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Limited persistence of xenogenic cells in human-mouse interspecies chimeras is an 

essential obstacle to overcome for the creation of disease models which allow the study of in vivo 
human cells. The two main barriers to donor cell survival are (1) having the capacity to respond 
appropriately to the xeno-environment and (2) competing with endogenous host cells.  

 
This works uses human-mouse neural crest chimeras, generated by E8.5 in utero injection 

of human ESC/iPSC-derived neural crest cells (NCCs) into the gastrulating mouse embryo, as an 
experimental platform to better understand the limits of the barriers restricting interspecies 
chimerism. Here we present approaches which focus on recapitulating the melanocyte neural 
crest lineage to pave the wave for a novel immune-competent melanoma model: 

 
 First, we try adapting human donor cells to the mouse host environment via expression 

of a single mouse receptor (c-Kit) on human donor cells to rescue an evolutionarily divergent 
ligand/receptor interaction required for melanoblast proliferation and survival. We find that this 
extends the persistence of human NCCs, but does not lead to postnatal survival, suggesting c-
Kit is not sufficient to rescue all aspects of melanocyte biology. In our second approach, we try to 
improve donor cell postnatal survival by combining proliferative advantage and pre-lineage 
biasing. We do this by injecting a genetically-defined human melanoma derived in primary 
melanocytes. We find they have the capacity to migrate in utero like primary mouse NCCs and 
contribute long-lasting donor cells in the dermis in post-natal chimeras. However, the immune-
competent mouse hosts are not tolerized to human antigens. In the final approach, we address 
xenograft rejection as the final barrier to long-lasting interspecies chimerism. To explore whether 
central tolerance via human NC-derivative contribution to the chimera thymus is feasible, we 
develop fetal thymic organ culture (FTOC) co-cultures with human NCCs. We find that human 
NCCs and NCC-mesenchyme have a unique capacity to efficiently engraft onto mouse thymus 
ex vivo and preliminary evidence suggesting partial central tolerance is possible. 
 

The success of these approaches ultimately suggests an updated framework for 
understanding how human-mouse chimerism barriers fit within the Developmental Hourglass 
Model and inform how future human-mouse interspecies chimeras may overcome these barriers 
within immune-competent hosts. 
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NGFR or p75    Nerve Growth Factor Receptor 
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Chapter 1 Introduction 
 

 
1.1 The Neural Crest and Its Lineages  

1.1.1 Overview 

Neural Crest Cells (NCCs) are a transient population of multipotent stem cells and 

progenitor cells unique to vertebrate species1-2. They arise condensed within a temporary 

embryonic anatomical structure called the neural crest (NC), located dorsal to the neural tube 

during gastrulation (i.e. the transition from blastula, a one-dimensional layer of epithelial cells, to 

gastrula, a folded, multidimensional structure with three distinct germ layers)1. First documented 

by Wilhelm His in 1868 as ñZwischenstrangò, or ñintermediate cordò, NCCs were visually identified 

as single or groups of migratory cells originating from neuroectoderm of the neural tube (NT) in 

chicken embryos3. This was later clarified to not be ectoderm, but a distinct cell population which 

migrates in the acellular space just beneath the NT3. In 1879, Arthur Marshall identified the 

anatomical origin of these NCCs at the neural ridge and formally coined ñneural crestò4.  

Unlike most multipotent stem cells, which have the capacity to differentiate into a limited 

handful of cell types within a common structural niche, NCCs have the capacity to differentiate 

into perhaps the greatest number of distinct lineages apart from pluripotent stem cells by virtue of 

their migration to and establishment in all major regions in the early embryo. For this multiplicity 

of lineages derived from a common progenitor, the NC has been referred to as a ñfourth germ 

layerò5.    

1.1.2 Stages of NC Formation 

The lifespan of the NC may be divided into discrete temporal chapters: (1) induction, (2) 

specification, (3) delamination, (4) migration, and (5) differentiation6 (Figure 1.1) 
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Figure 1.1 Stages of NC Induction, Specification and Migration 

 

(Adapted from Sauka-Spengler and Bronner-Fraser 2008
53
) 

 

During neurulation, ectodermal cells thicken to form the neural plate. The lateral ends of 

the neural plate then undergo changes in cell shape to give rise to the neural folds. Forces which 

are believed to be exerted primarily by increased cellular proliferation cause the elevation of these 

folds, which then fuse in the dorsal midline to form the neural tube and subsequently generate 

dorsal neuroectoderm1. NC induction describes the initial shift in cell identity from neuroectoderm 

to NCC that occurs in cells of the lateral ridges (neural folds) of the closing neuroepithelium. The 

earliest change in gene expression responsible for induction of the NC is upregulation of the 

transcription factor (TF) Slug, followed by upregulation of Wnt-1, Wnt-3a, and Pax37-9. These 

changes are guided by secreted signals from the surrounding non-neural ectoderm. In particular, 
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there is an increase in wingless-related integration site (WNT) and fibroblast growth factor (FGF) 

signaling, and inhibition of Bone Morphogenetic Protein (BMP) signaling10.  

NCC specification, which remains a lively topic of research even to this day, is the biasing 

of NCCs to a certain lineage prior to migration; this topic will be further expounded upon in Section 

1.1.4. During NCC delamination, NCCs undergo an epithelial-to-mesenchymal transition (EMT) 

to prepare for migration. Notably, the transcriptional changes which allow NCCs to enter a more 

mesenchymal state are almost identical to the transcriptional program utilized by invasive cancer 

cells, a point which will be reviewed in greater detail in Section 1.2.3.  

NCC migration describes the period when NCCs are in a motile state. Migratory NCCs, 

characterized by expression of the NC-specific TF Sox10, follow two main routes: the ventral 

pathway and the dorsolateral pathway. These highly orchestrated and well-documented routes 

are taken in waves by distinct NC populations associated with certain NC lineage outcomes. 

Decades of research has been dedicated to understanding the relationship between NCC 

migration paths and resulting NC lineages. In particular, the field needed to reconcile between 

two polar opposite mechanistic scenarios to account for NC migration decisions. Either (1) 

changes intrinsic to the environment are responsible for different migration outcomes in 

stochastically migrating NCC populations which otherwise have equal multipotent capacity, or (2) 

changes intrinsic to the NCCs are responsible for different migration outcomes (i.e. NC 

progenitors are assigned an identity prior to leaving the NT and respond differently to an 

environment which is otherwise uniform). Current understanding is not surprisingly a mixture of 

both scenarios.  

In support of the first scenario, in which the environment directly contributes to different 

migration patterns, is the observation that the main molecular signals delineating a migration 

pathðprimarily extracellular matrix (ECM) glycoproteins and proteogylcans as well as locally 

expressed ligands and receptorsðare both highly temporally dynamic and unevenly distributed, 
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often in gradients of reciprocal signals1, 11. In support of the second scenario, in which NC 

progenitors are predetermined prior to migration, experiments exploring the multipotency of the 

NC at different stages indicate a mixed population of progenitors with varying degrees of NC 

lineage restriction and fully multipotent cells1, 12. 

Finally, NCC differentiation is the last step of the NC lifespan, in which, NC progenitors 

terminally differentiate into an NC lineage. This process is largely regulated by the unique signals 

derived from the microenvironment of the final establishment site. 

 

1.1.3 NC Progenitors and Stem Cells in Development and Adulthood 

To comprehensively describe NCCs and the duration of their presence over the course of an 

individualôs lifetime, it is important to note the distinction between NC progenitors and NC stem 

cells (NCSCs). While both NC progenitors and NCSCs have the capacity to self-renew and 

differentiate, NC progenitors have more limited self-renewal ability and are not able to differentiate 

into all NC lineages2,13. Although NCCs are found only during development, there is growing 

evidence that NC derivative precursor cells with the capacity to differentiate into multiple NC 

lineages, also known as neural crest-like stem cells (NCLSC), persist in adult tissues, including 

in skin, cornea, gut, and peripheral nerves14. NCSCs have been explored as a potential reservoir 

for therapeutic cell therapy applications13 and are believed to be responsible for ñmisplacedò cells 

found in incongruous locations, such as the well-documented presence of melanocytes in the 

brain and heart15,16,17. 

1.1.4 NC Lineage Specification 

NCCs are categorized by their earliest fate decision, which is their initial region of post-

migration establishment within the embryo. The main NCC subtypes include cranial, cardiac, 

vagal, trunk, sacral and enteric (Figure 1.2). Major terminally differentiated lineages of the NC 
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vary greatly, including but not limited to: peripheral neurons, glia, Schwann cells, cardiac muscle, 

craniofacial bone and cartilage, and melanocytes. 

 

 

Figure 1.2 NCC Regional Subcategories and Corresponding Major Lineages 

(Adapted from Martik and Bronner 2017
54
) 

 

The earliest experiments which aimed to map NC fate were lineage tracing studies. The 

first lineage tracing studies, performed in avian embryos by Weston and colleagues18 and soon 

after in amphibian embryos by Chibon and colleagues19, transplanted donor NT explants treated 

with H3-thymidine into non-treated donor embryos. This radioactive labeling method facilitated the 

observation that different NC lineages consistently follow distinct migration patterns (e.g. dorsal 

root and sympathetic ganglia NC progenitors follow a ventral path while melanocyte progenitors 

follow a dorsolateral path). While this method was helpful for understanding NC fate in the context 
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of a few days in utero, gradual decay of the radioactive signal made it impossible to monitor NC 

progenitor outcomes in postnatal animals. 

This weakness was overcome by visionary experiments performed by LeDouarin and 

colleagues using avian NC chimeras in which stage-matched Coturnix japonica (Japanese quail) 

NT explants were transplanted into developing chicken embryos20,21 (Figure 1.3). The rationale 

behind these experiments, which will be expounded upon in Section 1.3.5 as the heart of this 

thesis, was the observation that quail and chicken have very similar NC development timelines 

and would therefore perhaps be permissive to interspecies chimerism. Extensive fate mapping of 

transplanted cells in postnatal animals was made possible by the fact that quail and chicken cell 

nuclei have different densities (i.e. quail nuclei have dense heterochromatin in the nucleolus while 

chicken nuclei are euchromatic)20. The development of quail-specific antibodies made it even 

easier to clearly distinguish cells derived from transplanted NCCs via immunohistochemistry 

(IHC)21. With these tools, LeDouarin and colleagues annotated the differentiated cell types 

derived from NCCs via histological survey of chimeric animal tissues. These fate mapping studies 

in avian NC chimeras faithfully reflected the extensive list of NC fates which stands to this day. 
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Figure 1.3 Quail-Chicken NC Chimeras for NC Lineage Tracing 

(Adapted from Le Douarin, 2008
291
) 

 
While lineage tracing studies were pivotal in mapping final outcomes of the NC, clonal 

analysis studies were helpful in furthering our understanding of NCC potency prior to migration. 

One of the earliest clonal analysis studies were performed by Allan Cohen and colleagues, in 

which the differentiation capacity of single cell clones isolated from chick and quail embryo NT 

explants were determined by in vitro culture22-23. Although these initial experiments were only 

able to distinguish between pigmented versus non-pigmented cell types (melanocytic vs. 

adrenergic), the observation that clones were either bipotent or a single-lineage progenitor 
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nonetheless gave the first clear indication that pre-migratory NCCs are a heterogeneous 

population of progenitor cells with varying degrees of potency. 

More sophisticated in vivo clonal analysis studies were made possible by the application 

of vital dye lineage tracing to single cells. Using an innovative technique in which single pre-

migratory NCCs at the dorsal NT of chicken embryos were injected with lysinated rhodamine 

dextran, Bronner-Fraser and Fraser clarified that pre-migratory NCCs are indeed multipotent, not 

pluripotent, and that a significant portion of pre-migratory NCCs have the capacity to give rise to 

most NC lineages24-25. Similar single cell labeling experiments in quail embryos determined that 

up to half of pre-migratory NCCs are single-lineage precursors, and that these lineage-restricted 

precursors migrate in a certain order (i.e. neuron and glia precursors migrate early while 

melanocyte precursors migrate late)26. Sieber-Blum and colleagues performed single cell vital 

dye lineage tracing in mouse embryos and found consistent results indicating that mammalian 

pre-migratory NCCs are also a mix of multipotent progenitors with varying degrees of potency27. 

The development of genetically engineered mouse (GEM) Cre-driver strains in the 1990s 

and 2000s permitted full in vivo labeling of distinct populations in the NC temporal landscape by 

using NC-specific driving promoters. In short, when a Cre-reporter line is combined with Cre-loxP-

based conditional genetic recombination, it results in irreversible expression of a marker gene 

(often a fluorescent reporter) in the driving promoter-expressing cells and all their progeny. Cre-

recombinase under the control of drug-inducible promoters permitted an additional dimension of 

stage-dependent labeling28,29 and the combination of these Cre tools with the multi-colored 

Confetti reporter made it possible to resolve relative history of cell divisions30,31,32. Two of the 

most widely used NC-specific promoters are Wnt1, which labels pre-migratory neural crest29, and 

Sox10, which labels migratory neural crest33. From inducible Wnt1-driven Confetti labeling 

experiments, it was possible to definitively show that amongst pre-migratory NCCs in mouse, 
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approximately 20% of clones were both highly multi-potent and had the capacity to self-renew31. 

From the Sox10-driven Confetti labeling experiments, it was possible to show that even in 

migratory NCCs, most cells remain multipotent and surprisingly did not show a greater degree of 

fate-restriction compared to non-migratory NCCs30.  

Recent advancements in single-cell sequencing methods in combination with in vivo 

labeling tools have permitted not only single-cell resolution of transcriptional control of major NC 

events but also epigenomic and chromatin accessibility information through advancements in 

single-cell bisulfite sequencing, CHIP-seq, ATAC-seq and chromatin conformation analysis (i.e. 

3C, 4C)34,35. This wealth of information has permitted the construction of detailed Gene 

Regulatory Networks (GRN), or a collection of key genes expressed within a regulatory circuit 

which controls certain cell states, to describe the temporal stages in NC development and terminal 

differentiation into major lineage categories; the major components of these networks are 

summarized in (Figure 1.4). While the currently accepted NC GRNs are largely established by 

decades of compiled experimental and transcriptomic evidence, it is known that cis-regulatory 

elements have a significant influence over how external and intrinsic inputs are translated into 

changes in gene expression, meaning mapping out the NC-specific epigenetic landscape is 

essential for having a complete picture. Thus, one of the ongoing objectives within the field is to 

annotate more of the NC genomic spatial organization and integrate the existing NC GRN 

information with epigenomic data.  

Identification of NC-specific enhancers, or cis-acting DNA sequences which can increase 

the transcriptional activity of a target gene up to hundreds of kilobases away via direct interaction 

facilitated by three-dimensional configurations described as loops, has been a specific goal to 

help fill in the missing regulatory information upstream of NC GRNs. An example of this is the 

recent work of the Simoes-Costa group, which has made strides in mapping NC-specific 

enhancers using H3K27ac HI-CHIP in primary chicken NCCs. In addition to mapping out primary 
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NC-specific enhancers, their work importantly defined an interconnected system of cis-regulatory 

elements directly regulated by Wnt signaling, showing evidence for a mechanism by which 

environmental inputs may feed directly into NC GRNs36. Understanding human-specific NC 

enhancers is of great interest since epigenomic landscapes have significant species-specific 

facets and human NC dysfunction is the cause of a wide variety of diseases. The Wysocka group 

has made progress in this seemingly intractable area by using human embryonic stem cell (ESC) 

and induced pluripotent stem cell (iPSC)-derived NCCs and primary chimpanzee NCCs to identify 

human NC-specific enhancers37. Importantly, these studies identified master NC regulators 

TFAP2A and nuclear receptors NR2F1 and NR2F2, which are associated with permissive 

enhancer chromatin states when simultaneously co-occupying a site38.  

 

 
 

Figure 1.4 Summary of Gene Regulatory Networks Regulating Major NC Decisions 

(Adapted from: Hovland AS, Rothstein M, Simoes-Costa M., 2020
292
) 
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Although the culmination of this work has on the one hand made it clear that both pre-

migratory and migratory NCC populations are comprised of multipotent progenitors, and on the 

other hand has fleshed out the transcriptional regulation underlying steps in NC lifespan, it has 

not been technically possible to formally bring these two different types of information together to 

define time-resolved molecular mechanisms dictating the earliest NC fate commitment and 

subsequent steps until the development of very recent advancements in single-cell spatial 

genomics. A key study by Soldatov and colleagues of the Adameyko group has applied spatial 

genomics to pre-migratory (Wnt1-Cre) and migratory (Sox10-Cre) NC lineage tracing and 

impressively used computational analyses of single-cell transcriptomic information within 

preserved temporal and spatial context to simplify the earliest NC fate decisions into a series of 

sequential binary decisions34,35.  

In brief, they found that up until early NCC migration, the majority of NCCs stochastically 

pass through different competing fate programs. The process of fate restriction can be 

summarized in three distinct phases: initial co-activation, gradual biasing, and commitment. 

During the first phase, fate-specific transcriptomic modules for multiple different fates are 

gradually co-activated as the progenitor approaches a fate decision bifurcation point. During the 

gradual biasing phase, there are not changes in any singular key genes but rather broad 

expression shifts between fate-specific modules, often the gradual down-regulation of competing 

modules relative to the NC fate bias which is being acquired. Finally, in the commitment phase 

competing fate modules are silenced and replaced by mutually exclusive gene expression 

patterns unique to the acquired fate, effectively cementing the new cell identity. This seemingly 

straight-forward mechanism quickly increases in complexity when one considers scenarios 

beyond binary bifurcations, representing a progenitor with two-fate multipotency, such as 

progenitors with multiple fate potency (i.e. a ñmultifurcationò scenario) or progenitors with potency 

towards a single fate (i.e. an ñall-to-oneò scenario) which may be achieved by directly passing 
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through an intermediate bridge state or via fate convergence, in which an initial fate decision is 

made but the cell later transdifferentiates into a different NC-lineage (Figure 1.5).  

 

            

Figure 1.5 Summary of Current Model of NC Lineage Specification Mechanism  

(Adapted from Erickson AG, Kameneva P, Adameyko I., 2023
35
) 
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1.1.5 Neurocristopathies: Significance of the NC in Disease  

Diseases caused by dysfunction in the development of the NC or arising in subsequent 

NC-derived lineages are referred to as neurocristopathies (NCP)39. NCPs were initially 

categorized based on final outcomes (i.e. tumors, tumor syndromes, malformations, and ñotherò), 

but more recent classifications take an etiological approach by categorizing NCPs based on the 

underlying developmental dysfunction, specifically NC (1) specification, (2) migration, and (3) 

differentiation40. Recently this categorization method has been further refined to address the 

unique cellular context of the disease by considering the axial origin of the affected NC population, 

thereby accounting for both the nature of the dysfunction and the affected NC lineage(s)41. In 

addition to congenital NCPs, diseases arising in adulthood within terminally differentiated NC-

lineages have also been accepted into the NCP repertoire, acknowledging that NC GRNs are 

often preserved in the ómolecular memoryô of NC lineages and contribute to disease mechanism. 

The current classification system helps to account for the observation that NCPs commonly 

present with a wide range of seemingly unconnected symptoms, and importantly paves the way 

for disease modeling.  

One iconic feature of several NCPs are craniofacial abnormalities such as the cleft lip, 

exemplified in 3MC syndrome, which consolidates four rare autosomal recessive disorders once 

known as Carnevale, Mingarelli, Malpuech, and Michels Syndromes40,41. 3MC concomitantly 

presents with several other common craniofacial abnormalities, such as widely spaced eyes 

(hypertelorism), highly arched eyebrows, droopy eyelids (blepharoptosis), narrowed eye openings 

(blepharophimosis), and abnormal bone fusion in the skull (craniosynostosis), alongside delayed 

neurodevelopment and loss of hearing41. Interestingly, while these symptoms are derived 

primarily from defects in NC induction and specification, similar disease symptoms are not 

explicitly limited to these particular dysfunctions in the NC.  
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For instance, CHARGE syndrome, which is primarily derived from defects in NC migration, 

also presents craniofacial abnormalities such as the cleft palate and delayed neurodevelopment, 

but co-presents with a host of different abnormalities including facial asymmetry, twisted necks 

(torticollis), missing eye tissue (ocular coloboma), heart defects (conotruncal lesions), blocked 

nasal airway (choanal atresia), cranial nerve palsies, and urogenital and external ear 

abnormalities41.  

To better understand the underlying mechanisms behind these varied symptoms, several 

groups have made progress particularly in CHARGE syndrome using human iPSC-derived NCCs. 

Using a combination of primary Xenopus and human iPSC-derived NCCs, the driver of CHARGE 

syndrome was identified as mutations in the highly conserved CHD7 gene encoding an ATP-

dependent chromatin remodeler essential for activation of NC GRNs42. Building upon this insight, 

migration defects in mutant CHD7 human iPSC-derived NCCs could be quantified by in ovo 

transplantation into chick embryos43. Importantly, the conceptual connection between CHD7 as 

a chromatin remodeler and the etiology of NC defects was made possible by identifying Sox9 as 

a key target of CHD744. This extremely long-range enhancer interaction spanning over a 

megabase demonstrated that CHARGE syndrome is an óenhanceropathyô, pointing to the 

importance of global disruption to NC GRNs to the development of NCPs.  
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1.2 Evolutionary Origin and Significance of the Neural Crest 

1.2.1 Overview 

The NC and its derivatives have profound significance to the evolution of features that are 

typically recognized as facets of four-legged vertebrate species. This was recognized by Gans 

and Northcutt in their proposed ñnew headò hypothesis, which posits that the key morphological 

and functional inventions that gave vertebrates new modes of predation were primarily 

concentrated in the head and that NC derivatives were the driving force in the formation of these 

inventions, including articulated jaws and teeth, multi-chambered hearts, more advanced sensory 

systems, and different colored pigments in greater variety of patterns for superior camouflage45. 

The evolutionary origin of the NC has long been searched for within the closest extant 

relatives of vertebrates, namely the cephalochordates (i.e. amphioxus or lancelets) and the 

urochordates (also known as tunicates or sea squirts)46. Recent advances in molecular 

phylogenetics have inverted our understanding of which group shares the most recent common 

ancestor with vertebrates, now placing the urochordates closer to vertebrates with 

cephalochordates as an outgroup47,48. This rearrangement is consistent with the discovery of 

placode-like cells in multiple urochordate species and experimental evidence from vital dye 

lineage tracing studies in the tunicate Ciona intestinalis which identified migratory cells originating 

from the neural tube that give rise to pigmented cells in the body wall and siphons of larvae49,50. 

In comparison, no cells phenotypically analogous to NCCs have been found in cephalochordates, 

and genomic analyses have shown that although key NC genes are conserved, they are not co-

expressed in cells at the neural plate border or dorsal neural tube51,52. This line of evidence had 

led to the current consensus that the very first ñproto-NCCsò in evolutionary history appeared 

during the split between cephalochordates and urochordates in the form of migrating pigmented 

cells46. 
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The key acquired functionalities which distinguish proto-NCCs found in urochordates from 

bonafide NCCs in vertebrates are increased migratory capacity and increased multipotency. While 

urochordate proto-NCCs are migratory within relatively short-ranges and have very limited 

potency (i.e. a single lineage), bonafide NCCs found in vertebrates are capable of long-range 

migration in complex patterns and are highly multipotent46. The core NC GRN, which has been 

faithfully conserved across vertebrates for over 500 million years, may be heavily distilled down 

to the modulation of Snail and FoxD3 for increased migration capacity and SoxE TF family 

members, Sox9 and Sox10 in particular, for increased multipotency46,53,54. The NC migration 

GRN promotes expression of cell-surface receptors, metalloproteases and adhesion molecules 

with which to respond to guidance cues, including ephrins, semaphorins, and a myriad of 

cadherins, the mixture of which amalgamates to define migratory paths53,54. Within the NC 

multipotency GRN, the TF Sox10 is known to be required to maintain multipotency by inhibiting 

neuronal differentiation55,56, while other SoxE members promote differentiation into certain 

lineages, such as Sox9 which is required for directing the differentiation of chondrocytes57. 

 

 

1.2.2 Craniofacial Development: A Case Study in NC Evolutionary Plasticity 
 
There is an implicit paradox in the highly conserved nature of the NC. While NCCs, their 

lineages, and their initial migration patterns in the early embryo are extremely well conserved 

across vertebrates, differences in the final configurations of NC lineages are quite high between 

species and even within species, providing great morphological variety and clear visual ques with 

which to distinguish between species and individuals within the same species. NC derivative 

driven craniofacial development is a particularly excellent example of this principle. 
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 Interspecies chimera experiments in which, converse to the logic behind the avian 

chimeras used for NC fate mapping, host and transplant species were selected for their extremely 

different and unique features helped to elucidate the basis for species-specific evolution of 

craniofacial development. These experiments focused on two main categories of species 

divergent featuresðsize and shapeðand established the remarkable ability for NCCs to retain 

species-specific memory in both regards58. Amphibian chimeras in which NT explants from a 

large species of salamander were transplanted into a much smaller species of salamander were 

used to demonstrate retention of size information59,60, while reciprocal frog and salamander NC 

chimeras focused on jaw development demonstrated retention of shape information61,62,63,64,65. 

Interestingly, despite the clear species divergence in these features, the ñspecies-genericò 

patterning principles (i.e. the vertebrate body plan) which establishes not only axial orientation 

but anatomical identity and tissue types, remained largely if not fully conserved.  

 Put simply, and perhaps intuitively, the overarching mechanisms by which species-specific 

craniofacial features are regulated lies in controlling the gross number of cells in space and over 

time66,67. Avian quail-duck chimera experiments have been particularly informative in elucidating 

how this is achieved because (1) it is possible to simultaneously track regulation of both size and 

shape since quail beaks are much smaller and pointed in comparison to duck beaks and (2) it 

possible to see the effects of different intrinsic rates of maturation since quail and duck have 

different gestation times (17 vs 28 days)68,69,70,71. Quail-Duck chimeras have revealed that one 

method by which duck beaks achieve a larger size is by simply increasing the number of NC jaw 

precursors; ducks generate 15% more pre-migratory NCCs anatomically positioned to become 

jaw precursors which then migrate to the developing mandible72,73,74. Differences in cell cycle 

length between quail and duck mandibular mesenchyme (13.5hr in duck vs 11hr in quail) in 

combination with differences in the absolute time of the beak developmental window (45hr in duck 
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vs 32hr in quail) results in duck having twice as many cells in the mandibular primordia 

overall75,76. In other words, to overcome a slower cell division rate, duck relies on the dimension 

of increased time to achieve a larger structure. Together, this evidence points to at least two 

distinct strategies where time and place may be manipulated in a species-specific manner within 

the underlying context of a highly conserved body plan to achieve to achieve different 

morphologies. 

 

 

1.2.3 The Hourglass Model of Development 
 
While the example of craniofacial development certainly fosters questions regarding the 

basis of species-divergent traits, it also highlights the conservation of óspecies-genericô traits, the 

foundation upon which specialized traits are built. The earliest attempt to formally explain 

conserved attributes in the development of animals was proposed in 1828 by von Baer, who 

postulated that more widespread traits shared by many taxa are more ancestral and govern early 

embryogenesis while more specialized traits found in fewer taxa will appear later in 

development77. Formally contextualizing Baerôs law within evolutionary theory, Haeckel coined 

the ñrecapitulationò theory (also called the ñiterativeò or ñearly conservationò model) which 

assumes that stages of embryonic development are morphologically derived from the forms of 

ancestors77. Although certain traits, such as the notochord and pharyngeal arches, are consistent 

with this model77,78,79, this theory is contradicted by the observation that gastrulation morphology 

varies greatly amongst vertebrates in general80 and that many embryos do not resemble the adult 

forms of their ancestors81,82,83.  
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The elusive connection between ontogeny and phylogeny was revisited in the 1990s when 

Douboule recognized that although key early events in embryonic development have many 

species-specific differences, intermediate steps such as Hox anteroposterior axis patterning are 

highly conserved84. To describe this observation, Douboule put forth the Hourglass Model of 

Development which postulates that there is great evolutionary divergence between vertebrate 

species at the beginning and at the end of embryonic development, but events in the middle (i.e. 

the pinch in the hourglass) are highly conserved. An important inference of this model is that, 

unlike its predecessor, it can successfully reconcile the conservation of underlying body plans 

with vast diversity in species-specific adult morphology.   

Some of the strongest evidence for the hourglass model has come from RNA-seq of time-

resolved embryogenesis (i.e. stage-matched embryos) which quantitatively shows that mid-

embryonic events are indeed more highly conserved than early embryonic events across a wide 

variety of species at the transcriptomic level85,86,87,88,89, including not only chordates, but 

spanning beyond deuterostomes to protostome superphyla such as mollusks90, nematodes91,92 

and arthropods85,88. Recently Irie and colleagues have proposed a ñnestedò hourglass model 

which combines the hourglass model with the historical iterative model to address that the two 

are not mutually exclusive if the precise ñpinchò in the developmental hourglass is shifted for 

different taxa such that the most conserved stage of smaller, more specialized taxa is shifted later 

in developmental time93,94,95,96,97
 (Figure 1.6). 
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Figure 1.6 The Hourglass Model and Early Conservation Models of Development 

(Adapted from Uesaka M, Kuratani S, Irie N., 2022
94
) 

 
While morphological comparisons led to the widely accepted belief that gastrulation is 

extremely divergent across vertebrates and is therefore prior to the ñpinchò in the hourglass model, 

the Stelzer group has recently found exciting evidence from comparative single-cell RNA-seq of 

time-resolved embryogenesis in two mammalian species with distinct sizes and gastrulation 

morphologies, mouse and rabbit (i.e. cup vs. disc morphologies), which suggests that gastrulation 

is not only highly conserved despite clear morphological differences, but actually represents the 

ómaximumô conservation point in mammalian embryogenesis (i.e. the narrowest point in the 

hourglass)98,99. Within the gastrulation process, Stelzer and colleagues were able to pinpoint the 

beginning of the formation of the notochordal plate (stages 4c-5 and Et7.5-7.7) as the period with 

maximum alignment specificity. This high degree of conservation was notably characterized by a 

shared ócore gastrulation programô consisting of at least 76 TFs which retained their distinct 

regulatory roles and gene expression levels of thousands of genes that were quantitatively 

conserved up to a two-fold ratio between stage-matched embryos.  

Although knowledge of transcriptional control during key moments in development has 

done much to advance our current understanding of the evolutionary basis for conserved features, 
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the cost and labor associated with single-cell sequencing currently prohibits the study of older 

embryo and fetal stages; the above-mentioned study, for instance, was limited to embryonic 

stages 6.0 to 8.6 in mouse. To better understand the nature of the onset of divergence between 

species (i.e. the opening of the hourglass) and gain greater insight to the merit of a nested 

hourglass model of development, it would be informative to study beyond gastrulation. 

Additionally, comparative studies up to this point have focused on morphology, transcriptomics 

and chromatin accessibility, but discrete cell functions have yet to be formally probed. Interspecies 

chimeras, reviewed in Section 1.3, could present a unique opportunity to understand these 

questions of conservation and divergence at the cellular, phenotypic level.  
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1.3 Interspecies Human-Mouse Neural Crest Chimeras 

1.3.1 Overview: What is a Chimera? 

Put simply, a chimera is an animal which has received two or more genetically distinct 

cells as an embryoðbe it from another individual of the same species, from another species 

entirely, or from same-species cells which were genetically altered in some way. Chimeras in the 

classical sense are under the category of blastocyst complementation, meaning they are 

generated via injection of totipotent stem cells into the inner cell mass of the very early embryo. 

Blastocyst complementation has been used historically and to this day to generate transgenic 

mouse lines100, and more recently have even been successfully applied to non-human primates 

(NHP)101,102. The extent of chimerism from this method can be quite high when between the 

same species, spanning across several if not most organ systems and resulting in up to 80-90% 

contribution of donor cells in certain organs103,104. Indeed, the extent of chimerism which the 

injected cells have the capacity to produce is the most stringent measure of their totipotency105.  

However, as mentioned in the study of neural crest fate and conservation of species-

specific patterning, there is also a long history of óembryologicalô chimeras which are formed by 

transplanting segments of one embryo to another. Although such chimeras do not always survive 

to adulthood or are much more limited in the extent of chimerism due to the limited potency of the 

transplant, embryological chimeras nonetheless offer an extremely versatile platform for probing 

the developmental role of discrete cell types or microenvironments. In this section, I will lay the 

groundwork to describe human-mouse interspecies chimeras in which human ESC/iPSC-derived 

NCCs are transplanted into the gastrulating mouse embryo to generate a novel humanized mouse 

model, the human-mouse NCC chimera. 
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1.3.2 Interspecies Chimeras 

Interspecies chimeras may be generated using a wide variety of methods by altering the 

developmental stage of both the donor cells and the recipient embryo (Figure 1.7), but one of the 

keys to generating any chimera, as will be discussed in Section 1.3.3, is matched developmental 

timing between the donor and recipient. The main categories of transplantable donor cells which 

in turn dictate the appropriate recipient embryo stage are: (1) Naµve ESCs, (2) Primed pluripotent 

stem cells (PSCs), (3) Lineage progenitors (i.e. NCCs, neural progenitor cells (NPCs), microglial 

precursors), and (4) adult stem cells.  

The main functional distinction between naµve ESCs and primed PSCs is that naµve ESCs 

originate from the inner cell mass (ICM) of preimplantation blastocysts and thereby are most 

amenable to transplantation into blastocysts106, while primed PSCs resemble the more advanced 

developmental state of post-implantation epiblast stem cells (EpiSCs) (i.e. the earliest progenitor 

of the three germ layers), which are óprimedô for pluripotent differentiation and are better suited to 

transplantation into gastrula106.  While primed PSCs may be harvested from a primary 

source107,108, they may also be genetically or chemically induced by resetting the epigenetic 

landscape to a more hypermethylated state that is ócloserô to cell differentiation106,109. Although 

it is inferred that chromatin accessibility regulates the functional differences between naµve and 

primed ESCs/PSCs because, in contrast, naµve ESCs are globally hypomethylated, the 

connection remains elusive given the observation that murine EpiSCs are hypermethylated in 

vitro but hypomethylated in vivo, calling into question the actual consequences of DNA 

methylation status110.  

Practically speaking, primed PSCs have limited potency within the context of both same-

species and interspecies chimeras and are mainly used as an experimental platform111. Same-

species naµve ESC blastocyst chimeras, on the other hand, are capable of an extremely high 



ΟΠ 
 

degree of chimerism in adult tissues, sometimes nearly recapitulating whole organs. This has 

made interspecies blastocyst chimeras between human and pig, for example, a desirable platform 

for generating humanized organs for medical transplants112,113.  

 Lineage progenitor chimeras include NCC interspecies chimeras which were used as 

classical models for understanding vertebrate development, but in recent years other types of 

progenitors have been adapted to interspecies chimera systems for the purpose of disease 

modeling. Neural interspecies chimeras in which either neural progenitors114,115 or microglial 

progenitors116,117 are transplanted into P0-P3 neonatal mouse brains of immune-compromised 

and/or humanized mouse strains have been used to model the cell-autonomous effects of 

disease-linked mutations. The guiding logic for these experiments is that the in vivo environment 

provides a more natural mechanosensory and physiological environment which permits the 

development of phenotypes which are otherwise obscured by in vitro models or GEM models118. 

A notable attribute of progenitor interspecies chimeras is that although chimerism may be 

sustained in postnatal animals, there is great variability in the length of time that chimeric cells 

can persist in a xeno-environment.  

 In the following Section 1.3.3, I will review some of the known mechanisms of barriers to 

interspecies chimerism which can account for the differences in extent of chimerism and length 

of sustained chimerism within different systems.  
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Figure 1.7 Summary of Existing Chimera Generation Methods in Mice 

(Adapted from Wu J, Greely HT, Jaenisch R, Nakauchi H, Rossant J, Belmonte JC, 2016
111
) 

 

 

1.3.3 Barriers to Chimerism in Interspecies Chimeras 

 One of the most important determinants of successful transplantation of donor cells in 

interspecies chimeras, and chimeras in general, is matched developmental timing111,119,120 

(Figure 1.8-A). The two major reasons for this, which dictate the strategies for improving 

chimerism, fall into two categories:  

 

(1) The donor cells need to be intrinsically (ex. chromatin state to facilitate correct GRNs) 

and extrinsically (ex. external receptors) positioned to appropriately respond to the xeno-

environment. 

(2) The donor cells need to match the intrinsic growth rate of the xeno-environment. 

  

An example of being intrinsically positioned for chimerism is the observation that, just as 

same-species chimeras need to match naµve versus primed pluripotency states between donor 

and recipient, it appears that interspecies chimeras also need to be developmentally stage- 
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matched in terms of ómolecular ageô121. It is therefore an important consideration that 

developmental time as defined by morphological stage and epigenomic/transcriptomic cell state 

are not necessarily always the same between distantly related species like mouse and human, 

which have morphologically stage-matched ESCs in different pluripotency states, naµve and 

primed respectively122. This observation has gained further support through recent in silico 

analyses which found that human blastocysts and mouse gastrula share the highest 

transcriptomic similarities123. Consistent with this point are the observations that human and NHP 

ESCs/PSCs fail to integrate into mouse blastocysts124,125, but can successfully integrate into 

mouse gastrula126,127. Although the persistence of human-mouse gastrula chimeras is limited to 

36hr in vitro embryo culture, the remarkable capacity for human PSCs to contribute to all three 

germ layers within interspecies gastrula chimeras is proof of concept that interspecies chimerism 

is in part dictated by isochronically-matching donor and recipient intrinsic developmental stage.  

On the other hand, an example of the importance of being extrinsically positioned for 

chimerism from the context of interspecies blastocyst chimeras is the observation that 

transplantation is contingent on matching the origin of the trophectoderm derivatives (i.e. the outer 

layer of the blastocyst) with the maternal uterus111. For instance, when distantly related species 

of mice are used to generate interspecies blastocyst chimeras, successful progression through 

development is only possible when the donor cells are confined to the ICM (i.e. the recipient 

blastocyst and surrogate mother are matched)128,129.  

 Finally, as mentioned when describing the quail-duck interspecies NC chimeras used to 

study the basis of species-derived craniofacial development, intrinsic growth rates can differ 

greatly between species and in some cases create a barrier to chimerism by positioning donor 

cells to directly compete with host counterparts for a limited niche130. Continuing with mouse-
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human comparisons, it has been reported that mouse cells divide 2 to 2.5 times faster than human 

cells in general131. This is likely driven by global changes in protein stability stemming from 

species-specific rates of protein degradation132,133. In contrast, chimpanzee and human cells in 

the context of cerebral organoids show a very minor (~6%) difference in overall growth rate 

despite differences in the length of time allocated to the steps of mitosis134. This comparison 

makes it strikingly apparent how evolutionary distance informs the species-specific attributes 

driving barriers to chimerism.  

In line with the observation that barriers to developmental matching are more pronounced 

with greater evolutionary distance, interspecies chimeras generally have greater success in terms 

of initial transplantation and persistence when the donor and recipient share a more recent 

common ancestor111,135,136 (Figure 1.8-B). A historical example of well-matched interspecies 

chimeras is the classical quail-chick NCC chimeras generated by LeDouarin and colleagues for 

NC lineage tracing. Despite being separated by an evolutionary distance of ~39 million years137, 

the two species have similar gestation periods and similarly timed major events, and the chimeras 

were ultimately permissive to post-natal persistence of donor cells20,21 Likewise, interspecies 

blastocyst chimeras using human ESCs/PSCs are vastly more efficient in combination with NHPs, 

especially chimpanzee, than any other host attempted to date123,138,139. Notably, the converse 

relationship holds true that, in interspecies chimeras carrying donor cells evolutionarily separated 

by approximately 80 MYA or more from the host, developmental stage-matching (either in the 

morphological or molecular sense) is not sufficient to generate chimeras with donor cells that 

persist into adulthood111.  
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       Key Evolutionary Distances Relevant to Common Interspecies Chimeras 

Quail vs Chicken: 39 MYA, Quail vs Duck: 83 MYA 

Rat vs Mouse: 11.6 MYA 

Human vs Mouse: 87 MYA, Human vs Pig: 84 MYA, Human vs Chimpanzee: 6.4 MYA 

            www.timetree.org, accessed Feb 2024 

 

While the examples provided thus far help to demonstrate key barriers to chimerism 

individually, it is important to remember that all the described factors most likely simultaneously 

play into the success of chimerism. The Developmental Hourglass Model may help to explain the 

trend that evolutionary distance and capacity to maintain chimerism are linked. Interestingly, it 

may also account for phenomena in interspecies chimeras which cannot be explained by one type 

of barrier alone.  

For instance, while primary human ESCs/PSCs are too developmentally advanced for 

successful transplantation into mouse blastocysts, human PSCs converted to a naµve state can 

transplant into mouse, pig, and cow blastocysts with the caveat that the donor cells cannot be 

found in adult tissues140,141,142,143. The observation that developmentally matched donor cells 

may be compatible with the host embryo at one point in time, but not in a future point in time, is 

consistent with the Hourglass Model which would predict greater species-divergence as 

development progresses.  

This trend is true not only in interspecies chimeras with large evolutionary distances, but 

even in chimeras with a relatively modest distance such as rat-mouse and mouse-rat blastocyst 

chimeras144,145. In either instance, donor cells may be found in fetal stages but are nearly non-

existent in adult tissues. Why, strictly speaking, evolutionary distance alone cannot fully explain 

attrition of donor cells, as well as why some interspecies chimeras seem to óescapeô the Hourglass 
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Model and persist to adulthood, remains an open question in the field which will be addressed 

further in Chapter 2. 

Overall, this literature suggests that although donor cells may be matched to the host 

intrinsically at the ómolecular ageô level, drastic changes over the course of development in the 

host environment prohibit the donor cells from properly (1) keeping up with the local intrinsic 

proliferation rate, (2) responding to extrinsic signals, or (3) both. In the next Section 1.3.4, I will 

describe the current strategies used to help give donor cells a competitive edge to maximize their 

ability to keep up with the host environment. 

 

 

1.3.4 Current Strategies to Overcome Barriers to Chimerism in Interspecies Chimeras 

 The three main strategies which have been implemented to give donor cells a selective 

advantage in interspecies chimeras are: (1) increasing the intrinsic proliferation rate of the donor 

cells, (2) increasing the survival of donor cells by inhibiting programmed cell death, and (3) 

genetically altering the host to either create an open niche for host cells to occupy or provide 

donor cell-supporting ligands (Figure 1.8-C, D).  

 To increase the intrinsic proliferation rate of donor cells, cancer-associated mutations such 

as c-MYC amplification and TP53 knock-out have been used130,146,147. The principle behind this 

strategy is the concept of cell-competition, which points out that, counter to the belief that cells 

are exclusively cooperative during development, cells sometimes eliminate their neighbors with 

lesser fitness146. Initially discovered in the 1970s in Drosophila148, it is now known that this 

phenomenon is highly conserved in mammals as well146. So-called MYC-induced super 

competitor cells have successfully demonstrated this principle within same-species mouse 

chimeras, but there is very limited evidence within interspecies chimeras147.  
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Elegant recent work by Jun Wuôs group using TP53-induced super competitors managed 

to investigate cell-competition within the context of both interspecies rat-mouse chimeras and in 

vitro co-cultures of mouse and human naµve PSCs, primed PSCs, and differentiated cells130. They 

described a newly discovered ability for primed mouse PSCs to eliminate primed human PSC 

neighbors via contact-mediated apoptosis. This activity was notably only between primed PSCs, 

not naµve PSCs or differentiated cells, suggesting this as a possible elimination strategy within 

the gastrulating mouse embryo. Additionally, the capacity for mouse cells to induce apoptosis was 

much more pronounced in human-mouse co-culture than in rat-mouse chimeras, suggesting that 

the intensity of this elimination mechanism increases with greater evolutionary distance between 

the ñwinnerò and ñloserò cells.  In sum, this work highlights not only the importance of matching 

the intrinsic proliferation rate of the xeno-environment but implementing strategies to overcome 

direct attacks by the host.  

 To inhibit apoptosis in donor cells within rat-mouse blastocyst chimeras, the Nakauchi 

group successfully used transgenic over-expression of the anti-apoptotic gene BCL2149. Using 

same-species mouse blastocyst chimeras generated via transplantation of mouse EpiSCs, they 

demonstrated that apoptosis due to heterochronic (i.e. mis-matched developmental time) injection 

could be overcome with transient over-expression of BCL2. Strikingly, this was true even within 

interspecies blastocyst chimeras generated by transplantation of rat EpiSCs into mouse 

blastocyst, giving rise to adult chimeras with donor cells derived from all three germ layers. While 

this provides proof-of-concept as a strategy to increase interspecies chimerism, it is unclear 

whether this strategy alone is effective in improving chimerism between much more evolutionarily 

distant species. 

 When BCL2-expressing human primed ESCs were injected into mouse blastocysts, they 

were only able to persist up to E10.5150. Within human-mouse NCC embryonic chimeras in which 

human NCCs are transplanted into gastrulating mouse embryos, over-expression of BCL2 failed 
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to improve chimerism121. Therefore, while this strategy is promising, its potential use for 

interspecies chimeras with greater evolutionary distance and perhaps more cumulative obstacles 

to overcome remains to be seen.  

 Finally, rather than altering donor cells, genetically altering the host environment to be 

more amenable is a method that has been used to improve interspecies chimerism. One method 

to create a more supportive environment is through mutations which selectively eliminate a 

particular cell type to open a niche which can then support the survival of donor cells. One 

example of opening the niche of a single lineage is the use of c-Kit mutant Wsh/Wsh mice, which 

lack melanoblasts and can support improved NCC-derived melanocyte establishment in both 

intra- and interspecies NC chimeras147,151,152. An example which made significant progress 

towards recapitulating whole xenogenic organs was the use of hosts with complete knock-out of 

pancreatic and duodenal homeobox 1 (Pdx1), a TF essential for pancreatic ɓ-cell function and 

survival153. Using this mouse strain, the Nakauchi group generated interspecies rat-mouse 

blastocyst chimeras in which transplantation of rat PSCs into Pdx1-null blastocysts generated 

fully functioning rat pancreas in viable chimeric mice. In a similar vein, the Nakauchi group went 

on to use insulin-like growth factor 1 (Igfr1)-null mouse blastocysts to generate interspecies 

blastocysts chimeras in which multiple organs, including lung, brain, and kidney were largely 

populated by donor cells154.  

Another strategy to create a permissive xeno-environment is altering the host to provide 

donor-adapted ligands to rescue evolutionarily divergent ligand/receptor signals required for cell 

proliferation, survival, and maturation. An example of this approach are microglial lineage 

precursor chimeras, in which, human microglial precursors are transplanted into the brains of 

neonatal immune-compromised, humanized m-CSF transgenic mice116,117. Productive 

stimulation of human colony-stimulating factor 1 receptor (CSF1R) on donor cells within the 
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humanized brain environment promotes robust microglial survival and expansion (i.e. human 

microglia comprise up to 4% of the chimera brain, comparable to the reported 5-12% endogenous 

mouse microglial population) and significantly more advanced maturation than what can be 

achieved under in vitro conditions. However, it is necessary for these chimeras to be immune 

compromised, since microglial precursors in immune-competent humanized m-CSF mice begin 

to lose their donor cells after 2 months (unpublished data, Jaenisch Lab). In Section 1.3.7, I will 

review the extent to which anti-xenograft immune responses are the final barrier to chimerism, 

specifically within the context of NCC interspecies chimeras. First, in Sections 1.3.5 and 1.3.6, I 

will define immune tolerance, the two main mechanisms which foster it, and briefly review 

mechanisms of xenograft rejection respectively.  

 

 

Figure 1.8 Summary of Current Strategies to Improve Interspecies Chimerism 

(Adapted from Wu J, Greely HT, Jaenisch R, Nakauchi H, Rossant J, Belmonte JC, 2016
111
) 
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1.3.5 Central vs Peripheral Tolerance 

Immune tolerance is the induction of an immune cell into a non-responsive state155. This 

may be accomplished via two categories of mechanisms: (1) central tolerance or (2) peripheral 

tolerance.  

Central tolerance describes the process of eliminating self-reactive T cells during early 

thymic development156,157. T cells are lymphocytes (white blood cells) with several important 

roles in adaptive immunity, including but not limited to directly destroying target cells (CD8+ 

cytotoxic T cells) and providing signals to amplify an immune response (CD4+ helper T cells). 

Essential to their function is recognizing peptides loaded in major histocompatibility (MHC) 

molecules found on antigen-presenting cells (APCs) which include non-professional APCs (i.e. 

any cell) or professional APCs (ex. dendritic cells, macrophages)158. Elimination of self-reactive 

T cells is critical to minimize autoimmunity, or inappropriate immune responses against self-

antigens.  

During development, thymocytes (T cells of the thymus) originate from circulating bone 

marrow-derived progenitors which invade the thymus159. Upon expansion and commitment to the 

T cell lineage, thymocyte maturation progresses through states characterized by expression of 

CD4 and CD8: double-negative, followed by double-positive (derived from double-negative Ŭɓ 

progenitors), and ending with single-positive T cells expressing a random and distinct Ŭɓ T cell 

receptor (TCR) which determines the antigen that activates the cellôs immune functions when 

presented by an APC. Thymic selection, the process by which double-positive T cells mature into 

single-positive T cells, occurs in a two-step process which measures their reactivity to self-

antigens. First, cells with TCRs which cannot recognize self-antigens die by neglect (negative 

selection). Then, remaining cells with TCRs which bind self-antigens not too tightly pass through 

(positive selection); cells with TCRs with overly high or low binding affinity are eliminated. The 

primary APCs mediating the selection process are medullary thymic epithelial cells (mTECs) 
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which express the TF autoimmune regulator (AIRE) which promotes promiscuous expression of 

tissue-specific self-antigens.  

This process ultimately produces the naµve T cell population which populates several 

secondary lymphoid organs such as the spleen and lymph nodes. Naµve T cells rest in a quiescent 

state but are capable of fast conversion to an activated state when foreign antigen is presented 

in a self MHC molecule. Since not all possible self-antigens (or desirable foreign antigens like 

food) are presented during thymic selection, central tolerance is not sufficient to keep undesired 

immune responses in check.  

Peripheral tolerance represents mechanisms to regulate self-reactive T cells found in the 

periphery. Self-reactive T cells may be induced into a non-reactive state upon exposure to self-

antigen by (1) conversion to a functionally unresponsive state (anergy), (2) apoptosis, or (3) 

conversion to a regulatory T cell (Treg)157. Central and peripheral tolerance in combination give 

an individual a basic tool set with which to respond to non-self antigens.  

 

 

1.3.6 Anti-Xenograft Immune Responses 

 Discriminating between self and non-self is a fundamental function of the immune system. 

To understand the underlying mechanism utilized in central and peripheral tolerance to identify 

and respond to non-self antigens, it is necessary to distinguish between the two types of MHC 

molecules: Class I, which is expressed on all óselfô cells, and Class II, which is expressed on 

professional APCs specifically for the presentation of antigens155. Notably, the TCR-MHC 

interaction is allele-specific. MHC Class I molecules are encoded by three loci which have a wide 

range of allelic variation and are inherited as a group (haplotype) from each parent. The resulting 

combinatorial mix effectively provides a óbarcodedô message that conveys that a cell is óselfô160. 

Alloreactivity, or TCR reactivity to non-self MHC molecules161, is one of the first events in a 
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primary immune response due to the high precursor frequency of alloreactive T cells, which out-

number the frequency of any given foreign peptide-MHC complex precursor by 100 to 1000-

fold162,163. In effect, alloreactivity is one of the first steps in identifying foreign cells in a host 164.  

 Other ways of identifying xeno-transplants are mediated by recognition of foreign antigens 

by anti-donor antibodies and/or T cell recognition of foreign antigen-self MHC complexes. These 

mechanisms account for the three major modes of xeno-organ rejection, which occur in a 

sequential manner: (1) hyperacute xenograft rejection, (2) acute humoral xenograft rejection, and 

(3) acute cellular rejection165. Hyperacute rejection, which occurs within the first 24 hours of xeno-

organ transplantation, is a response mediated by pre-existing anti-donor antibodies. Acute 

humoral xenograft rejection, which occurs weeks after xeno-organ transplantation, is mediated 

by newly acquired anti-donor antibodies. Finally, acute cellular rejection, which likely occurs within 

days to weeks, is mediated by T cell recognition of foreign antigen-self MHC complexes. Anti-

donor cytotoxicity following these recognition mechanisms are primarily executed by a 

combination of T cells, NK cells, and macrophages165.  

Within this framework, it is possible to anticipate that the main immune rejection threats 

within interspecies embryo chimeras are presented by alloreactivity, acute humoral rejection, and 

acute cellular rejection. In Section 1.3.7, I will review the effect of immune challenges in classical 

interspecies avian NC chimeras.  

 

 

1.3.7 Immune Response in Avian NC Interspecies Chimeras 

Although interspecies quail-chicken chimeras can sustain donor cells into adulthood, 

LeDourain and colleagues reported that quail donor xenogenic tissues eventually were eliminated 

in the span of two weeks to three months20,166. Loss of chimeric cells, however, could be 

overcome within same-species chicken NC chimeras by matching MHC Class I haplotypes167,168, 
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implying alloreactivity as a specific xenograft rejection mechanism. This interpretation is, however, 

complicated by the observation that donor NCCs were found to contribute to the chimera 

thymus169. 

Avian chimera lineage tracing studies initially concluded that NC-derivates contribute to 

thymic epithelium170,171, but we now know from in vivo NC labeling combined with transcriptomic 

profiling that NCCs give rise first to thymic mesenchyme then terminally differentiate to thymic 

fibroblasts172,173,174,175,176. While NC-derived thymic mesenchyme helps to direct thymic 

development177, thymic fibroblasts provide a structural role by forming the capsule and medullary 

reticular network178. Recent evidence suggests that fibroblasts are essential to the process of 

central selection179,180, making it difficult to explicitly exclude the possibility that donor cells 

integrated as NC-derived fibroblasts in the chimeric thymus may have the potential to contribute 

to central tolerance.  

The extent to which it is feasible to achieve central tolerance in interspecies NC embryonic 

chimeras remains largely unexplored. This question will be expounded upon in Chapter 3, where 

the feasibility of overcoming this final barrier to prolonged interspecies chimerism is investigated. 

 

 

1.3.8 Human-Mouse NC Chimeras as a Novel Neurocristopathy Model 

 Although there is great interest in creating models which allow the study of human cells in 

vivo, there are significant challenges recapitulating human cells postnatally in early embryo 

interspecies chimeras with hosts that are very evolutionarily distant (Reviewed in Section 1.3.3).  

One method which has had the striking capacity to seemingly overcome this barrier is the 

generation of human-mouse NC chimeras via in utero transplantation of human ESC/iPSC-

derived NCCs into E8.5 gastrulating c-Kit mutant Wsh/Wsh mouse embryos with an open 
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melanocyte niche147. Inspired from the original mammalian NC chimeras which transplanted 

primary mouse NCCs from a pigmented strain into the E8.5 embryo of a non-pigmented mouse 

strain and found extensive postnatal development of NC-derived melanocytes in chimeric 

animals151,152, this study found that hNCCs had the capacity to survive postnatally as terminally 

differentiated melanocytes147. Although the extent of donor cell contribution was significantly 

reduced in comparison to same-species mouse NC chimeras (Figure 1.9), human genomic DNA 

qPCR was used to validate that the contributing melanocytes were of human origin. This 

demonstrated a first proof-of-concept that developmental restriction at the time of transplantation 

may help to overcome barriers to chimerism.  

 

Figure 1.9 Relative Contribution of Donor Cells in Hu-M vs. M-M NC Chimeras 

(Adapted from Cohen MA, Wert KJéJaenisch R., 2016
147
) 

 

The persistence of human donor cells in postnatal interspecies chimeras encouraged 

Cohen et al. to reimagine the human-mouse NC chimera as a novel humanized mouse disease 

model for NCPs. By lentivirally introducing MYCN amplification and ALKF1174L oncogenes to the 

human ESC and iPSC lines from which hNCCs were derived for injection, they created a novel 
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model of neuroblastoma (NB), a childhood cancer originating from NC sympathetic neuron and 

glial progenitors181,182. In brief, the authors found that NB tumors were able to grow in the body 

cavity of chimeric mice as in NB GEM models and express markers such as synaptophysin, 

nestin, tyrosine hydroxylase, and chromogranin A similarly to primary human patient samples. 

Interestingly, the authors used immune-competent hosts for NB chimeras, just as in the 

original human-mouse NC chimeras, to explore the possibility that in utero transplantation leads 

to tolerization to donor cells and could create an opportunity to study human NB within a tolerized, 

immune-competent environment. They found that the NB tumors were heavily populated with 

tumor-infiltrating lymphocytes (TILs) which were positive for Treg markers FOXP3, TIM-3, and 

PD-L1, indicating host immune exhaustion.  

To determine whether this result was indicative of a genuine anti-tumor immune response 

or xenograft rejection, they first compared their immunocompetent NB chimeras with NB chimeras 

in immunocompromised (NSG) hosts. They found that immunocompromised and 

immunocompetent hosts have equal capacity to generate chimeras. However, when oncogene-

expressing hNCCs were injected subcutaneously in 200-day-old chimeras, they found that 

immunocompromised hosts grew tumors 2 months ahead of immuno-competent hosts and had 

much higher penetrance (100% immunosuppressed vs 25% immunocompetent). This was 

interpreted to be due to the efficiency of in utero injection, implying only ~25% of the tested 

immunocompetent hosts were truly chimeras, but this is difficult resolve since this system relies 

on difficult-to-detect growth of internal NB tumors to identify chimeric animals. 

Finally, a critical experiment to test tolerization to human antigens more directly was a co-

culture experiment in which CD8 T cells derived from 1.25yr-old tumor bearing chimeras were 

incubated with different human cells in vitro to detect clonal expansion, a read-out for immune 

activation, by CFSE incorporation (Figure 1.10). They ultimately found chimera CD8 T cells were 
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more proliferative in response to hNCCs expressing oncogene than those that were not, leading 

the authors to conclude NB chimeras are tolerant to wild-type human antigens. 

 

Figure 1.10 Immune Tolerance to Human Antigens in Human-Mouse NB Chimeras 

(Adapted from Cohen MA, Zhang Sé Jaenisch R., 2020
181

) 

 

In conclusion, this model demonstrated the feasibility of recapitulating human NC-derived 

disease in vivo and within an immune-competent environment. An exciting application of this 

platform is the study of anti-tumor immune responses, especially immunotherapy resistance, 

which currently cannot be studied within the human cell context. In Section 1.4, I will review 

melanoma, a cancer derived from the melanocyte NC lineage, which is an excellent candidate for 

expanding upon the human-mouse NC chimera disease model not only since, unlike NB, it is 

externally visible and thereby more tractable, it is a highly immunogenic cancer which could make 

it amenable to future immunotherapy studies.  
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1.4 The Melanocyte in Development and Disease 

1.4.1 Development from NCC to Melanocyte 

Melanocytes are derived from SOX10-postive cranial and trunk NCCs that are bi-potent 

melanoblast/glial progenitors183. Stimulation by environmental factors, such as WNT3A, along 

with co-expression of PAX3 and SOX10, synergistically help bias NCCs towards the melanocyte 

fate by inducing expression of the melanocyte-specific TF MITF184,185. The glial fate is likewise 

suppressed by downregulation of FOXD3 and SOX2186. Acquisition of dopachrome tautomerase 

(DCT) and c-KIT expression solidify the melanoblast identity, followed by expression of tyrosinase 

(TYR) which solidifies the differentiated melanocyte identity183. While stimulation of the c-Kit 

receptor by stem cell factor (SCF) ligand is essential for melanoblast and melanocyte proliferation 

and survival183, DCT and TYR notably encode key enzymes in the metabolic process of melanin 

(pigment) production and thereby bestow melanocytes with functionality (Figure 1.11). 

In mice, a late-migrating wave of NC progenitors which travels dorsolaterally under the 

epidermis towards embryonic hair follicles give rise to melanoblasts187,188. Ligand/receptor 

interactions, especially those between c-Kit/SCF and PDGFR/PDGF-a/b, guide migratory NCCs 

via cell-cell contact189,190. After colonizing the hair follicle, a portion of the cells terminally 

differentiate into melanocytes while others de-differentiate into melanocyte stem cells in the hair 

follicle bulge to provide a reservoir for future melanocytes. The main function of melanin, the 

macromolecule produced by melanocytes, is to absorb and scatter UV radiation to protect both 

melanocytes and keratinocytes, which receive melanin from melanocytes, from UV-induced DNA 

damage191. UV-induced DNA damage in keratinocytes leads to the secretion of Ŭ-melanocyte 

stimulating hormone (ŬMSH), which binds melanocortin 1 receptor (MC1R) expressed on 

melanocytes and leads to increased production of melanin192. 
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The protective function of melanocyte-derived melanin, however, is not always sufficient 

to protect cells from the acquisition of mutations which can lead to melanoma. Next in Section 

1.4.2, I will briefly review the main molecular events which transform normal melanocytes into 

melanoma.  

 

 

Figure 1.11 Major Events in Mammalian Melanocyte Development 

(Adapted from Mort RL, Jackson IJ, Patton EE, 2015
183
) 

 

 

1.4.2 Transformation from Melanocyte to Melanoma 

 Cutaneous malignant melanoma accounts for the vast minority of skin cancer cases (~1%) 

but is responsible for most skin cancer-related deaths193. Although recent advancements in 

antigen-targeted therapies and immunotherapies have improved survival for some, the overall 

prognosis remains poor for the majority of patients who present with metastases194,195. Human 

melanoma originates in epidermal melanocytes which undergo unchecked proliferation and loss 

of contact inhibition in line with the general hallmarks of cancer196, starting as a benign nevus 

which progresses downward into the dermis (Figure 1.12). Since many mutations in melanoma 

are C>T substitutions, as would be anticipated by UV-damage197, it is inferred that melanoma 

mutations are mostly acquired postnatally due to sun exposure. The observation that melanoma, 
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along with non-small cell lung cancer (NSCLC), have the highest mutational burdens of any 

human cancer198 is consistent with this hypothesis.  

 Although hundreds of mutations have been recorded and each patient melanoma is its 

own unique constellation of mutations, it is possible to identify key reoccurring mutations (Figure 

1.13). The most common and earliest melanoma mutations are in the serine/threonine protein 

kinase BRAF, most commonly BRAFV600E (35-50% of melanomas)199,200,201,202. Common 

secondary and tertiary mutations include loss of heterozygosity (LOH) at several key tumor 

suppressors including NRAS, NF1, CDK2NA, P53, PTEN, and APC, as well as TERT promoter 

mutations which result in increased TERT activity201. These common mutations ultimately feed 

into activation of mitogen-activated protein kinases (MAPK) signaling and Wnt signaling, resulting 

in increased nuclear translocation of phospho-Erk1/2 and ɓ-catenin respectively which then drive 

transcriptional changes responsible for EMT and metastasis202,203. 

 Although it is tempting to extrapolate mechanisms based on mutations which are 

statistically reoccurring, the heterogeneity in melanoma presents a challenge when it comes to 

developing a representative disease model. In Section 1.4.3, I will briefly review the existing 

models of melanoma to contextualize how human-mouse NC chimeras may be a valuable 

addition to the field. 
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Figure 1.12 Progression of Melanoma in Human Patients 

(Adapted from Mayo Clinic, Skin Cancer Overview
293
) 

 

 

Figure 1.13 Major Molecular Events in the Progression of Human Melanoma 

(Adapted from Leonardi GC, Falzone L,éCandido S, Libra M., 2018
294
) 
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1.4.3 Current Models for Human Melanoma Progression and Immune-Resistance 

 The current models of melanoma fall within the categories of: (1) GEM models, (2) patient-

derived xenograft (PDX) models, (3) in vitro models, and (4) humanized PDX models.  

 GEM models are the most genetically amenable in vivo model and have lent themselves 

well to mechanistic dissection of the progression of melanoma204,205,206. For example, Dankort 

and colleagues established an impressive model in which two single mutations at the endogenous 

loci, BRAFV600E and PTEN-null, were selectively induced in melanocytes and resulted in 

melanomas with 100% penetrance and metastases to secondary sites such as the lungs207. This 

model proved to be a useful platform for understanding how ɓ-catenin specifically drives 

metastasis in melanoma by combining the model with inducible inactivation or expression of 

stabilized ɓ-catenin208. It was further used in seminal work which demonstrated that the anti-

tumor immune response in melanoma is mediated by tumor intrinsic ɓ-catenin status209, 

suggesting a potential mechanistic insight to why only certain tumors are responsive to check-

point blockade therapy (CBT). Although GEM models have been extremely productive in this 

sense, the observations that the combination of BRAFV600E and PTEN-null mutations is not 

sufficient to transform human cells210 and that GEM insights often do not translate well to human 

patients211
 indicates that studying melanoma within the human cell context also has value. 

 PDX models are the best predictor of human patient response to cancer therapies and are 

the first choice for pre-clinical testing of antigen-inhibitor therapies and conventional 

chemotherapies212,213. PDX models are generated by subcutaneously injecting primary human 

tumor samples onto immunocompromised mouse hosts. Although there is no immune editing-

driven evolution of the tumor and it is not possible to test CBT since the model lacks an immune 

system, PDX models do recapitulate inter- and intra-tumor heterogeneity and tumor-stroma 

interactions212.   
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In vitro models of melanoma include cell lines and patient-derived tumor organoids 

(PDTO)213,214. The greatest strength of in vitro models is unsurprisingly that they are more 

scalable and amenable to high-throughput drug screening. Additionally, PDTOs have shown 

impressive consistency with patient outcomes despite artificial culturing conditions213. Co-

culturing PDTOs with human immune cells is being explored as a method to recapitulate immune 

editing and further improve the model213,215.  

Finally, humanized PDX models are relatively new to the field and are currently still a work in 

progress. The intention of this method is to use the strengths of the PDX model but gain the ability 

to study anti-tumor immune response and immunotherapy resistance by recapitulating a human 

óimmune systemô216,217. Immune humanized mice are generated by transplanting CD34+ 

lymphoid progenitors into irradiated mice where they then differentiate into most major lineages 

including T cells, B cells, NK cells, monocytes, macrophages and dendritic cells218. CD34+ 

progenitors are often harvested from primary umbilical cord blood, but significant effort is being 

put towards deriving bonafide CD34+ progenitors from human ESCs/iPSCs to create a bankable, 

customizable (via genetic editing), and unlimited resource219. While this method is appealing, 

practical success up to this point has been limited. 

The ideal disease model recapitulates as many of the conditions required to see 

representative biology while being amenable to precise manipulation. In this regard, a model 

which can capture melanoma within the human cell context, in vivo, within an immune-competent 

environment and within appropriate anatomical niche which is also ócleanô and can be genetically 

manipulated is the holy grail.  

One major barrier to achieving this is, unlike in mouse and zebrafish, a minimal combination 

of oncogenic mutations sufficient to promote metastatic melanoma had not been discovered. In 

recent years, two independent studies have unlocked this last piece of the puzzle by identifying 
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combinations of mutations which recapitulate metastatic melanoma in wild-type human 

cells210,220. These exciting discoveries open the possibility of performing careful mechanistic 

studies of human melanoma metastasis as performed in GEM models.   

 

 

1.5 Summary 

  Limited persistence of xenogenic cells in human-mouse interspecies chimeras is an 

essential obstacle to overcome for the creation of disease models which allow the functional 

consequences of disease-associated mutations to be studied in the most relevant context of in 

vivo human cells within their appropriate niche. The two main barriers to donor cell survival are 

(1) having the capacity to respond appropriately to the xeno-environment and (2) competing with 

endogenous host cells.  

Previous strategies to improve interspecies chimerism by focusing on donor cell 

competitive advantage have increased donor cell intrinsic proliferation rate with the introduction 

of oncogenic mutations, inhibited donor cell death by over-expression of BCL2, or altered the host 

to create an open niche for donor cells to occupy. However, it is notable that none of these 

strategies alone have been sufficient to generate post-natal human-mouse chimeras, which need 

to overcome over 80 MYA of evolutionary distance. The greatest success in human-mouse 

chimeras has been through giving donor cells the capacity to respond to their environment 

through expression of human ligand in the host, which supports donor cell proliferation, survival, 

and maturation all at once. 

This work presents two novel approaches to efficiently increase interspecies chimerism in 

human-mouse embryo chimeras which I will review in Chapter 2: (Aim 1) adapting donor cells 

to the host environment via the first proof-of-concept that expression of a single mouse receptor 

(c-Kit) on human donor cells can extend their persistence within human-mouse neural crest 

embryo chimeras, and (Aim 2) combining proliferative advantage and pre-lineage biasing to 
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establish the first evidence that genetically-defined human melanoma within a primary melanocyte 

cell line has the capacity to robustly generate post-natal human-mouse melanoma embryo 

chimeras. In Chapter 3, I will present (Aim 3) which explores the feasibility of hNCCs persisting 

and conveying central tolerance to human antigens in developing human-mouse NC chimera 

thymus as a strategy to overcome immune rejection, the final barrier to interspecies chimerism. 

The results of this work inform an updated framework for understanding how human-

mouse chimerism barriers fit within the Developmental Hourglass Model and suggest future 

strategies for improving interspecies chimeras more broadly. 
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Chapter 2 Understanding and Unlocking the Mechanisms Limiting Human Cell Survival in  

Human-Mouse Neural Crest Chimeras 
 

Kristin Andrykovich Singh1,2 and Rudolf Jaenisch1,2 
1 Department of Biology, MIT, Cambridge, MA 02139, USA 

2 Whitehead Institute, Cambridge, MA 02139, USA 
 

2.1 Abstract 

 The most recent addition to our understanding of the Hourglass Model of Development 

suggests that gastrulation is the most highly conserved point in mammalian development98. 

However, the nature and order of events which lead to increasing species divergence post-

gastrulation has remained largely unexplored. 

Better understanding the nature and order of the barriers which limit the persistence of 

donor cells in interspecies chimeras could expand the possibilities of disease models which allow 

in vivo study of human cells within interspecies lineage-specific embryo chimeras postnatally. We 

propose that human-mouse NC chimeras may be used as a tool to understand the species-

divergence events which limit interspecies chimerism. 

First, we adapted donor cells to the recipient embryo environment through genome editing 

to rescue a species-divergent ligand/receptor interaction (c-Kit/SCF) required for melanocyte 

lineage proliferation and survival. Second, we transplanted donor cells with a proliferative 

advantage and melanocyte lineage biasing to generate a NC chimera model of melanoma.  

In both cases, we found these strategies led to improved persistence of donor cells 

compared to existing human-mouse NC chimera models. Expressing mouse c-Kit receptor on 

hNCCs helped them to persist beyond the E14.5 time point during which wild-type hNCCs 

experience rapid decline. Primary melanocytes carrying 4 minimal oncogenic mutations (reported 

in Hodis et al. 2022) persist in the dermis of immune-competent animals postnatally and well into 

adulthood.  

The results of these experiments suggest future strategies for improving interspecies 

chimeras. Additionally, the limits of these new models allow us to have an updated view of the 
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unexplored óopeningô of the Hourglass Model of Development, indicating a hierarchy of barriers to 

chimerism over time. 

2.2 Introduction 

Existing strategies to overcome barriers to interspecies chimerism in human-mouse 

chimeras have focused on increasing the competitive advantage of donor cells within the host. 

However, strategies which accomplish this by introducing a single oncogene (ex. c-Myc 

amplification, TP53 knock-out) to increase intrinsic proliferation rate or by increasing expression 

of anti-apoptotic BLC2 to inhibit cell death, have not been sufficient to achieve sustained postnatal 

contribution when the evolutionary distance between donor and host is too great111. The most 

long-lived in vivo survival of human donor cells in a mouse host has been seen in the 

transplantation of lineage-restricted progenitors into immune-deprived humanized mice which 

express human ligand for a receptor which is evolutionarily divergent between donor and host 

(i.e. incompatible) but necessary for the survival, proliferation, and maturation in the lineage of 

interest111.  

Notably, models which have used the strategy of adapting the host to the donor cells are 

orthotopically transplanted into lineage-relevant niches in postnatal mice. This approach of 

rescuing an evolutionarily divergent but necessary ligand/receptor interaction has not yet been 

applied to improving interspecies chimerism in chimeras generated as embryos with more 

multipotent donor cells.  

To explore the possibility that rescue of an evolutionarily divergent ligand/receptor 

interaction can improve interspecies embryo chimerism, we focus on the human-mouse NC 

chimera which has been previously described147,181. Here we will describe two strategies: (1) 

rescuing an evolutionarily divergent ligand/receptor interaction necessary for both proliferation 

and survival of the melanocyte NC lineage (c-Kit/SCF), and (2) focusing on proliferative 
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advantage and pre-established cell identity by injecting primary human melanocytes with minimal 

mutations required for metastatic melanoma.  

c-Kit is a proto-oncogene that encodes a receptor tyrosine kinase (RTK) which dimerizes 

upon binding SCF to feed into MAPK signaling and PI3K/AKT signaling221. Stimulation of the c-

Kit receptor by SCF ligand is notably required for proliferation and survival of both human and 

mouse melanoblasts during development222,223 and to maintain normal adult melanocyte 

homeostasis224. Discovery of the c-Kit225 and SCF226 loci were facilitated by mutants with various 

coat coloration abnormalities which highlight the essential role of this signaling axis to normal 

melanocyte development. Spontaneous mutations in c-Kit (W locus) often affect melanoblast 

survival222. This is likely explained by the observation that loss of c-Kit receptor stimulation by 

SCF results in melanoblast apoptosis227.  

Kit is normally expressed as early as E11.5 in developing mouse embryo within cells in 

the subepidermal space228,229, which is consistent with the expression pattern of the SCF 

ligand230,231,232. Stimulation of c-Kit by SCF makes cells more motile233 and is required for 

proper melanoblast migration234. The ñsashò WshWsh mutant mouse strain used as a host with an 

óopenô melanocyte niche stems from ectopic expression of c-Kit at the time of migration from the 

NC, resulting in loss of establishment of melanoblasts in their appropriate niche235. This highlights 

that c-Kit/SCF signaling also plays a key role as a migration guidance cue. 

  The first indication of interspecies incompatibility between mouse and human in the c-

Kit/SCF ligand/receptor interaction came from biochemical studies which directly compared the 

binding affinity between human c-Kit receptor and mouse SCF ligand and vice versa236,237. These 

studies found that rodent SCF binds the human c-Kit receptor with 100-fold reduced affinity 

compared with human SCF due to a single amino acid substitution in the binding pocket of c-
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Kit237. Although mouse SCF weakly binds human c-Kit receptor, it does not result in signal 

transduction236. The in vivo consequence of these findings is evident from the observation that 

expression of human SCF in mouse phenocopies c-Kit loss of function238,239. 

 In sum, this body of literature indicates that the c-Kit/SCF ligand/receptor interaction is a 

compelling candidate for a species-divergent signaling axis which is required for melanocyte 

lineage survival, proliferation, and proper migration. 

 We also chose to explore whether the benefits of ligand/receptor compatibility between 

donor and host can be bypassed with the combination of a sufficient intrinsic proliferative 

advantage and pre-establishment of cell identity. This strategy negates the need for the 

environment to promote proliferation or guide differentiation, but also is a óblack boxô regarding 

appropriate migration since the extent of evolutionary divergence in all necessary ligand/receptor 

migration guidance cues is not formally defined. 

 To implement this second strategy, we use óCBTAô melanocytes which carry CDK2NA-null, 

BRAFV600E, TERT-124C>T, and APC-null mutations within primary human melanocytes which 

have been shown to recapitulate metastatic melanoma within 36days of subcutaneous (s.c.) 

injection in NSG mice210. The well-documented NCC-like EMT phenotype of metastatic 

melanoma240,241,242 has inspired previous experiments which have assayed the migratory 

potential of melanoma via injection of human melanoma cell lines into chicken embryos243. 

However, these chimeras were assessed 48hr post-injection presumably because donor cells do 

not survive post-birth. This is consistent with our observations that COLO289 and A375 human 

melanoma cell lines have the capacity to invade gastrulating mouse embryos but cannot be found 

post-birth (unpublished data, Jaenisch Lab). We hypothesized that injecting less heavily mutated 

and more homeostatic cells with metastatic potential may retain NCC-like features without 

becoming dysfunctional.   
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2.3 Results 

Wild-type hNCCs in Hu-M NC chimeras peak at E13.5 and sharply decline at E14.5. 

 One limitation of previous human-mouse NC chimera studies is that it was not explicitly 

known what happens in utero leading to the attrition of human cells in postnatal mice. Previous 

work using fluorescently labeled wild-type human ESC/iPSC-derived NCCs from one human ESC 

line (#1: WIBR3) and one human iPSC line (Coriell African American iPSC) for E8.5 injection into 

immune-competent mouse embryos found that both lines were able to persist at least to E13.5, 

but later-stage embryos were not formally recorded121,147. 

To better understand the kinetic dynamics of hNCCs injected into E8.5 gastrulating mouse 

embryos, we completed a time-course using a fluorescently labeled ESC line (#2: H1) to generate 

and inject H1-TdTomato hNCCs into CD1-IGS mouse hosts. We found that while the number of 

hNCCs in chimeric embryos peaks at E13.5 (1000 to 10,000 cells per embryo), there is a rapid 

decline at E14.5 (10 to 0 cells per embryo) and no cells found past E15.5 (Figure 2.1). 

 To estimate the number of hNCCs in chimeric embryos, we performed flow isolation of 

hNCCs from dissociated chimeric embryos. While human MHC Class I antibody was not able to 

efficiently enrich for hNCCs from chimeric embryo homogenates (Supplement 2.1), sorting for 

TdTomato-positive cells helped to associate an approximate cell number with distinct 

representative levels of contribution (Supplement 2.2). Using these results, we formalized a 

logarithmic scale to categorize hNCC contribution level (Figure 2.1).  

 These results led us to conclude that hNCC contribution in wild-type human-mouse 

chimeric embryos peaks at E13.5 and dramatically drops at E14.5. Moving forward, we use the 

E14.5 time point as the discrete temporal barrier to chimerism within this system. 

This observation of dramatic hNCC decline around E14.5 is consistent with what was 

reported using 2-photon live imaging through an intravital window to monitor E8.5-injected human 

and mouse NCC proliferation and migration in utero244. Since human and mouse NCCs were co-
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injected in these experiments, however, we cannot exclude the possibility that the observed 

kinetics were influenced by competition with transplanted mouse NCCs. 

 

Expression of mouse c-Kit on hNCCs extends their survival in chimeric mouse embryos. 

 Based on the literature describing evolutionary distance between mouse and human c-

Kit/SCF, we decided to determine if rescue of the c-Kit/SCF ligand receptor interaction could help 

promote hNCC proliferation and survival, and potentially guide towards a melanoblast/melanocyte 

fate, in human-mouse NC chimeras.  

 To do this, we generated human-mouse NC chimeras in which the hNCCs express only 

mouse c-Kit receptor and determined if this promoted hNCC survival past E14.5 (Figure 2.2). 

To generate hNCCs which express only mouse c-Kit receptor, we first generated H1 

hESCs with double knock-out of the endogenous c-Kit locus (Figure 2.2-A,B) which was 

confirmed by genotyping primers walking down the gene 5ôUTR, Exon1, and Exon2. Within these 

cells, we then used CRISPR/Cas9 to target the safe-harbor AAVS1 locus with endogenous 

expression of the mouse c-Kit protein coding sequence (CDS) separated by a ribosome-skipping 

2A sequence and an mScarlet fluorescent reporter (Figure 2.2-A). Targeting was confirmed by 

PCR-based genotyping using internal and external primer sets (Figure 2.2-B). Expression of 

mouse c-Kit receptor was not a barrier to in vitro differentiation to NCCs, and expression of the 

transgene was maintained post-differentiation as indicated by strong expression of the fluorescent 

reporter.  

Importantly, we found that mouse c-Kit expressing hNCCs were selectively responsive to 

mouse SCF but not human SCF in a dose-dependent manner (Figure 2.2-C), supporting the 

existing literature indicating that evolutionary divergence between mouse and human c-Kit/SCF 

functionally disrupts this signaling axis. Additionally, since the main difference between mouse 

and human c-Kit receptor is a single mutation in the binding pocket, it confirms that the intracellular 
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domain of mouse c-Kit has the capacity to initiate downstream signaling leading to proliferation in 

human cells. 

 After injecting mouse c-Kit expressing hNCCs into gastrulating E8.5 CD1-IGS mouse 

embryos, we found that they were able to persist in chimeric embryos at least to E15.5, extending 

past the E14.5 barrier for wild-type hNCCs (Figure 2.3).  

The full length of time that mouse c-Kit hNCCs remain is not fully clear. There is evidence 

that the donor cells could be found up to E17 (Supplement 2.3), but the cells appear to be 

dysfunctional, forming clumps reminiscent of what has been reported when hESCs are 

transplanted into E8.5 mouse embryos147. Some post-natal mice carried small growths on their 

head, consistent with the dysfunctional head phenotype suggested at E17. Additionally, some 5 

to 10day old pups showed areas of skin which appeared to have pigmented spots, but these spots 

disappeared by weaning age through adulthood (2mo) (Supplement 2.3).  

 

Expression of mouse c-Kit on hNCCs alters their migration patterns in chimeric embryos. 

 We noticed that the mouse-expressing hNCCs appeared to have a different migration 

pattern compared to wild-type hNCCs. We formally compared the anatomical locations of 

contributing hNCCs across chimeric embryos with wild-type cells and indeed found that while 

wild-type hESC/hiPSC-derived NCCs appear to represent a highly heterogeneous population of 

progenitors with the capacity to contribute to the developing upper cranial, lower cranial, eye, 

cardiac, nostril/esophagus, trunk, and tail regions of the mouse, the c-Kit-expressing hNCCs were 

restricted to the eye and uniquely migrate to the facial epidermis (Figure 2.4).   

 An important consideration is whether the migration pattern of hNCCs within chimeric mice 

is a functional reflection of their distinct progenitor cell identity. To explore this key assumption, 

we analyzed bulk RNAseq from hNCCs that were FACS isolated from different spatial regions of 

E12.5 and E13.5 chimeric embryos (Supplement 2.4). We found that principle component 
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analysis (PCA) successfully separated samples by both anatomical location and embryonic stage. 

This led us to conclude that the migration pattern of hNCCs is indeed reflective of a unique NC 

progenitor identity and that there are changes in cells state as time in utero progresses.  

 Literature has well documented that melanocyte NC progenitors are part of a ólateô 

migrating population which departs from the NC at E10.5 in mice, in contrast to the main wave of 

NC migration at E8.5183. To determine whether the expression of mouse c-Kit receptor gives 

hNCCs the capacity to be transplanted two days later than usual (E10.5) to participate in the same 

migration wave as endogenous melanocyte NC progenitors, we directly compared transplantation 

at E8.5 and E10.5 in wild-type and mouse c-Kit hNCCs. We found that while wild-type hNCCs do 

not appear to have the ability to invade the mouse embryo when injected at E10.5, mouse c-Kit 

expressing hNCCs do have this capacity (Figure 2.5). We conclude that this is due to mouse c-

Kit expressing hNCCs gaining the capacity to sense endogenous mouse SCF. 

 

Mouse c-Kit hNCCs do not differentiate in vivo in response to SCF stimulation alone. 

Finally, to determine whether transplanted mouse c-Kit hNCCs differentiate into 

melanoblasts or melanocytes in vivo, we performed immunofluorescence (IF) staining for DCT/ 

TYRP2. We found that hNCCs in E15.5 chimeric slices were negative for DCT/TYRP2 (Figure 

2.6), indicating that they do not differentiate within the embryo.  

 From these collective observations, we ultimately conclude that expression of mouse c-

Kit receptor on hNCCs makes them selectively responsive to mouse SCF in vitro and in vivo. 

When transplanted into mice in vivo, expression of mouse c-Kit receptor improves donor cell 

proliferation and survival. The cells also migrate in a fashion which is consistent with the known 

expression pattern of endogenous mouse SCF. However, stimulation of c-Kit receptor alone was 

not sufficient to differentiate hNCCs into melanoblasts or to lead to unambiguous postnatal 

contribution.  
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Primary human melanocytes with minimal melanoma mutations invade gastrulating 

mouse embryos and survive postnatally as robustly as primary mouse NCCs. 

 Although the strategy of rescuing the c-Kit/SCF ligand/receptor interaction was able to 

extend the normal duration of hNCC survival in chimeric embryos, it was not sufficient to lead to 

clear and extended persistence of hNCC-derivatives in postnatal animals. Interestingly, c-Kit 

receptor stimulation alone was also not sufficient to push transplanted hNCCs to differentiate into 

melanoblasts or melanocytes. 

 We therefore switched to exploring the possibility of transplanting human primary 

melanocytes with an intrinsic proliferative advantage and the additional advantage of being pre-

differentiated into a melanocyte. 

To do this, we injected CBTA primary melanocytes (reported in Hodis et al. 2022) into E8.5 

gastrulating mouse embryos to determine if the cells had the capacity to invade the embryo and 

behave like NCCs. 

 We found that CBTA melanocytes have an impressive capacity to not only invade E8.5 

CD1-IGS mouse embryos but persist postnatally evident as early as p0 (Figure 2.7-A). Pigment 

deepens as the animal ages, peaking in adulthood (2mo) and remaining consistent upwards of 

5months of age (Figure 2.7-B). Donor human cells are for the most part found on top of the head 

and occasionally on the front and back limbs, a pattern which is consistent with the establishment 

of donor cell-derived melanocytes within classic same-species mouse NC chimeras151,152. CBTA 

melanocytes proliferate independent of exogenous mouse or human SCF in vitro (Figure 2.8), 

indicating that the successful migration observed may be independent of c-Kit ligand/receptor 

signaling. Notably, the area of melanocyte contribution in postnatal animals remains bald, while 

the surrounding area without pigmented human melanocytes grows white hair as usual.  
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CBTA melanocytes occupy the dermis of chimeric animals. 

 Histological analysis of skin sections from juvenile (10day-old) and adult (2month-old) 

melanocyte chimeras confirmed that the donor cells home to the mouse dermis. Interestingly, the 

precise location and distribution of human melanocytes in chimeric skin changes from the early 

juvenile stage to adulthood. While the juvenile skin sections show compact balls of cells which 

are concentrated at the very lowest part of the dermis, at the top of the subdermal fat layer, the 

adult skin sections show more evenly distributed cells which seem to travel upward from the lower 

dermis to the center dermis (Figure 2.9). In either case, the human melanocytes were not found 

in the bulb or bulge regions of the hair follicle, where the endogenous melanocyte population is 

expected to be. Indeed, although the melanocytes are cytologically normal (i.e. no abnormal 

nuclei), the observed directional outgrowth and lack of contact inhibition are consistent with 

dysplasia as expected of a nevus (atypical mole), or the benign earliest stage in melanoma 

progression.  

 

Hu-M melanocyte chimeras are not tolerized to human antigens. 

The strategy of transplanting highly proliferative, but not dysfunctional, donor cells with a 

pre-restricted identity showed impressive ability to form interspecies human-mouse chimeras. 

However, to better understand the context of this as a disease model and its limitations, we 

wanted to take advantage of the opportunity to easily identify chimeric animals and test the 

tolerization to human antigens over time.  

Since the area where CBTA melanocytes contribute to the skin is notably bald, a potential 

sign of inflammation disrupting the local hair follicles, we performed IHC stains characterize the 

distribution major cells of the immune compartment.  

 We compared stains in both juvenile (10day-old) and adult (2month-old) skin sections for 

CD3+ T cells, CD8+ cytotoxic T cells, F4/80+ macrophages, CD11c+ dendritic cells, FOXP3+ 

Tregs, and Granzyme B which detects both cytotoxic T cells and NK cells (Figure 2.10).  
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 We found that the juvenile sections had lots of NK cells, macrophages, and CD8 T cells 

near the pigmented donor cells. On the other hand, the adult sections showed more intense CD8 

staining, a similar amount of macrophages, fewer NK cells, and more dendritic cells. These results 

suggest xenograft rejection given that NK cells and macrophages are the first line of defense in 

the anti-xenograft response. Since the chimeras would in theory be tolerized to a cancer cell line, 

it is possible these results are biased by the presence of strong antigens.  

 To test tolerization in a more direct way, we developed a co-culture assay using mouse 

IFNy EliSpot to quantify chimeric mouse immune cell activation. In this assay, chimeric and non-

chimeric animals are first primed to educate adult naµve T cells by s.c. injection of irradiated CBTA 

melanocytes. After a 7day incubation period, chimeric mouse splenocytes are then recovered for 

24hr in vitro co-culture with irradiated CBTA melanocytes (Figure 2.11-A). The rationale is that if 

the confirmed 2month-old chimeric animals are indeed tolerized to human antigens, there should 

not be significant IFNy secretion when chimera splenocytes are exposed to human antigens.  

 We find that confirmed chimeras are not tolerized to human antigens via our EliSpot assay 

(Figure 2.11-B). Surprisingly, an internal negative control, an animal which was a chimera 

injection littermate without obvious human cell contribution, also had a modest response to human 

antigen despite not receiving a stimulation injection, implying the cells were not actually naµve 

going into co-culture. This indicates that either melanocyte chimeras may also have óinvisibleô 

internal contribution, or that embryos have memory of being injected as an embryo even if donor 

cells fail to grow in the embryo. The possibility of internal cell contribution is supported by the 

observation that some CBTA chimeras which have contribution in the dermis also have severe 

loss of balance (video available upon request).  

 We conclude that human donor cells can persist long-term in human-mouse melanocyte 

chimeras, but they are challenged by the mouse immune system. It is possible that given enough 

time, the animals may gain peripheral tolerance. 
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2.4 Discussion 

Overview 

 In this work, we investigated two strategies to improve the persistence of donor cells in 

interspecies human-mouse embryo chimeras. First, we focused on adapting the donor cells to 

the developmental cues of the host environment. We did this by expressing mouse c-Kit receptor, 

a signal required for melanocyte NC lineage survival and proliferation, in human NCCs which 

were used to make chimeras via E8.5 intra-amniotic injection into gastrulating mouse embryos.  

We found that this strategy increased donor cell survival past E14.5, which is the point 

when wild-type hNCCs dramatically decline in human-mouse NC chimeras. Second, we focused 

on generating human-mouse embryo chimeras by injecting cells with a high intrinsic proliferation 

rate and pre-determined cell fate. We did this by injecting óCBTAô primary human melanocytes210. 

We found that these cells have the remarkable capacity to migrate and establish themselves in 

postnatal mice in a pattern reminiscent of primary mouse melanocyte NC progenitors.  

Notably, these experiments were performed in immune-competent hosts. We 

characterized skin tissue of chimeras occupied by pigmented human melanocytes and found 

enriched presence of CD8 T cells, macrophages, dendritic cells, and NK cells, suggestive of an 

anti-donor immune response. These results demonstrate that even in an immune-competent host, 

the combination of intrinsic proliferative advantage and pre-established cell identity is an effective 

strategy for establishing human donor cells in post-natal mice. 

 

Functional consequences of c-Kit/SCF stimulation  

 One observation which highlights the limitations of the first approach is that mouse c-Kit 

expressing hNCCs were not able to differentiate into melanoblasts or melanocytes within the 

chimeric embryo. This result implies that c-Kit receptor stimulation alone is not sufficient to guide 

melanocyte differentiation. This is, however, consistent with existing human melanocyte in vitro 



ΤΜ 
 

differentiation protocols which use SCF in conjunction with EDN3, BMP4, FGF2 to push 

hESCs/iPSCs towards a melanocytic fate245. Literature also supports that in quail and mouse, 

WNT3A induces MITF expression and initiates melanoblast specification246,247.  

We hypothesize that the failure of transplanted cells to differentiate and subsequently 

establish themselves in a supportive melanocyte niche is a reason why postnatal survival was not 

sustainable. Indeed, part of the success of the second approach may be because pre-established 

cell identity obviates the need for the environment to guide differentiation. Additionally, it is 

possible that high intrinsic proliferation helped to maintain a dense local population of human cells 

which could support each other via paracrine signaling to promote further differentiation and 

pigment production. 

On the other hand, the extended cell survival and change in migration pattern observed 

due to species-matching c-Kit reaffirms that SCF is an NCC migration cue which supports cellular 

survival. Interestingly, there is literature suggesting that c-Kit activation promotes migration but 

concomitantly downregulates proliferation and differentiation in melanocytes233,234. This could 

also explain why the benefits of c-Kit matching only lasted within a discrete window in utero.  

 

Conservation of cues guiding melanocyte establishment 

An interesting observation from this work is that CBTA melanocytes were able to navigate 

to the appropriate melanocyte niche in utero despite not expressing any mouse receptors. This 

implies that the cues required to home to the mouse dermis are highly evolutionarily conserved 

and seems to contradict the first approach by suggesting that c-Kit stimulation is dispensable for 

melanocyte establishment. We hypothesize that there are likely redundant signals, such as 

endothelin B (EDNB), required for guiding melanocytes to the hair follicle248,249. An informative 

future study would formally confirm the receptors which are necessary and sufficient to guide 
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homing to the hair follicle and determine their evolutionary conservation between mouse and 

human.  

Relevant to this point is the observation that human melanoma cell lines do not have the 

capacity to persist postnatally in chimeras when injected at E8.5. This emphasizes that the 

success of the second approach hinges on using donor cells which do not have too heavy a 

mutational burden which likely leads to dysfunctional phenotypes. Interestingly, despite carrying 

four cancer-associated mutations, CBTA melanocytes seemed to exclusively home to the skin 

(not the eye or hair follicle) and thereby were able to retain their identity as skin melanocytes. 

However, one important distinction between mouse and human melanoma is that while human 

melanoma most often arises from epidermal melanocytes, mouse model melanoma arises from 

hair follicles. The observation that CBTA melanocytes were found in the dermis indicates that 

although it is possible that the donor cells have memory of distinctly being epidermal not dermal 

melanocytes250, the cells are perhaps restricted by the mouse skin architecture and distribution 

of supportive niche signals.  

MHC Class I matching to overcome anti-donor immune response 

 Finally, an important point from the work of LeDouarin and colleagues in classical avian 

NC chimeras was the observation that the eventual disappearance of donor cells could be 

overcome by matching MHC class I between the donor and recipient167,168. Notably, these 

experiments were performed in same-species chimeras, not interspecies chimeras, so it is not 

clear whether a similar approach would have the same effect when applied to human-mouse NC 

chimeras. To try this strategy for our applications, it would be possible to use a humanized mouse 

strain expressing a certain MHC Class I molecule, HLA-A2.1251,252, as hosts for human-mouse 

NC chimeras with donor human cells positive for HLA-A2.1. Significant improvement in donor cell 

survival in interspecies chimeras using this strategy would indicate alloreactivity was a major 

contributor to the observed anti-donor response. 
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Conclusions and Next Steps 

 The main conclusion of this work is that combining increased proliferative advantage and 

lineage-biasing in donor cells is an effective way to establish human-mouse embryo chimeras in 

which human cells persist postnatally. We also find that human-mouse melanocyte chimeras are 

not initially tolerized to human cells. While this work makes progress towards an in vivo melanoma 

model which captures tumor immune editing, there are some next steps and limitations which 

should be addressed. 

 An interesting immediate next step would be to perform the reciprocal experiment of the 

first strategy by injecting human c-Kit expressing hNCCs into a humanized SCF host. For this 

experiment, we developed a mouse strain by crossing the WshWsh mutant strain with a humanized 

SCF strain to generate a host which would provide both an open melanocyte niche and human 

ligand to stimulate human c-Kit receptor (Supplement 2.4-A). Notably, same-species mouse NC 

chimeras can only achieve a high degree of chimerism (up to 50% of donor melanocytes in the 

coat) with the competitive advantage of an open melanocyte niche found in WshWsh mutant 

hosts152. This suggests that perhaps an open niche will give human donor cells a better chance 

of survival. Additionally, rather than being exposed to both membrane-bound and secreted SCF, 

the humanized mouse expresses only the membrane-bound variant of SCF which is a stronger 

driver of melanogenesis253. Finally, we found that the transgenic mouse expresses SCF 

approximately 10x higher than endogenous mouse SCF (Supplement 2.4-B). Exposure to a 

higher concentration of ligand may help promote longer cell survival. 

An important limitation of this work as a new model for melanoma is that melanoma is not 

a congenital disease. While the human-mouse melanocyte chimeras presented in the second 

approach have the equivalent of an atypical mole, the combination of mutations found in these 

cells are extremely uncommon, and perhaps simply not found, in newborns202,203. While it is 

preferrable to chemically induce oncogenic mutations in adulthood as in previous GEM 
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models207, the proliferative advantage conferred by these mutations are essential to postnatal 

survival and therefore cannot be postponed to adulthood. A second major limitation is the 

observation that human-mouse melanocyte chimeras appear to show signs of xenograft rejection 

to human donor cells early in life. While it may still be possible to study immune editing of an in 

vivo human tumor in this context, the interpretation is complicated by the blurred line between 

anti-wild-type donor antigen response and tumor antigen response. In Chapter 3, we will discuss 

in greater detail strategies which might overcome this limitation by conferring central tolerance to 

human antigens in human-mouse NC chimeras. 
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2.5 Figures 

(A)                                                                                                                       

 
 

Figure 2.1. Number of wild-type hNCCs in human-mouse NC embryo chimeras peaks at 

E13.5 and dramatically declines after E14.5. 

(A) Relative log-scale contribution of wild-type hESC-derived hNCCs in E8.5 injected over time. 

Embryos are injected intra-amniotically with ~1*104 cells in 2-3uL volume at E8.5. Anywhere on the 

order of 100s to 1000s of hNCCs invade the embryo (1-10% of injected) 24hr later. The proportion 

of chimeric embryos with the greatest observed number of hNCCs peaks at E13.5 with ~30% 

embryos having on the order of 1*104 hNCCs. This drops to 80% of chimeric embryos having on 

the order of 10 hNCCs. No hNCCs could be detected at E15.5 or after. 

(B) Representative images of contribution of H1-TdTomato hNCCs at each embryonic stage in E8.5 

injected human-mouse NC chimeras. Higher resolution versions of images can be found in 

Supplement 2.6.  

 

 

 

 

 

 

 

 

(B)  
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(A)                          (B) 

 

  

(C) 

   

Figure 2.2. Generation of hNCCs expressing mouse c-Kit receptor which are selectively 

proliferative in response to mouse SCF ligand. 

(A) AAVS1 targeting vector to establish constitutive expression of mouse c-Kit receptor with an 

mScarlet fluorescent reporter. 

(B) Genotyping results for H1 Human c-Kit K.O. #26, mouse c-Kit (homozygote) #9 used for in vitro 

and in vivo experiments. 

(C) Click-It Edu proliferation assay indicates mouse c-Kit hNCCs are selectively responsive to mouse 

SCF ligand. By qPCR, hNCCs do not express c-Kit receptor and should be unresponsive. 
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Figure 2.3. Mouse c-Kit expressing hNCCs gain the capacity to persist in chimeric 

embryos up to E15.5. 

Representative images of hNCCs injected intra-amniotically at E8.5 and assessed at E13.5 and E15.5. 

While wild-type hNCCS show robust proliferation, especially in the upper cranial region of the embryo 

(shown), cells cannot be found at E15.5. Mouse-expressing hNCCs are more scarce and have a more 

dispersed phenotype reminiscent of melanoblasts at E13.5. Notably, mouse-expressing hNCCs still persist 

in the embryo at E15.5. Each condition repeated in at least two independent experiments, n=3 dams with 

12-17 embryos and ~20% average successful injection rate. 
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(A) 

 

(B)                                                                                                         (C) 

 

Figure 2.4. Mouse c-Kit expressing hNCCs shift their migration pattern to be more biased 

towards eye and facial epidermis. 

(A) Representative images of hNCCs in mid-gestation (E12.5-E15.5) chimeric embryos with graphical 

diagrams referring to regions shown. AA-GFP hNCCs used for all but facial epidermis, which 

shows H1-Hu-Kit KO c26+ AAVS1-M-Kit-2A-mScarlet c9 hNCCs. 

(B) Summary of distribution of hNCC migration sites in chimeric embryos.  

Percent positive embryos refers to percent of chimeric embryos generated with given cell line 

which had contribution in a given region (upper cranial, lower cranial, eye, cardiac, nostril, DRG, 

tail, and facial epidermis). These values do not add up to 100 because an individual embryo may 

have hNCC contribution in multiple sites. 

iPSC#1: AA-GFP, ESC#1: WIBR3-GFP, ESC#2: H1-TdT, MKit line in H1 background. 

(C) Region of facial epidermis where mouse c-Kit expressing hNCCs occupy at E15.5. 
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Figure 2.5. Mouse c-Kit expressing hNCCs gain the capacity to be transplanted at E10.5. 

Comparison of wild-type and mouse c-Kit expressing hNCCs injected intra-amniotically at E8.5 or E10.5 

and assessed at E15.5. Only mouse c-Kit expressing hNCCs have the capacity to be successfully 

transplanted at E10.5. Each condition repeated in two independent experiments, n=2 dams with 12-17 

embryos each and ~20% average successful injection rate. 
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Figure 2.6. Mouse c-Kit hNCCs in E15.5 chimeric embryos are TYRP2 negative. 

IF staining for TYRP2 labels surrounding cells but not mScarlet+ hNCCs expressing mouse c-Kit, indicating 

the in vivo environment does not promote differentiation into melanoblasts or melanocytes. 
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(A) 

      

(B) 

 

Figure 2.7. CBTA Melanocytes have the capacity to survive in immune-competent mouse 

hosts after E8.5 intra-amniotic injection. 

(A) Representative image of CBTA melanocyte human-mouse chimeras alongside CBTA melanocyte 

negative littermates. For comparison, same-species mouse NC chimeras from Huszar et al. 1991 

in which Balb/c mice or WshWsh mutant mice with an open melanocyte niche were used as hosts 

for C57/Black6 primary NCCs. 

(B) Representative image of CBTA melanocyte human-mouse chimeras overtime. At 2weeks, it is 

possible to see that hair growth is inhibited at the site of human melanocytes (*). At 2months, 

pigmented cells are visible from underneath the skin, which is a sign of melanoma. 

 

 

 

 

CBTA Hu-M Chimeras 



ΥΝ 
 

 

 

Figure 2.8. CBTA Melanocytes proliferate independent of human and mouse SCF in vitro. 

CBTA melanocytes treated for 7days with 5ng/mL, 50ng/mL, or 500ng/mL mouse or human SCF do not 

show SCF-dependent changes in cell proliferation. Cell proliferation was measured by %EdU nuclei after 

2hr treatment at experiment endpoint. Each condition had n=3 biological replicates.  
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(A) 

 

(B)                                                                         (C)       

      

Figure 2.9. CBTA melanocytes in chimeric mice start in the lower dermis near subdermal 

fatty layer then gradually progresses up into the central dermis. 

(A) Nuclei counter-stained skin sections of juvenile (10day old) and adult (2month old) CBTA 

melanocyte human-mouse chimeras. Arrows indicate pigmented human melanocytes.  

(B) H&E-stained skin section of juvenile CBTA human-mouse chimera. 

(C) H&E-stained skin section of adult CBTA human-mouse chimera. 
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Figure 2.10. Immune panel of CBTA melanocyte chimera skin sections. 

Skin sections from juvenile (10day-old) and adult (2month-old) CBTA melanocyte human-mouse chimeras 

stained for different immune cell populations: CD3 (T cells), CD8 (Cytotoxic T cells), FOXP3 (Tregs), F4/80 

(Macrophages), CD11c (Dendritic cells), and Granzyme B (Cytotoxic T cells and NK cells). Arrows indicate 

location of pigmented human melanocytes. Juvenile skin sections in particular show an enrichment in 

Granzyme B+ cells around human donor cells. Adult skin sections have an enrichment in dendritic cells. 

Both juvenile and adult skin samples have CD3/CD8 T cells and macrophages around human donor cells. 

FOXP3+ Tregs are also present in both cases but are not clearly associated with human donor cells.  
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(A) 

 

(B) 

 

Figure 2.11. 2month-old CBTA melanocyte chimera mouse IFNy EliSpot assay. 

(A) Experimental design of mouse IFNy EliSpot to assess chimera tolerization to human antigens. 

EliSpot co-cultures are plated in technical duplicates per condition. Co-culture conditions for each 

mouse splenocyte sample are: media only (negative control), ionomycin/PMA (positive control), 

and irradiated CBTA melanocytes (experimental condition). 

(B) Results of pilot mouse IFNy EliSpot experiment using 2month-old confirmed CBTA melanocyte 

chimeras with comparable contribution. Unstimulated negative chimera littermates are reactive to 

human antigen, suggesting they have memory of encountering human antigens in utero. 

Stimulated positive chimeras are reactive to human antigen, suggesting they are not tolerized. 
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2.6 Supplemental Figures 

(A) 

 

 

(B) 

 

Supplement 2.1. Human MHC Class I is not an efficient handle for hNCC FACS isolation. 

(A) Higher incubation temperature only modestly improves MHC Class I labeling on hNCCs. 

Comparison between hNCCs (in vitro culture) and iPSC-derived human macrophages sorted for 

PE+ MHC Class I cells after 30min incubation at 4C or 37C with antibody. Higher temperature 

improved labeling (7.3% positive cells compared to 1.4% positive) but hNCC labeling overall was 

very poor compared with macrophages (~99% positive). 

(B) Longer incubation temperature improves MHC Class I labeling on hNCCs but plateaus at ~20% of 

total cells. Antibody incubation time was increased to 6hr at 4C or 37C. This improved hNCC 

labeling compared to 30min incubation but was not sufficient to label most of the population. Human 

MHC Class I is therefore not an excellent handle for human NCCs and derivatives.  
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(A) 

 

(B) 

 

Supplement 2.2. FACS isolation method for rough quantification of hNCCs in chimeras as 

basis for contribution scoring system. 

(A) Experimental design for hNCC isolation from chimeric embryos. 

(B) Representative results from chimeric hNCC isolation to inform logarithmic grading scale to 

categorize hNCC contribution level. 
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Supplement 2.3. Mouse c-Kit-expressing hNCCs may possibly persist postnatally but 

cannot be detected in adult chimera candidates. 

Representative image of mouse c-Kit expressing hNCCs found in E17 embryos. A small growth on top of 

the head was observed in one candidate postnatally, and other candidates appeared to have pigmented 

spots, but these abnormal cells could not be found when the candidates were collected in adulthood 

(2months-old). 
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Supplement 2.4. Bulk RNAseq PCA of hNCCs isolated from distinct regions of E12.5 and 

E13.5 chimeric embryos separate samples based on embryonic stage and anatomical 

location. 

Bulk RNAseq was performed for hNCCs isolated from specific regions of E12.5 and E13.5 chimeric 

embryos including upper cranial (ómidbrainô), lower cranial (óhindbrainô), trunk, facial (ónostrilô) and dorsal 

root ganglia (DRG) regions. PC1 separates samples by embryonic stage. PC3 separates samples by 

anatomical location.  
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(A) 

 

(B) 

 

Supplement 2.5. Generation of WshWsh; humanized SCF colony. 

(A) Visual representation of combined mutations which effectively remove both sides of the c-Kit/SCF 

interaction. Animals are fully fertile and viable out to 8 generations. F1 heterozygotes have both the 

WshWsh ósashô and hSCF óforehead blazeô heterozygote phenotypes. Adults develop pronounced 

alopecia beginning around 5-6 months of age. 

(B) Human and mouse SCF ELISA using blood serum to compare relative levels of mouse to human 

SCF. Human SCF levels are variable in homozygotes but are approximately 10x more abundant 

than endogenous mouse SCF. 
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Supplement 2.6. Higher resolution representative images of wild-type hNCC chimeras by 

stage. 

Representative images of wild-type H1-TdTomato hNCCs in chimeric embryos at different stages. All 

images are from the upper and lower cranial regions. Notably, between E12.5 and E13.5 there is a boost 

in proliferation forming a characteristic dense ópatchô of hNCCs. hNCCs are otherwise dispersed in a 

characteristic NC ódaisy chainô formation. 
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2.7 Materials and Methods 

Cell Line Generation 

Human c-Kit knock-out in feeder-free H1 hESCs was done with a set of 3x c-Kit-specific 20 nt 

guide RNA sequences derived from the GeCKO (v2) library (Santa Cruz Cat No. sc-400106-KO-

2). Guides were delivered using the Lonza 4D-Nucleofector X Unit (Cat No. AAF-1003X) as 

described by the manufacturersô protocol. In short, hESCs were pre-treated with ROCK inhibitor 

(1:1000) 24hours prior to nucleofection and maintained in ROCK inhibitor 48-72hours after. 

Puromycin selection (1ug/mL) was maintained for 1 week before manually picking hESC colonies. 

Expanded colonies were confirmed for complete c-Kit knock-out via genotyping PCR amplifying 

500bp 5ôUTR and walking in 500bp increments at the start of Exon1 and Exon2. We selected 

clones with complete knock-out at Exon1. 

Endogenous expression of Mouse c-Kit was targeted to the AAVS1 locus by cloning the mouse 

c-Kit CDR followed by a 2A sequence and mScarlet into the previously described AAVS1 targeting 

vector (Addgene Plasmid #194728). Targeting vector and CRISPR/Cas9 were delivered as 

described above. mScarlet-positive clones were selected manually based on fluorescent reporter. 

Targeting status was confirmed by genotyping PCR using internal and external primer pairs. 

Homozygous clones were selected for use in experiments.  

Cell Culture: ESCs, NCCs, Melanocytes 

Feeder-free hESCs/iPSCs were maintained on Matrigel coated plates with mTesR+ media (Stem 

Cell Technologies Cat No. 85850) and Pen/Strep. Cells were regularly passaged with ReLSR 

(Stem Cell Technologies Cat No. 100-0483) when 80% confluent. Only cells 50 passages and 

under were used. 

Neural crest cells were differentiated as described using STEMdiff Neural Crest Differentiation Kit 

(Stem Cell Technologies Cat No. 08610). In brief, after day 6 of differentiation, cells were 

passaged with Accutase (Stem Cell Technologies Cat No. 07920) expanded onto Matrigel-coated 

10cm dishes. The following day, cells were switched to EGF/FGF enriched NC expansion media 
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containing GSK3 inhibitor CHIR99021 (Stem Cell Technologies Cat No. 72052) in basal neural 

media containing 1X N2 (Thermo Fisher Cat No. A1370701) and 1X B27 (Thermo Fisher Cat No. 

17504044) in DMEM/F12 as described147,181. Pen/Strep included in media. Only passage 1 or 2 

were used for experiments.   

CBTA mutant primary melanocytes210 were maintained with M254 medium (Thermo Fisher Cat 

No. M254500) supplemented with HMGS-2 melanocyte growth supplement (Thermo Fisher Cat 

No. S0165) and no antibiotic. Cells were cultured at 37ÁC, 5% CO2, and 5% O2 (i.e. low oxygen 

conditions). 

Proliferation Assay 

Cellular proliferation was quantified using the Click-iTÊ EdU Cell Proliferation Kit for Imaging 

using Alexa FluorÊ 488 dye (Thermo Fisher Cat No. C10337). In brief, cells were incubated with 

specified dilutions of human SCF (Peprotech Cat No. 300-07) or mouse SCF (Peprotech Cat No. 

250-03) for 7 days in normal NC expansion media. On day 7, cells were treated for 2hr with Click-

iT EdU reagent prior to fixation and downstream quantification. Proliferative cells were counted 

as 488/DAPI double-positive quantified by ImageJ.  

Embryo Dissociation 

E12.5 and E13.5 mouse embryo tissue samples were dissociated using the Miltenyi Multi Tissue 

Dissociation Kit 1 (Miltenyi Biotec Cat No. 130-110-201) and the gentleMACS Octo Dissociator 

with heaters (Miltenyi Biotec Cat No. 130-096-427) using the manufacturerôs protocol. 

FACS 

PE-conjugated Human MHC class I Antibody (Santa Cruz Cat No. sc-55582 PE) was used at a 

recommended dilution of 1:25.  

Bulk RNAseq 

Samples were sorted directly into lysis buffer and RNA was extracted using RNeasy Micro Kit 

(Qiagen Cat No. 74004) as described by the manufacturer. RNA quality was assessed via 
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Bioanalyzer. Illumina sequencing was performed in one lane of NovaSeq SP 50x50 paired-end 

with ~325-400 million reads per lane.  

E8.5 and E10.5 in utero injection 

E8.5 and E10.5 in utero injections use the same described procedure approved by MIT Committee 

on Animal Care (CAC). In brief, pregnant dams are given analgesic buprenorphine-slow release 

(Bup-SR) (1mg/kg) and anesthetized with avertin (250mg/kg). Depth of anesthesia is checked by 

toe pinch. Animals are shaved, cleaned 3 times with interchanging 70% ethanol and betadine, 

and draped prior to surgery. A small (2-3cm) incision is made on the lower abdomen to externalize 

the uterus. 300-500ul of 5*106/mL hNCCs is pre-prepared on a concave glass dish (15-20min on 

ice) and collected into a glass pipet needle (made manually with microforge). A light microscope 

is used to visually confirm cells are entering the needle. Approximately 2-3uL (~1*104 cells) are 

injected into the upper third of each embryo (opposite of vascularized side of the uterus). After all 

embryos are injected, the uterus is returned to the abdominal cavity. The muscle layer is closed 

with dissolvable sutures and the skin layer is closed with metal clips. Animals are s.c. injected 

with 1mL warm saline and recovered on a heating pad until active. Animals are monitored daily 

for 3 days post-surgery.  

Mouse IFNy EliSpot 

Mouse IFNy EliSpot (BD Biosciences Cat No. 551083) was performed as described by the 

manufacturer. Between 1*106 and 1*105 mouse splenocytes were plated per condition as 

specified. Phorbol 12-myristate 13-acetate (PMA) (100ng/mL) (Millipore Sigma Cat No. 16561-

29-8) and ionomycin (1ug/mL) (Invitrogen Cat No. I24222) were used as positive controls. EliSpot 

base media consisted of RPMI 1640 supplemented with 10% fetal bovine serum (FBS) pre-

checked for reactivity (courtesy of Spranger Lab), Pen/Strep, and L-glutamine. 

Immunohistochemistry/Immunofluorescence (IHC/IF) 

Chimera embryo skin sections were prepared for IF by fixing tissue in 4% paraformaldehyde 

(PFA) at 4C overnight. Samples were invaded with 30% sucrose at RT then imbedded into OCT 
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block. 5um sections were placed directly onto glass slides. TYRP2 primary antibody (Novus Bio 

Cat No. NBP1-86893-25ul) was used at 1:100 dil. In brief, sections were blocked and 

permeabilized in 5% donkey serum and 1% Triton-X in PBS for 1hr at RT. Primary antibody in 3% 

BSA and 1% TritonX was incubated in a humidity chamber at 4C overnight. Secondary Donkey 

anti-Rabbit AlexaFluor 488 (Abcam Cat No. ab150073) was used at 1:500 dil and incubated for 

1hr at RT. DAPI (1:1000) was stained for 5min at RT in PBS. Coverslips adhered by Mowiol. 

Adult chimera skin sections were prepared for IHC by fixing tissue in 4% PFA at 4C overnight then 

dehydration in 70% ethanol. Paraffin-embedded samples were sectioned at 5um thickness. 

Mouse Immune Cell Phenotyping IHC Antibody Sampler Kit (Cell Signaling Cat No. 37495T) 

components were used at the recommended dilutions. Stains were developed with ImmPRESSÈ 

HRP Horse Anti-Rabbit IgG PLUS Polymer Kit, Peroxidase (Vector Labs Cat No. MP-7801-15) 

and ImmPRESSÈ HRP Horse Anti-Mouse IgG PLUS Polymer Kit, Peroxidase (Vector Labs Cat 

No. MP-7802-15).  

Colony Management: WshWsh and humanized SCF cross 

2 founder male NOD.Cg-Prkdcscid Il2rgtm1Wjl Tg(PGK1-KITLG*220)441Daw/SzJ mouse strain 

(JAX Strain No. 017830) were crossed with female B6.Cg-KitW-sh/HNihrJaeBsmJ (JAX Strain 

No. 030764). F2 generation and beyond were genotyped using protocols described by JAX to 

enrich for the presence of the c-Kit sash mutation, human SCF, and an immune-competent 

background. TransnetYX colony management services were utilized to monitor genotype status.  

ELISA: mouse and human SCF 

Mouse SCF Quantikine ELISA Kit (R&D Systems Cat No. MCK00) and Human SCF Quantikine 

ELISA Kit (R&D Systems Cat No. DCK00) were used to quantify SCF levels from mouse 

peripheral blood plasma as described in manufacturersô protocols. 
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3.1 Abstract 

 There is great interest in supporting the engraftment of human cells in interspecies 

chimeras for the purpose of disease modeling. However, a problem which has not been solved in 

the field of interspecies chimeras is overcoming xenograft rejection in immune-competent hosts. 

 The ideal situation within an interspecies chimera is for the recipient to have central 

tolerance to antigens of the donor, thereby recognizing the transplant as óselfô. Central tolerance 

is acquired in the developing thymus. While it was long believed that solely mTECs are 

responsible for T cell education, new evidence suggests that NC-derived fibroblasts also educate 

developing T cells and play an essential role in central selection. 

 To determine whether this observation may translate to the application of human-mouse 

interspecies chimeras, we developed a fetal thymic organ culture (FTOC) co-culture system with 

primary E15.5 fetal mouse thymus and human ESC/iPSC-derived NCCs. Additionally, we 

developed FTOC co-culture in combination with OT1 mouse thymus and ovalbumin (OVA) 

SIINFEKL model antigen expression as an assay to quantitatively measure CD8 single positive T 

cell deletion as the read-out for tolerization to a specific antigen. 

 We found that a distinct, more differentiated Sox10-low hNCC population as well as NCC-

derived mesenchyme are uniquely able to engraft and persist in full 7day FTOC co-culture. We 

also demonstrated proof-of-concept that an OT1/OVA-based assay may successfully quantify 

tolerization to a model antigen ex vivo. Preliminary evidence suggests that hNCCs and hNCC-

derived mesenchyme may partially tolerize fetal mouse thymus to model antigen via an indirect 

mechanism. 
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 This works gives insight into the limitations of conferring central tolerance to human 

antigens in immune-competent mouse hosts and suggests future strategies for overcoming this 

barrier. 

3.2 Introduction 

NC-derivatives are an essential contributor to normal thymic development254. NC-derived 

mesenchyme envelops the early thymus as it buds from the third pharyngeal arch and provides 

signals required to guide not only T cell development255,256 but TEC development257. For a long 

time, it was unclear whether NC-derivatives directly participate in the education of T cells, but 

recent work from Nitta and colleagues has demonstrated that a PDGFR+ gp38+ DPP4ī subset of 

medullary thymic fibroblasts derived from NC-mesenchyme are essential for inducing T cell 

tolerance179. In brief, they found that deletion of a previously orphan receptor (lymphotoxin ɓ-

receptor) specifically in thymic fibroblasts via a fibroblast-specific Twist2-Cre driver led to 

decreased expression of tissue-restricted and fibroblast-specific antigens, ultimately resulting in 

autoimmunity.  These results emphasize the previously unrecognized role of fibroblasts in 

producing and presenting self-antigens to establish central tolerance. 

The observation that NC-derived fibroblasts directly present self-antigen during T cell 

selection to establish central immunity is an interesting loophole for tolerizing animals to antigens 

of interest from the perspective of the developmental biologist. In particular, the well-documented 

contribution of NC-derivatives to developing thymus in classical interspecies avian quail-chicken 

chimeras170 suggests that donor NCCs, if properly directed to the thymus, have the opportunity 

to present donor antigen to the host and establish central tolerance to donor cells. 

Establishing central tolerance to wild-type human antigens is a critical challenge to 

overcome within the emerging field of human-mouse chimera models of disease. Human-mouse 

interspecies NC chimeras have previously been used to model NB within immune-competent 
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hosts181. Human-mouse NB chimeras collected at long term endpoints (~1yr+) had indications of 

tolerance to human antigens such as the ability to support human cell PDX outgrowth and CD8 T 

cells which were unresponsive to wild-type human cell co-culture. However, the work described 

in Chapter 2 suggests that this tolerization might be acquired over time in the periphery, not via 

central tolerance.  

This work aims to lay the groundwork for future strategies which might be able to achieve 

unambiguous central tolerance within interspecies chimeras, solidifying, in particular, the strength 

of the NC chimera model as a platform which could uniquely capture the critical dimension of 

immune editing in human tumor evolution. Additionally, unlike existing human-mouse NC chimera 

models which tolerize the host to mutant cells, a model which directs wild-type hNCCs to the 

developing mouse thymus could in principle educate the host to tolerate only non-disease state 

donor cells. 

As an exploration of this possibility, we developed Fetal Thymic Organ Culture (FTOC) co-

cultures with hNCCs to determine if hNCC chimeras have the capacity to engraft onto developing 

mouse thymus within a controlled and opportunistic ex vivo environment (Figure 1-A). FTOC 

cultures, in which primary E14.5-E15.5 mouse fetal thymic lobes are dissected and cultured at 

the liquid-air interface of a transmembrane, are a classic tool for probing the mechanisms of T cell 

selection and support normal progression through the critical period of T cell negative and positive 

selection (i.e. between E14.5 and birth) in mice258. We find that a highly proliferative, Sox10-Low 

hNCC population which is biased towards mesenchyme as well as hNCC-mesenchyme have the 

unique capacity to engraft in 7day FTOC co-cultures. Additionally, we find that using fetal thymus 

from OT1 mice, which only develop T cells specific for the OVA SIINFEKL peptide259, it is feasible 

to quantify tolerization to a specific antigen. Finally, we present preliminary evidence which shows 

a trend for both hNCCs and hNCC-Mesenchyme conferring some tolerance to SIINFEKL antigen 

expressed in lines with constitutive expression.  
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3.3 Results 

Wild-type hNCCs cannot be detected in the thymus of human-mouse NC chimeras.  

In Chapter 2, we saw that hESC/iPSC-derived hNCCs are a heterogenous population of 

NC progenitors with the capacity to migrate to multiple sites in the embryo consistent with different 

NC lineages. To capture the possible rare event of wild-type hNCCs invading the developing 

mouse thymus in human-mouse NC chimeras, it was necessary to develop a screening strategy. 

 Initially, we explored screening methods based on quantification of fluorescent signal 

using IVIS in vivo imaging and cryo-fluorescence tomography (CFT) (Supplement 3.1). However, 

both methods had a detection limit of at least 1e6 fluorescently labeled cells (H1-TdTomato 

hNCCs) injected intraperitoneally (i.p.) into mid-gestation (E12.5-E13.5) mouse embryos, 

indicating these strategies are not sensitive enough to detect a target population likely to be on 

the order of 100 cells or less.   

We therefore explored the feasibility of a luminescence-based screening method as an 

alternative (Supplement 3.2). In brief, we compared two next-generation luciferases, (1) red-

shifted teLuc260 which was reported to detect as few as 3 cells in vivo, and (2) secreted 

NanoLuc261 which is also significantly brighter than traditional luciferase and is secreted as the 

name implies. While teLuc was of interest due to its brightness, secreted NanoLuc was of interest 

due to the possibility for non-invasive chimera screening via blood or urine.  

To explore the feasibility of teLuc as a screening tool (Supplement 3.3-A), we generated 

H1 hESCs with constitutive teLuc expression targeted to the safe-harbor AAVS1 locus using 

CRISPR/Cas9. We found that the detection limit of teLuc imaged with the substrate 

diphenylterazine (DTZ) was 100,000 cells (Supplement 3.3-B). Consistent with this, it was not 

possible to detect teLuc signal in chimeric embryos confirmed by the fluorescent co-reporter 

(Supplement 3.4), definitively indicating this strategy would not be feasible to use. 
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We then explored the feasibility of using secreted NanoLuc as a screening tool. We found 

that luminescence could be detected from the in vitro culture supernatant produced by hNCCs 

with AAVS1-targeted constitutive expression of secreted NanoLuc (Supplement 3.5). 

Furthermore, when secreted NanoLuc hNCCs were injected s.c. into NSG mice, it was possible 

to detect luminescence in the urine, confirming that secreted NanoLuc can be processed in the 

kidneys (Supplement 3.5).  

Secreted NanoLuc luminescence could also be detected in vivo using IVIS intravital 

imaging (Supplement 3.6). We directly compared the brightness of two substrates for NanoLuc: 

the original substrate Furimazine (Fz) and the more recently developed Fluorofurimazine (Ffz) 

which is specifically formulated for in vivo imaging262. We found that there was no significant 

advantage to using Ffz over Fz and proceeded to use Fz for detecting secreted NanoLuc in vivo 

(Supplement 3.7). Notably, IVIS imaging brought attention to the possibility that the luciferase 

pools in the kidneys and bladder, highlighting that a potential advantage of this method is the 

ability to amplify the signal of very few cells.  

To determine if secreted NanoLuc could be used to screen for human-mouse NC chimeras 

and find thymic contribution, we used hNCCs expressing both secreted NanoLuc and a TdTomato 

fluorescent reporter to generate chimeras via E8.5 injection into CD1-IGS mice. Chimera 

candidates were screened as P5 neonatal mice using i.p. injection of Fz followed by 15min 

imaging on the IVIS. Our initial screen of 45 chimera candidates identified 10 candidates which 

had luminescent signal significantly above uninjected negative controls (Supplement 3.8). This 

is consistent with the expected success rate of E8.5 injections (~20%). Candidates were 

categorized as top or borderline candidates based on how close the recorded luminescence came 

to uninjected controls.  

To determine whether candidates identified were tolerized to human antigens, we 

developed an EliSpot assay to detect secretion of mouse IFNy from candidate splenocytes co-
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cultured with irradiated human cells (Supplement 3.9). In brief, chimera candidates and controls 

were given s.c. injection (stim) of irradiated hNCCs twice (d0 and d5) prior to take-down and 

splenocyte collection (d7) to allow naµve T cell education prior to EliSpot co-culture and permit a 

measurable response. Only non-candidate negative controls were left unstimulated to indicate 

naµve T cells cannot respond in 48hr co-culture. Although we found one stim is sufficient to see 

secretion of IFNy in response to 48hr irradiated hESC co-culture (Supplement 3.9), 2 stims were 

required to see maximum IFNy secretion in response to hNCC co-culture. 

The first secreted NanoLuc chimera screen identified 1 candidate which appeared to be 

tolerized to human antigens based on IFNy EliSpot (Supplement 3.10), indicating a tolerized 

chimera rate of ~2%. However, when we repeated the secreted NanoLuc screen, it was not 

possible to find any tolerized chimera candidates from a pool of 29 total candidates and 5 

candidates with luminescent signal above background (Supplement 3.11).  

These results, combined with the observations of Chapter 2, lead us to conclude that wild-

type hESC/iPSC-derived hNCCs do not contribute to the developing thymus. Therefore, to answer 

the question of whether it is feasible for hNCCs in developing mouse thymus to confer central 

tolerance to human antigens, it was necessary to create a controlled in vitro system. 

 

 

Human ESC/iPSC-derived NCC protocols produce two distinct NC populations. 

To prepare human-mouse interspecies FTOC co-cultures, we generated hNCCs and hNCC-

derived mesenchyme from H1 hESC and hiPS11 iPSC lines (Figure 3.1). hESC/iPSC-derived 

NCC differentiation protocols generally prescribe a combination of BMP and TGFɓ/SMAD 

inhibition along with Wnt activation to establish Sox10+ NCCs over approximately 2 

weeks263,264,265. A more recent proprietary and commercially available NCC differentiation media 

guides NCC differentiation in half the time and consistently results in uniform Sox10+ NCCs (Stem 

Cell Technologies, SCT). These óSox10-Hiô NCCs, however, are not very proliferative.  
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To overcome this, after differentiation with SCT media, we switched to NCC expansion media 

as previously described147,181 which contains a GSK-3ɓ inhibitor to activate Wnt signaling along 

with EGF and FGF to promote cellular proliferation. Interestingly, switching to NCC expansion 

media induces a distinct NCC state which is less enriched for Sox10+ cells (Figure 3.2). We 

hereby refer to these highly proliferative hNCCs as óSox10-Lowô. Despite having an altered 

distribution of Sox10+ cells, by qPCR the expression level of key NC genes including Sox10 itself 

was not significantly altered, indicating the differences may be regulated at the translational level. 

Gene ontology (GO) analysis of bulk RNAseq data indicates that Sox10-Hi NCCs are enriched 

for EMT and delamination gene sets (Figure 3.3). This, combined with the observation that 

Sox10-Low NCCs are more similar to NCC-derived mesenchyme than Sox10-Hi NCCs in 

unbiased hierarchical clustering (Figure 3.4), led us to conclude that Sox10-Hi NCCs are a less 

differentiated NCC more representative of an earlier point in NC development. 

Recent literature has indicated that a PDGFR+ gp38+ DPP4- population of mesenchyme-

derived medullary fibroblasts directly educate T cells to help establish central tolerance179. To 

determine whether the hNCCs and/or hNCC-derived mesenchyme used in FTOC co-culture are 

predisposed towards this population identity, we compared relative expression levels from bulk 

RNAseq and found that hNCCs express PDGFRa (Figure 3.5). PDGFRa is particularly important 

for thymic development, as evident from the observation that PDGFRa knockout under the NC-

specific Wnt1-Cre driver in mice leads to thymic hypoplasia266,267,268,269. These defects are not 

found with PDGFRb knockout270.  

Notably, we found that hNCC-derived mesenchyme does not have the same capacity as 

hNCCs to invade gastrulating mouse embryos when injected intra-amniotically at E8.5 

(Supplement 3.12). This emphasizes that expression of PDGFRa specifically on NCCs is 

particularly interesting, since it might suggest that this signaling axis helps NCCs to home to the 

developing thymus.  
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Sox10-Low hNCCs and NCC-Mesenchyme Engraft and Persist in 7Day FTOC Co-cultures. 

To set up FTOC co-cultures, we first adapted a combination of two published FTOC 

protocols271,272 and optimized FTOC conditions to maximize overall cell survival. We found that 

incubation under high (10%) CO2 levels led to overall cell survival of 85%, an improvement over 

50-60% under normal (5%) CO2 conditions (Supplement 3.13).  

When seeded onto CD1-IGS mouse FTOC, we found that the more proliferative and 

mesenchyme-like Sox10-Low hNCCs and hNCC-derived mesenchyme, but not Sox10-Hi hNCCs, 

adapt well to FTOC co-culture (Figure 3.6). We compared different seeding densities for FTOC 

co-cultures and found that hNCCs adapt best to FTOC co-cultures when seeded at higher density 

(Supplement 3.14).  

Sox10-Low hNCCs and hNCC-derived mesenchyme behave differently in FTOC co-

culture. While hNCCs óencapsulateô the thymic lobe, creating a distinguishable ring around the 

perimeter, hNCC-derived mesenchyme has a more widespread fibroblast-like cell morphology 

and can be found either widespread across the thymic lobe (H1-TdT line) or concentrated in one 

area, migrating into the center of the lobe (iPS11-TdT line).  

The distinct behaviors of hNCCs and hNCC-derived mesenchyme in FTOC co-culture are 

consistent with how they behave in organoid culture. To explore an alternative to the traditional 

FTOC which might allow more direct interaction between hNCCs and naµve T cells, we 

implemented a variation of the FTOC in which the elements of the fetal mouse thymus are isolated 

and then recombined as aggregate culture (Supplement 3.15). We found that hNCCs 

spontaneously organize themselves to encapsulate mouse TECs and naµve T cells (Supplement 

3.16). This is consistent with what is seen in human thymic organoids which contain only human 

cells (Supplement 3.17). Interestingly, hNCC-derived mesenchyme does not show this 

encapsulation behavior in human thymic organoids, and instead form a concentrated polar node.  
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OVA model antigen induces central tolerance in OT1 FTOC in a dose-dependent manner. 

To use the newly established human-mouse interspecies FTOC co-culture to explore the 

possibility of hNCCs participating in central selection in fetal mouse thymus, we decided to 

develop an assay to quantitatively measure tolerization to a specific peptide. 

OT1 mice are a transgenic mouse strain which only produces T cells specific for OVA 

model antigen (SIINFEKL). We hypothesized that if OVA peptide were present during the window 

of T cell selection in an OT1-derived FTOC, naµve T cells would die during positive selection due 

to having an overly strong TCR-MHC interaction. Additionally, if this response were proportional 

to discrete amounts antigen exposure, T cell depletion could be used as a quantitative measure 

of tolerization. 

 To test this hypothesis, we made OT1 FTOC cultures and exposed them to different 

concentrations of exogenous OVA peptide (Figure 3.7-A). We found that while exposure to OVA 

peptide had no impact on overall cell survival (Figure 3.7-B), there is indeed depletion of CD8 T 

cells in proportion to the level of OVA peptide exposure (Figure 3.7-C).  

 As a first proof-of-concept of this system, we then used lentivirus to make an H1 ESC line 

with constitutive expression of OVA peptide and cerulean blue fluorescent reporter to generate 

Sox10-Low hNCCs and hNCC-mesenchyme. We found that OVA-expressing hNCCs and hNCC-

Mesenchyme have a comparable trend towards CD8 single positive T cell depletion after 7day 

co-culture (Figure 3.8). It is, however, important to note that the OVA-expressing cells did not 

behave like normal hNCCs and hNCC-mesenchyme due to artifacts of lentiviral labeling 

(Supplement 3.18). The cells clearly experienced transgene silencing during differentiation, and 

thereby presented less OVA antigen. Second, they showed signs of cell death within the first 24hrs 

and did not persist throughout 7day co-culture, indicating that off-target effects altered cell identity.  

Nevertheless, the observed trend towards CD8 T cell depletion suggests that normal 

hNCCs and hNCC-mesenchyme, which would provide longer-term and more abundant exposure 

to antigen, may have a significant effect. 
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3.4 Discussion 

Overview 

In this work, we explored the feasibility of overcoming donor cell xenograft rejection in 

interspecies chimeras via donor cells contributing to NC derivatives in the host thymus and 

participating in T cell education. We first developed luminescence-based screening strategies to 

determine if we could accurately identify chimeras with donor cell contribution in the developing 

thymus. We found that although wild-type hESC/iPSC-derived NCCs have the capacity to migrate 

to many parts of the embryo, it was not possible to detect spontaneous contribution to the thymus 

using these methods. As an alternative strategy, we developed interspecies FTOC co-cultures in 

which hNCCs and hNCC-derived mesenchyme were seeded onto primary mouse FTOCs. We 

found that a distinct proliferative Sox10-Low hNCC population and hNCC-derived mesenchyme 

have the capacity to engraft and persist in 7Day FTOC culture. Building off this observation, we 

developed a tractable system for quantitatively measuring central tolerance in interspecies 

chimeras by using OT1 FTOC and OVA peptide-expressing hNCCs and hNCC-mesenchyme. In 

an OT1 FTOC co-culture with even very brief and low-level exposure to OVA peptide, it was 

possible to see a trend towards CD8 T cell deletion. These results suggest that more long-lived 

engraftment might lead to an even greater extent of tolerization.  

 

Direct vs Indirect T cell education 

 One important aspect of T cell education which is essential to the interpretation of these 

results is that T cells recognize antigen peptides within the context of the MHC molecule of an 

APC. In a normal mouse thymus, antigen would likely be presented by mouse medullary TECs 

and fibroblasts within mouse MHC molecules. Since the human donor cells in these experiments 

express only human MHC, it is physically impossible for the human cells to form TCR-MHC 

complexes and directly educate mouse T cells. The observation that even exogenous OVA 

peptide can educate T cells in OT1 FTOC suggests that mouse APCs, such as dendritic cells, 
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may be able to pick up, process, and present foreign antigens in an óindirectô presentation 

mechanism. To determine whether human donor cells have the capacity to directly educate 

mouse naµve T cells, future experiments should engineer hNCCs and hNCC-derived 

mesenchyme which express mouse MHC class I molecule. Previous work has shown that fusion 

protein linking OVA peptide and mouse MHC class I (B2M-F2KB) can lead to efficient presentation 

of MHC loaded with OVA peptide273. Using a fusion protein strategy could help overcome 

complications due to interspecies differences in protein processing. 

 

Methods to re-capitulate FTOC co-culture in vivo 

 The obvious next step for this line of research is in vivo application. There are two 

strategies which might be able to achieve this: (1) orthotopic transplantation into the developing 

thymus and (2) expression of an evolutionarily divergent mouse receptor required for proper 

homing of NC progenitors to the developing thymus. 

 Intrathymic injection is well established within adult mice274. There are also several 

published protocols which describe in utero injection into E14.5 and E15.5 mouse embryos using 

ultrasound guided injection to target an organ of interest275,276,277. While these techniques 

primarily focus on injections into brain, eye, and heart, it is possible in theory to use ultrasound 

guided injection to target the developing thymus. There are several benefits to this approach. 

NCC differentiation into a terminal lineage is largely guided by the local environment278, meaning 

orthotopic injection can potentially help direct transplanted cells to the desired cell identity. 

Additionally, injection directly into the site of interest obviates the need to inject hNCCs since it is 

not necessary for the cells to be in a migratory state. For example, it would be possible to pre-

select for medullary fibroblasts by FACS for PDGFRa+ and gp38+ positive cells prior to 

transplantation, avoiding the potential evolutionary barriers which could prevent guided 

differentiation into the most relevant cell type. Finally, the technique gives visual confirmation that 
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all embryos were successfully injected intra-amniotically. This potentially eliminates the need for 

a chimera screening strategy if the injections are highly efficient.  

 The success of a óhomingô strategy hinges on the selection of the correct receptor/ligand 

interaction. We saw in Chapter 2 that there is some feasibility to this approach, but it likely 

depends on how specific the receptor is to the cell type of interest and how essential stimulation 

of the receptor is to cell survival, proliferation, and differentiation. The óhomingô signal required for 

NCC migration to the thymus is not explicitly known. However, we hypothesize that PDGFRa 

could be a compelling candidate for homing NCCs to the mouse thymus due to the knowledge 

that PDGFRa+ NC-derived mesenchyme is essential for normal thymic development and that 

PDGFRa signaling guides migration for other lineages. For instance, melanocytes266 and 

craniofacial cartilage279 both rely on PDGFRa as a key migration cue. Mouse and human 

PDGFRa are highly conserved by protein sequence280, suggesting the mouse receptor may 

function normally in the human cell context. While the results of Chapter 2 imply that this 

approach will likely not be successful in the long term, it could perhaps shed light on mechanisms 

behind NC progenitor establishment in the thymus and, if used within a short experimental 

window, still be used to determine the capacity OVA peptide-expressing hNCCs to tolerize OT1 

mice in vivo.  

 

Applications for human-mouse NC chimeras with central tolerance.  

 A relevant application for interspecies human-mouse chimeras with central tolerance to 

wild-type human antigens is as an alternative to existing óimmune competentô PDX models. 

Current PDX models in which the hosts have a humanized immune system established by 

injection of CD34+ lymphoid progenitors have had limited success due to CD34+ progenitor 

inconsistency in faithfully recapitulating all major adaptive immune cells216. Tolerized human-

mouse chimeras, on the other hand, would unambiguously have all immune cell populations fully 
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intact. One consideration is whether the components of mouse and human immune systems are 

similar enough to be interchanged. While there are some differences between mouse and human 

at the transcriptional level, the overall components of mouse and human immune systems as well 

as their global transcription profiles and cis-regulatory elements are very similar281,282. 

Interspecies human-mouse chimeras are thus an interesting alternative method to develop an in 

vivo immune-competent human disease model.  

 

 

Conclusions and Next Steps 

 The main conclusion of this work is that tolerance to donor antigens within interspecies 

human-mouse NC chimeras, if present, is almost certainly acquired in the periphery. While this 

study has taken steps towards understanding the feasibility of immune-competent human-mouse 

chimeras with central immunity to the donor, it also has a few important next steps and limitations.  

 First, immediate next steps should be taken to better describe the effects of FTOC co-

culture on transplanted donor cells. BulkRNAseq of cells post 7day FTOC co-culture as well as 

IF characterization for key markers like Twist2, gp38, and DPP4 could help indicate whether 

hNCCs and hNCC-mesenchyme further differentiate in the context of 7Day FTOC. Interestingly, 

Nitta and colleagues point out that capsular and medullar thymic fibroblasts have distinct 

phenotypes in vitro. Specifically, while capsular fibroblasts can survive in monolayer cell culture, 

medullary fibroblasts cannot179. With this in mind, it would be interesting to determine if FTOC 

co-culture is able to support medullary fibroblast growth ex vivo. Additionally, it would be helpful 

to compare human FTOC co-culture samples with analogous primary mouse cells. There are well 

established NCC isolation protocols using nerve growth factor receptor (NGFR), also known as 

p75, as a handle for FACS isolation of migrating mouse cranial, vagal, and trunk NCCs283,284. 

There is also evidence that p75 may be used to isolate post-migratory NCCs285. It would be 
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informative to isolate and characterize p75+ cells from developing mouse thymus to characterize 

the endogenous thymic NCC population. 

 Second, a key limitation of this study is that it utilizes a single antigen as the basis for 

measuring tolerization. In the envisioned application of transplanting donor cells in the developing 

thymus to gain central tolerance, the extent of tolerization will be limited by how thoroughly the 

donor cells can present all possible wild-type donor antigens. Also, while the work of Nitta and 

colleagues indicate fibroblasts play a role in establishing central immunity, it does not dispute that 

AIRE-expressing mTECs are the true workhorse of establishing central tolerance. Therefore, one 

can imagine that even after demonstrating a high degree of tolerization both in vitro and in vivo 

using OT1/OVA-based assays, it may not translate to complete tolerization in the envisioned 

application. Therefore, if the goal is to gain central tolerance to as many foreign antigens as 

possible, it might be more reasonable to take an approach leveraging an indirect presentation 

mechanism in which a cocktail of donor antigens is injected into the developing thymus to be 

presented by mouse APCs.  
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3.5 Figures 

 

 

 

Figure 3.1. Generation of Human ESC/iPSC-derived NCC and NCC-Mesenchyme. 

Bulk RNAseq characterization of human ESC/iPSC-derived NCCs and NCC-mesenchyme showing NCCs 

are enriched for genes associated with NC development and NCC-mesenchyme are enriched for genes 

associated with thymic mesenchyme. Visual representation and data analysis by Andrew Khalil and Josh 

Price. 
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Figure 3.2. Human ESC/iPSC-derived NCC differentiation methods generate distinct 

Sox10-Hi and Sox10-Low populations. 

Comparison between human iPSC/ESC-derived NCCs generated via commercial SCT media versus 

published NC expansion media
147
.  

(A) IF stain for SOX10 in hNCCs generated via SCT media and EGF/FGF expansion media. 

(B) Comparison of hNCC expansion after passaging hNCCs generated via SCT media and EGF/FGF 

expansion media. Sox10-Hi SCT hNCCs are not as proliferative as Sox10-Low EGF/FGF 

expansion media hNCCs. 

(C) qPCR panel for NC associated genes comparing Sox10-Hi SCT hNCCs and Sox10-Low EGF/FGF 

expansion hNCCs. Strictly comparing media conditions in H1-TdTomato line shows no significant 

differences at the transcriptional level. 
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Figure 3.3. BulkRNAseq GO analysis suggests Sox10-Hi hNCCs are more similar to an 

óearlierô population of delaminating hNCCs. 

Gene ontology for Sox10-Hi hNCC bulk RNAseq shows significant enrichment (nominal p-value <0.0001) 

for EMT and delaminatory neural crest gene sets. 
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Figure 3.4. Sox10-Low hNCCs are more similar to hNCC-Mesenchyme than Sox10-Hi 

hNCCs. 

BulkRNAseq unbiased clustering for H1 ESC and African-American iPSC ESCs/iPSCs, NCCs and NCC-

mesenchyme. Notably, AA-GFP NCCs generated with the Sox10-Low EGF/FGF expansion media are more 

closely related to H1 NCC-mesenchyme than H1 NCCs generated with the Sox10-Hi SCT media. 
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Figure 3.5. BulkRNAseq suggests Sox10-Low hNCCs are PDGFRa+ and hNCC-derived 

mesenchyme is PDGFRb+ gp38+ DPP4-. 

Heatmap showing changing mRNA expression for selected genes between neural crest cells (NCCs), 
neural crest-derived mesenchyme cells (NCC-M) and the parental embryonic stem cells (ESCs) derived 
from H1 ESC line. Shown are n=3 biological replicates per condition. Low expression of Sox10 in NCCs 
decreases even more in NCC-mesenchyme. NCCs express PDGFRa, while NCC-mesenchyme express 
PDGFRb. NCCs and NCC-mesenchyme express gp38 (PDPN). NCC-mesenchyme down-regulates DPP4. 
The expression profile of NCC-mesenchyme trends towards the profile of PDGFR+ gp38+ DPP4- medullary 
thymic fibroblasts which participate in central selection.  
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Figure 3.6. Sox10-Low hNCCs and hNCC-derived mesenchyme but not Sox10-Hi hNCCs 

have the capacity to persist in 7Day primary mouse FTOC co-culture. 

Representative images of Day7 FTOC co-cultures with E15.5 primary CD1-IGS mouse thymic lobes (n=6 

per condition) with Sox10-Hi SCT NCCs, Sox10-Low Expansion Media NCCs, and NCC-Mesenchyme 

derived from H1-TdTomato and iPS11-TdTomato lines. Sox10-Hi NCCs consistently take an apoptotic 

óballing upô morphology; cell death was confirmed by the absence of live TdTomato+ cells during FACS 

isolation. Sox10-Low NCCs in both cell lines encapsulate the thymic lobe and form a distinct ring around 

the perimeter. H1-TdTomato NCC-mesenchyme spreads across the lobe but does not form an 

encapsulating ring. iPS11-TdTomato NCC-mesenchyme forms a node and migrates into the center of the 

FTOC.  
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Figure 3.7. OT1 FTOC culture is depleted of CD8 single-positive T cells by exposure to 

exogenous OVA (SIINFEKL) peptide in a dose-dependent manner. 

(A) Schematic of experimental design for OT1 FTOC exogenous OVA peptide control test. 

(B) Exposure to exogenous OVA had no impact on overall cell viability in Day7 FTOCs.  

(C) Single-positive CD8 T cells are depleted in a dose-dependent manner when exposed to 

exogenous OVA peptide.  

n= 4 to 6 OT1 thymic lobes per FTOC replicate with 2 to 5 replicates per condition.  

Paired T test: *= p<0.05, **= p<0.005, ***= p<0.0005 
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Figure 3.8. OT1 FTOC co-culture with lentivirally-labeled SIINFEKL-expressing hNCCs 

and hNCC-derived mesenchyme show modest trend towards tolerization. 

(A) Experimental design for OT1/OVA-peptide FTOC co-culture experiment. 

Preliminary result using hNCCs and hNCC-mesenchyme generated from lentivirally-labeled H1 

ESCs shows a modest trend towards single-positive CD8 T-cell depletion in both hNCC and 

hNCC-mesenchyme co-culture. n= 4 to 6 OT1 thymic lobes per FTOC replicate with 2 to 5 

replicates per condition. Paired T test performed. 
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