporter cell line on treatment with cre-exos. The experiments were performed as 

described previously in the method section. 24 hours post treatment, transformed reporter cells 

were imaged using EVOS fluorescent microscope. As shown below in the figure, cre-exos were 

able to flip the GFP sequence, followed by expression of GFP. 

Figure 4.9.1 WW-Cre recombinase activity in HEK 293t DIO-Cop-GFP cell line 
Figure represents the recombinase activity shown by Cre-exos in the reporter cell 
line as recorded by Evos fluorescent microscope at 10x. (A) Phase bright image of 
the HEK293T cells transfected with DIO-Cop-GFP plasmid followed by treatment 
with Cre-exos, (B) GFP filter fluorescent image of the same cells (A) showing GFP 
recombination by Cre-exos followed by GFP expression, (C) Phase bright image of 
the HEK293t cells transfected with m-Cherry plasmid to quantify and normalize the 
recombinase activity shown by Cre-exos to the transfection efficiency. (D) RFP filter 
fluorescent image of the same cells (C) showing expression of m-Cherry. 
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Cre-recombinase activity was quantified by measuring the fluorescence produced by the 

reporter cells. Activity of cre-exos would depend on the transfection efficiency of DIO-Cop-

GFP. Therefore all the quantities were normalised to the transfection efficicency of m-cherry in 

HEK293T cells. The samples analysis to measure the GFP fluorescence are shown in the table 

below 

Figure 4.9.2 Flow analysis for functional efficiency of Cre-exos in HEK293t DIO-Cop-GFP cell line 
All analyses were done using FCS Express software to quantify the functional efficiency of Cre-exos. Flow cytometry plots 
were limited to 5000 events to have uniform comparison 
(A) represents the series of flow analysis demonstrating the percentage of cells which are positive for GFP protein expression 
(Green window) (B) represents the series of flow analysis demonstrating the percentage of cells which are positive for m-
Cherry expression (red window) to normalize the functional efficiency of Cre-exos to the transfection efficiency. (C) Table 
showing calculations to quantify the functional efficiency of cre-exos 
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Figure 4.9.3 Graphical representation of functional efficiency of Cre-exos 
All analyses were done using GraphPad Prism software to represent the functional efficiency of Cre-exos. Data represented as 
Mean ± SEM 
(A) Graphical representation of the percentage of GFP positive cells as seen in different groups (control-no transfection, 
untreated, and treated). (B) Graphical representation of the percentage of m-Cherry positive cells (control-no transfection and 
m-Cherry plasmid transfection) to normalize the functional efficiency of Cre-exos to the transfection efficiency. 

We observed that the fluorescence in the reporter cells treated with cre-exos was 1.4 % 

after normalising the data to M-Cherry transfection efficiency. Results were biased due to high 

background in the reporter cell line. High background in the reporter cell line post transfection 

could be due to the “Leaky” expression of GFP. 

4.10 Background (“Leaky”) expression in DIO-Cop-GFP reporter cell line 

In reporter cell lines, leakiness refers to the undesirable plasmid expression in the absence 

of cre. Under the non-inducible state, GFP should not have been expressed. However, there are 

multiple factors like ubiquitous cre, random inserts, inserts exhibiting promoter like activity, 
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nature of cell line that can affect the plasmid biology and express the plasmid without induction 

by cre. There are several methods which can be tried to reduce the leakiness in the cell lines. 

Double transfection to a generate reporter cell line 

We aimed to generate and isolate a population of reporter cells that showed reduced background 

expression. To do that, we first tried double transfection followed by flow associated cell sorting 

of m-cherry+ GFP-. We transfected HEK293t cells with M-cherry and DIO-Cop-GFP at 3:1 

(DNA : Reagent ratio ) using Fugene HD transfection reagent. Our aim was to sort cells which 

– were M-cherry + and GFP (non-leaky cells) from M-cherry + and GFP + (leaky cells). During 

the process of sorting a minor population of cells were M-cherry + and GFP + and hence the cells 

which were M-cherry + were isolated assuming that it would reduce leakiness. However, 

leakiness increased over a period of 2 days, failing the experiment. 

Linear plasmid transfection 

Linearization of plasmid can reduce the leakiness since the linear plasmid would have aligned 

sequences and would rule out the possibility of random expression in the plasmid. We generated 

a cell line using linear plasmid (described in the methods section) and saw no changes or 

improvement in the background GFP expression in our cell line. 
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5. Conclusion 

Cardiosphere-derived cells (CDCs) have been shown to decrease scar mass, increase 

viable mass, and stop adverse remodeling in multiple large and small animal models of ischemia 

as well as a phase 1 human trial. Interestingly, the benefits of CDC cellular therapy (and others) 

have been shown to be largely mediated by secreted exosomes. We have previously shown that 

CDC-derived exosomes promote cardiomyocyte proliferation and survival, stimulate 

angiogenesis and polarize cardiac macrophages to a unique Arg1-high phenotype. In addition, 

we have established that genetic inhibition of exosome secretion decreases the beneficial effects 

imparted by CDCs on cardiac cells. Despite these findings, the in vivo cellular targets and 

mechanisms by which exosomes mediate cardioprotection post MI are largely unknown. To 

begin to understand these mechanisms, our aim was to develop a method to “map” the trajectory 

of injected CDC-derived exosomes post MI that did not rely on the use of transient membrane-

bound dyes which can diffuse out and be taken up non-specifically. We would then study the 

genetic regulation by sorting a specific cell population which took up functional exosomes and 

compare activated genes and pathways with the cells that did not endocytose exosomes in vivo. 

We detailed our proposed Cre-loxP method to identify functional cellular targets of CDC-derived 

exomes in vivo. Unlike fluorescently labeled exosomes, this method would differentiate between 

functional mRNA uptake (exosome mRNA transfer to the cytosol followed by translation into 

protein) and nonfunctional mRNA uptake (lysosomal degradation of the exosome content). Our 

ultimate goal was to identifying the cellular targets of injected exosomes to enable us to better 

understand the role of CDC-derived exosomes in cardioprotection post myocardial injury. 

We found that CMV-cre cells do not package endogenous cre into their exosomes. We 

were able to successfully load ww-cre protein into CDC-derived exosomes using a method of 

56 



  

         

        

            

          

         

           

       

          

         

         

            

       

           

             

          

            

        

            

          

      

 

 

 

double transfection of ww-cre and Ndfip1 plasmids into cardiosphere-derived cells. We 

encountered the challenge of background (“leaky”) GFP expression (1%) in our CIO-Cop-GFP 

293T reporter line that we were unable to correct for by linearizing our plasmid or pre-sorting for 

double transfected m-cherry+gfp- cells. Unfortunately, we ultimately saw a very low rate of 

functional transfer of cre exosomal protein (assessed by a low rate of cre-mediated 

recombination) to our reporter target cells (in the range of 1% after accounting for leaky 

expression) that would limit translation of this method to in vivo applications. 

We predicted multiple factors that could contribute to low efficiency in genetic 

recombination post treatment with cre-exos in HEK293t DIO-Cop-GFP cell line. First we 

observed a nucleofection efficiency of 33.6 % that could affect the packaging efficiency of 

WW-cre exos into the exosomes. This could be improved 3 times by developing a lentivirus 

system. Lentivirus transductions would constitutively express the WW-cre protein in the 

exosomes. Although it has higher toxicity in the cells, the cell line expressing WW-cre and 

Ndfip1 would be stable over time, along with antibiotic resistant selection can generate a system 

with efficient packaging. There are multiple factors which can affect the functionality of the cre-

recombinase enzyme following endocytosis. Morelli et al. in their study showed that the 

PKH67-labeled exosomes were trapped in the late endosomes/lysosomes at 2 hours after 

treatment in dendritic cells, followed by digestion [55]. This could further reduce the functional 

efficiency of cre-exos. This could help develop a more efficient and effective WW-cre model to 

study the effects of CDC-exosomes following myocardial infarction. 
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Chapter II: 

“Elucidating the role of orphan nuclear receptor- Nr4a1 

in CDC-exosome mediated immune modulation” 
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Abstract 

Exosomes play a critical role in intracellular communication and orchestrating sequential 

inflammatory events resulting in anti-inflammatory, cardioprotective effects following 

myocardial infarction (MI). Nr4a1/Nur77/NGFI-B-orphan nuclear receptor is a master regulator 

involved in the inflammatory response and immune homeostasis. It suppresses inflammatory 

genes through inhibition of NF-κB signaling pathways and is known to be upregulated by 

multiple substrates including TNFα and oxidized lipids like lipopolysaccharides (LPS). We 

hypothesized that treatment with CDC-exosomes induces expression of Nr4a1 in naïve BMDM, 

limiting expression of TNFa and contributing to a more anti-inflammatory macrophage 

phenotype. Our primary aim in this project was to study the effect of CDC-exosome treatment on 

induction of Nr4a1 and its effect on TNFa expression to identify a possible mechanism by which 

CDC-exosomes mediate an anti-inflammatory effect. 
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6. Background 

6.1 Role of the immune system following myocardial infarction 

As discussed in section 1, A myocardial infarction is followed by a series of sequential 

well-orchestrated immunological events which facilitate the wound healing process. The immune 

response post MI is biphasic in nature. Hypoxia-induced myocardial necrosis activates a series of 

pathways resulting in secretion of factors that activates the innate immune system. Early 

activation of the innate immune system is pro-inflammatory and functions to clear cell debris, 

extracellular matrix, and digest necrotic tissue in the myocardium [56]. The pro-inflammatory 

stage is controlled by multiple cell signaling factors, including DAMPs (heat shock proteins, 

fibronectin fragments, HMGB1, chemokine ligands- CCL2/CCL5, and IL-1a) [57]. Studies have 

shown that the IL-1a plays a critical role in the inflammatory response post MI. IL-1a gene 

deletion in mice has shown reduced production of inflammatory cytokines and reduced 

infiltration of immune cells at the site of injury in the experimental models of MI [58]. Within 24 

hours following ischemic insult, most of the residential cardiac macrophages (derived from the 

embryonic yolk sac progenitor lineage) die in the ischemic myocardium. Cardiac stress-related 

inflammatory cell influx takes over and starts clearing the neutrophils, following their digestion 

of the necrotic tissue. These monocytes are sourced from the blood and originate from the spleen 

or bone marrow [59]. The widely accepted theory of monocyte infiltration post MI is contributed 

to Angiotensin II and b2- adrenergic receptors. Studies have shown that the patients on ACE 

inhibitors showed reduced inflammatory response post MI [60]. 
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Other studies have shown that deletion of the b2-adrenergic receptor gene had resulted in 

absence 

of migration of the monocytes post MI form the splenic reservior [61]. The reparative phase 

starting at day 4 (second phase in the biphasic nature of inflammation) is associated with 

macrophages that secrete IL-10, TGFb, and VEGF, reduce inflammation and induce 

angiogenesis. As discussed before, expression of TGFb drives fibroblasts to form myofibroblasts 

(expressing a- smooth muscle actin, becoming the compensatory contractile unit). Reparative 

macrophages also promote fibroblast migration and collagen deposition to heal the wound [56] 

Figure 6.1 Biphasic nature of inflammation post MI [18]. 
Early inflammation after MI (~4d in mice) clears the necrotic tissue and digests ECM. This is followed by a 
reparative phase (~4-14 d in mice), during which macrophages induces angiogenesis, myofibroblast formation, 
fibroblast proliferation, and collagen deposition. Incomplete or imbalanced inflammatory events result in chronic 
phase which has detrimental effects. 
Image sourced from Sumanth et al. [18] 
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6.2 Cardiac macrophage phenotypes following myocardial infarction 

The residential cardiac macrophages originating from the embryonic yolk sac and fetal 

liver progenitors prevail in the steady-state myocardium defending against infections and 

pathogens. Residential macrophages consist of 7.9±0.3% of all cardiac cells and persist 

throughout the life span [59]. These cells are spindle-shaped and closely resemble fibroblasts, 

undergoing self-renewal to maintain a healthy population in the steady-state myocardium [59, 

62]. Within 24 hours post MI, the number of residential macrophages start declining and are 

cleared by neutrophils migrating from the bone marrow/splenic reservoir. During the initial 

inflammatory stage, circulating monocytes from blood enter the myocardium and differentiate to 

an inflammatory phenotype. These monocytes are recruited from either bone marrow or spleen 

through the process of hematopoiesis. 

Table 6.2.1. Classification of macrophage source on the basis of monocyte surface markers. 

Note: Ly6C is a marker found in rodents, classification below is based on rodent markers. 

Macrophage source Phenotypic markers Role 

A. Steady-state Myocardium 

Embryonic yolk sac 
Ly6C− CCR2– MHCIIhigh Present antigen to lymphocytes 

Ly6C− CCR2− MHCIIlow Phagocytosis 

Haematopoiesis 

Ly6C+ CCR2− High NLRP3 gene expression (pro-inflammatory) 

Ly6C+ CCR2+ -

B. Disturbed homeostasis (following myocardial infarction): acute inflammation 

Blood monocytes Ly6Chigh CCR2high CX3CR1low Pro-inflammatory 

Ly6Clow CCR2high CX3CR1low Anti-inflammatory 

Bone marrow Ly6Chigh CCR2low Pro inflammatory 

62 



  

        

 

 

        

            

                  

         

           

          

        

        

         

        

            

Table sourced and modified from Yonggang et al. [63] 

Circulating monocytes differentiate to various subsets of macrophages, which have 

specific roles at different time points post MI. From day 1-3 macrophages attain an M1 

phenotype which is pro inflammatory and secrete cytokines like TNFa and IL-6. They are 

broadly classified into M1a (when stimulated with TLRs) or M1b (when stimulated with high-

mobility group protein B1, M1b is more phagocytic than M1a). Macrophages at a later stage 

(day 5-7) achieve a more anti-inflammatory state and are classified as M2 macrophages. M2 

macrophages are further divided into M2a (when stimulated by IL-4 or IL-13), M2b (when 

stimulated with immune complexes in combination with IL-1b), and M2c macrophages (when 

stimulated with IL-10). M2b suppresses the immune response, whereas M2c and M2a regulate 

the adaptive immune system [63]. Residential macrophages regain their proliferation capacity 

independent of the blood monocytes after 2 weeks post MI and can proliferate locally [59]. 
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Figure 6.2.2. 
Cardiac macrophage biology 
following MI. 
A. Monocytes exit the spleen 
and bone marrow reservoir 
upon signalling from the site 
of injury. 

B. Ly6Chigh monocytes 
dominate any other immune 
cells during the early 
inflammation stage. These 
cells then differentiate to M1 
class of macrophages which 
assist necrotic tissue clearance 
and ECM digestion. At the 
later stage of inflammation, 
Ly6Clow overpower and form 
M2 macrophages which has 
reparative function. 

C. Phenotypes of macrophages 
are interconvertible on the 
basis of influencing signals 
and thereby modulating its 
function. 

Image sourced and modified 
from Yonggang et al. [62] 

6.3. Macrophages play a crucial role in cardiac remodeling, mediated by CDC exosomes 

post MI. 

Macrophages attain an M1 and later an M2 phenotype to assist the process of wound 

healing following myocardial infarction. Amerongen et al. studied the importance of 

macrophages in the process of wound healing by reducing the number of macrophages in vivo, 

using clodronate (Cl2MDP) containing liposomes. Cl2MDP liposomes specifically target 

macrophages to induce apoptosis. Depletion of macrophages resulted in reduced macrophage 

infiltration into the infarcted myocardium, reduced removal of necrotic cardiomyocytes, an 

inability to deposit collagen, impaired angiogenesis, and reduced myofibroblast transition [64]. 

Marban et al. in their previous study showed therapeutic benefits of CDC-exosomes post MI, 

mediated by CDC-exosomes [39]. In their recent study, De Couto et al. also showed that the 
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cardioprotective effects shown by the CDC-exosomes were due to phenotypic modulation of 

macrophages [65]. To test the hypothesis that macrophages are necessary for the therapeutic 

effect of CDC-exosomes, they depleted the macrophages using Cl2MDP- liposomes and later 

treated the subjects with CDC-exosomes in MI models. As shown in figure 6.3.1, MI subjects 

treated with CDC + Cl2MDP demonstrated increased infarct mass as compared to the CDC 

treated group, with no change in LVEF. This shows that Cl2MDP depletion of macrophages 

exacerbated the infarct wound healing process even in the presence of CDCs. 

De Couto et al. performed additional studies comparing the gene expression profile of 

CDC v/s non-CDC treated macrophages to assess changes in polarization states. Treatment with 

CDCs showed a polarization state which shifted away from M1 suggesting an anti-inflammatory 

role. There was a reduction in the gene expression of TNFa, Nos2, and IL-6, which are specific 

to M1 phenotype. (figure 6.3.1.) [65] 
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Figure 6.3.1. Systemic depletion of macrophages reduces the effect of CDC treatment. 
a. Representative TTC-stained hearts from Cl2MDP- and PBS-treated animals b. Clodronate treatment led to trends toward an 
increase in infarct mass even on treatment with CDCs. c. CDC treated heart shows a macrophage population with a phenotype 
away from inflammatory M1. 

(Image sourced and modified from de Couto et al. [65]) 

Mursleen et al. in the in vitro study also demonstrated that macrophages downregulated 

M1 genes (TNFa, Nos2, IL-6, and Fpr2) in a dose-dependent manner. Coculture of CDCS with 

macrophages induced an Arg1 phenotype which was dependent on exosomes secretion. 

Coculture of macrophages with nSMase2 KD CDCs (unable to secrete exosomes) was unable to 

induce Arg1 expression in macrophages [66]. However, the mechanisms by which the CDC-

exosomes influence the phenotype of macrophages are not clear. 
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6.4 Orphan nuclear receptor – Nr4a1 (Nur77, NGFIB, or Nor-1) as a mediator to control 

inflammation. 

Recently the Nr4a1 receptor gained attention as a molecular switch that controls the 

differentiation of monocytes and the inflammatory cytokine expression in macrophages. Nr4a1 is 

a classical nuclear receptor with an activation domain at its N terminus, a DNA binding domain, 

and a ligand binding domain at its C terminus as shown in figure 6.4.1. Nr4a1 is involved in 

multiple cellular pathways including cell survival, apoptosis, and anti-inflammation. Although 

Nr4a1 is ligand-independent, it’s early immediate gene expression is influenced by many 

inducers including growth factors, post translational modifications, and apoptotic bodies [67]. 

Nr4a1 proteins are shown to dimerize and form complexes. As a monomer it binds to the NBRE 

(NGFI-B response element) sequence (AAAGGTCA), and as a homodimer it binds to the 

palindromic sequence (TGATATTTX6AAATGCCA- Nur77 response element) [68]. 

Figure 6.4.1. Structure of orphan nuclear receptor-Nr4a1. 
Structure depicting the N-terminus with ligand binding site (blue and grey dots), and ligand 
stabilized loop in red 

(Image sourced from Lanig et al. [69]) 
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a. Nr4a1 plays a crucial role in the differentiation of monocytes to anti-inflammatory 

macrophages. 

The biphasic immune response post MI involves the early infiltration of inflammatory 

Ly6Chigh Mo/Mf followed by accumulation of reparative Ly6Clow Mo/Mf. Recent studies have 

indicated that NR4a1 plays a crucial role in the differentiation of Ly6Clow monocytes to anti-

inflammatory macrophages. Hilgendorf et al. studied the role of Nr4a1 with regards to wound 

healing, neovascularization, and biphasic inflammatory response following myocardial 

infarction. They observed that Nr4a1 expression peaked at 7 days post MI, and was extensively 

produced in the CD11b cells (CD11b is a transmembrane protein expressed in cells like 

monocytes, macrophages, and B cells) in the myocardium. Hilgendorf et al. hypothesized that if 

Nr4a1 has an essential role in the differentiation of Ly6Clow Mo/Mf, then the absence of Nr4a1 

gene should result in no reparative macrophages after 7 days. They tested this hypothesis in 

Nr4a1-/- mice by inducing MI (LAD ligation) and studied the healing process. Absence of 

Nr4a1 resulted in reduced ECM deposition, fewer reparative smooth muscles actin 

myofibroblasts, and less neovascularization, indicating a role of Nr4a1 in the wound healing 

process. However, absence of Nr4a1 did not affect the infiltration of CD11b+ cells. They further 

proved through a series of experiments that the presence of Ly6Clow Mo/Mf was in fact due to 

local proliferation and differentiation of Ly6Chigh Mo/Mf monocytes 7 days following MI. 

(figure 6.4.2.) where Nr4a1 has a critical role [70]. While inflammation is essential to protect the 

tissue from physical damage, uncontrolled inflammation can result in tissue injury, impaired 

wound healing, and in some cases, chronic heart failure. Thus, controlling the inflammation is 

necessary to achieve optimal wound healing. 
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Figure 6.4.2. Role of Nr4a1 in differentiation of macrophages and the wound healing process. 
Ly6Chigh are recruited form the reservoirs in the early inflammation phase. After 7 days in mice, the Ly6Chigh 

differentiate to Ly6Clow macrophages by upregulating Nr4a1, which is influenced by multiple factors. 
Image sourced from Hilgendorf et al. [70] 

b. Nr4a1 also controls expression of inflammatory cytokines in LPS induced macrophages. 

NF-kB is a critical mediator of inflammation in macrophages, controling the transcription 

of various inflammatory genes and affecting the levels of cytokines released by the macrophages. 

Nr4a1 family receptors are known to interact with NF-kB and modulate the immune response. 

Nr4a1 is an attractive target for therapeutics since it has an important role in inhibiting NF-kB 

and suppressing the immune response, favoring the wound healing process. Glucocorticoids are 

potent anti-inflammatory agents which act on the NF-kB complex by inhibiting transcription. 

Nr4a1 is also known to indirectly inhibit the NF-kB complex, demonstrating an 

anti-inflammatory effect. Nr4a1-/- demonstrated an increased sensitivity to septic shock induced 

by LPS, further providing evidence of its anti-inflammatory role. 

The molecular mechanism by which NF-kB and Nr4a1 interact is well understood in the 

LPS induced system in macrophages. (Figure 6.4.3.). LPS activates TL4 receptors on 

macrophages and induces IkB kinase (IKK), which, in turn, phosphorylates the IkBa protein 

leading to ubiquitination and dissociation from the NF-kB complex. The activated NF-kB 
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proteins translocate to the nucleus, recruit the complex and regulate expression of Nr4a1 and 

TNFa. During inflammation, Nr4a1 in the nucleus loses its functional activity upon 

phosphorylation by P38a (induced by LPS). Inactive Nr4a1 cannot bind to the P65 subunit and 

hence permits NF-kB assisted expression of inflammatory genes like TNFa in macrophages 

[71]. 

Figure 6.4.3. Nr4a1 limits the inflammatory response on LPS exposure. 
Nr4a1 is upregulated through the P65/P50 pathways and bind to the P65 in nucleus to limit the 
expression of TNFa. During inflammation, Nr4a1 is phosphorylated by P38a and loses its 
function to inhibit NF-kB and allows expression of TNFa. 

Image sourced and modified from Murphy et al. [71] 

6.5 Hypothesis 

We hypothesized that treatment with CDC-exosomes induces expression of Nr4a1 in 

naïve BMDM, limiting expression of TNFa and contributing to a more anti-inflammatory 

macrophage phenotype. Our primary aim in this project was to study the effect of CDC-exosome 

treatment on induction of Nr4a1 and its effect on TNFa expression to identify a possible 

mechanism by which CDC-exosomes mediate an anti-inflammatory effect. 
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7. Research objective 

CDC-exosomes have been extensively studied secondary to their anti-inflammatory and 

cardioprotective effects post MI. Macrophages treated with CDC-exosomes are polarized 

towards a unique phenotype which is far from M1 but not representing a classical M2 phenotype. 

The mechanisms by which CDC-exosomes induce an anti-inflammatory phenotype is still not 

clearly understood. The objective of this project was to understand one of the many mechanism 

by which CDC-exosomes limit the production of inflammatory cytokines in macrophages. We 

hypothesized that treatment with CDC-exosomes induces expression of Nr4a1 in naïve BMDM, 

limiting expression of TNFa through inhibition of NF-kB, and contributing to a more anti-

inflammatory macrophage phenotype (Figure 7.1). We propose to study the relationship 

between Nr4a1 upregulation by CDC-exosomes and controlled regulation of TNFa with a Nr4a1 

siRNA KD model, we will employ the following groups: 

Groups No LPS or IFNɣ + LPS, IFNɣ 

No CDC-exos - Nr4a1 siRNA 
KD 
(section 9.4) 

No KD 
(section 
9.2) 

+ CDC-exos Nr4a1 siRNA 
KD 
(section 9.6) 

No KD 
(section 
9.2) 

Nr4a1 siRNA KD 

(to be studied) 

No KD 

After activating naïve mBMDM macrophages with LPS, or treating naïve mBMDM 

macrophages with CDC-exos, we will collect RNA and perform qRT-PCR to quantify the 
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changes in gene expression levels of Nr4a1 and TNFa to infer possible mechanism of 

action by which CDC-exosomes limits production of cytokines in macrophages. 

Figure 7.1 Schematic diagram of proposed mechanism 
We proposed a mechanism on the basis of the hypothesis that CDC-exosomes would induce upregulation of Nr4a1 in naïve 
BMDMs which upon translocation to the nucleus would inhibit the NF-κB controlling expression of TNFα 

72 



  

 

   

 
   

           

         

   

    

           

               

           

         

            

         

              

          

          

    

 

  

         

               

         

8. Material and methods 

8.1 Cell culture 

Mouse Cardiophere-derived cells (mCDCs) 

mCDCs were cultured to harvest CDC-exosomes (CDC-exos) for the project. Protocol from 

section 3.1 was used to culture mCDCs. CDC-exos were harvested from the mCDCs (Refer 

section 3.4) 

Mouse Bone Marrow-Derived Macrophages (BMDMs): 

Mice (3-4 months old) were euthanized by approved methods, and the femurs were isolated by 

cracking the bone at both the ends. 500 µl 1x PBS was forced using an insulin syringe to flush 

bone marrow through the medullary cavity of each femur. The bone marrow isolate was passed 

through a 100 µM filter. Cells were counted and the corresponding volume was resuspended in 

BMDM media containing 10% HyClone heat-inactivated fetal calf serum, 1% L-Glutamine, 

1% penicillin/streptomycin, and 0.1% 2-Mercaptoethanol in RPMI 1640 along with 30 ng/ml M-

CSF (Sigma-Aldrich), and plated at a seeding density of 200,000 cells per well of a 24 well plate. 

Additional M-CSF was added after two days in culture followed by media change every other 

day for four days until subsequent experiments could begin. BMDMs were characterized by flow 

cytometry with monocyte lineage biomarker CD68. 

8.2 mBMDM polarization 

We wanted to see the effect of inflammatory cytokines on the expression of Nr4a1 and its 

subsequent effect on TNF a over 24 hours. On day 6 of mBMDM culture, media containing 

M-CSF was removed, and adherent mBMDM were polarized to a proinflammatory phenotype 
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using LPS (100ng/ml) and IFN g (50ng/ml). 10 µl of 1 µg/ml LPS (Sigma-Aldrich) and 5 µl of 2 

µg/ml IFNg (R&D systems) was added to 10 ml of BMDM media, 500 µl of this media was used 

per well of a 24 well plate as required for the experiment. Cells were incubated for respective 

time points (0, 5, 15, 30, and 60 minutes) at 37oC, 5% CO2. Media was removed at corresponding 

time points, and mBMDM were lysed using 350µl TRK Lysis Buffer (Omega BioTek) to collect 

RNA for RT-PCR. 

8.3 mBMDM treatment with CDC-exos 

We wanted to see the effect of CDC-exos on the expression of Nr4a1 and its subsequent 

effect on TNF a over 24 hours. On day 6 of mBMDM culture, media containing M-CSF was 

removed, and adherent mBMDM were treated with 12 µg of CDC-exos per 200,000 cells and 

incubated for respective time points (0, 5, 15, 30, and 60 minutes) at 37oC, 5% CO2. Media was 

removed at corresponding time points, and mBMDM were lysed using 350µl TRK Lysis Buffer 

(Omega BioTek) to collect RNA for RT-PCR. 

8.4 siRNA knockdown of Nr4a1 in mBMDM 

Designing of siRNA: 

Pre-designed ON-TARGETplus SMARTpool siRNA targeted against the mRNA of Nr4a1 

(mus musculus) was ordered from DharmaconTM. SMARTpool siRNA is a combination of 4 

siRNA sequences (shown below) which increases the potency and specificity of Nr4a1 
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knockdown. 5nm siRNA pellet is reconstituted with 50 µl of nuclease free water to get a 100 µM 

siRNA concentration. 

Target sequence Molecular weight 

g/mol 

Extinction coefficient 

L/mol.cm 

CCCUGGACGUUAUCCGAAA 13,444.8 367,926 

CCGUGACACUUCCGGCAUU 13,459.9 361,073 

GUAAAUAAGCUGACGCUAC 13,414.7 376,025 

GCACAUGGCUACCGUGGCA 13,474.9 353,597 

siRNA transfection: 

On day 6 of mBMDM culture, media containing M-CSF was removed, and changed to 400 µl of 

serum free BMDM media and incubated for few hours before SiRNA transfection. Cells were 

transfected at 25 nm (5 µM) siRNA concentration for the knockdown experiment. 5 µM Nr4a1 

siRNA solution was made by adding 5 µl of 100 µM siRNA to 95 µl of nuclease free water. 

siRNA mix (50 µl) was made by adding 2.5 µl of 5 µM Nr4a1 siRNA to 47.5 µl of Opti-MEM. 

Lipofectamine RNAiMAX (ThermoFisher Scientific) mix (50 µl) was made by adding 2.5 µl of 

lipofectamine to 47.5 µl of Opti-MEM. GC duplex siRNA (ThermoFisher Scientific) mix and 

BlOCK-IT siRNA (ThermoFisher Scientifc) mix were made similarly as described above. 

siRNA mix and Lipofectamine mix (1:1) were mixed in an Eppendorf tube and incubated at 

room temperature for 5 minutes. 100 µl of this mix was added to a well and swirled slowly to 

mix the contents without disturbing cells. mBMDM in the lipofectamine mixture were incubated 
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for 24 hours at 37oC, 5% CO2. The following day, media containing lipofectamine mixture was 

removed and replenished with BMDM media. After 48 hours, 

mBMDM were either treated with CDC-exos or LPS, IFNg as per the experiment plan. 

8.5 Primer designing and Quantitative real time PCR 

We used qRT-PCR to quantify the relative gene expression levels in mBMDMs through 

the project. RNA from the samples was isolated, and cDNA was synthesized as per the 

previously described protocols. Primer pair for Nr4a1and TNFa was designed by blasting the 

FASTA sequence in the Primer-Blast online software from NCBI. The selected primers were 

analyzed using the Net Primer software (PREMIER Biosoft) to calculate the melting temperature 

(Tm), molecular weight, and GC%. Primer pair was resuspended in nuclease free water 

(ThermoFisher Scientific) to make a stock of 100 µM solution. Primer pair was diluted to 20 µM 

concentration for further applications. (Refer section 3.7-3.9) 

Primer Forward (5'- 3') Reverse (5'- 3') 

Nr4a1 CGGACAGACAGCCTAAAAGG TAACGTCCAGGGAACCAGAG 

TNFa TCTTCTCATTCCTGCTTGTGG GGTCTGGGCCATAGAACTGA 

18 S CTTAGTTGGTGGAGCATTTG GGCTGAACGCCACTTGTCC 

PCR reactions were set up using SsoFast EvaGreen Supermix (BIO-RAD) and PowerUpTM 

(ThermoFisher Scientific) as per the manufacturer’s protocol. 15 µl of PCR mix (10 µl SsoFast 
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EvaGreen/ PowerUp + 2 µl of 20 µM primer mix- forward and reverse + 3 µl of nuclease-free 

water) was added to 5 µl of the cDNA mix (1 µl cDNA + 4 µl nuclease-free water) and subjected 

to the following PCR program in BIO-RAD CFX connect thermal cycler to amplify and record 

PCR product 

For SsoFast EvaGreen Supermix: 

Enzyme activation 95oC 30 seconds 

Denaturation 95oC 05 seconds 

Annealing/Extension 60oC 05 seconds 

Melt curve 95oC 05 seconds/ step 

For PowerUpTM SYBR Green Master mix, 

Tm ≥ 60oC (TNF a): 

UDG activation 50oC 02 minutes 

Dual-Lock DNA polymerase 95oC 02 minutes 

Denature 95oC 15 seconds 

Anneal/extend 60oC 01 minute 

Tm ≤ 60oC (Nr4a1): 

UDG activation 50oC 02 minutes 

Dual-Lock DNA polymerase 95oC 02 minutes 

Denature 95oC 15 seconds 

Anneal 55oC 15 seconds 

Extend 72oC 01 minute 
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Data normalization- Comparative Cq method (ΔCq): 

Comparative Cq method is critical in correcting various errors arising from RNA purification, 

reverse transcription, and amplification analysis [51]. ΔCq method normalizes the Cq value of 

a	 target gene	 to internal reference. We	 used the	 ΔCq method to quantify the expression of 

Nr4a1 and TNFa (Test gene) normalized to 18S (internal reference gene) through the 

project 	for 	all 	experiments 

ΔCq =	 mean 	Cq 	Test 	gene – mean 	Cq 	reference 	gene 

Gene 	expression = 2^ - ΔCq 
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9. Results 

9.1 CDC-exos transiently upregulates Nr4a1 in naïve mBMDMs 

We saw an upregulation in Nr4a1 mRNA as early as 5 mins, peaking at 60 minutes in 

naïve mBMDMs following treatment with CDC-exosomes (CDC-exos) or activation with LPS, 

IFNg. Nr4a1 upregulation was significantly more in the naïve mBMDMs treated with CDC-exos 

(a fold change of 70 ± 18.8, p<0.005) than the naïve mBMDMs activated with LPS, IFNg (fold 

change of 2.45 ± 0.58). Nr4a1 is an immediate-early gene which affects other transcription 

complexes, thereby showing peak upregulation at 60 mins. 

A B 

Figure 9.1 Nr4a1 is transiently upregulated in naïve BMDMs 
(A) Expression of Nr4a1 peaks at 60 minutes on treatment with CDC-exos (p <0.005) and activation with LPS, IFNɣ. Nr4a1 gene 
expression values are relative to the expression of Nr4a1 in naïve BMDMs with no treatment. (B) Graphical representation of the 
Nr4a1 gene expression at 60 minutes showing a significant upregulation in naïve BMDMs treated with CDC-exos as compared to 
the naïve BMDMs activated with LPS, IFNɣ (p <0.005) 
All analyses were done using GraphPad Prism software, Data representative of n = 3, biological replicates for each test expressed 
as Mean ± SEM, **p<0.005, using one-way ANOVA test with post doc Turkey test for (A) and student unpaired t test for (B) 

9.2 CDC-exos treated mBMDMs express higher levels of Nr4a1 and lower levels of TNFa 

than LPS/IFNg stimulated macrophages 

We hypothesized that upregulation of Nr4a1 will have an inhibitory effect on the NF-kB 

complex, blocking expression of inflammatory genes like TNFa. To quantify the expression of 
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TNFa and Nr4a1, we activated naïve mBMDMs with LPS and IFNg to stimulate an 

inflammatory “M1” phenotype (since the pathways are known in LPS induced mBMDMs) or 

treated them with CDC-exos. RNA was collected at 60 minutes to measure expression of Nr4a1 

gene and at 24 hours to measure expression of TNFa following above treatments. We observed 

that in the LPS induced system Nr4a1 expression level was less and TNFa expression level was 

high. Treatment of naïve mBMDMs with CDC-exos showed high expression levels of Nr4a1 and 

low expression levels of TNFa. 

Figure 9.2 Expression of Nr4a1 and TNFα in naïve BMDMs treated with CDC-
exos and activated with LPS, IFNɣ 
Figure represents the gene expression of Nr4a1 (at 60 minutes) and TNFα (at 24 hours) 
in CDC-exos treated group and LPS, IFNɣ activated group. Nr4a1 and TNFα gene 
expression values are relative to the expression of Nr4a1 and TNFα respectively in 
naïve BMDMs with no treatment. In BMDM treated with CDC-exos, TNFα is 
negligible when the Nr4a1 expression is high unlike BMDM activated with LPS, IFNɣ 
where TNFα is high when Nr4a1 is low. 
All analyses were done using GraphPad Prism software, Data representative of n = 3, 
biological replicates for each test expressed as Mean ± SEM. 
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9.3 Nr4a1 is efficiently suppressed following siRNA KD in mBMDMs 

A Nr4a1 siRNA knockdown model would help study the relationship between Nr4a1 and 

TNFa in naïve mBDMDs. We followed the protocols discussed in method section to knockdown 

Nr4a1 in naïve mBMDs. We measured the siRNA knockdown efficiency of Nr4a1 by RT-PCR. 

At baseline Nr4a1 was knocked down significantly (p<0.0001). Nr4a1 is an inducible gene and is 

upregulated on induction with multiple factors. We observed a consistent knockdown of Nr4a1 

in naïve BMDMs on activation with LPS,IFNg. 

P=0.09 

Figure Nr4a1 is efficiently suppressed following siRNA knockdown in naïve BMDMs 
(A) Represents the knockdown efficiency of Nr4a1 following transfection with Nr4a1 siRNA combination at 25 nm final 
concentration. Significant knockdown is observed 24 hours following transfection, p<0.0005. Nr4a1 gene expression values are 
relative to the expression of Nr4a1 in naïve BMDMs with no transfection. (B) Graphical representation of the Nr4a1 gene 
expression following activation with LPS, IFNɣ showing efficient suppression in presence of an inducer. Nr4a1 gene expression 
values are relative to the expression of Nr4a1 in naïve BMDMs/ siRNA KD BMDMs with no treatment respectively 
All analyses were done using GraphPad Prism software, Data representative of n = 3, biological replicates for each test 
expressed as Mean ± SEM, ***p<0.0005, using student unpaired t test 
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9.4 Knockdown of Nr4a1 in LPS stimulated mBMDMs enhances expression of TNFa 

Reduction in the expression of Nr4a1 resulted in suppression of its activity. As a result of 

knockdown, Nr4a1 mediated inhibition of TNFa was compromised. TNFa expression increased 

in the naïve BMDM which were activated with LPS, IFNg. Increase in the expression of TNFa 

following activation could be suggestive of a relationship between TNFa and Nr4a1. 

TNFa expression in inflammatory (LPS, IFNg induced) macrophages 

Control Nr4a1 siRNA KD 

P=0.39 

Figure 9.4 Regulation of TNFα expression by Nr4a1 following Nr4a1 siRNA KD, Nr4a1 
mediated inhibition of TNFα should be compromised. 
As seen in the figure above we saw a trend in increased TNFα expression following activation 
with LPS, IFNɣ suggesting a possible role of Nr4a1 in controlling inflammation. Nr4a1 gene 
expression values are relative to the expression of Nr4a1 in naïve BMDMs/ siRNA KD 
BMDMs with no treatment respectively 
All analyses were done using GraphPad Prism software, Data representative of n = 3, 
biological replicates for each test expressed as Mean ± SEM 
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9.5 Nr4a1 is efficiently suppressed following siRNA KD in mBMDMs treated with 

CDC-exos 

We wanted to see if the anti-inflammatory effect of CDC-exos was mediated through 

Nr4a1 inhibition of TNFa. To study that, we knockdown Nr4a1 in naïve BMDMs, followed by 

treatment with CDC-exos. We measured the siRNA knockdown efficiency of nr4a1 by RT-PCR. 

At baseline Nr4a1 was knocked down significantly (p=0.0008). We observed a consistent 

knockdown of Nr4a1 in naïve BMDMs on treatment with CDC-exos (p=0.0105). 

Figure 9.5 Nr4a1 is efficiently suppressed following siRNA knockdown in naïve BMDMs 
(A) Represents the knockdown efficiency of Nr4a1 following transfection with Nr4a1 siRNA combination at 25 nm final 
concentration. Significant knockdown is observed 24 hours following transfection, p<0.0005. Nr4a1 gene expression values are 
relative to the expression of Nr4a1 in naïve BMDMs with no transfection. (B) Graphical representation of the Nr4a1 gene 
expression following treatment with CDC-exos showing efficient suppression in presence of an inducer, p<0.05. Nr4a1 gene 
expression values are relative to the expression of Nr4a1 in naïve BMDMs/ siRNA KD BMDMs with no treatment respectively 
All analyses were done using GraphPad Prism software, Data representative of n = 3, biological replicates for each test 
expressed as Mean ± SEM, *p<0.05, ***p<0.0005, using student unpaired t test 
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9.6 Knockdown of Nr4a1 in CDC-exos treated mBMDMs enhances expression of TNFa 

Reduction in the expression of Nr4a1 resulted in suppression of its activity. As a result of 

knockdown, Nr4a1 mediated inhibition of TNFa was compromised, as seen above in the LPS 

induced system. TNFa expression increased in the naïve BMDM which were treated with 

CDC-exos. Increase in the expression of TNFa following treatment could be suggestive of one 

of the possible pathways by which CDC-exos exhibit its anti-inflammatory effect. 

TNFa expression in CDC-exos treated macrophages 

P=0.09 

Figure 9.6 Regulation of TNFα expression by Nr4a1 
Following Nr4a1 siRNA KD, Nr4a1 mediated inhibition of TNFα should be 
compromised. As seen in the figure above we saw a trend in increased TNFα 
expression following treatment with CDC-exos suggesting a possible role of Nr4a1 
in controlling inflammation. Nr4a1 gene expression values are relative to the 
expression of Nr4a1 in naïve BMDMs/ siRNA KD BMDMs with no treatment 
respectively 
All analyses were done using GraphPad Prism software, Data representative of n = 
3, biological replicates for each test expressed as Mean ± SEM 
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10. Conclusion 

Exosomes play a critical role in intracellular communication and orchestrating a series of 

sequential inflammatory events resulting in anti-inflammatory, cardioprotective effects following 

myocardial infarction (MI). Nr4a1/Nur77/NGFI-B-orphan nuclear receptor is a master regulator 

involved in the inflammatory response and immune homeostasis. It suppresses inflammatory 

genes through inhibition of NF-κB signaling pathways and is known to be upregulated by 

multiple substrates including TNFα and oxidized lipids like lipopolysaccharides (LPS). We 

showed that CDC-exosomes upregulate NR4a1 in naïve BMDMs. To further study the 

relationship between Nr4a1 and TNFa we used a Nr4a1 siRNA knockdown model and showed 

the effect of LPS, IFNg and CDC-exos on expression of inflammatory genes like TNFa in naïve 

BMDMs. mBMDM treated with CDC-exos secrete a small amount of TNFa at baseline. When 

Nr4a1 expression is suppressed by siRNA KD, treatment with CDC-exos results in a trend 

towards increased TNFa production by BMDMs. As the basal levels of TNFa are low in 

BMDMs, additional experiments are needed on LPS stimulated macrophages to further clarify 

the mechanism of CDC-exos regulated, Nr4a1 mediated TNFa expression. We saw induction of 

Nr4a1 in 15 mins, which peaked at 60 minutes, indicating possible role of exosomal membrane 

protein in mediating the effects of CDC-exos. 
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