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ABSTRACT OF THE THESIS 
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Although the advent of human pluripotent stem cell (hPSC)-based 2D and 3D models 

has enabled great strides in our understanding of human development and disease, the 

limitations of these models, particularly the absence of cellular interactions across different 

lineages as well as vascular networks, make it difficult to accurately recapitulate molecular and 

physiological processes in vitro. Towards addressing this, we have characterized human 

embryonic stem cell (hESC)-derived teratomas in order to investigate their potential as 

alternative 3D modeling systems. As teratomas are naturally comprised of cells representing 

each of the three germ layers (endoderm, mesoderm, ectoderm) and vascularized, we believe 

such a model may enable recapitulation of cell-cell interactions and developmental processes 
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otherwise difficult to study in a context relevant to human biology. As an initial step, we 

employed single cell RNA-sequencing (SC RNA-seq) methods for characterization of the cellular 

composition, diversity, and consistency of cell populations across hESC-derived teratomas. We 

found that as expected, cell lineages derived from each of the three germ layers (endoderm, 

mesoderm, ectoderm), as well as both early progenitor and more mature differentiated cell 

types, were present, along with different cell states. Additionally, we found that methodologies 

used to process teratomas play a critical role in scRNA-seq data interpretation. However, 

despite intrinsic teratoma heterogeneity, teratoma samples in general showed close alignment 

and representation across clusters, indicating a level of predictability to this system. Taken 

together, the results indicate that teratomas hold potential as a novel alternative modeling 

system for the study and recapitulation of normal and diseased multi-lineage human 

development. 
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INTRODUCTION 

Within the last decade, human pluripotent stem cells (hPSCs) have served as a powerful 

tool for furthering our understanding of human developmental biology and disease. Through 

hPSCs, our ability to recapitulate human biological processes in vitro, and thereby understand 

the underlying cellular mechanisms responsible for these processes, has been revolutionized1. 

Whereas previously, the hallmark differentiation capacity of these stem cells was 

primarily harnessed in 2D in vitro cultures lacking the physiological and structural complexity of 

animal models, this shifted with the development of hPSC-derived 3D organoid in vitro modeling 

systems2-3. The development of organoids, or miniature “organ-like” structures, was driven by 

the self-organizing patterns observed from differentiating hPSCs during formation of teratomas 

or embryoid bodies4. This technology has been applied toward generation of organoids for 

various tissues, including the optic cup, brain, intestine, liver, and kidney5-9. Additionally, 

organoids across multiple tissue types have been shown to more closely resemble the genomic 

expression, epigenetic, and functional properties of human tissues10 in comparison to 2D in vitro 

cell cultures, likely due to the spatial organization, cell-cell, and extracellular matrix-cell 

interactions they exhibit. However, despite these remarkable advances, the organoids do not 

fully recapitulate the dynamic cellular microenvironment arising from interactions between 

diverse cell lineages, as well as the resulting non-cell autonomous influences. In addition, the 

absence of vascular networks in these tissue-like structures plays a significant role in limiting 

their ability to expand and be cultured for sufficient lengths of time, which is necessary for a host 

of applications. Typically, branched vascular networks are present within a few hundred-micron 

distance from each cell in vivo, ensuring adequate supply of oxygen and nutrients necessary for 

cellular metabolism, function, and long-term cell survival3. Though different approaches are 

being explored to address this, it remains a primary hurdle of modeling diseases via hPSC-

derived organoid systems. Additionally, hPSCs utilized for both 2D or 3D organoid in vitro 
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systems can be difficult to differentiate into desired lineages, require the continuous supply of 

extrinsic growth factors and other molecules, or may not have efficient protocols established. 

Here, we propose that hPSC-derived teratomas can serve as a multilineage, 3D 

vascularized platform to model human development, addressing several of thelimitations of 

current models. As a first step, we have begun establishing a baseline characterizationd of 

hPSC-derived teratomas via SC RNA-seq. Teratomas, which are benign tumors of germ cell 

origin, are comprised of differentiated cells derived from each of the three germ layers 

(endoderm, mesoderm, ectoderm). During formation, the teratoma reconstructs the host 

microenvironment and establishes vascular networks to promote development and cell 

differentiation11. Although teratomas derived from hPSC xenograft transplantation are often only 

semi-organized and may not exhibit the typical organization of tissues that would be found 

during animal embryogenesis, many studies have found highly organized structures within these 

teratomas12, consisting of ordered arrangement of various tissue types, such as those 

associated with kidney, gastrointestinal tract, skin, and respiratory airway-like structures13-22. 

Though multiple studies have previously characterized teratomas primarily via histological and 

immunochemical-based analyses, these methods are qualitative and low-throughput. They 

therefore cannot provide information regarding the presence of specific cell types and states 

and their relative proportions, variability across teratomas, as well as other information that 

would require the use of more sensitive high-throughput methods. Therefore, as an initial step 

toward assessing the potential of teratomas for developmental modeling applications, we strived 

to characterize the cellular composition, diversity, and compositional similarity across these 

teratomas via SC RNA-Seq (Fig.1). Despite intrinsic variability across teratomas, we observed 

the presence of both naïve and mature cell types derived from each of the 3 germ layers, 

transient cell states, and a degree of consistency in cell diversity and proportions across 

teratoma samples. We additionally found multiple cell types from the host (mouse) that had 
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infiltrated the tumor (Fig. 6). Though there are several limitations to be addressed within this 

study, we believe this data lays a foundation for further investigating the potential applications of 

hESC-derived teratomas, specifically in the context of studying developmental biology and 

disease.  

 

RESULTS & DISCUSSION 

Formation and validation of hESC-derived teratomas 

As teratomas have been shown to arise in immunodeficient mice as a hallmark of 

xenograft transplantation of mammalian pluripotent stem cells, in vivo generation of teratomas in 

this manner has become a standard practice for validating hPSC pluripotency. In order to 

generate teratomas, we subcutaneously injected early passage (25 or earlier) H1 human 

embryonic stem cells (hESCs) suspended in growth medium, mTeSR, combined with an equal 

volume of Matrigel into the right flank of NOD/SCID/Gamma (NSG) mice. Out of a total 14 mice 

injected, 10 animals formed palpable tumors by 6 weeks post-injection, and were allowed 

additional tumor growth for an additional 2-3 weeks prior to harvesting and characterization. 

Upon euthanasia and ressection, 7 out of 10 tumors were confirmed to be teratomas (Fig. 2B). 

Despite having comparable sizes pre-extraction, as expected, teratomas were observed to be 

visually and structurally heterogeneous during extraction, with variation in the presence of 

pigmented cells, vascular structures, and number and sizes of cystic structures across all 

animals (Fig. 2B). Teratoma size dimensions were measured after removal of cystic structures 

to exclusively reflect the contribution of non-cystic (tissue) components to the teratoma, which 

rendered variability in the mean teratoma size. We hypothesized that such random variation in 

teratoma size and structure would be reflected in the diversity of cell types and lineages present, 

as well as the relative quantities of different cell types and lineages. To investigate this, 

teratomas were extracted, dissected, and processed into single-cell suspension for single-cell 
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RNA-sequencing (SC-RNA-seq). A subset of tissue pieces were randomized and retained for 

histological analysis via hematoxylin and eosin staining, which confirmed that the hESC-derived 

tumors were indeed teratomas, comprised of endodermal, mesodermal, and ectodermal tissues 

(Fig. 2A). Additionally, downstream analysis of SC RNA-seq data further confirmed the 

presence of cell types derived from each of these germ layers (Fig. 5). 

 

Cell clustering batch effects across different teratoma processing methods 

For processing of teratomas into single-cell suspension specifically for SC RNA-Seq 

application, we adopted a general protocol based on a study23, with some modifications based 

on 10X Genomics Protocol recommendations24 (see methods for specific processing details). Of 

the total of 7 teratoma samples, 1 sample was discarded due to low quality; 2 samples were 

prepared using this protocol, with an additional step of using the MACS dead cell removal kit 

from Miltenyi Biotec in order to increase the quality of input cells (batch-1). However, as this 

method was lengthy, with a significant proportion of cells were still lost during this process, the 

process was further optimized for the remaining 4 samples (batch-2). Instead, we replaced 

physical dissociation via pipetting with the GentleMACS dissociator from Miltenyi Biotec, which 

reduced overall time and increased cell retention and efficiency of teratoma processing into 

single-cell suspension. As per the 10x Genomics platform protocol25, cells were input for SC 

RNA-seq with a target cell recovery of 10,000 per sample, and sample library quality was 

verified via the Agilent 2200 TapeStation System, but we nevertheless found variation in the 

output of total cells sequenced (Table 2), and importantly, the clustering of cells across these 

two methods (Fig. 3C) as determined via Seurat (R package for SC RNA-seq data analysis). 

Using the Seurat R package for analysis of SC RNA-seq data, we analyzed data from 

batches 1 and 2, correcting for batch effects during analysis. This revealed a total of 10 cell 

clusters between the two batches; 2 of 10 clusters were unique to batch-1 and 8 of 10 were 
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unique to batch-2, therefore exhibiting no overlap between batches (Fig. 3C). These data imply 

variation in both the output of total cells sequenced (Table 2), and importantly, a strong batch 

effect across these two methods, ultimately contributing to the clustering of cells (Fig. 3C). We 

speculate that in addition to the inherent diversity in cell populations, the differences in cell type-

specific sensitivity or fragility in response to processing conditions further precipitated the 

differences. Ultimately, it is possible that this enabled enrichment of more durable cell types and 

depletion of more fragile cell types in harsher (pre-GentleMACS, teratoma sample batch-1) 

conditions. Additionally, consistent with the nearly complete tissue dissociation achieved only 

using the sample batch-2 method, the overall increased diversity of cell lineages was effectively 

captured by SC RNA-seq in the batch-2 samples (Fig. 3D). 

 

Determining consistency of cell type and quantity represented across teratomas 

Although variation across teratoma sample batches 1 and 2 was found, we wanted to 

determine whether overall consistency in cell populations represented within each sample batch 

could be observed. Establishing such predictability would be critical in assessing the potential of 

a teratoma-based modeling system. As depicted in the t-Stochastic Neighbor Embedding (t-

SNE) plot corresponding to batch-1 only (Fig. 3A), the distributions of each teratoma sample (1 

and 2) across the 13 identified clusters showed very close alignment. Such alignment within 

each batch also holds true when data from batches 1 and 2 were combined (Fig. 3C). However, 

across the 11 identified clusters in batch-2 (Fig. 3F), variations in the contribution of each 

teratoma sample were observed (Fig. 3E). Although not all samples in this batch were 

represented equally or at all across the 11 cell clusters, close alignment was still observed for 

several clusters (Fig. 3E). As there were no notable variations to sample processing within each 

batch of teratomas, we believe that the differences observed in the types and proportions of 

cells represented are likely the result of random intrinsic variations between individual hESC-
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derived teratomas. Nevertheless, it would be important to process additional teratoma samples 

to determine whether or not these results are indicative of a true signal. 

 

Determining cell lineage association of identified clusters in teratomas SC RNA-seq data 

After investigating the variability in cell type diversity and consistency across and within 

teratoma sample batches, we strived to determine cell identities to each cluster. As previously 

mentioned, all SC RNA-seq data was analyzed using the Seurat R package, which enables 

identification of various cell types and states through unbiased and unsupervised clustering26. 

As a preliminary step toward determining lineage identity to these cell clusters with batch-1 

samples, we employed CellNet, which is a computational platform that enables comparison of 

gene expression from input data against gene expression data compiled from multiple 

datasets27. However, out of 26 clusters initially identified through Seurat analysis, CellNet 

identified approximately 8 as intestinal (endodermal origin) (Fig. 4B), 1 as kidney (mesodermal 

origin) (Fig. 4E), 2 as fibroblast (mesodermal origin) (Fig. 4D), and 1 as neuronal (ectodermal 

origin) (Fig. 4F), with no identified ESC populations (Fig. 4C). It is important to note that these 

lineage identifications were in some cases based on very low gene expression levels, and these 

results were therefore not highly reliable. However, based on this analysis, several of the 26 

clusters initially identified through Seurat exhibited very similar gene expression profiles (Fig. 

4A), suggesting that the cluster number of 26 was an overestimation and that the stringency of 

our parameters may have required increasing. Nevertheless, the remaining 14 clusters did not 

exhibit any clear tissue or lineage-specific enrichment according to CellNet (Fig. 4A). These 

results highlighted limitations of CellNet for application with datasets derived from highly 

heterogeneous and immature tissues, such as teratomas. 

We therefore strived to determine cell lineages by identifying the top 5 differentially 

expressed transcription factors within the 11 clusters identified in batch-2, observing how 
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uniquely expressed each of these genes was the the given cluster, and documenting the gene 

function and associated tissue (Fig. 5). Due to the increased cell output and diversity of cells 

found in teratoma sample batch-2 (Fig. 3C, D), batch-1 was excluded from latter analyses. 

However, we were still interested in analyzing batch-1 clusters to determine cell lineages 

exclusively associated with either batch-1 or batch-2. Evaluating this revealed batch-1 

enrichment of neuronal progenitor and bladder cell clusters, as well as depletion of clusters 

associated with various types of neurons in the central nervous system, intestinal epithelial 

cells, placental cells, and additional clusters that could not be identified as any one cell type 

(Fig. 5). Within batch-2, representation of each teratoma sample was observed in clusters 1 and 

5-11, while clusters 2, 3, and 4 did not exhibit representation of each teratoma sample (Fig. 3E); 

clusters 1, 2, and 3 were found to correspond to CNS brain progenitors, and two subsets of 

mature brain CNS neurons, and cluster 4 corresponded to immune system cells. However, 

cluster 5 did not correspond to any one cell lineage, but associated with the mesodermal germ 

layer (Fig. 5). Strong expression of transcription factors associated with the cells found in the 

pancreas, gallbladder, and kidney as well as others was observed (Fig. 5). Cell clusters with 

gene expression corresponding to multiple cell markers could also suggest the presence of 

transient cell states within the teratomas, under-clustering of the data, or a combination of both 

possibilities (Fig. 6). However, as with the presence of both naiive (progenitor) and mature 

(terminally differentiated) cell types observed, we expected to find transient cell states due to the 

relatively early time point (8-9 weeks) during which the teratomas were harvested. Additionally, 

as the top differentially expressed transcription factors of cluster 5 were additionally present in 

cluster 6 (though not amongst the top differentially expressed TFs for this cluster), this indicates 

a possibility that cluster 6 may be a more differentiated cell type originating from the same 

lineage as cluster 5. For clusters 6-11, our analyses determined cell types associated with the 
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thyroid, testes, pre-alveolar progenitors, mesenchymal cells, epithelial cells, and glial cells (Fig. 

5), thereby exhibiting a great diversity of cell types. 

Additionally, as a large population of CNS cell types were identified in our analyses, we 

were interested in whether the associated cell clusters could be further sub-categorized. Since 

we could not accompish this using the previously described classification methods, we utilized 

the Fetal Brain dataset from the Mouse Microwell-Seq Cell Atlas as a benchmark for 

comparison26. After examining the presence of highly differentially expressed genes 

corresponding to specific annotated clusters within our own data, we identified neuronal 

progenitors, pyramidal neurons, granule neurons, schwann cells (glia), ependymal cells (glia), 

microglia, and stromal cells (Fig. 6). Consistent with our prior cell cluster lineage identification 

(Fig. 5), cluster 1 was found to correspond with neuronal progenitors, whereas clusters 2 and 3 

associated with granule neurons and pyramidal neurons (Fig. 6A-D). Interestingly, Schwann cell 

markers were also highly expressed in clusters 1 and 3, with some expression in cluster 2 (Fig. 

6B). This may indicate that clusters 1-3 represent a greater diversity of CNS cellular subtypes 

that were not resolved into more specific sub-clusters using our clustering methods. Also 

consistent with prior identification as immune system cells, cluster 4 was identified as microglia 

(Fig. 6E). Finally, cluster 7 showed association with ependymal cells, while cluster 9 

corresponded to stromal cells (Fig. 6F, G), also consistent with our identificaiton of these 

clusters as epithelial and mesenchymal. Although this analysis relies on comparing the 

annotated mouse fetal brain data with hESC-derived cells in the teratoma, it provides valuable 

insight with respect to the CNS cell types and degree of cellular maturity (differentiation), which 

are important considerations for any future modeling applications.  

 

Mouse host cell contribution to hESC-derived teratoma 
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Finally, as the hESCs were xenografted into the NSG murine (mouse) host to form 

teratomas, we wanted to evaluate the contribution of the host cells to the teratoma. Toward 

prevention of tumor formation, different components of the host immune system, including B- 

and T- lymphocytes, macrophages, dendritic cells, and other cells, are known to play critical 

roles in the clearance of tumorigenic cells. However, as NSG mice are immunocompromised 

and lack mature lymphocytes as well as functional macrophages, dendritic cells, and natural 

killer cells due to multiple genetic mutations27-29, we were interested in identifying the population 

of cells infiltrating the teratomas, contributing to neoangiogenesis, or present in our sample as a 

result of processing contamination during teratoma harvesting. To assess this, we analyzed 

teratoma 3 from batch-2, which exhibited the greatest quantity and percentage of mouse cells 

contributing to the total sample cell count (approximately 31.47% total contribution) (Table 2). 

Analysis via Seurat revealed 8 unique cell clusters (0-7) amongst the 2,142 cells processed 

(Fig. 7). To determine the cell identities for each cluster, we employed a similar method to that 

described earlier, using the 5 most differentially expressed genes in each cluster. As expected, 

we also observed a smaller subset of cell types and fewer transient cell states, as well as a 

larger subset of genes unique to only one cell cluster (Fig. 8). Specifically, based on these 

analyses, we found the identities of clusters 0-7 to be immature lymphocytes, neutrophils, 

macrophages (subtype 1), eosinophils, macrophages (subtype 2), plasmacytoid dendritic cells, 

dendritic cells (subtype 2), and endothelial cells, respectively (Fig. 7). Although the presence of 

endothelial cells (required for promoting tumor angiogenesis) and other immunce cell types is 

unsurprising, the impact of the remaining functional immune cell types (such as neutrophils and 

eosinophils) amidst teratoma development is unclear. Any potential compensatory presence of 

cell types or mechanisms in this context would therefore be interesting to further investigate. 

Lastly, as muscle cell types were not detected through this analysis, contamination of host 
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surrounding tissue during teratoma resection most likely did not occur, which may be expected 

as a result of the clear tumor boundary.  

 

LIMITATIONS & FUTURE DIRECTIONS 

In summary, our characterization of hESC-derived teratomas using SC RNA-Seq 

identified the presence of cells from each of the three germ layers (endoderm, mesoderm, 

ectoderm), with presence of naive and mature cell types of multiple cell lineages, as well as 

transient cell states. Additionally, comparison of teratomas processed in batches 1 or 2 revealed 

almost no alignment or overlap in cluster representation, indicating a strong batch effect likely 

resulting at least in part from the different processing methods used (Fig. 3C). Despite intrinsic 

teratoma heterogeneity, teratoma samples within batch 1 or 2 also showed close alignment and 

representation across clusters, indicating a level of predictability to this system (Fig. 3A, C). 

Ultimately, these results suggest that it may be possible to harness hESC-derived teratomas 

toward development of a multi-lineage and vascularized 3D modeling system, thereby enabling 

better recapitulation of developmental and disease processes as well as a host of other 

applications, such as drug and genetic screens, and tissue engineering applications. 

Nevertheless, there are major limitations that must be addressed in further development 

of such a system. With respect to the differences observed across and within teratomas (Fig. 3), 

additional samples will need to be processed prior to determining whether these variations 

represent a true signal resulting from intrinsic tissue heterogeneity, or whether this is an 

experimental artifact. Developing greater control over teratoma heterogeneity can also be 

explored through engineering approaches that enable driving of specific lineages of interest 

within the teratoma. 

Additionally, as variable cell counts across teratoma samples were observed (Table 2), 

additional optimization should be done in preparing or inputting samples onto the 10X Genomics 
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Chromium v2 platform. For instance, we observed a significant increase in total cell yield 

between the processing methods corresponding to batches 1 or 2, with approximately 3,500 

cells and 4,900 cells on average captured, respectively. Additionally, the maximum number of 

cells captured in batch 1 was approximately 3,856, versus 6,807 in batch-2 (Table 2). This may 

be attributed to the higher efficiency of the second processing method, which likely preserves 

cell survival and minimizes changes in viability that may occur between processing of the 

teratomas into single-cell suspension, and inputting cells during sequencing preparation. 

Although the MACS dead-cell removal kit used to increase live cell count yielded viabilities of 

>70% (data not recorded), this may not capture cells that have initiated apoptotic signaling 

programs after addition into the MACS columns. Optimizations that can further decrease the 

overall time and ease of sample processing can potentially decrease the number of cells 

undergoing apoptosis. This would in turn help further increase the target cell recovery from SC 

RNA-Seq, and decrease background noise in the data that may result from ambient RNA 

released from lysed post-apoptotic cells24. Such an approach is currently being pursued in the 

lab, through the use of the GentleMACS Tumor-Dissociation kit from Miltenyi Biotec. Secondly, 

we increased the input number of cells by 10% for teratoma samples 3-6, which likely also 

contributed to the increase number of cells captured without compromising data quality, such as 

the rate of cell doublets (refer to 10X Genomics protocol) (Table 2). This may help compensate 

for changes in cell count between final processing of teratomas into single-cell suspension and 

inputting of samples during sequencing preparation. 

Another factor to consider is that our characterization approach omits spatiotemporal 

dimensions, which are especially relevant for processes such as cell differentiation, tissue 

formation and architecture, and elucidation of cell niches, for which the teratoma model would 

be particularly relevant. Although SC RNA-Seq data represents gene expression profiles 

corresponding to a specific point in time (which may be difficult to extrapolate from, given such a 
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highly dynamic environment), this poses great limitations for understanding temporal regulation. 

Processing of additional teratomas at given timepoints of interest may be one means of 

addressing this, and may help with mapping of cell lineage trajectories. This may be especially 

useful in conjunction with lineage tracing methods. Toward integrating spatial information, 

development of more precise methods for partitioning hESC-derived teratomas can enable 

processing of different sections of the tissue, corresponding to specific regions in 3D space. 

Additionally, even though we identified 8 unique cell types amongst the host mouse cell 

population (Fig. 7), the contribution of mouse cells to teratomas was highly variable, ranging 

from 16.8%-33.0% (with an average contribution of 25.0%) (Table 2). It would therefore be 

interesting to further investigate whether such differences are primarily due to varying degrees 

of tumor infiltration by host cells across teratomas. Finally, as additional SC RNA-Seq studies 

continue to be conducted in the future, this data can be compared to datasets from hPSC-

derived tissue-specific organoids, as well as human fetal tissue samples, creating a better 

standard. Building on the present study, these approaches can help establish an alternative 

modeling system for the study and recapitulation of developmental biology, disease, and 

beyond.  
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FIGURES 
 

 
Figure 1. Experimental workflow for teratoma characterization           
H1 hESCs were expanded in culture and subcutaneously transplanted into NOD/SCID/Gamma 
mice. After 8-9 weeks post-injection, palpable teratomas were extracted and processed into 
single-cell suspension for SC RNA-Sequencing via the Chromium 10X Genomics platform, and 
data was subsequently analyzed. 
 
 
Table 1. hESC-derived teratoma dimensions and age             
Summary of length, width, and age (wpi = weeks post-injection) of the processed hESC-derived 
teratomas (gray shading= teratoma sample batch-1; blue shading = teratoma sample batch-2). 

  Ter. 2 Ter. 3 Ter. 4 Ter. 5 Ter. 6 Ter. 7 

length (cm) 1.5 3.8 2.2 1.8 1.4 2.0 

width (cm) 1.2 2.4 1.7 1.5 1.2 1.5 

w.p.i. 9.0 8.0 8.0 8.5 8.5 9.0 
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Figure 2. hESC-derived teratomas are comprised of cells from the 3 germ layers          
 a) histological analyses via hematoxylin and eosin (h&e) staining indicating endoderm, 
mesoderm, and ectoderm structures (red arrows); b) corresponding teratoma images. 
 
 
Table 2. hESC-derived teratoma SC RNA-seq metrics summary 
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Figure 3. Clustering and alignment of hESC-derived teratoma batches 1 and 2 
a) t-SNE plot depicting alignment of teratoma samples from sample batch-1 (teratomas 1 and 
2); b) t-SNE plot depicting 13 unique clusters identified from sample batch-1; c) t-SNE plot 
depicting alignment of teratomas from both sample batches 1 and 2 (clear batch effect 
depicted); d) t-SNE plot depicting 10 unique clusters identified upon merging data from sample 
batches 1 and 2; 
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Figure 3 (continued). Clustering and alignment of hESC-derived teratoma batches 1 and 2 
e) t-SNE plot depicting alignment of teratoma samples from sample batch-2 (teratomas 3-6); f) t-
SNE plot depicting 11 unique clusters identified from sample batch-2. 
 
 
 

 
Figure 4. CellNet analysis for identification of clusters from teratoma batch-1 
a) CellNet-derived heatmap representing correlation of various cell lineages with each cluster; b-
f) bar graphs showing correlation of teratoma clusters with either large intestine, ESC, fibroblast, 
kidney, or neuronal lineages, respectively, trained on CellNet dataset. 
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 Figure 4 (continued). CellNet analysis for identification of clusters from teratoma batch-1 
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Figure 5. Violin plots depicting top 5 differentially expressed transcription factors for batch-2 
clusters. Violin plots are ordered in decreasing rank (horizontally) for the top 5 differentially 
expressed transcription factors in each cluster (TF expression in other clusters is also shown in 
each plot); each row corresponds to a different cluster (1-11 downward). 
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Figure 5 (continued). Violin plots depicting top 5 differentially expressed transcription factors 
for batch-2 clusters.  
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Figure 6. Violin plots representing comparison of batch-2 clusters against Mouse Cell Atlas 
Fetal Brain markers. Violin plots depiciting highly differentially expressed genes annotated by 
the Mouse Cell Atlas Fetal Brain dataset for a) pyramidal neurons; b) schwann cells; c) granule 
neurons; d) neuronal progenitors; e) microglia; f) ependymal cells; and g) stromal cells.  
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Figure 7. Clustering of mouse cell population within hESC-derived teratoma. 
t-SNE plot depicting 8 unique clusters (0-7) identified (based on 2,142 mouse cells from ter.3, 
batch-2) 
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Figure 8.Violin plots depicting top 5 differentially expressed genes amongst mouse cell 
population within hESC-derived teratoma. 
Top 5 differently expressed genes for each of 8 clusters (0-3) are depicted (used for determining 
cell type for each cluster). 
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 Figure 8 (continued).Violin plots depicting top 5 differentially expressed genes amongst 
mouse cell population within hESC-derived teratoma. 
Top 5 differently expressed genes for each of 8 clusters (4-7) are depicted (used for determining 
cell type for each cluster). 
 
 
METHODS 

Culturing of human embryonic stem cells (hESCs). 

Early passage (passage 25x or earlier) H1 hESCs were cultured on Matrigel-coated 

plates in mTeSR media from Stem Cell Technologies, with daily media change. Cells were 

passaged as needed at ~75% confluency and expanded. 

  

Xenograft transplantation of hESCs into NOD/SCID/Gamma mice. 

H1 hESCs were expanded for 2 passages prior to being collected for xenograft 

transplantation. Two wells of a 6-well plate of ~80% confluency were collected from plates by 
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direct scraping from their native media using a cell scraper. After spinning down at 1100 rpm, 

the cell pellet was immediately placed on ice and resuspended in 400μL of a 1:1 mixture of 

Matrigel and mTeSR (200μL Matrigel and 200μl of media), and stored on ice. This volume of 

suspension was used for subcutaneous injection into the right flank of two NOD/SCID/GAMMA 

mice (approximately 200μL each). 

  

Harvesting of hESC-derived teratomas from NOD/SCID/Gamma mice. 

NOD/SCID/Gamma mice were checked weekly for tumor formations for 1-4 weeks post-

injection, and bi-weekly beginning at 5 weeks post-injection. Palpable tumors were allowed to 

grow and extracted between 8-9 weeks post-injection from euthanized mice. 

  

Processing of hESC-derived teratomas for SC RNA-Sequencing. 

After 8-9 weeks post hESC-injection, teratomas were resected from mice and cut into 

multiple smaller pieces. Three pieces were selected at random for histological processing and 

immediately stored in freezing solution at -80°C. The remaining portion of the tumor was 

transferred into a dish on ice with cold 1X PBS, and rinsed 2-3 times with 1X PBS. The teratoma 

was then cut into smaller pieces for processing and transferred into a tube containing 3mL of 

cold 0.25% Trypsin-EDTA solution for digestion, and incubated at 37°C for 5 minutes. 

Afterwards, 3mL of 10% FBS/DMEM was immediately added to neutralize the enzymatic 

activity. In the initial protocol that was used to process teratoma samples in Batch-1, tissue was 

physically dissociated usually pipettes, and trypsinization was repeated with undigested tissue 

as needed. In the latter protocol, utilizing the Miltenyi Biotec GentleMACS dissociator, 

trypsinized sample were placed in correspinding GentleMACS tubes as per product 

recommendations, and digested using programs (D) or (E). Next, the cell suspension was 

filtered through a 70μm cell strainer, and undigested tissue was processed again through this 
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method. 

The filtered single-cell suspension was centrifuged at 1100 rpm for 5’ (cells were further 

centrifuge for another 5’ if the pellet wasn’t visible). Next, the supernatant was carefully 

aspirated, and the cell pellet was gently resuspended in 5mL of cold 0.04% BSA/1X PBS 

solution, and immediately placed on ice (if cell pellet was large, more volume was used). The 

suspension was then filtered through a 40μm cell strainer into a new 50mL tube and placed 

cells, and then processed according to the Miltenyi Biotec MACS dead cell removal protocol. 

The eluted cell fraction was centrifuged and resuspended on ice in an appropriate volume of 

0.04% BSA/1X PBS solution (depending on the pellet size), and filtered through a 40μm cell 

strainer into a clean conical tube. The number of cells in the filtered single-cell suspension were 

counted and checked for viability using both an automated cell counter and hemocytomer. The 

final cell concentration was adjusted according to the 10X Chromium V2 single-cell protocol 

(input for 10,000 cells total). The sample was then processed for SC RNA-Seq preparation; 

sample library quality was verified using the Agilent 2200 TapeStation System prior to SC RNA-

Seq. For SC RNA-Seq 

 

Acknowledgements 

I would like to acknowledge Yan Wu, a PhD student collaborating on this study, who 

conducted the merging and alignment of teratoma samples for teratoma batch-2 and batches 1 

and 2, as well as the batch-1 CellNet analysis. These analyses were critical for cross-batch 

comparisons, as well as assessing the consistency across teratomas.  

Material from this thesis, in part is currently being prepared for submission for 

publication. Yusupova, Marianna; Wu, Yan. The dissertation/thesis author was the primary 

investigator and author of this material. 

 25 



 

REFERENCES 

1. Takahashi K, Yamanaka S: Induction of pluripotent stem cells from mouse embryonic 
and adult fibroblast cultures by defined factors. Cell 2006, 126:663-676. 

 

2. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, 
Jones JM: Embryonic stem cell lines derived from human blastocysts. Science 1998, 
282:1145-1147. 

 

3. Lancaster M, Knoblich J: Organogenesis in a dish: modeling development and disease 
using organoid technologies. Science 2014, 345:1247-1250. 

 

4. Yin X, Mead B , Safaee H, Langer R, Karp J, Levy O: Stem Cell Organoid Engineering. 
Cell Stem Cell 2016, 18:25-38. 

 

5. Eiraku M, Takata N, Ishibashi H, Kawada M, Sakakura E, Okuda S, Sekiguchi K, Adachi 
T, Sasai Y: Self-organizing optic-cup morphogenesis in three-dimensional culture. 
Nature 2011, 472:51–56. 

 

6. Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, Homfray T, 
Penninger JM, Jackson AP, Knoblich JA: Cerebral organoids model human brain 
development and microcephaly. Nature 2013, 501:373–379. 

 

7. Spence JR, Mayhew CN, Rankin SA, Kuhar MF, Vallance JE, Tolle K, Hoskins EE, 
Kalinichenko VV, Wells SI, Zorn AM, Shroyer NF, Wells JM: Directed differentiation of 
human pluripotent stem cells into intestinal tissue in vitro. Nature 2011, 470:105–109. 

 

8. Takebe T, Sekine K, Enomura M, Koike H, Kimura M, Ogaeri T, Zhang RR, Ueno Y, 
Zheng YW, Koike N, Aoyama S, Adachi Y, Taniguchi H: Vascularized and functional 
human liver from an iPSC-derived organ bud transplant. Nature 2013, 499:481–484. 

 

9. Takasato M, Er PX, Becroft M, Vanslambrouck JM, Stanley EG, Elefanty AG, Little MH: 
Directing human embryonic stem cell differentiation towards a renal lineage generates a 
self-organizing kidney. Nat Cell Biol. 2014, 16:118–126. 

 

 26 



 

 

10. Fatehullah A, Tan SH, Barker N: Organoids as an in vitro model of human development 
and disease. Nature Cell Biology 2016, 18:246-254. 

 

11. Cunningham JJ, Ulbright TM, Pera MF, Looijenga LHJ: Lessons from human teratomas 
to guide development of safe stem cell therapies. Nature Biotechnol. 2012, 30:849-857. 

 

12. Przyborski S: Differentiation of Human Embryonic Stem Cells After Transplantation in 
Immune-Deficient Mice. Stem Cells 2005, 23:1242–1250. 

 

13. Odorico JS, Kaufman DS, Thomson JA: Multilineage differentiation from human 
embryonic stem cell Lines. Stem Cells 2001, 19:193–204. 

 

14. Prokhorova TA, Harkness LM, Frandsen U, Ditzel N, Schroder HD, Burns JS, Kassem 
M: Teratoma formation by human embryonic stem cells is site- dependent and enhanced 
by the presence of Matrigel. Stem Cells Dev. 2009, 18: 47–54.   

 

15. Lee AS, Tang C, Cao F, Xie X, van der Bogt K, Hwang A, Connolly AJ, Robbins RC, Wu 
JC: Effects of cell number on teratoma formation by human embryonic stem cells. Cell 
Cycle 2009, 8:2608–2612. 

 

16. Shih CC, Forman SJ, Chu P, Slovak M. Human embryonic stem cells are prone to 
generate primitive, undifferentiated tumors in engrafted human fetal tissues in severe 
combined immunodeficient mice. Stem Cells Dev. 2007, 16:893–902. 

 

17. Heins N, Englund MC, Sjoblom C, Dahl U, Tonning A, Bergh C, Lindahl A, Hanson C, 
Semb H. Derivation, characterization, and differentiation of human embryonic stem cells. 
Stem Cells 2004, 22:367–376. 

 

18. Blum B, Benvenisty N: Clonal analysis of human embryonic stem cell differentiation into 
teratomas. Stem Cells 2007, 25:1924–1930. 

 

19. Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A. Embryonic stem cell lines 
from human blastocysts: somatic differentiation in vitro. Nat Biotechnol 2000, 18:399–
404. 

 27 



 

 

20. Stojkovic M, Lako M, Stojkovic P, Stewart R, Przyborski S, Armstrong L, Evans J, 
Herbert M, Hyslop L, Ahman S, Murdoch A, Strachan T: Derivation of human embryonic 
stem cells from day-8 blastocysts recovered after three-step in vitro culture. Stem Cells 
2004, 22:790–797. 

 

21. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, 
Jones JM: Embryonic stem cell lines derived from human blastocysts. Science 
1998;282:1145–1147. 

 

22. Gertow K, Wolbank S, Rozell Betal: Organized development from human embryonic 
stem cells after injection into immunodeficient mice. Stem Cells Dev 2004, 13:421–435. 

 

23. Choi HW, Kim JS, Hong YJ, Song H, Seo HG, Do JT: In vivo reprogrammed pluripotent 
stem cells from teratomas share analogous properties with their in vitro counterparts. 
Scientific Reports 2015, 5:13559 

 

24. 10x Genomics® Single Cell Protocols- Cell Preparation Guide 

 

25. Chromium™ Single Cell 3’ Reagent Kits v2 User Guide 

 

26. Han X, Wang R, Zhou Y, Fei L, Sun H, Lai S, Saadatpour A, Zhou Z, Chen H, Huang D, 
Xu Y, Huang W, Jiang M, Jiang X, Mao J, Chen Y, Lu C, Xie J, Fang Q, Wang Y, Yue R, 
Li T, Huang H, Orkin SH, Yuan GC, Chen M, Guo G: Mapping the mouse cell atlas by 
microwell-seq. Cell 2018, 172:1091-1107. 

 

27. McDermott SP, Eppert K, Lechman ER, Doedens M, Dick JE: Comparison of human 
cord blood engraftment between immunocompromised mouse strains. Blood 2010, 
116:193-200. 

 

28. Brehm MA, Cuthbert A, Yang C, Miller DM, Dilorio P, Laning J, Burzenski L, Gott B, 
Foreman O, Kavirayani A, Herlihy M, Rossini AA, Shultz LD, Greiner DL: Parameters for 
establishing humanized mouse models to study human immunity: analysis of human 
hematopoietic stem cell engraftment in three immunodeficient strains of mice bearing the 
IL2rgamma(null) mutation. Clin Immunol. 2010, 135:84-98. 

 

 28 



 

29. Pearson T, Greiner DL, Shultz LD: Creation of "humanized" mice to study human 
immunity. Curr Protoc Immunol. 2008, Chapter 15:Unit 15.21. 

 

 29 




