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Figure 47: Experimental results of morphological evolution of square mesenchymal tissues. (a) 

Representative images of tissue remodeling over 11 days for the square tissues of different side lengths. 

(b) Tissue thinning around the post led to gap extension, and (c) inward remodeling at the edge led to 

deflection compaction. The gap and deflection were measured every two days for tissue comparison 

(△6wC, △8wC, ∎6wC and ∎8wC). Taking the measurements on Day 11, (d) the gap was larger and (e) 

the deflection was smaller for the square tissues with longer side length. Scale bar: 1mm. *p < 0.05. 
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Figure 48: Simulation results of morphogenic evolution of square mesenchymal tissues. (a) A 

volumetric contraction model with a time-dependent free-energy function was used to simulate the stress 

distribution and morphological evolution of the square tissues. The computational model was able to 

replicate the trends in morphological changes of gap extension and deflection compaction that were 

observed from the experimental model. For the tissue comparison (△6wC, △8wC, ∎6wC and ∎8wC), 

(b) the gap was larger and (c) the deflection was smaller for the square tissues with longer side length. 
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Figure 49: Impact of the center post on tissue remodeling. (a) Representative images of tissue 

remodeling over 11 days for the triangular tissues with small center posts. (b) Tissue thinning 

around the post led to gap extension, and (c) inward remodeling at the edge led to deflection 

compaction. The gap and deflection were measured every two days for tissue comparison 

(△8woC, ▲8wC and ▲8wC-R). Taking the measurements on Day 11, (d) the gap of △8woC 

tissues was significantly larger than the tissues with a center post (▲8wC and ▲8wC-R), and (e) 

the deflection among these tissues was not significantly different. f) representative images of 

tissue remodeling over 11 days for the triangular tissues with the middle post shifted from the 

g h i j 
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the NCSCs were also characterized for expression of various surface proteins such as CD73, 

CD90, CD44, CD105 and CD166 using immunofluorescence as established by ISCT. Flow 

cytometry and gene expression analysis was also used to show the progressive increase of known 

MSC markers as the cells transitioned from a NCSC state to a MSC state.  

 

The second intermediate cell type investigated for iMSC differentiation was extraembryonic 

lineage cells. The extraembryonic linage cells were also identified using various proteins, while 

the successful generation of iMSCTSC confirmed using immunofluorescence, flow cytometry and 

Rt-qPCR. We were able to see some of the differences in the iMSCNCSC and the iMSCTSC from 

their gene expression profile. The iMSCNCSC continued to show limited expression of the 

pluripotent transcription factors NANOG, SOX-2 and OCT-4 even at MP7 while the iMSCTSC 

did not express these proteins after MP1. In addition, there were differences in the expression of 

CD13, ETV-3, SOX11 and FOXP1. In addition, the iMSCTSC showed a slower proliferative rate 

compared to the iMSCNCSC.  

 

This work can be expanded on using other intermediate cell types to generate tissue specific 

MSCs as is observed in the human body by targeting various cell types in the three germ layers 

such as the neuroepithelium (ectoderm), paraxial mesoderm, lateral mesoderm or the endoderm 

for postnatal MSCs. Additional intermediates that can be investigated is extra villous and 

syncytiotrophoblast to yield other perinatal MSCs. 

 

6.2. Transcriptomic analysis of mesenchymal stem cells. 
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Chapter 3 compared the transcriptomic profile of the various cells to identify the iMSCs. The 

transcriptome of the iMSCs were explored using RNAseq and compared to various postnatal and 

perinatal MSCs using principal component analysis, hierarchical clustering/heatmaps and 

differential analysis of their genetic profiles. The clustering in the PSA analysis captured the 

differences the iMSCs had to the hiPSCs, NCSCs and TSCs. This showed that the iMSCs had 

successfully transitioned into a different cell type from the parent cells. This difference was 

examined using a heatmap of 1000 differentially expressed genes as well as a heatmap of 100 

genes associated with PSCs, NCSCs and TSCs. We were able to observe the difference in their 

gene expression profile with the hiPSCs, NCSCs and TSCs clustered together based on their 

gene expression while the iMSCs were clustered with the postnatal and perinatal MSCs. This 

difference clustering based on gene expression was repeated for 100 genes associated with EVs 

as well as for 225 genes associated with MSCs. 

 

The iMSCs were compared to postnatal and perinatal MSCs to identify their developmental 

niches. The iMSCNCSC showed a similar gene expression profile to the postnatal MSCs based on 

the unsupervised hierarchal clustering of 1000 differentially expressed genes as well as from the 

PCA. In addition, the iMSCNCSC showed expression of various genes associated with MSCs that 

were not expressed in the NCSCs or the hiPSCs, indicating the successful differentiation of the 

hiPSCs into a MSC lineage. A GO analysis of the iMSCNCSC showed an enrichment of similar 

GO biological processes as well as cellular pathways to the DP-MSCs compared to AD-MSCs 

and BM-MSCs. this led to the conclusion that iMSCNCSC was likely postnatal MSC with more 

characteristics of DP-MSCs. 
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A comparison of the iMSCTSC to the perinatal MSCs also showed a similar gene expression 

profile based on PCA analysis and the unsupervised hierarchal clustering of the heatmaps for 

differentially expressed genes and the genes associated with various MSCs. However, the GO 

analysis showed no similar GO biological process between the iMSCTSC and the other perinatal 

cells, but some similarity in their cellular pathway analysis. This could likely be the choice of 

perinatal MSCs for the comparison and future analysis could include other perinatal MSCs from 

the amnion tissues, Wharton Jelly or umbilical cord blood. Additionally, the TSC differentiation 

could be tailored to a specific trophoblast germ lineage (ectoderm, mesoderm, endoderm) as the 

NCSC was, to allow for better classification of the perinatal iMSCs. This work can also be 

expanded to include identification of genes specific to various MSCs to make identification of 

iMSCs easier. In addition, other MSCs that can be studied include peripheral blood, synovial 

membrane, periodontal ligament, endometrium MSCs etc. since these sources yield limited 

amounts of MSCs and being able to generate them from a pluripotent source could make them 

available for patient care. 

 

6.3  Production of extracellular vesicles from iMSCs 

Chapter 4 explored the immunomodulatory effects of iMSC-EVs using iMSCNCSC. We initially 

established that the iMSCs secret extracellular vesicles as tissue derived MSCs. EVs from 

conditioned media was collected and characterized for the presence of known EV proteins CD9, 

CD63 and CD81, as well as acetylcholinesterase activity. In addition, the size concentrations 

were also assessed using nanoparticle tracking analysis which showed that most of the particles 

secreted by the iMSCs were 100nm to 200nm in diameter. A final analysis on the EVs was to 
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test for the presence of keratinocyte growth factor (FGF7) which is known to aid in tissue 

recovery after inflammation.  

 

Analysis on the immunomodulatory effects of the EVs was conducted by initially assess their 

effects on cell viability as well as their effects on various pro-inflammatory cytokines. we were 

able to see improved cell viability for day-3, 4 conditioned media as well as reduced induction of 

the various pro-inflammatory cytokines.  In vivo studies also showed reduced macrophage and 

neutrophil infiltration in lung fluid, plasma and lung tissue in the presence of iMSC-EVs after 

acute lung disease. These studies can be expanded to include characterization of the contents of 

the EVs for both primed and unprimed media. as well as investigating other priming conditions 

such as ischemic/reperfusion conditions. This is important to assess how the EV content varies 

under different priming conditions so EV secretion can be tailored for optimal tissue recovery.  

 

The EV content can be assessed using a denovo miRNAseq to identify known and unknown 

miRNAs secreted by iMSCs. Other ways to investigate the EV content is mass spectrometry, a 

high throughput peptide profiling method, which has been used previously for EV protein 

analysis and can be used in combination with molecular assays such as RT-qPCR, Luminex 

multiplexing and flow cytometry to identify proteins and growth factors. A comprehensive 

analysis and documentation of iMSC-EV content could be beneficial for clinical applications.  

 

6.4. Engineering iMSC-Based Tissue Constructs for Biomechanical Studies 

Chapter 5 explored tissue morphogenesis using the iMSCNCSC and an engineered microtissue 

platform with rigid standing post. By varying the spatial distribution of the outer and center post, 
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we were able to compare the deflection compaction at the sides of the tissue as well as the gap 

formation as the tissue contracted towards the center. We found that increasing the distance 

between the outer post caused increased tissue remodeling and the center post acted to stabilize 

the stresses generated by the mechanical constraints. In addition, the size of the center post did 

not affect the extent of tissue remodeling and neither did the position of the center post.  

 

The computational model that was developed based on the volumetric contraction with a time-

dependent free-energy function was used to predict the stress distribution and the corresponding 

tissue deformation. This model was able to duplicate the results of the experimental model for all 

conditions except for the off-center post where the numerical model predicted a larger tissue 

deflection and gap formation for the post furthest from the center post. This work can be 

expanded to include fiber alignment in the numerical model to develop models that can predict 

the anisotropic behaviors of biological tissues as well as tissue instability and failure in muti-post 

systems. 
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