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Chaptentroducti on

1.The Neural Crest and I|Its Lineages

1. 1Qvler vi ew

Neur al Crest Cell s (NCCs) @O et iap ottreannt s i setneg m pooe

progeni tuni gael Itso ver]t'zebrTzhteey apecieescondensed wit

embryonic anatomical structure called the neur al
during gastrulation (i.e. -dihnree ntsriaonnsalt iloany ef rr oarf bd pai
gastrubed, amibti di mensi onal structlur &i wist h dole uene n

by Wil helm HEZwi soht86B8oasfgiinter medi ate cordo, NCCc

as single or groups of migratory cells originatin
chickengemlihiysswas |l ater clarified to not be ect o
mi grates in the acel |l ul &r spadB879 usAr tbremmre aMar 4 thee
anat omi cal origin of these NCCs at the* neur al rid

Unli ke most multipotent stem cells, which have
handf ul of cell types within a common structur al

into perhaps the greatest numbreirpootfe ndti ssttiennt tc ellilnse

their migration to and establishment iin al/l maj or
of Ilineages derived from a common progenitor, t he
Iayser(‘)

1.1S2ages of NC Formati on

The | ifespan of the NC may be divided into di s

specification, (3) delaminatio6(F,ig(u4r)e mi.glr ati on, a
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During neurul ation, ectoder mal celldtsert adli ckreds t
the neural plate then undergo changes in cell sha
are believed to be exerted primarily by increased
folds, which thendfuse ta tbemdoheahewmial tube ar
dorsal neulkN@citodkesttpnbes the initial shift in c
to NCC that occurs in cells of the | ateral ridges
earl i est change in gene expression responsible f
transcripti8hudgbotboweédFpy Wonf,Margual aaRiab{i. oTFhese

changes are

gui

ded

by secreteée exuirgdalex tfordem m. hd ns
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there is awi ngteéased mnntegration site (WNT) and

signaling, and inhibition of Bo nk? Mor phogenetic P

NCC specjfwbhathonemains a |lively topic of rese
of NCCs to a certain |lineage prior to miSgercatiioonn; t
1. 1. DuNC@Ggdel ami NLiCisomnder g4 oeers eexgihtymall i &lr ansi t i
to prepare for migration. Notably, the transcript
mesenchymal state are almost identical to the tra
cell s, a point which Wwet ahSdcectiinewilw2d3 in greater

NCC migdasctoinbes the period when NCCs are in &
characterized by expacwisfsionTFfSaxle0 NCF ol l ow two n
pat hway and the dorsol ater al p at h wlaoyc. u miehnet seed hrioguht |
are taken in waves by distinct NC populations assoa

Decades of research has been dedicated to unde
mi gration paths and resulting NC lineages. I n par

t wo polar opposite mechanistic scenams$ os Eittohercc(

changes intrinsic to the environment ar e respon
stochastically migrating NCC populations which ot
changes intrinsic to the erCLrst amiegrrad d pan sad btl o ni
progenitors are assignhed an identity prior to |
environment which is otherwise uniform). Current

both scenari os.

I n support of the first scenari o, i n which thi
mi gration patterns, is the observation that the
padprimarily extracellul ar mat r ilxc a(nsECM)s gweylclo paot
expressed | i ganddasr ea nbdo trhe cheipgtholrys t empor al ly dynami
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often in gradient&‘olfllnecsiupprpcocral ofi gnhael ssecond s«

progenitors are predetermined prior to migration,

NC at di fferent stages indicate a mixed popul ati
|l i neage nr axntdr if wtl il v ?‘n’u.lltzipotent cell s

Fi naNAQC/ ,di ffeirenthatliasat step of the NC |ifesp
terminally differentiate into an NC |ineage. This
derived from the microenvironment of the final es
1.1 N Progenitors and Stem Cells in Development a

To comprehensively describe NCCs and the duration of their presence over the course of an
individual 6s i feti me, it is important to note th
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 Iineagesz'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 nerves'®. NCSCs have been explored as a potential reservoir

3

for therapeutic cell therapy applications1 and are believed to be responsi

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

brain and heart>16:17,

1.1 NL Lineage Specification

NCCs are categorized by their earliest -fate deé
mi gration establishment within the embryo. The m.
vagal, trunk, sFaicgruarle. alMd2j emt dreirani hal |y di fferenti
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vary greatly, including but not | imited to: perip!

craniofacial bone and cartilage, and mel anocytes.
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Ciliary Ganglia
— L Vagal Neural Crest
_ I Aorticopulmonary Septum
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C ® Adrenal Chromaffin Cells
E g Dorsal Root Ganglia
-3 Sympathetic Ganglia
. Schwann Cells
Melanocytes
r_e N | Sacral Neural Crest
(OR i Enteric Ganglia
U@) g Sympathetic Ganglia

FigursBCC. Regi onal Subcategories and Correspond

(Adapted from MartE’lﬂk and Bronner 2017

The earliest experiments which aimed to map N

first | insetageki dg,acpergf or med in avian ésmxbnrdyossoomy W

after in amphibian embryjé’,s tbrya rChp Ibaomt each dd @rod rl eMTg ue

wi t¥ hHy mi di nd riemttoednadmnor embryos. This radioacti v
observation that different NC |lineages consistent
root and sympathetic gangl i a hNGwhpirloeg emeiltaonrosc yftoel [ por
follow a dorsolateral path). While this method was:
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of a feéew dawsradual decay of the radioactive sighn:
progenitor outcomes in postnat al ani mal s.

This weakness was overcome by visionary exper
coll eagues using avian -MEtcKiether as xi(j apminélsastaage

NT explants were transplanteozmil(ﬁtgud)e.véTqu)imagt icdn ¢

behind these experiments, wibiech i wind dl .tBheeb elxepaorutn daefd
thesi s, was the observation that qguai l and chicke
and would therefore perhapshbeamepésmi sgEkvensovient al
transplanted cells in postnat al ani mals was made

nucl ei have different densities (i.e. quail nuclei

chicken nuchebl‘?'lﬁrié'ch)e devel ommercti fofc @umdiilbodi es m

easi er to clearly distinguish cells derived from
(II—?é) With these tool s, LeDouarin and coll eagues
derived from NCCs via histological survey of chi me
in avian NC chimeras faithfully reflected the ext
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Figur®uacCmBi cken NC Chimeras for NC Lineage

(AdaptedDbuambdié&)!

While lineage tracing studies were pivot al i n
analysis studies were hel pful in furthering our u
One of the earliest cl onal anal ysn samsd udolelse avpu ees

which the differentiation capacity of single cell

explants Wereimetundutlmzi?d%?’reedAlbtyhough these initial e X

able to distinguish bt waegmemit @me ncteeld vteyrpse s ( me

adrenergic), the observation that -dlnergse werogeai

NT



nonet hel ess gave the firmsitgralteary INCdLiscadrieona t ha
popul ation of progenitor cells with varying degre

More sophiimtéeicema &@ld anal ysis studies were made
of wvital dye |ineage tracing to single cell s. Us
mi gratory NCCs at the dorsal NT of chicken embry
dextBraonheaser and Frasemi grlatrdrfyi eMICGshaar eoriendeed
pluripotent, and that-magsagoi yi NG@6s pavei bheotapa

most NC ?4'?5ne8'gm'slalrlsliaukgdzleirmgz experiments in quail

up to hanifgraft oprye NCLsnangespnegkbersors,rastdritbanedt

precursors migrate in a certain order (i . e. neu
me | anopcryetceur sor s i gSiagtlbeem aatned) col |l eagues perfor me
dye |l ineage tracing in mouse embryos and found cc

prrai gratory NCCs are also a mix of mslbi‘pp%éehcpr(

The devel opment of genetical-diyi vagi sitereaiemds miom s
and 2000s penmvitbhedi hg!l of distinct populations in
usingpNeCific driving promopéepostetnlshert$f$ow®mbi ae
based conditional genetic recombination, einte resul
(often a fluorescent r epxrptrers)siinmg tched | &r ianmidn @l pr a

recombinase undeug inldaicd dnter @lr oonfoteemr s permitted an

st adjependen t 28122 b ehe tomlgination of these Cre tools with the multi-colored
Confetti reporter made it possible to resolve relative history of cell divisions®°2132 Two of t he
most wi del-sypeaciefdi NCp Womdt ewb iparheg |ga bat ¢ogrrya PPcredt

Sox 10, labéls mighatory neural crest®®. From inducible Wntl-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-renew®?.

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 NCCs®C,

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),ora col |l ect i onn e@Xprkeesysegde nvei t hin a r e
which controls certain cell states, to describe tF
di fferentiation into major |l ineage <categori es; t

summar i Fedyuirep. AWHi Il e the currently accepted NC GR

decades of compiled experiment al and trreagnuslcartioprtyo n
el ements have a significant influence overo how e x
changes in gene expression,  smeanifhg mwmappengt ioat |
essential for having a complete picture. Thus, on

annotate more of the NC genomic hsepadxiadt ionrgg aMC z €
information with epigenomic dat a.

I denti fi capeéoinf iod elrChaacntcienrgs ,DNoA sceigsuences whi ch
the transcriptional activity of a target gene up |
facil it atdcidmebnysitommrade confi gur atiloas lbeesmcr abegeastf
hel p fill in the missing regulatory information
recent w8k me@Emssta group, whi ch has ma-sl g e csitfriicd e s

enhancers usi fCHIHWP3IK27 pokéarNCQsh.i I n addition to mi
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NCspecific enhancers, their work i mpor treemtullyatdeafyi r

el ements directly regulated by Wnt signaling, s h
environment al i nputs may 3f§¢)e1aﬂedi;tandlswgsiclhlﬂn’narNﬂSlCC
enhancers is of great i nterest since eppeendimicc
facets and human NC dysfunction is the cause of a

has made progr ess nitr atchtiasb | see eami emag blyyy ounsi icn BsSteurmacne | |

and induced pluripdeenvedt Bl@Csebhd(pPB@ary chi mpar
human-sN@cific3énhlarmpcoerrtsantly, these studies ident
TFAP2A alhe@darnuceceptors NR2F1 and NR2F 2, whi ch ar

enhancer chromatin stat—escwhphﬁ%iEnulstaeeously co

(A) WNTs BMPs-—/nduction
—_—
Neural |[ f——=3 T4 NPB|| | PPR
X o [T I 2 22 2 o I T
Otx2 Tfap2a | Msx1 ZicT | : Six1/4 I
1 St e
Sox2/3 Pax7 Eya1/2
(B) Specification
I“] ;1 l r:ﬂ‘;h
Snai1/2 Ets1 FoxD3 I
(©) Migration
=
o Yip—allley bp |
Sox10 Lmo4 Cdh1/2/6B Cdh7 |
) .
(D) TGF-B Differentiation
l_|

BI\fPs
\ ﬁ WNTs
r I r n— 3bLr
Col2a1 | Ascl1 Mitf
I —h:‘-l
S r v r_‘ r
Agci Phox2b  DBH D_ctrT_yrr
Chondrocytes Symp. Neurons Melanocytes

[ ———

Figur8ufmmdry of Gene Regul atory Networks Regul at

(Adapted fr om:RoHdwltan ch —Q\/BstSaiZM&)s

Il
<



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 (Wntl-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 decisions®*3°,

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.

towards a singlteofadesc¢enari @a)n \ivad by lkireathapassitge
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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).
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1. INeburocri stopathies: Significance of the

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. t
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)
differentiation®. 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 Iineage(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

NC i n

umor s

often preserved in the O0mol ec u buerodiseasemechadisro f NC

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
abnormalities™.

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 GRNs*2. 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 CHD7**. This extremely long-range enhancer interaction spanning over a

megabase demonstrated that CHARGE sy ndr ome i s an Oenhanceropat

importance of global disruption to NC GRNSs to the development of NCPs.
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l1.Rvolutionary Origin and Significance of the Neur
1. 2Qvler vi ew

The NC and its pderfiowantdi weagnhdveance to the evo

typically recogni-lzeglg eacs V earcted lsr aotfe fsopuerci es. Thi s

and Northcutt in their proposed fAinew headd hypoth
and cftumnal inventions t hat gave vertebrates ne\
concentrated in the head and that NC derivatives
inventions, including acrcthiacmblea teedd hjeaswsa sacnede otseeent sho, r
systems, and different colored pigments iﬁ?’greate

The evolutionary origin of the NC has |l ong be
relatives of vertebrates, namely the <cephalochor

urochordates (al so known 4% Reokeobat easdvancesai rsg

phyl ogenetics have inverted our understanding of

ancestor wi t h vertebrates, now pl acing t he ur

cephal ochordat e §748 g TAnsounukegroapgenemtt hes diosncsa vsd re

pl aclidke cells in multiple urochordate species a
|l i neage tracing sQiuodniae si niwreistchieniadwnsitd dtieed mi gr at or
from the neural tube that give rise to p|49gr58nted

I n comparison, no cells phenotypically anal ogous t

and genomic analyses have shown that althowgh key

expresesesebdl snat the neur al p | ate.°fonider! onedof savi.

led to the current cofipeb€Bso0that evbeuvieogwarfyrbi.

during the split between cephalochordates and uro
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The key acquired functi onNMQGst ifeosu nwch iicnh udrioscthionrgc
bonafide NCCs in vertebrates are increased migratoc
urochor daNGCspraorteo mi gr at ory wiathlgiersh saemmédatwviev gl v i snh

potency (i.e. a single |lineage), bonafi deang@Cs f ¢

mi gration in compl ex patt%G.rn‘EhandoraeeN(Di@IRIN,y wih il ¢

faithfully conserved adrodd | vemt gleraatses mfagyr bav édire a

to the modul ati on of Snai |l and FoxD3 for i ncr eas
me mber s, Sox9 and Sox10 in parf”?'cslfl’%l"*rh,e fNCr mi ga rad

GRN promotes expues$aicenretcepebl s, met al |l oprotease

with which to respond to guidance <cues, includi
cadherins, the mixture of whitohyairalt'dsmatiens tthee d

mul ti potNenctyheGRTF Sox10 is known to be required t

neur onal di51r"f,5e6rV\ehnitIieatdtomer SoxXxE member s promot e

l ineages, such as Sox9 which is requireEU?for dire

1. 2Cr2aniofaci al Devel opment: A Case Study in NC Ev
There is an implicit paradox in the highly <con:
|l ineages, and their initial mi gration patterns it
across vertebrates, differencegeisn atrtee qfuiineael hd grmf
species and even within species, providing great I

which to distinguish between species and individ

driven craniofacialidcdavalrdymenxtceild emtpaxampl e of
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I nterspecies chimera experiments i n which, C (
chi meras used for NC fate mapping, host and transftg

di fferent and unigwed utedaoteres hbelsmmeedcstf d or egsploi E

craniofacial devel opment . These experiments focu
di vergendtsieatand@damsdhaepset abli shed the remarkabl e a
specsmesci fici rmebncotrrys?reﬁgraprdisbian chimeras in which
|l arge species of salamander were transplanted int

used to demonstrate reﬁge,ﬁ?wminleofresdizrerdmetlorfmradg oa

chi meras focused on jaw devel opment dEmoi?der%t ed

I nterestingly, despite the <clear speci-gesnediivcedr ge
patterning principles (i.e. the vertebrate body r
but anat omical identity andotti sfsudd yt ycpoenss,e rrveentlai n e

Put simply, and perhaps intuitively, -stpleeidver al
craniofacial features are regulated |ies in contr

t i YHeP Avi athugluadhi mera experiments have been part.i

how this is achieved because (1) it is possible t
shape since quail beaks are much osmdalclkerbearkd mpmidr

possible to see ftflereg eaftf anttgsiafsi c rates of mat ur a
different gestati o ¥ T he QDawick wshi@rasy hlave revea
met hod by which duck beaks achieve a |l arger size
precursor s; ducks gemgrater y5WCEBesr anptemi cally pc
jaw precursorgrehiechot héae Mie7\/2er%’p7ﬁ5‘infgfenramrddd)d ein ¢

l ength between quail and duck mandilldthirari nmegsueaniclh)

combination with differences Iin the absolute ti me
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vs 32hr in quail) resul ts in duck having twice

ovefRl’®1 n other wor ds, to overcome a sl ower cel |

of increased time to achieve a | arger structure.
di stinct strategies where ti me angdpediafciec nmaan rbeer m
the wunderlying context of a highly conserved b c

mor phol ogi es.

1. 2T.h3 Hourglass Model of Development

While the example of <craniofacial devel opment
basis ofdisvpeercgieenst traits, it also higgmhleirgk®dsttraetc
foundation upon which specialiazeemptr aittos farenabluy

conserved attributes in the devel opment of ani mal

postul ated that more widespread traits shared by |

embryogenesi s whil e mdroandpemni afléewerd taxat svi |l |
develo7p7mel-'narmally contextualizing Baerés | aw with
the #Arecapitulationd theory (also called the Ail

assumes that stages of embryonic devel dpmerst odr e

ances7t70|A$though certain traits, such as the notoc
with thli’sfotdreil s theory is contradicted pbhyoltohgey obs
varies greatly among%oandethabrmaey embggasrdbdb not

f orms of t Pdi 82 #dcestors
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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 conserved®®. 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

|85,86,87,88,89

variety of species at the transcriptomic leve , including not only chordates, but

spanning beyond deuterostomes to protostome superphyla such as mollusks®®, nematodes®!%?

andarthropodsgs'gg.RecentIy Il rie and coll eagues have propo
which combines the hourglass model with the historical iterative model to address that the two
are not mutually exclusive i f the preciseorfipi nch

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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Evolutionary divergence

Figuré&hé. Blour gl ass Model and Early Conservation

(Adapt edefsrakm M, Kurataz%ﬁz S, l rie N.

Whil e morphol ogical comparisons |l ed to the wi
extremely divergent abdroedoverpehmoat é® ahe HPi nchi
the Stelzer group has recently foune edXcsiRtNiAnogf e v i
timesolved embryogenesis in two mammalian specie
mor phol ogsesandiorabbit (i.e. cup vs. disc morphol c
is not only highly conserved despite clear morpho

O6maxi mumé conservation point i n mammaloiiannt @ mb rtyhoe

hourg%sa.ggv}/ithin the gastrulation process, Stelzer

beginning of the formati on ef atnlde7End/t. badh otridal p @1 iac
maxi mum alignment specificity. Thilsy hihgahr adce gerre ez ead
shared O6core gastrulation programd consisting of
regulatory roles and gene expression | evels of t
conservedofipldoratiw -met weed emhggos.

Al t hough knowledge of transcriptional control

done much to advance our current understanding of

OM



the cost and | abor -caeslslocsieaqgueedn cwintgh csuirnrgelnet | ' y pr oh
embryo and fetal -metnadgenedt ts¢ udlpoveéor i nstance, W

stages 6.0 to 8.6 in mouse. Tonbettef Wdndergtacea

species (i.e. the opening of the hourgl ass) and
hour gl ass model of devel opment , it woul d be i ni
Additional ly, compar atti vhea vset ufdoi ceuss eudp otno niohripsh od coign
and chromatin accessibility, but discrete cell fun
chi meras, rSewita wendclo.u8 d present a unique opportu

guestions of conservation and divergence at the <c
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1. 13nterspeci-Mdeud#e mdaur al Crest Chi mer as

1. 3Qvlerview: What is a Chimera?

Put simply, a chimera is an ani mal whi ch has
cell s as oabne eémbrfyroom anot her individual of the sc¢
entirely, -spetirem sesamks which wer e ygenGhtiincearlalsy ianl

classical sense are birmderocybe camepfeaemivdg i bhey
generated via injection of totipotent stem cell s

Bl astocyst compl ement at ilolny harsd bte@ nt huiseedd ehy st @r g e

mous e 1I0,P nersd more recently have evenhubnmeaenn psruicntaetsesst

(NH]PO)l'.lozl'he extent of chimerism from this method

same species, spanning across several i f -9n00% mo st
contribution of donolr03'c1eol‘ilnsdeierd,cetrhteaienxtoernganosf ch
injected cells have the capacity to produlcoer? is th

However, as mentioned in the study of neur al

speci fic patterning, toéheentber yiosl oagliscoavlad ddohniagmehridsst romeyd

transplanting segment s.Abt homghembcyhwochod meamatsheo n

to adulthood or are much more | imited in the extel
transplant, embryological <chimeras nonetheless of
the devallopnednt oft Wpessrent emiced dbenvironments. Il n t

groundwork to -thessei bethRumpecies chi meraeriinvewhi c|
NCCs are transplanted into the gastrulating mouse

model , & hmo ulstem NCC chi mer a.

o
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1.3 1Ahterspecies Chimeras

Il nterspecies chimeras may be generated using a
devel opmental stage of both theFdgnoo)e, &kedtl sormer doft |
keys to generating any c¢ hSientetriao,n alss 3wnaltlc hbeed ddi esvceul so
timing between the donor and recipient. The main
in turn dictate the appropriate recipient embryo

stem cells (PSCg)eni(td) sLi(neage NLCs , neur al progen

precursors), and (4) adult stem cell s.
The main functional distinction between napve
originate from the inner <cell mass (1 CM) of prei

amenable to transpl alr(?,‘f’ awh iolne imrtioméd a3 @sc yrsetsse mb | e

devel opment ali nsptlaatnet aotfi opno setpi bl ast eaemi est | pr 6 gen

of the three geanmrm l0pyeme),6 Whirclpl uri potent differ

transplantati?)(h6 i hniM ce gparsitmmeud aP SCs may be har vest
sou}(ye',loeihey may also be genetically or chemical

|l andscape to a more hypermethylatedlosﬁto.ﬁtklttkhcﬁlIghs

it is inferred that chromatin accessibility regul
pri med ESCs/ PSCs because, i n contrast, naugve E S
connection remains elusive giVvVSICst heeothypienateit ity |

v i thbruot hypomdtnhyMdiat@d!| igugsinoo t he actual conseq
methylatf”oon status

Practically speaking, pri med PSCs bhatvéd Isiamet ed
speci eisntasmrdspeci es chi meras and are ma]iltiLSaymaJsed a

speciagigsvy en ESC bl astocyst chi meras, on the other h

(0} 0)



degree of chimerism in adult tissues, .sdimatsi mes |

made interspecies blastocyst chimeras between hum:

for generating humani zed 6]r2g.eH1?S for medical trans

Lineage progenitor chimeras include NCC inter
cl assical model s for wunderstanding vertebrate dev

progenitors have been adapted to intersdgpeemnss ch

model i ng. Neur al i nterspecies chiﬂw%‘}'a&r‘r’irmicwmigdhw

progeﬁjie’t’é?r% transpl-28t @@éohatal Plhouse-cbmpromi 9sédir

and/ or humani zed mouse strains |lfdavenbmens ustfled
di selaismked mutations. The guiding iogeavbomontmead e

provides a more natural mechanosensory and physi
devel opment of phenotypes wh inc hmioadreed so tohre rGh&.R& em oodbesl

A notable attribute of progenitor interspecies ¢
sustained in postnatal ani mals, there is great va
can per shneetnviin oan nxeent .

I n the Settownntg. i 8 I review some of the known
interspecies chimerism which can account for the

of sustained chimerism within different systems.

on



Donor stem cells Host (mouse) Chimaera

Developmental Tissue of origin Stem-cell type Injection stage Embryonic/Fetal Post-natal
potency
/(').0.0 ,\:
Mouse ES cells Mouse ES cells Mouse ES cells u\é'j\\g/’
Naive 5 Rat ES cells Rat ES cells Rat ES cells ﬁ’;?
ES cells ?g Apodemus ES cells Apodemus ES cells Apodemus ES cells
£ Prairie vole iPS cells Prairie vole iPS cells Prairie vole iPS cells
= Naive NHP iPS cells Naive NHP iPS cells
° Naive human ES cells Naive human ES cells
™
————— > \/ _—
-/ Mouse EpiS cells Ex vivo
Primed Primed NHP PS cells embryo culture
PS cells Primed human PS cells

----- - @ f) 7‘\:
In utero injection Efk/ﬁ?

e

s @ e 0

é‘/$/§7 ‘. In situ |nject|on 3/ $/§7 3—/"L/§7
Adult stem cells

Figur8&ufmmd@ary of Existing Chimera Generation |

(Adapt edVuf JgmGreely HT, Jaenisch R, Nakajolmlﬁi H, Ross

l1.3Ba¥xriers to Chimerism in Interspecies Chimeras
One of the most i mportant determinants of suc
interspecies chimeras, and chi meras iﬁl'lé%'nlezlpal,
(Figuré) 1. 8he two major reasons for this, whi ch
chi meri sm, fall into two categories:
(1) The donor cells need to be intrinsically (
and extrinsically (ex. external receptofs) pos

environment

(2) The donor cells need to mat-ehvihenmentinsi

An example of being intrinsically positioned f
samepecies chimeras need to match napgve versus pr

and recipient, it appears that i ntoeprneepnetcail el sy cshtiang

OoP



ma t

dev
ar e

whi

pri

ched i n terms °f bmoliecutl mer ed pa de an i mport a
el opmental time as defined by morphol ogical st
not necessarily always the same between dist a

ch havei malt pwmalddacghgeal ESCs in different pl uri pc

me d relszﬁed'thii\seloybservation has gainednfsrtheo

anal yses whi ch found t hat humanr wllaassbayet st han

transcriptoﬂn?.% Csoinnsiilsatreintti ewsi t h t his point are the

ESCs/ PSCs fail t o integitzc\“t'ézi)utocmnusecbéastobyyt
mouse gJaZSGt'.fL%JZ}\Iathough t he pearouisset ggracsd ralfl ah wwrha Mmer as
36hm wimbryo culture, the remarkable capacity for
germ |l ayers within interspecies gastrula chimeras
i Bn part dictat emlatbcyhiinsgo cdhornoonri caanldl yr eci pi ent i ntr.i
On the other hand, an example of the importan
chimerism from the cont ext of i nterspecies bl as
transplantation is contingent on matedsi(nig. d.het loeg ic
|l ayer of the blastocyéjt.l) Fwirt b ntsh ea nmmat, e rwhaln Wti esrt a9
of mice are used to generate interspecies blastoc
devel opment is only poeslsliv]l @r evheaonftihreedd othomrt he | (
bl astocyst and surroglcjr?'elzrﬂother are matched)
Finall vy, as menti oned -dwhcekn idnetsecrrsipbeicnige st hNeC gcuhaii
study the basliesi oédsperanesefaci al devel opment , i n
greatly between species and i n somepocsdasdsondrnga tdeo |
cells to directly compete with13.?10(§cbntciorumitregpvairtth;

0oz



human comparisons, it has been reported that mouse

cells ih%'gamemsalis Iikely driven by global change

specipesci fic rates o*sng.rlﬁ)ltreimordtergasatd,atc’ttminmpanzee é

the context of cerebral organoids show a very mi
despite differences in the Iength13.6fThiisneccar‘npaorcias
makes it strikinvgolyuta pmarreyntdilsava nesep eicnffarcmsattthrda |

driving barriers to chimerism.

I n Il'ine with the observation that bpaobnbensedo
with greater evolutionary distance, interspecies ¢
of initial transplantation and persistence when

common ahlcleéfﬁﬁlila‘fjr@) 1.8 histori camatecxhaendp |lien toefr sweel
chi merasl asst bcahli cqkuaNGC chi meras generated by LeD:¢
NC |lineage tracing. Despite being separatjesd7 by an
t he two specigegessthatviecomsipmriiacds and similarly timed
were ultimately -npeetrari speavei sttoe ﬁpeoeij(okfewdcsreqr i nd lelrss |
bl astocyst chimeras using human ESCs/ PSCs are vast
especially chimpanzee, than 16?'3?/8'(}13?\Ietabby,t ahéemp

relationship holds true that, in interspecies chi.
by approximately 80 MYA or moaé -rBataaeitrhge (hesisttherd:

mor phol ogi cal or mol ecul ar sense) i's not sufficie

persi st i n'ttd adulthood

oT



Key Evolutionary Distances Rel evant tflo Commo

Quai IChvs ked9 QWaAI | v:s 8D3u cMYA

Rat vs :Molulse& MYA
Human vs :M@BuUsHBWmRan vis 84 diivfidan vs Chi mpadzB¥A

www. ti metree. or g, accessed Feb 20214

While the examples provided thus far hel p to
individually, it is important to remember that al
play into the success of chi meri sm.heTlhpe tDoe veexl pol pamen

trend that evolutionary distance and capacity to
may al so account for phenomena in interspecies chi

of barri er al one.

For instance, whil e primary human ESCs/ PSCs a
successful transplantation into mouse blastocysts
transpl ant i nto mouse, pi g, and cow Hlsa sctaoncnyostt sb ev

found in addi1t* tt%tsndé3observation that devel opmen:

may be compatible with the host embryo at one poli
consi stent wi th t he Ho u rpgrleadsisc t Mogdreel@d it wé@ i gshpneceed e &5 d
devel opment progresses.

This trend is true not only in interspecies ch

even in chimeras with a rel amnowveée yamdrdee tibslehissttoacnycs

chi mét%d??n either i nstance, donor cells may be f

existent IinWhyul sttieslugsspeaking, evolutionary d

attrition of donor cells, as well as why some inte

oy



Mo d e | and persist to adulthood, remains an open
furt Chrapitrer 2

Overfahils |l iterature suggests that although doi
intrinsically at the O6molecular aged6 | evel, dr ast
host environment prohibit the donor ketab fnomi p:
proliferation rate, (2) respolnditnig® & e ketxBt.rdi nwii Icl s
describe the current strategies usetoaxideHzei rgi ve

ability tot ke elporudpn mainttih

1.3Cudrrent Strategies to Overcome Barriers to Chin

The three main strategies which have been i mpl
advantage in interspecies chimeras are: (1) incre
cell s, (2) increasing the survawmmkdoteldlondeatclk] |
genetically altering the host to either create al

donorsuweddrtinkgi durg@&,ndB8 (
To increase the intrinsic prassoéeratednmuiaati ol

as-M¥ C amplificatiomutanrmla\T@Sltﬁfgeokﬂn“o%é‘éwzé principle be

strategy i s ctehted mpenddpgtongf which points out that,

are exclusively cooperative during development, c

lesser 1%% timégs al Iy di sc obreoseodpfiini @t hies 1MFW sk i wn
phenomenon i S highly cons ét% e@alilne dimaMhia b d 8 8P eme

competitor cell s have successfully -sdpbeemaorest rmad wesde

chi mer as, but there i s very limit%®d evidence with

oo



El egant recent work by -JoduWedssgpeupcompeygi TB

to investogpeeitebh within the comousetcbfiménoas an
vitceoul tures of mouse and human napve P§é.g,Trpery' me d
described a newly discovered ability for primed

nei ghbors -me &ai xtoend a@poptosis. This activity was n

not napve PSCs or diffehriemtdatadpaedilsl, e sallgigraisn a tn

the gastrulating mouse embryo. Additionally, the ¢
much more pronowmvpaeadadc iclot huena-mbaesei nohimeras, sugge:
t he i ntenesliitnyi noaft itohni smechani sm i ncreases with greas
the Awinnerd and Al osero cell s. Il n sum, this wor
the intrinsic prol tefnevri atoinamre ntatbaitofi etph & oe@mw @& n g o Mt

direct attacks by the host.

To inhibit apoptosi ss-mounsa@eobbastcedy st wé hihmer as,
group successfulIy—etxspedastsria)rmsag)d)rpitcbed)maﬁﬁ.gnkésiBrcg_Z

sameEpecies mouse blastocyst chimeras generated vi
demonstrated that apoptosi-madaletd odbdecleopmaénobal ct i
could be overcome-ewiptrle stsii @amsriadknitB@QdlBer $thi s was tr |

interspecies bl astocystraabipmamasat igememndt erdatbyEpt

bl astocyst, giving rise to adult chimeras with do
this provifdesceptoods a strategy to increase inte
whet her tyiasl sneg aitsegeffective in improving chimer.

di stant speci es.

When B&X@®@ressing human primed ESCs were inject
were only abl e t65.ope\/\tistihsitmou]p;ErtacNCEClCe.rberyonic chi me
human NCCs are transplanted int-exgasessubatohgB@aa

nmM



t o improvelz.&hl‘rmnelriesﬁmre, while this strategy is

interspecies chimeras with greater evolutionary d
to overcome remains to be seen.

Finally, rather than altering donor <cell s, ge
more amenable is a method that has been used to I
to create a more supportive environwmehy ebki mihmatu
particul ar cel | type to open a niche which <can t
example of opening the niche-Kaft anwifiaMml ee] i whagh

|l ack melanoblasts and c-deaigsagdgpmel anmpybeedsNERI i
i ntarad interspeci1e4s7'JN5CL'b\5hZi merampl e which made sig
towards recapitulating whole xenogenic oogansef was
pancreatic and dudd®anxdl) , h@améedb ex skbacteilall ffuonrc tp aomc 1
surv1i5.§l.asling this mouse strageeanertahtee dNaikmatueths e eqcri cews
bl astocyst chimeras in which tmangdplbdmtsatoicoyrstaf gr
fully omumgt rat pancreas in viable chimeric mice.

on to wuslei kiensgadnowt h -hattomolsél gfrans)ocysts to ge

bl astocysts chimeras in which mul kigdheyowgaps | at

popul at ed b]y5.4donor cell s

Another strategy to emedtreoinankemeéer mh gtsot per okvei sdbe

donadapted ligands to rescue evolutionarily diver
proliferation, survival, and mat ur ati on. An exan
precursor <chimeras, in which, ahsmbhantméadriogt oal hei
neonatal -compuami sed, h(IJSrFanitzreadwng\EIn(ai’.&l?Imri(c(dauctive

stimulation ofthommaaticod oh€iSEFILRL oercepthor cell s

NN



humani zed brain environment promotes robust mi cr
mi croglia comprise up to 4% of the -@BPomendolgeabns
mouse microglial popul ati on) and dgihgmi fwhcaatntd¢ gn m
achieved nunodaodnrda ti ons. However, it is necessary f
compromi sed, since microgdm@met @mte chuuC®am iszi ecdd rhegu n
to lose their donor cell s, afltaemi 3 cISaittaitbgn. (W.mPpiutll i
review the ext-eehogoafwthi cmmame iresponses are the
specifically within the conFiexs$s3eccftiimGG ilnt3e rds paencdi
wi || define immune tolerance, the two main meche
mechani sms of xenograft rejection respectively.
a c
PS cells Blastocyst Organ niche filled
A Days 0 4.5 6.5 7.5 8.5 Birth complementation /,’".-“ by donor PS cells
/e \ r T T T T [ )
i =2 mES cells mEpiS cells mNC cells % ‘
| AN T
o, / “\‘ /"'\i |
,l | ( | A Gene editing % Organ niche disabled /,_;"%,""
| T L —> Inefficient l
o\ ! > —> Moderate
| [ } hF”\lSaI(\:/:Hs hl;rsln:;is 221"2 —> Efficient Progenitors Targleted otrg?n ?rgan niche fillgtd by -
V() L L 1 1 e complementation ineage progenitors 07 g™
\ ‘,:‘(‘ Day 0 6 16 18 22 Birth %@ - S
b d
@ G A
TR More distant host ‘ QJ}/ & =2 . Y ‘:T_—y
PS cells }‘, T Survival <3
7 T Proliferation

“ —
~=. Closer host

O

Figur 8uthm8ry

(Adapt edVuf JgmGr eel y

i

|

T Cell competition

e
% (& -
of Current Strategies to | mprove
HT, Jaenisch R, Nakajﬂlmlﬁi H, Ross



1.3Central vs Peripheral Tolerance

Il mmune tolerance is the indu¢ESpnnsi1\§.§nTsﬁiaﬂnane

may be accomplished via two categories of mechani
tolerance.

Centr al tolerance descri besr etalcea i wreoclescsel dfs dalu

t hymic de%/5e6l'.&f57|mentells are |ymphocytes (white Dbl oc¢

roles in adaptive i mmunity, i ncluding but not i
cytotoxic T cells) and providing signals ta ampl:i
Essenti al to their function is recognizing pept.i

mol ecul es f oumrde soenn taiMtRiCgenl wisi o h -pirnocfleusdsei onnoan APCs
any cell) or professional APC135.8(E1<1'mdaa—mléabmﬁimfe:ele

T cells is critical to minimize autoi mmunity, or
antigens.

During devel opment, thymocytes (T cells of the

mar r-tbewr i ved progenitors Wi dhonnemapgdanshent Agdthusomn

T cell |l i neage, thymocyte maturation progresses t
CD4 and CD&hegdoublke foldpowéedi be ¢debineeegd tfibvem do
progenitors), angposndiivexWreess sgglae r adlo nc ealnld  d i
receptor (TCR) which determines the antigen that

presented by an APC. Thymic sel-pasibihvet iecpllos em:

signppositive T cellstemcpuosessn whitewho measures th
antigens. First, cells with-amCRgewsi dhechgpnaoatgl e
selection). Then, remaininegnadelgbesnswnbht TGRS whpah
(positive selection); cells with TCRs with overly

pri mary APCs mediating the selection process are

no



which exprastsoitmmuTd( AERE) atvbai ch promotes promisc
ti s-speci fanct isgeelnfs .

This process wultimately produces the napve T
secondary | ymphoid organs such as the spleen and |
state but are capable of fast conwawaetsigem G Pmese

in a self MHC mol ecul e.-arstiingensnotoralde spiorsashlbd ef or

food) are presented during thymic selection, cent
i mmune responses in check.
Peripheral tolerance represeastastmeehd@dantcembstbo

peri phergactSievd T cells mayeleti veuscedtientupoa AP

antigen by (1) conversion to a fyync(t2i)o naap dpyt owsn rse

conversion to a ré@.7ulcaetnotrryalT acned Ipe(rTirpehger al t ol er ¢
an individual a basic toolsealeft anttihgevihs.ch to resp
1. 3AneKenograft | mmune Responses

Di scriminating beatwden ssal ff uandd meorn al functi on
To understand the underlying mechanism utilized i
and resposeéel foanbngens, it i s necdssartywot a ydiesst ior
mol ecul es: Cl ass | which is expressed on all 6s

professional APCs specificall %/5.5fd\lrot&bby-,MH@lsentTa:tf

i nteractisopneciisf iacl.|l eMHC uCleasss sarle mamlcoded by three | ¢
range of allelic variation and are inherited as a
combinatori al mi x effectively provides a Warcode

Al'l oreactivity, ors ell@R MI—bCac]rnedllveicBwloetse obnthe firs

nn



primary immune response due to the high precursor
number the frequency of-Md@ycgmpéeexfprecgnsopepbid
f o6& 16% n effect, all oreactivity is one off®t he fir

Ot her ways of -tirdemapglfaritng a&reemomedi ated by r ecoc
by a&mtnior anti bodies and/or T cedllf rMHEO gna mp loex eod .
mechani sms account for theotbaere rmmpwhoit ¢ imadesurofi

sequential manner: (1) hyperacute xenograft rejecHt

(3) acut e cells.PuH)aperraQLetceiroenjection, which -occurs

organ transpl ant atmean ,at & d-ehiysrtpistpgnroearet ant i bodi es.

humor al xenograft rejectionpoprwganchraocsprantwatikaen s
by newly adowiorednamtbiodi es. Finally, acute cell ul :
daytso weeks, is mediated by T eseelllf rMHG gcno ntpiloenx eosf.
donor cytotoxicity foll owing t hese recognition
combination of T ceIIs,lG.ﬁK cell s, and macrophages
Within this framewor k, it i s possible to antic
within interspecies embryo chimeras are presented
acute cell ulSerctriegneclt.i®inf.l Irnevi ew the effect of i n

interspecies avian NC chi mer as.

1. 3.nYmune Response in Avian NC Interspecies Chi mer
Al t hough i nt ecrhsipcekceine sc hgiunaeirlas can sustain don:¢

LeDourain and coll eagues reported that quail donor

i n t he span of t wo wWedR8Lotses tohr ecehi mentits cel |l s,

over come wistpeicm esaméni cken NC chi mer as by16ﬁ1a]t6c8hing

npe



i mplying alloreactivity as a specific xenograft r e

complicated by the observation that donor NCCs
thyﬂwﬁ.%
Avian chimera lineage tracingdsetudaessioobnfail

t hymic e1p7i0t,f17eﬁu'tumNe n oiwn kWiOwb d b ®lmi ng combi ned with
profiling that NCCs give rise first to thymic me:¢

fibroPak®s?t’? Wri tdelr NCed t hymi c mesenchyme hel p

develolp7r,ﬁenhymic fibroblasts provide a structur al

reticul ar®nre weon tk egyedensacéehaugfi broblasts are ess

central é%1'#8aikimg it difficult to explicitly ex

integrat-é@éer iasedCfi broblasts in the chimeric thymu
to central tolerance.

The extent to which it is feasible to achieve
chimeras remains | argely unexpl oredChadamti,srwd3ea st i 0|
the feasibility of overcoming this final barrier
1. 3HuBmaMouse NC Chimeras as a Novel Neurocristopat

Al t hough there is great interest in creating m
vivothere are significant chall enges recapitul at|

interspecies chimeras with hosts tha$Seatrieowvely3.ed
One method which has had the striking capacity
generati onmodsehuM@nc hiimerudiseawis@!l ant ati on of huma

derived NCCs into -Ki8t. 5migyfdes'tmoad ¢ i mgnbrcyos with a

nx



melanocyfde7 ninstpea red from the original mammal i an

primary mouse NCCs from a pigment ee¢igtmeaitredi nmoal ste

strain and found extensive-dposvedtarlel develbpment

anin]rzir’lls,l‘r’fhis study found that hNCCs had the capac

differentiat %4 mekt hooght adhe extent of donor cel l

reduced in compapreics @rs tmo usastil(@ uafei mbOman genomi c
gPCR was wused to validate that the contributing
demonstratedofaoncept Pphaofdevel opmental restricti

may help to overcome barriers to chimerism.

Mouse-Mouse vs. Human-Mouse
E8.5 GFP embryo hESCs / hiPSCs
o ?g -t -
&
l
l hNCCs
mNCCs > <
I |\ &g 1P
. R
Injection to E8.5 Injecthn Fo E8.5
> o y
f [ %)
%] A J G
. CJ( | ;
()
3 2
) o o ¥ 00
— \ o \ 5 -
G e
S - b *
.’ ", Mouse-mouse M h
NC chimera ,\?gs:r;ir:z;n 0.01-0.1% donor cell
10-50% donor cell contribution to coat
contribution to coat
FigurRella®ive Contributi oMM ofs-MDANCorChCaenlelrsasi n H
V@ 4.7 . .
(Adapted from Cohen MA, e)t KJéJaenisch R
The persistence of human donor cells in postn
Cohen et al. to rneousaegi M@& cthhiemehruamaans a nov el huma |

model for NCPs. By lentivirally Ff§lAtbknaccbwgeinregs MYOCN |
human ESC and i PSC |Iines from which hNCCs were de
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mo d e | of neuroblastoma (NB), a cshyimpdaht choedt i cca nmnceeurr oa

gl i al prl%lg'elﬁ?nobsief, the authors found that NB t

cavity of chimeric mice as in NB GEM models and
nestin, tyrosine hydroxylase, and chromogranin A
I nterestingly, thecamgetoarst umsedt s mmurmn eNB ¢ hi me

originamohsemaNC chimeras, to eixplutrermsiped amdod @i minl

to tolerization to donor cells and could create ar
i mmuoempetent environment . They found that the NE
tumionfiltrating | ympaeaceytpeossi(tTilvies )f owhiTcch g omadker ¢
PDL1, indicating host i mmune exhaustion.

To determine whether this r estudmorwaismmuwunrdd crag S p/(

oxenograft rejection, they first compared their i1
i n i mmunocompr omi sed ( NSG) hosts. They found
i mmunocompetent hosts have equal capacity to gene
expsrsei ng hNCCs were injectaddhygbdbahtiareeg @awss ! yt hiery 2

i mmunocompromi sed hosts grew tumompeRemiobnhdst ahaa
much higher penetrance (100% i mmunosuppressed Vs

interpreted to be diune uitcejrtwce i ehfi ¢ mphgygy ngf only ~

i mmunocompetent hosts were truly chimeras, but th
on difdeteaett growth of internal NB tumors to iden

Finally, a critical experiment to test toleriz
culture experiment in which-oCd8 tTmoel IbeadémnigvediHf

i ncubated with diifnf ewri@tnrdoe therentanc lc@n & Iso uet x pfaonrs i iotmmu na

activation, by GHSHR rign.claTripeoy aulitoinmat el y found chin
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more proliferative in response to hNCCs expressin

the authors to conclude NByopki meamas améigehsr ant

A hNCCs CD8*T cells

AAVS1-CAAGS:GFP/LUC B
+MYCN+ALKF1174L

co\hNCCs
MYCNALK +DOX

Injection to E8.5 P co\hNCCs
MYCNALK +DOX ?
e \
SR | |
OHCDQSEZSO?“VN'O" @ / co\hNCCs #38
4

i
(
+ co\Kelly

Chimeric mice with CHNB tumors
e

65/%};:/#\

co\hDF

FITC-A- CFSE

Total solenocytes l Sort for CD8a* cells

¥

CFSE labeling

In vitro co-cultures

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

(Adapted from Cohen MA, ZP'Iggl)ng Sé Jaenisch R.

I n conclusi on, this model demonstrat-ddrtiaedf ea
di seias ewvwindo within-campemmnheenvironment . An excit
platform is tthemosrt uidipmuwrfe arngsponses, especially |

which currently cannot be studiSeedc twiotnhiln.wit hle h & wmi

mel anoma, a cancer derived from the melanocyte NC
expanding upomo ushee NQ ncami mmo adeldi s®etasenl y since, u
externally visible and thereby more tractable, it
it amenable to future immunotherapy studies.
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l1.Mhe Mel anocyte in Development and Disease

1. 4Delvel opment from NCC to Mel anocyte

Mel anocytes are deosvedefcomnbe@XKlaAand-pbtenk NCC(
melanoblast/gjigi.3aISt[i>rmmjgeamiitocmrsby environment al fact
withexcpor essi on of PAXBeragids tSiOXdl0l'y hel p bias NCCs
fate by inducing expr-$|csesdiofnia%?‘f’ﬁlﬁl\ﬁ'lhTeﬁelgahatytfate [
suppressed by downregulé’t’.’ﬁOAmqwfi SHAQX 3 aonfd dSOSPXaz hr o
(DCT) -Ind expression sol idtiftyy,t hfeolmled vaend bb ya sd x p rdees
(TYR) which solidifies the dPfWhikatisat enakime!| ano
receptor by stem cell factor (SCF) ligand is esser
and suf¥im@T and TYR notably encode key enzymes ir

(pigment) production and thereby Fhgsutrew Ilmdllanocyt

I n mi cemi car ataitneg wave of NC progenitors which
epidermis towards embryonic hai|187f’.6§8LigaBd/rgéo/eep
interactions, espekKi al BECFt hode PaDEbFREPUDIGCEe mi gr at or
via coedlll t&mttdlfter colonizing the hair follicle

di fferentiate into mdligndfeaytnds awhei lientmt hmerlsandbe yt e

follicle bulge to fpurtauwried emed ameosgntwsi.r Tther main fu
macromol ecule produced by mel anocytes, is to abso
mel anocytes and keratinocytes, which -irrecced eece Dn¢A a

damalgge1L WUviduced DNA damage in kerati nOmegltarsodyetaeds

stimulati ngdgMShH)r,mowlki c(h bi nds mel anocortin 1 rece

mel anocytes and |l eads to i 7%Pr eased production of
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The protective fudetiverdofmemahanpchbwever, i s
to protect cells from the acquisition oSecnutoant i on

1. 4. 2 wi || briefly review the main molecul ar eve

A Mammals
—
MITF+

Melanocyte stem cell KIT+ 7 2%
(hair follicle) ¢ °®
Transit \ | " -
amplifying 9 eann
cell transfer
MITF+ ‘
> —» DCT+ >
KIT+
Neural Bipotent Melanoblast Differentiated
crest cell melanoblast melanocyte

(NCC) glia progenitor

Figur eMalj.olrl Events in Mammali an Mel anocyte D

(Adapt eMo rftr oRrL , JackspZnOﬂg)g, Patton EE

1. 4TrZansf ormation from Mel anocyte to Mel anoma

Cutaneous malignant mel amiomar acgoamhtskiforcameerl
but i s responsibIe—rébatmﬂ}g.ﬂemltkﬁiMOucgmncreercent adva
ant itgeernget ed t herapies and i mmunotherapies have i

prognosis remains poor for the major1i9t4y.1go?—funpaantien

mel anoma originates in epidermal melanocytes whic
of contact i nhibition in Iinég,%istthartthienggeanseraalbehne
whi chgrerseces downwar dFigtoe Sher@emmny fMutations ir

are C>T substitutions, asﬂamalgglgdibeianﬁincﬁiepaieeldtﬂny

mut ations are mostly acquired postnatally due to
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along wsmhl Inoael | l ung cancer (NSCLC) , have the
human cdfiseconsistent with this hypot hesi s.
Al t hough hundreds of mutations have been recol

own uniqgue constellation of mutations, iFti giusr eposs

1. 13 The most common and earliest melanoma mutat.
kinase BRAF, most Veeo§ B®mO %l yo f BReR %0 6 b ? Icdfhon
secondary and tertiary mutations include | oss of
suppressors including NRAS, NF1, weDK2HWA, TERTI, pP0O E
mutations which result?%n Tihresree avendino hERIU t &ad ti iownist W
into acti vataican vaft emdi tpagpdrein kinases ( MAPK) signa
in increased nucl ear -Etrrkaln sBlcachadtnii oan r efs ppehcas prled vy wh
transcri pgesnalkspbasi bl e f #P2E°MFT and metastasis
Al t hough it is tempting to extrapolate mecha
statistically reoccurring, the heterogeneity in n
developing a representSetcitvendils eémaidel nbordiedf.l yl nr evi

model s of mel anoma to conaue«xt NGl iche mbobws hmamgn be

addition to the field.
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FigurePrloglrzessi on of Mel anoma in Human Pat

(Adapted from Mayo CIli ig)c, Skin Cancer Over
Keratinocytes NEVUS
BRAFMUT
—P e
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TERT
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e SYSTEM
BRAF PTEN
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P53 PIK3CA
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Figur eMalj.olr3 Mol ecul ar Events in the Progressi ol

(Adapt elde d maornd i GCéCEadizdoeS,L,:L%DgJ){Ba M.
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1.

4Cu3r rent Model s for Human Mel aReosmas tParnocger essi on a

de

(@]
>

o
—

The current model s of mel anoma f all within the
rived xenografti n( ilbXdrednso d ealnsd, ((43)) humani zed PDX

GEM model s are the mositn gwined!li cand yh awme nladn te t

1 to mechanistic dissecti?df 2% &b pxagpéesi ®a
d coll eagues established an i mpressive model in
ci, V'B'RAH PT&ENI | were selectively i nduced i n r
l anomas with 100% penetrance and met as%’agds st o
del proved to be a wuseful md att 6 mirmm ¢ pe ciufnidcearls
tastasis in melanoma by combining the model Wi
abibciazteddlf nit was further used in semthal-awbri k
mo r i mmune response in mel anomé-<c atse nmentd%tt ®tdu sb
ggesting a potenti al mechanistic insight-to why
i nt bl oc k(a@BR)tthred mgply GEM model s have been extr e
nse, the ohbsetchoembi oasi oWa’ahd BRAENI mut ations i

fficient to tPfadhmsd otr math ueaM icredilght s often do noc

ti’dfindi cates that studying melanoma within the
PDX models are the best predictor of amdmamepat
e first cbobiaecaflor t epsrtieinrhg biotf orantt h ggreapi es and
emothéjr2a‘p2i1%’§)x model s are gener at edp rbiymasruyb chuut maanne
mo r samples onto i mmunocompromi sed mouse- host s.

iven evolution of the tumor and it is not possi

st em, PDX model s <deon dr eicnatproattuelraotgee nien tt gt momma t u m
ter d4ti i ons
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I n vmd d el s of mel anoma i ncludericvedd tlummoers oarngde
(PD12C1)?’.214rhe great esh entotdeedgst hi sofunsurprisingly t|
scal able and améeémawuilghpud WDrglh screening. Addi tio
i mpressive consistency with patient ottiomes des
culturing PDTOs with human i mmune cells is being ¢
editing and furthzelts'.%lrﬁprove the model

Finally, humani zed PDX models are relatively nev

progress. The intention of this method is to use t

to stuwdymamtiimmune response damdcciemrmbwn atelcearpapgw | rad g
60i mmune 251)9'32tle7lmrﬁmune humani zed mi c e are generat ed
l ymphoid progenitors into irradiated mice where t
including T cell s, Btecse,lImacrl\prhcaegIelss,2a1r§rdoCnBoécAydriti

progenitors are often harvested from primary umbi

put towards deriving bonafide CD34+ progenitors f|

customizable (via genetic eeldi tWhrngl, tand uneltihmidt &c

practical success up to this point has been | i mit
The i deal di sease mo d el recapitul ates as many
representative biology while being amenable to p

whi ch c¢amedamtoumrae wi t hin thenhwmwiot bé hl-camnmpdteamte
environment and within appropriate anatomical ni c
mani pul ated is the holy grail

One major barrierunbi hehi evimogséhasdi sebrafish,
of oncogenic mutations sufficient to promote meta

recent year s, two independent studies have unl ock
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combinations of mut ati ons whi ch recaypypeée ulhautmea n me

ceft% 22%nese exciting discoveries open the possil

studies of human mel anoma metastasis as perfor med

l.Summary

Limited persistecnecld sofi-moehmuagaenmitcer speci es chir

essenti al obstacle to overcome for the <creation
consequencesaxdocdiiateeads emut ati ons to be stuidned in
vi Waman cells within their appropriate niche. The

(1) having the capacity to -agmrewipromndmearptp raompd i(aZz)elcyor

endogenous host cell s.

Previous strategies t o i mprove interspecies
competitive advantage have increased donor <celll [
of oncogenic mutations, i nehx pori et sesdi ojro moofr aBIQGUAr edle & thi
to create an open niche for donor <cells to occup

strategies alone have beeat suf-hawmae ndhitmermgaan,errwhiec

to overcome over 80 MY-A.ofThev glrwetaitersdr ysadicwtsan ci

chi meras has been through giving donor cell s the
through expression of human |igand in the host, w
and maturation all at once.

This work presents two novel approaches to eff

humamouse embryo chi mer asChwahpitc€hAil 2rawdiglplt i rnegv ideowm oirn c
to the host winavitrhoenddirotisdc e ptr otoiat expression of a
(Xit) on human donor cell s can extoairsce tnleaiirral perrs
embryo chi hé&i as@mainmMi ng pr ol i fer at Hvien eaadgvea rbbi aagse nagr
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establish the firstdevidedckRrumadat mgleareoimaawiltyhi n a

cel l line has the capacintayt alt o-moomes tmiey age mar &tmd
chi mer@mapth,enrl 3wi I(IAipmwéBs)e ht expl ores the feasibilit
and conveying central tolerance t-mobhseaMNCawohi gnen:
thymus as a strategy to overcome i mmune rejection

The recful tbkiisnfwornk an updated framework-for un
mouse chimerism barriers fit withandtbaeg®Pevte!l dbpm

strategies for improving interspecies chimeras mo
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Chapt¥emde@rstanding and Unl ocking the Mechani sms L

HumaMouse Neur al Crest Chi mer as

Kriandnyk®ivilgdnd Rudol t-2Jaeni sch
'Department of Biology, MI T, Cambridge, M,
2Whi tehedd ultres Cambridge, MA 02139, USA

2. Abstract

The mostaddeicteindan to our understanding of the F

suggests that gastrulation is the most higﬁhly co
However, the nature and order of events whioch | e
gastrul ation has remained | argely wunexplored.

Better understanding the nature and order of
donor cells in interspecies chimeras could expand
in stuwudy of human cel |l s wipteltiirf iicnteanrbs pyeoc icehd meir mesa
propose t hhheotuskkuman chi meras may be used as- a tool
di vergence events which | imit interspecies chi mer

First, we adapted donor cells to the recipient

to rescue-davepgentsligand/ rkicte/pS ©F) imdceuiarcad ofho r(

|l ineage proliferation and survivali.t hSexzopdol iwfee rt
advantage and mel anocyte | ineage biasing to gener
I n both <cases, we found these strategies 1| ed

compared to embassendiChemamera model Ki tExgprcepsiong
hNCCs helped them to persist beyond -ttyhpee ENNICGs t i
experience rapid decline. Primary mel anocytes car.
in Hodis et al. 2022) perognpstt eint  tameé md rsmipo sd fn ait m
adul thood.

The results of these experiments suggest futu
chi meras. Additionally, the I imits of these new n

PY



unexplored 6éopeningd of the Hourglass Model of De\
chi merism over ti me.

2.12ntroducti on

Existing strategies to overcome barimoese to |

chi meras have focused on increasing the competiti
However, str adceaqgdmElbwshi dhy introducing a-Mysci ngl e
amplificationuyt ) )TPt5®8 ikmorr«kase intrinsic proliferat.|
of -apbptotic BLC2 to inhibit cell death, have not

conitbution when the evérmtdonaryaddst]ljaletTmiebentomd 0

| o#h g vierd wsiuwrovi v al of human donor cell s in a mou:

transplant at-i @est roifc tleidn epargeeg edcheé g roirvse d nh wma nrineuende mi

express human | igand for a receptor which is evol
(é. incompatible) but necessary for the survival,
int éfrest

Notabl vy, model s which have used the strategy o
orthotopically transpetéaanedniohes |l inepgpstnat al m
rescuing an evolutionarily diver gteinan bluas nreate sysatr
applied to improving interspecies chimerism in ¢
mul tipotent donor <cell s.

To explore the possibility that rescue of an
interaction can improve interspecies -monbseg oNChi m

chi mera which has beelﬁ”'plrsé—l\eirceusmley wd d dcrdiebsecdr i be t

rescuing an evolutionarily divergent ' igand/ recep

and survival of the m&Klian&®&C¥)e MHMGdI| (RgagieoclUsi ng
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advant ageesatnab Ipirseshed cel | identity by injecting pr
mutations required for metastatic mel anoma.

c-Kit isomacepgeme that encodes a receptor tyrosi

upon binding SCF to feed into M AP K Stigmall athigomndf

Ki t receptor by SCF ligand is notably required fc
mouse melanobl asts zozlgr%azm?'gl t ® v emtaoi pnnheani tn nor mal ad
homeosztzaf'sDisscovel«ti%/?gonfd tS%%BFoci were facilitated by n

coat col oration abnor maslsietniteisalwhrioclhe hoifg htlhigshts itgne

mel anocyte depehtopgmeoads miitati( dhd oicwms) of ten aff

survi‘gaThis is l' i kely expl ai nedKibty rtehcee potbosre rsvtait muw
SCF results in mél?’dnobl ast apoptosi s
Kit is normally expressed as early as E11.5 i1

t he subepid%zrgmﬁ?%hsipcahneis consi stent with the exp
Iig2a3r9d23.18t2f3?'nulat—lﬁiotn boyfna &€ B cellszsn%orrtbsenq)miiNQd for

proper meIano%%.”‘asTthemWﬂNéEmhibcamt mouse strain used a

6opend mel anocyte niche stekist fatomt eettoipme efx pmieg!

NC, resulting in | oss a&d$t ® sitrm btlH esihrnfedt pirbd psrmikd tgen brbig

t haKi tc/ SCF signaling also plays a key role as a mi
The first indication of interspecies incompat
Kit/ SCF ligand/ receptor interaction came from bio

binding affinitki tberteveeeemt diru mamd cmo uvseerzs%ﬁcr—z3i'hgaed a

studies found that rodeKit SCE€&c ép tnf@es| dwihtedr dhdce@dn ad |

compared with human SCF due to a single amino ac:
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K¢t Al t hough mouse SCF Weaklreckbphds, humamoes no
trans ¢t Tilmm viomeequence of these findings is evi

expression of human SCFKin mossé%sp'ﬁéancb'pbes c

I'n sum, this body of |- Kiet8CErki gaddtraeespt bt
compelling candidatwver §ent asisgpraliiesg axi s which i
|l ineage survival, proliferation, and proper migra

We also chose to explore whether the benefits
donor and host can be bypassed with the <combina
advantage-eahdblpirsshment of cel l i dennieey. fDmi st he
environment to promote proliferation or guide dif
appropriate migration since the extent of evoluti
mi gration guhnhoanc¢eromdksyi defin

To i mplement this second strategy, we -nslel 6CBT/
BRAFV6O0O0EM*TERINd-n AIPIC mutations within primary hu

have been shown to recapitulate metastatic mel an

injection i°H.% NSHee-droicaniehe nt eldi KRCCEMT phenotype of
melan204rﬂa24]h’azsf12inspired previous experiments whicl

potenti al of mel anoma via injection ofbrlyzuﬁ‘rﬁan me |

However, these chimeras-i wpeetnesepseedum8hlrypbsetau:
not sur vwiivda hposlfthi s is consi stthe@tL ORi8t9h amur ABK He rhwi
mel anoma cell |l ines have the capacity to invade g:¢
podti ruunhpubl i shed da)a, Whabpwpethekabed that injectdi
and more homeostatic cells with -Imekasfeaetitor ot en

becoming dysfunctional
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2. RBesults

Wi tdype hNCCM N@ Hhi meras peak at E13.5 and sharpl
One Il imitation -mbupeeNCoesi memanstudies is the

known whati mawtpeandsi ng to the attrition Bfewiumasn c

work fibBungescent Hw plea thallmadc -di#®3IGdvieRdS ANCCrCesu mamo nE S C

l' i neWI(BR3 aonndeuman i PSC |line (Coriell African Amer.

i mmuoempet ent mo uUsoeu nedmhtrhyaonse botwbr e abl e t B.per si st
bultatsdrage ewmdregomsot for]rnzall'.ll‘§/7recorded

To better understand the kinetic dynamics of h
embryosomweattiemdour se using a fluorescently | abel ed
and iHiTeddomat o i MCO®AsGBousheosWe. found that while th
hNCCs in chimeric embryos peaks at E13.5 (1000 to
decline at E14.5 (10 to O cells pkirgemdro0) and n

To estimate the number of hNCCs in chimeric e
hNCCs from di ssociated chimeric embryos. While hu
efficiently enrich for hNCCs fSupmpl eldieme rd ar teintbg yfo
TdTompo®i tive cell s hel ped t o associate an app!
representative | eSeppl|l eode)ito itsrhi inlgu ttihcerse( resul t s,

l ogarithmic scale to cateRgiogure 2 NLC contribution

These results I ed us to concl a4deet hadnuasheNCC ¢
chi meric embryos peaks at E13.5 and dramatically
E14.5 time point as the discrete tempor al barrier

This observation of dramatic hNCC decline aro

report e2dp huostionngmbigveg t hrough an i nEBafmijteclteanndow

and mouse NCC prol i fienr aﬁf‘i.&irmhamrthnmiamrdatrriowrse-NCCs w

M
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injected in thlkeewe weerp,e&rainmertt sexclude the possibil

kineticafWwerpaeced by competition with transplanted

Expression «fi tmomsd NCCs extends their survival i n

Based on the |literature describing evol-utionart
Kit/ SCF, we decided to -Kliett/eSOkF nlei gdnd erseueptodr tihret
promote hNCC prol ilf,eraasntdi protemd isadrlwi wasi de t owar ds
fate, i-mothuemaMC chi mer as.

To do thi s, we -gewnee all@ dc hiummeamas i n which the
mous&it receptor and determined i f tHMhiigume.odno2 ed

To generate hNCCs whichKietx precesptoonrl,y wmeo ufsier sct
hESCs with doubl ef kndek &rdogldmogusy efc B. %¥hi ch was
confirmed by genotyping primers walking down the
cell s, we t hen used CRI ShABfrG6as 9 ARYSTI aFgetst ikt Isc
expression oKithprmbaeser codi ng tsed ukey ce-skKiChpgs orges p -
2A sequence and an mScafFligur#) 20 Ra&mwgaetnitcnognd p o rmtealr
PCPhased genotyping using inteFringaulr €8 m2d Beptrersmsalonp
mous&Kit receptor wasn naiittf fae rbearrtriiaetri oono t o NCCs, an
transgene was «hafheaenedaposnh as indicated by strc
reporter.

Il mportantly, we -KobundxphassmogseNCCs were sele

mouse SCF but not h wmegre n8€@mht iIFMgan &) ¢ Qupporting

existing literature indicating that evoKiut/i®@GRry
functionally disrupts this signaling axis. Additi
and hu-Wwah ceceptor i® &aheibghedi mgt ptoickmti, it confi
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domain of-Kimoulsas ct he capacity to initiate downstre

human cel |l s.
After i njecKiitngexmpruassesicng hNCCs i nlt®S gnmnaosutsreul a
embryos, we found that they were able to persist i

past the E14. 8 ylper rhiRrg afr ger 2wi3l d
The full l ength -Kift thh@Cg¢ hrae maniom sies cnot fully

t hat the donor <cell s Sauplpd ee)@tf obunntd tultpe tme IE1s7 a&(p

dysfunctional, forming cl umps reminiscent of w h
transplanted intolﬁ%.ssonmemwmasltermbrcwos:arried smal |
head, consistent with the dysfunctional head phen

to 10day ol d pups showed ar e gd gmfe spkeidrs , whiudh thepea

di sappeared by weaning agSupphlrecbueptht adul t hood ( 2mo

Expression «fi tmomséd NCCs alters their migration pa

We noticed t heaxtprtelsesi mgusheNCCs appeared to have
pattern comptayped hNCGsi.l dWe formally compared t he
contributing hNCCs acrosstyme meellcs eanvd yoeteéed hf @
wi-tgpe hESA/emiReEd NCCs appear to represent a high
progenitors with the capacity to contribute to t|
cardiac, nostril/ esophagus,eitrtknétxpronedst agl hNEGHE o
restricted to the eye and uni ueluyle.m2gd4ate to the

An i mportant consideration is whether the migr.
is a functional reflection of their distinct prog
we analyzed bul k RNAseq from hN@Csfehanht wepat FACS

E12.5 and E13.5 cShuppelrd Be)dlg miMey ofsou(nd t hat princi
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analysis (PCA) successfully separated samples by ¢k

This I ed us to conclude that the migration patter
progenitor identity and thattitmheergtreorge eslsa®&rsges i n
Literature has wel/l documented that mel anocyt

mi grating population which departs from the NC at

NC migratilosff Aa ESt &r mi ne whet her Khée erxpeepsovromi

hNCCs the capacity to be transplanted two days | at
mi gration wave as endogenous melanocyte NGopr ogeni
at E8.5 and-tBEPptk. InidnKiviN@€&€is . ¢c We f ound-ttylpaet hWCiClse dwi
not appear to have the ability to invade -Khe mous
expressing hNCCs doFihgwree.t2HNdes coaxd aidtey t(hat- t hi s i

Kit expressing hNCCs gaining the capacity to sens

Mouse&ida hNCCs do noitnh dviifvfoeespbnateet o SCF stimul at

Finally, to determine wheKtiter h NCCasnsgi ané een tn
mel anobl asts drm mdlwan peytfeos med i mmunof | ubCTel/scence
TYRP2. We found that hNCCs in E1S5DGTMYRPBEqguUCcesl!| ic
2.)6 indicating that they do not differentiate wit

From these collective observations, we -ul ti mat
Ki t receptor on hNCCs makes them $ea&l eaadntdrnoeN iyv a e s |
When transpl antnedviiemtpo emisc ®KKi 6f rmcepé oc i mproves
proliferation and survival. The cells also migrat
expression pattern of endogenous -Kmotu sree cSeQpFt. o rHoanveorn
not f saf ent to differentliasttes WNCQso ilnead nted awmmddmb

contribution.
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Pri mary human mel anocytes with mi ni mal mel anoma
mouse embryos and surrwolvestplostaatmrlilmarays mouse NC(

Al t hough the strat-Kigty/ SCF rleisgain th/gr eecheeptcor i nt e
extend the nor mal duration of hNCC survival in ch
clear and extended -gperrisv asttienmesxe iofl shdTtOntaet#ael $ t @ migrh:
receptor stimulation alone was also not sufficien:
mel anobl asts or mel anocytes.

We therefore switched to exploring the possi

mel anocytes with an intrinsic proliferative advan
di fferentiated into a mel anocyte.

To do this, we injected CBTA primary mel anocyt
gastrulating mouse embryos to determine if the ce
behave | i ke NCCs.

We found that CBTA mel anocytes have an i mpres:

CD4 GS mouse embryos but persist piogumatAa.lRiyg neevnitd e

deepens as the ani mal ages, peaking in adulthood
5mont hs (FoifguargBd. 2 Ddnor human cells are for the most
and occasionally on the front and back | imbs, a p:

of donder iceed mel anoc ystaemmpwicti keisn molus £5INC: TBB e r as

mel anocytes proliferate independent oFi gxmgedod s
indicating that the sumagsihbfedependrEiat i bhgobhdler ece
signaling. Notably, the area of melanocyte contri

the surrounding area without pigmented human mel a

22



CBTA mel anocytes occupy the dermis of chimeric ani
Hi st ol ogi cal anal ysis of s il ) s eantdi ocandsul | dt) o( n2 mjo

mel anocyte chimeras confirmed that the donor cel |l

precise |l ocation and distributionhahgasmAhnomet hao
juvenile stage to adulthood. While the juvenile s
are concentrated at the very | owest part of the d

adult skin sect i odiss tsrhiobw tmeod ec eelvilesnlwhi ch seem to t

dermis to theFicewmner2lde remitshe(r case, the human mel
in the bulb or bulge regions of the hair fisllicle
expected to be. Il ndeed, although the mel anocytes
nucl ei ), the observed directional outgrowth and

dysplasia as expected of a hevuiseqtagdgeiical menloh @9

progression.

HuUM mel anocyte chimeras are not tolerized to humar
The strategy of transplanting highly prolifera
prreestricted identity showed i mpr esnsoiuvsee acbhiilmetrya st
However, to better wunderstand thaendontextl i mit athii
wanted to take advantage of the opportunity to e
tolerization to human antigens over ti me.

Since twee@BTrAa mel amortytielBut e t o t hea loitrenits ano
sign of inflammation di swappemfgornrmed |loB@I sthaiins fo
di stribution major cells of the i mmune compart men

We compared stains i-ol d)otdind uarebthldt) e(skrmdrdtalgct i o
CD3+ T cell s, CD8+ cytotoxic T cells, F4/ 80+ mac

Tregs, and Granzyme B which detecEsgbogh2cy¥0ot oxi

2T



We found that thedjawvenot eNKecelibss macrophage

near the pigmented donor cell s. Ormdtohree oitnhteern shea nGIC
stainga similar amount of macrophages, fewer NK ce
suggest xenograft rejection given that NK cells a

t he xaenmtagr aft responsewo®lidcien ttokecamyz mlele 8 ® a cance

it is possiblei abedebyeshéeétprasenbe of strong ant

To test tolerization in aa moamkt dieeassanmpyusiweoc
Il FNEM i Spootquahit méyi d mmuwnsee cel ]l lactti vias i @asns ay, chi mi
chi meri caraem ipmarinestd t @ derdaijcvag eT cel |l s by s.c. inject
mel anocfyers a 7day i,cbiumetr i csphmeeas&Eotdheasecovered for

24hm vwiectuwlot ure with irradiRBitgudr e ABTATIhel amdapinad e
the conf int-dhbd @dnoaneirmal s are indeed tolerized to
not be significanthi My asespl entipogewisdedmr auman ant i

We find that confirmed chimeras are not toleri
(FigureB)2. 1Slur pri singly, an internal negative <con
injection |ittermate without obvious human cel |l ©cc

antigen despite not receiving a stimulagztiuvan | ynjneag

going +Hmit dbuce. This indicates that either mel anocq
internal contr i buhtaivoen ,meono rtyh aotf ebnebirnygosi nj ect ed as
cells fail to grow in the embryo. The possibilit)

observation that some CBTA chi meras which have co
|l osbdpadfance (video avail able upon request).

We conclude that human dbeom icerhdwsneg ame |paemnr osd ystt
chi meras, but they are challenged by the mouse i mi

time, the animals may gain peripheral tolerance.
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2. @i scussion

Overview

I n this work, we investigated two strategies
i nterspec-messsbumambr yo chi meras. First, we focused
the devel opmental cues of the hostoes¥idommeretp.t oWs
a signal required for melanocyte NC |lineage sur vi

were used to make cfaimmemas cviajE&tS oinntima o gastru
We found that this strategy increased donor ¢
when -twwpael hNCCs dramati calolupg ed &N€E| icthe mem alsum&mecond

on gener at-maows éh uenmmr yo chi mer as by innsjiecc tpirnog icfeelrlas

rate acat @ermi ned cell fate. We did this by21.Pnjecti
We found that these cells have the remarkabl e cap
postnat al mi ce i n a npaartyt emmonu sree mienli asncoecnytt eo TN G rpir o0 g €

Notably, t hese experiments -owempeet epet f ohrorsetds . i

characterized skin tissue of chi meras occupied b

enriched presence of CD8 T cell s, macrophages, de
antdionor i mmune response. These resul-ceompemoamtstihag te
the combination of intrinsiestpboliishedacieVvé adeant .
strategy for establ i shinmagt aheuummainc donor cell s in po
Functional c o n skiqtu/eCk ss toifmwl at i on

One observation which highlights the I|-Kimitatio
expressing hNCCs were not able to differentiate
chimeric embryo. ThKstreeoaépt ompdaiiesun catat owf fail ©i er

mel anocyte differentiation. This i s, howevesrri,t roon

20



di fferentiation protocols which use SCF in conj

hESCs/i PSCs towar ds®%3 metdl ematcynt e calffad esupports th

WNT3A induces MITF expression ant*® fftiates mel an

We hypothesize that the failure of transpl ant
establish themselves in a supportive melanocyte ni
sustainable. I ndeed, part of thebsuaugeastpoldl ithlee d ¢
cel l identity obviates the need for the environn
possible that high intrinsic proliferation helped

which could supwartpaeachi behergmatiendurther di ff
pigment producti on.

On the other hand, the extended cell survival
due to -mptechimsg ceaffirms that SCF is an NCC migr e

survival. I nterestingly, t-Kie t eaatcioinv iptreorneott uerse ns Wg g

concomitantly downregulates prol i f 3% PP®hi andodi d

al so explain whiithmabehehgtenbf¥ Etastiend wiehdn a

Conservation of cues guiding melanocyte establ i sh

An interesting observation from this work is t
to the appropriatien mdkeampbtgtaeoni ekpressing any mo
i mplies that the cues required to home to the mou
and seems to contradict the Kitsstampiaacobnbyssudg

mel anoscsytadl eshment . We hypothesize that there ar

endot helin B (EDNB), arneogcuyitreesd tfoo r%“h@euziﬁ&irinrg rrfoa Il matl i

future study would formally confirm the receptor s

TM



homing to the hair follicle and determine theirtr

human.
Rel evant to this point is the observation that
capacity to persist postnatally in chimeras when

success of the second approach hi ngees toono uhseianvgy da
mut ati onal burden which likely leads to dysfunct.i
four easmsoern ated mutations, CBTA mel anocytes seeme

(not the eye or hair foblreta)nanhtietheirdbnt weyea:

However, one important distinction between mouse
mel anoma most often arises from epider mal mel anoc
hair follicles.t T@GBTAbmelrymotdcywynhed hwere found in t
although it is possible that the donor <cells have
melanozcsftehe cells are perhaps restricted by the

of supportive niche signal s.
MHC Class | matchingdohoroveemocomer aspionse
Finally, an i mportant point from the work of I

NC chimeras was the observation that the eventua
overcome by matching MHC <cl ass I167b'elt6§ul®erabtb|e b e
experiments were -ppetbemedhi mesame not interspeci

clear whether a similar approach woul dmdhave N@BGe s

chimeras. To try this swouwlekghpscobl eut ocappglki aathiume
strain expressing a certa—Ah?ﬁ\}rH,ésﬁii alses tl smofudsrec lull ma
NC chi meras with donor hAMah. cildmrsi piocant viemproov &t

survival in interspecies chimeras wusing this str.

contributor to-dolme relpeomnmwsed ant i

TN



Conclusions and Next Steps

The main conclusion of this work is that combi
| i nebaigeesi ng i n donor cells is amoedd eembhveo walyi mer
which human cells persist pomboatamed¢yt Wechl mer &6
not initially tolerized to human cel hswmeWhainlboeat hi ¢
mo d e | which captures tumor i mmune editing, t her e

should be addressed.

An interesting immediate next step would be to

—

irst strategy bBKyi ti nejxepcrteisnsg nlgunmaNnlCCcs i nt o a human
experiment, we developed awdmsetastratnabp wiobsar

SCF strain to generate a host which would provide

igand to st iKmul arte& ey hoa i &4 t. Not abslpye ciseasmemouse N
chi meras can only achieve a high degree of <chi mer

oat) with the competitive advantag@wWftmuamnopen

(¢

host®téd Thi s suggests that perhaps an open niche wi

of survival. Additionally, rat hdmunldamnhbeisegr ex g d

the humani zed mouse expr-bespd wvalt iyahhien hree 8BtFraawvreg &

driver noofgen‘?esg’asFinally, we found that the transc

approximately 10x higher t8applea@eaB)te n oBHIXSp omau ee t D

hi gher concentration of |igand may help promote |
An i mportant | imitation of this work as a new
a congenital di seameus aVvVhimé lean diey theu mami mer as prese

approach have the equivalent of an aftogwpnd ailn mohes
cells are extremely uncommon, and 2p0e2r.ﬁ%3wl$ilsd miptl yi
preferrable t o chemically i nduce oncogenic mut a;

T



modéPs the proliferative advantage conferred by t

survival and therefore cannot be postponed to a

observati onmdilbhsad rmalmamocyte chi meras apgpearejtectslod

to human donor <cells early in Ilife. Whileiint may
vi Waman tumor in this context, the interpretatior
anwi-tgpe donor anandenhumespamtsiebapt,eswe nwiel.l Idi sc
igreater detail strategies which might overcome t

human antigemeuse KNQmMmami mer as.
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2 .Bigures

B ++++ (10,000s)
= +++ (1000s)
mm ++ (100s)
mm + (10s)
(A) m Null
100 -
[]
g, 80—
£5
EE— 60—
8 & 404
3
=
20 -
0-

E10.5 E11.5 E12.5 E13.5 E14.5 E15.5

Figur.e Rumber-tgpbewhNECCs -mausthamd@ embryo chi meras p
E13.5 and dramatically declines after E14. 5.

( ARel at i-vealleogcontr i-tboyype odE®Evevd | HNCCs in E8.5 injec
Embryos are -ampeotedal Hyelmli 8 hiiri®00me at E8. 5. Anyw
order of 100s to 1000s of-1h%WCLCfs ii mjveaadtee d )h e2 £hmrb rilyaot
of chimeric embryos with the greatest observed nun
embryos havidgrodhNEEL4O6 This drops to 80% of <chi me
the order of 10 hNCCs. No hNCCs could be detected a

(BRepresentative i mageddobmavbot hNBCsi ah efchHlembryon
i njectednomgsmanMNC chi mer as. Hi gher resolution versi
Suppl ethebt
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+ AAVS1
Mous&i-2Z2AmScar | «
hESCs
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(C)

80
i H1 Parent NCC

60— ® H1+Mouse c-Kit Only NCC

% Edu-Positive Nuclei
(Normalized to Untreated Baseline)
F -9
o
1

Figur.e GQemrerati oaxpfebddiC€&g-Kmbuseceptor which are s
proliferative in response to mouse SCF |ligand.

( AAAVS1l targeting vector to establ-Kisth ricomespgtidrutwivteh ea
mScarl et fluorescent reporter.

(Bgenotyping resul-Kstf BKr OHl1#R@6mafmbomezyggotia) v#drwsed
andn experi ments.

(C¢Il i-lctk Edu proliferati onKiats s €C& xnsdd Icead teisv arloyu sree scpons i
SCF | igand. By qPCR, KNG Cs edcoe ptootr eaxnpdr esshsoud d be un.
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E1l 3>

WT

Mo u s
c-Ki t

Figur.e MowBKiet cexpressing hNCCs gain the capacity t
embryos up to E15. 5.

Representative i mages -aoninihNGQ@salilryj eactt eEd8 .i5ntarnad assesse
Whil et wpé dhNCCS show robust proliferation, especially
(shown) , cells cannot -berpfiensgn dh NeCtCsSE 1a5 .e5 .moMaeu ssec ar ce an
di spersed phenotype reminiscent ofexmedanoibdi@ashiNC@gs £tli3l.
in the embryo at E15. 5. Each condition repeated in at
121 7mbryos and ~20% average successful injection rate.
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(A)

Upper Lower . Nosh ril
Cranialcranial EVE Card'acEsophagusDRG

u
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B &
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iPSC#1
ESC#1
ESC#2
ESC#2 +MKkit

% Positive Embryos
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Figur.e MoulKiet cexpr esssmigf th NCICsi r mi gration pattern
towards eye and facial epidermis.

( ARepresentative i magestat i RERCLTES)2ncSmider i ¢ embryos w
di agrams referring-GF® h&giCensselowmr AAI but facial
showsHUWKI t KO c28MKiraAMSIlar |l et ¢c9 hNCCs.

(B$Summary of distribution of hNCC migration sites in
Percent positive embryos refers to percent of chi me
which had contribution in a given region (upper <cr a
tail, and facial epider mi s) .belchhaussee vaanl u ensd i dva drucatl eaed
have hNCC contribution in multiple sites.

i PSC#1GFPAA ESC#1-GF®M| BRSCF¥AT, HWUKIi t line in H1 backgro

(CRegion of facial epKderekprwbserergmbNEEsScoccupy at E
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E15.5 Chimeric Embryo
E8.5 Injected E10.5 Injected

Figur.e MowbKiet cexpr essgaign hiNlC&€scapacity to be trans

Mouse
c-Kit

Comparisohypé wwnde&mduseexpa essing hMOMMOS oitmjcadd ¢d ait ntEr8a 5
and assessed at E1-Ki 6. e®OplgssmongehNMCCs have the capa
transplanted at E10. 5. Each mncdoenndti teme rriempeematt se,d 7n =2 t dveon
embryos each and ~20% average successful injection rat.
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Figur.e MowkKiet chN@CE£15.5 chimeric embryos are TYRP:

I F staining $our (MTHYRPRI dgabedl | s but not mSckirtl,eti+n chiNcCaCtsi |
t hien einvoronment does not promote odi fmfed rasmmtciydteison i nt o
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CBTA -MuChi me Balb/c Mouse NCC Chimeras WshWsh Mouse NCC Chimeras

.

' <
4 m

A

P3 CBTA Chimera P5 CBTA Chimera 2wk CBTA Chimera

7 "

2mo CBTA Chimera

Figur.e @BTA Mel anocytes have the capmgetegntt omows & i
hosts aftemamB8 . o0Fiicntmaection.

( ARepresentative image of-m€BSA& mbl mepaygtal bogpande CBT
negative | itter mat ess perwire sc ommpuasre sG , c tsiameer as fr om
in which BaWwsBVstmumiacme oni ce with an open melanocyt e
for C57/Black6 primary NCCs.

(BRepresentative image of -mGBSTA mdli anreo @yt eo vieu ma me . At
possible to see that hair growth is inhibited at
pigmented cells are visible fromealnadreama.at h the ski
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497 s Em Untreated
‘5 30- Bl 5ng/mL hSCF
g mm 50ng/mL hSCF
% 207 B 500ng/mL hSCF
E; 10~ B 5ng/mL mSCF
50/mL mSCF
0- Em 500ng/mL mSCF
.¢°€@§%§%§%g%é
PR
6‘},0&6%0 @QQ

Figur.e @BBA Mel anocytes proliferate indiepewidtemdod of

CBTA mel anocytes treated for 7days with 5ng/ mL, 50ng/ m
shoswCRKependent changes in cell proliferation. Cel | pro
2hr treatment at experiment endpoint. Each condition h;
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(A)

Figur.e @BBA mel anocytes in chimeric mice start in
fatty | ayer then gradually progresses up into the

enile (10day ol d

( ANMucl ei -ctoaiinned skin sections of juv
indicate pigmented

u
mel anocyt-molhsaenacmhi meras. Arrows n

(BH&EBtained skin sectionmofispuceénmeeaCBTA human
(CH&EBtained skin sectiomowde adhliil neiC8B8TA human

<
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Figure 2.mmline panmdl afodBITA chi mera skin sections
Skin sections f roolnd)j uavnednia éed Idtl O(@BryoAn tmre | amowcy d ec thiumeaarna s

stained for different i mmune celll popul ations: CD3 (T
(Macrophages), CD1lc (DRgmer Bt i(€Cydmltlox)i,c dandeGdanand NK
l ocation of pigmented human mel anocytes. Juvenile ski.l
Granzyme B+ cells around human donor cells. Adusl.t skin
Both juvenile and adult skin samples have CD3/CD8 T ce
FOXP3+ Tregs are also present in both cases but are nof
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(A)

i
Stim Pre-Treatment: \ . " ," _,"
» Sub-Q inject hANCCs: dO and d5 ¢ - L_JA\_A\

« Adult T cells educated by DCs - - km
to facilitate robust second response Isolate splenocytes = -

« Isolate tissues on d7 post-injection

IFNy ELISpot
k (Plated with irradiated hMel)

E——

EliSpot Assay:
Co-culture mouse splenocytes
with irradiated hMel

Conditions: Expectation: (24hr)
< Naive adult, Unstim......................... No response (Neg Con)
* Neg chimera, Unstim..................... No response (Internal Neg Con)
< Naive adult, Stim............................. Response (Pos Con)
* Neg chimera, Stim.......................... Response (Internal Pos Con)
+ Pos chimera, Stim..........c.ccoooiiiies No response (if tolerized)

Response (if not tolerized)

(B)
400 . .
e Naive Unstim
" o ¢ . .
i L * Neg Chi Unstim
e 5 300 . — _ _
28 o e Naive Stim
n c . .
> 92  200- R ¢ Neg Chi Stim
Z O
— I o * Pos Chi Stim
u“ ' ®
= 100-
H X
-
0 —1-dw» T
CBTA Trt
Figure 2mbitdh CBTA mel anocyte chimera mouse | FNy E
(AExperi ment al design of mouse | FNy EIli Spot to asses
El i popti | t ures are plated in techmndlctadr educpdn cciattiesn sp e
mouse splenocyte sample are: media only (negative
and irradiated CBTA mel anocytes (experimental condi
(BResults of pilot mouse | FNy -oElld Scpoontf ierxnpeed i GB2eThA mueslian
chimeras with comparable contribution. Unstimul at ed
human antigen, suggesting they haygenasmenutreyr oof encou
Stimulated positive chimeras are reactive to human
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2. Suppl emental Figures

(A)
NCCs (4°C, 30°) Macrophages (4°C, 30°)
PE+ §ﬂ£ PE+
3 1.4% PE+ | 97.8% PE+
° AL R T R S B T T T
58 PE-A 73 PE-A
NCCs (37°C, 30)
PE+ ;S’Jﬂj PE+
7 7.3%PE+ | 3 99.1% PE+
= ey JRLALLL MELELRLLL, =" —frrpyrrm LALLM L FRLELALLL) P
29 0 10 WPE-A 10 10 & 10 ‘%E-A 10 10
(B)
NCCs (4°C, 6hr) NCCs (37°C, 6hr)
% PE+ % PE+
19.1% PE+ 20.7% PE+
B wl"' IITI‘I[2 T IIHI:IAu T IIIIIT1|. T IIIIII|I]S ™ m‘ IIUII‘;2 T 1IIIT|‘IAu T I[lllll]‘;‘ T ]””:IAS i
PE-A PE-A
Suppl ethedhtHuman MHC Class | is not an efficient ha
( ABli gher incubati on temperature onl vy modestly i mpr o
Comparison betiwreewiuthiNd€e ) {denmd vieBS®uman macrophages
PE+ MHC Cl ass | cells after 30min incubation at 4C¢C
i mproved | abeling (7.3% positive cells compared to
very pooarr eddorwi th macrophages (~99% positive).
(Bbonger incubation temperature improves MHC Cl ass |
tot al cel |l s. Anti body incubation time was increase
| abeling compared to 30min incubatioh bhé wapuhatis
MHC Class | is therefore not an excellent handle fo

YT



(A)

Isolating TdT-labeled Human Cells from E12.5- E13.5 Human-Mouse NCC Chimeric Embryos

E8.5
Injection .
— 1 E1 i 5 E 13.5\
H1-TdT+ hNCCs Dissect explant of h(NCCs localized in distinct anatomical regions

|

Liberate cells: Miltenyi MACS Dissociation Kit (Multi Tissue Kit #1)

}

Red Blood Cell lysis and Live/Dead Stain

|

FACS live TdT+ cells into Lysis Buffer

|

Bulk RNAseq

(B)

FACS Isolation of hNCCs from E12.5 Human-Mouse NCC Chimeric Embryos

——p 251 live TdT+ cells

71 live TdT+ cells

> 47 live TdT+ cells

*Out of approx. 2 million counted events
10-15min sort

Suppl efheBAtFACS isol ation method for rough

basis for contribution scoring system.
(AExperimental design for hNCC isolation from chi
(BRepresentative results from chimeric hNCC isol
categorize hNCC contribution | evel
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E8.5 Injection: Matching Mouse Ligand/Receptor (E17 Embryo)

Melanoblast-like Cells No Longer Found, Instead See Teratoma-Like Mass on Top of Head

Consistent with previously-observed mass on head of 1wk-old Chimeric Mice

Host: CD1 Cells: H1 Kit KO + Mouse c-Kit-2A-mScarlet c9, MC NCC p1

Suppl etmeBtMou-Kieexcpressing hNCCs may possibly persi

cannot be detected in adult chimera candidates.

Representative iKmageexpfremsisng G NCCs found in E17 embry
the head was observed in one candidate postnatally, an
spot s, but these abnor mal d enlel sc acndu ldat est wkke ef cwnhn d e wh

( 2 mo notlhds) .

Y ®



o |
o |
o
® E13.5 Trunk
® E12.5 Trunk .
™  E12.5 Hindbrain ® E13.5 Nostril
O o |
o ©° ® E12.5 Midbrain
0
S -
® E13.5 DRG
e |
I T I I I
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Suppl etéentBul k RNAseq PRGAIloaft eeddNTQsom di stinct regi
E13.5 chimeric embryos separate samples based on
| ocati on.
Bul k RNAseq was performed for hNCCs isolated from spe
embryos including upper crani al (émi dbraind), |l ower cr
root ganglia (DRG) regi omy. emBlyeseppar atagesamMfiBesepar

anatomical |l ocation.
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E14 5

Suppl em@ntHi gher resol ution r eptrteyspeen thaNtGCv ec hii nmeeg eass
stage.

Representative-tiymagdgeedifomdt ovihdCCs in chimeric embryos
i mages are from the upper and | ower <cranial regions. N
in proliferation formingo&d &IN&Casct ehrNiCLtsi carce nosteh ed pva tsce
characteristic NC 6daisy chainé formation.
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27Materials and Met hods

Cel | Line Generation

Humarida korudc ki nf feedeBfl hESCs was doKistpwicti iia 26t r
gui de RNA sequentb@e Ak® i (vead(s diniobrCar y dNed 0 0 LKO®

2) . Guides were del i veMwed| euosfiencgt otrh exA AUEND DX B X(4dPBa t N o
described by the manufacturersérpradteac avli .t hl R OLKo ni
(1:1000) 24hours prior to imRdKeoif reftithadiroora s48améa en
Pur omyci n 1suegl/entlLt)i oma s( mai n tediomred mfamru all Iwe epki cbk i ng h
Expanded colonies wer e -Kiotn fkomarcekdi 8 ogecomppeng PCR
500bp 586UTR and walking in 500bp increments at t|l
clones with eooump lastl eE xkon o ¢ k

Endogenous eMpues&Kiwasn w©Oadr gehAARAWMSIoc utshdy cl oning th
ccKit CDR followed by a 2A sequence and mScarl et in
vecthddgEemeasmi d W.197FadR@et i ng vector and CRI SPR/ C
described abpovsi tmSeacl enes were selected manual "

Targeting status was confirmed by genotyping PCR

Homozygoes wépne selected for use in experiments.
Cel | Cul tsureCCHE8Canocytes

Feedierree hESCs/ i PSCs were maintained on Matemgel c
Cel | TecCadNloB8pi8HDamrdh SP.eCel | s wer eagsguddrwiyt p Rel
(Stem Cel | TEaNobOI-®4H43 2svhen 80% cOmEMNIuend IO passages

undwer e used.

Neural crest cells were differentiated as descri b
(Stem Cel l Te c hnOo8 601g0i elsn Coharti eNg. after day 6 of d
passaged with Accutase ( St0e7m)X0elIxlp aThedcendn oet ot@d eMa t G ait
10cm diTeeed ol | owing day, cells were switched to E

®0



containing GGHI3RYI afaedt ke imt Cre | | Techi@aDpgi esb&aal Noeu

medtcantaini el oNFi s her3 7Qp/t0alNd . 1 X B27 ( Ther mo Fi
175040 4i4n DMEM/F1214JS.]P%1@$<S|tirb@dincDudydp'aBsmgdia.o
were used for experiments.

CBTA mutant prin?alﬁv)ermelmammctwﬁmgadmaw'ﬁthmmo Fisher

NoM254590Oppl ement ed-2wmehahMGHt e gr OWhber mappl sment
NoSO1B5and no antibioti 3.7ACe | I15% Welr2e( icaugdt WBHrdewO 2ax y ¢
conditions) .

Proliferation Assay

Cellular proliferati o@l ivwlkE ddu aCretlilf iPerdolu Fiertt e

usiMigexaERIBBodTRer mo Fi s@k03)TAt nNdri efnfcuballes weér
specified dilutiPeps o€ &tc hMNIATh GSrCFmd uBseep rISACtFe dh Cat N
2503 for 7 days in nor mal NC expansion medi-a. Oon ¢
i T EdU reagent prior to fixation and downstream g
as 488/ DAPlosdaulvlee quanti fied by | mageld.

Embryo Dissociation

E12.5 and E13.5 mouse embryo tissue samples were

Di ssociation Ki't 1 (301-2 @hyandBitohtee cg eCattl eNMACS Oc't
with heaters ( Millt3d0y8i2)7Buet ag €Cht Manufacturerbs

FACS

PEconjugat eMH@®uanaanss ( Sa&Amt & bOdwgz5 5C5a8&2 NRMlas used at

recommended dilution of 1:25.

BulRkNAs eq

Samples were sorted dirReNcAvahy e xtusadvifdedisy bMi teo &i

(Qi agen TC4a0ado.described by .tHR&NAMmMguafactyurwears ass

@



Bi oanallylzemi na sequencing wasNopveaSeqg nRlab@ebone | a
wi +B24600 million .reads per | ane

E8. 5 andn Elt@erjoect i on

E8. 5 andnEH0Lionejbeac tutstee daeme rpirboecde dur e avpplr Cwemdni iyt e e
oMni mal ( CACkl n pbrigemfant gliavmesn aaral gesi-sl bwpreheaspht
(BuSpR) (1mghkegestaedi zed with avertin (250mg/ kg) . C
toe pinch. Ani maleanade 3shawed, WO %het marolchamdgi bhgt
and draped prior Bomyurgeirgi oA dmalmadEe2 on the | owe
the uBebB06ul WGmhNCUOGprerepared on a con2AGwmengbass
icenpdol l ected into & mpaldes snamiupdtl yn.eva A [hlei ngihctr onfi ocrr goe
is used to visually confi AmpcekIi sBaudle-ely*elBOt &rsg ng t h

injected intoft lkea clhp meorp otghoitred of vascul arized side

embryos are injected, the uterus is returned to t
with dissolvable sutures and the skin |l ayer is ¢cl
wi timL warm saline and recover eAlniomalas heaeradd amdryiptaar

f o3r day ss uprogsetr y .

MousleFNy EIl i Spot

Mouse | FNy EIi Spot (BB5B0DB38waise ngeersf oGamie dNoa.s desc
manufacturer. *8edwdendad0de 18pl enocytes were plated
speciFAhoerdbanyrl2t-atcet(d@RMMAXLOOng(/MiU) i por e 9gi6pwal Cat

29) and i dramgy(ahlolgvi t r ogle2nd )Qae rNeo .used as positive
base media cRPivEli slsGaddlp lod mentl @& fwvet &l bovine serum
checked for reactivityPeodoStregpghupbhmumiShe anger Lab)
Il mmunohi stochemistry/ I(mMmuG/olfH)uor escence

Chi mera embryo skin sectbhynfsi wiemrg tpirepue eidn fH% b
(PFA) at 4C overnight. Samples were invaded with

OP



bl ock. 5um sections were plTa¥REPE® d¢irdn enatrlyy amnti doglya
Cat NBP26823ul was used at 1:100 di | . I n brief,
per meabi5% zdeodn kieny ser umX aind RABS Tfront obhhr at RT. Pri |
BSA and 1% TritonX was incubated in a hbhomlkléeyy ch
anRabbit AlexaFluor &#BB500AMasend Cat Noi5r0d0u kddtle danfdor
lhr aDART.(1:1000) was st ai rCeod efresrl i mi mdaterRT ibry F
Adult chimera skin sectbhiyords xwerge tprsespaer e v f48a PIFIAC :
dehydration in 706&mkeddhdadl| sarmrmlrasd f wvare sectioned
Mouse | mmune Cell Phenotypindel HC SAmgmhiaBde@®5 Eamp IN
components were used at tShaimesc wemen denmeRiREReSEH ovin $
HRP Hor sRabhrtti | gG PLUS Pol yveecrt oKi tL,a bR 7T@®04L5 dgNaos. e (
andmmPRESSE HRP -Mouse IAqG&i PLUS Polag®erctkirt ,L aber oCxa
NoMP-7 8 0125.)

Colony Mana®hmanturhani 3€H cr oss

2f ounmdaelMeOD. €gkdcscid || 2r Kl nMTILME*12 2T0g (4RhDKDIZ W@/ S2 F ai n
(AX StNoliln7 833 0wer e cr 6s meBlibe vBIgttsVMd / HNi hr JBhABsmdi n
No0309P64 F2 generation and beyond were genotyped
enrich for t he -irteseaslke wdt &thieo nc, humaom@B&€tFentand
backgrDruamndsnet YX colony management services were |
ELI SA: mouse and human SCF

Mouse GBuCaFnt i ki ne( FE&LD Sy Kti d MdC KOOrt aHhldman SCF Quant i k
ELI SA(K&D SystemdDCKOO wdoe wused to quantify SCF

peripher al bl ood plasma as described in manufactu
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Chaptdeasi dgterspetiats Thymi €CubnttuarcEgcp h@apacity of
HumaMCCs Tonb et mmet® mpet ent Mice

Kridbdnyk®ivilgAndr e w2 KhoasPh i¥;denzi n L u?nTgrjoayn gWMbAai t f i el d
and Rudol t:2Jaenisch

lDepartment of Biology, MI T, Cambridge, M

2Whi teheadd ultres Cambridge, MA 02139, USA

Wy ss I nstiigdluagi cdfaolr BBngi neering @213Harvdsd, Cam

3. Abstract

There is great i nterest in supporting the en
chi meras for the purpose of disease modeling. How
the field of interspecies chimer asedaemmpertearcto nh gyt s

The ideal situation within an interspecies <ch
tolerance to antigens of the donor, thereby recog

is acquired in the developing thtymsel elWhi mEEGCH
responsible for T cell educatdeorni,ved w iebvri adlelnaset s ua
developing T cells and play an essenti al role in
To determine whether this observatiomomay tran
interspecies chimeras, we developedubt ieeabyshgmi
primary E15.5 fetal mous e t-dheyrmuwse da nNIC Caslu impAnd dE & € /a
devel oped chuiTGQUwre®eo in combination with OT1 mouse
SI'I NFEKL model antigen expression as anh assay to
cell deleti-omt asot heoremidzati on to a specific ant
We found that a distincltgw moN@C dgdfdwelretnitamtasd
derived mesenchyme are uniquely able ol éngeaf Wea
al so demonsi{oHcaotnecde pgr aochfat-basne DT4dd O¥A nlalyy squuwearetsisffy
tolerization texavimPadel i mhhaggnevi dence suggests
derived mesenchyme may partially tolerize fetal m

mechani sm.
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This works gives insightihnfentongheehtmalt at bbes
antigens competment mouse hosts and suggests futur
barrier.

3.12ntroducti on

NGderivatives are an essential coifrM@utioredto
mesenchyme envelops the early thymus as it buds f

signals required to gui ¢ 8 ° ndautt oTnel Cy dTeZVEe]ellélpmjeeavtelloonpg

ti me, it was unddreiawvatwhveetshedi rNeCct |l y participate i

recent work from Nitta and c®DGEPBOBS Phaush scee moorf s t

medul |l aryi bhghml asts dmesienedymeomr BlCessenti al for
tol etaheclen brief, they found that deletionb-of a p
receptor) specifically i n tshpoyeneiicf i €€ir @rwddlslti a®setrs | vei ds
decreased expreesitoncofedt-amacidfiibc obhtaisgens, ul tim
autoi mmunity. These resul t scoegmplzaesdi zreo lteh eo fp rfeivhb
producing and -aprte sgeemtsi ntgo seesltfabl i sh central tol er a

The observatdeorni vteldatf iMWC obl ast-antdiigerctduyr ipmrge sE
selection to establish central i mmunity is an int.
of interest from the perspecltn vparotfi d tdleacrd,eneter ee pwreel!

contri butdiean vaft i N@s to developing thymushiimkend ass

chimé?gau;ggests t hat donor NCCs, i f pr omeepdryt wnirteyc
to present donor antigen to the host and establis
Establishing cent#glpet duamtamgeas t os wal c¢ritical

overcome within the e@emwaersgi tdimeelad mofdeh wmoauds edi s e a

i nterspecies NC chimeras have previougloynpkeéemt us

(OO



hostfd Humawmse NB chimeras collected at l ong term e

tolerance to human antigens such as the ability t
cells which were -tywpespaomscwleted rbe wbhleadweower ,detscr i b

i €Chapteuggests that this tolerization might be ac

centr al tolerance.

This work aims to | ay the groundwork for futur
unambiguous central tolerance within interspecies
of the NC chimera model as a pkathermrwhichkal cduilm
i mmune editing in human tumor evolwmbiusmre. NEddadiht imenmn :

model s which tolerize the host to-tmpteamtNCCel Itso, t

developing mouse thgmeducatuédt he Ipo s trddispelatsoel esrtaattee

donor cell s.
As an exploration of this possibility, we deve
cultures with hNCCs to determine if hNCC chi mer as

mouse thymus within a caemxtrvehworedo @magmutApp @ FITTOICTI st i

cul tures, in whHEISh. Sprmanase fEelt4al5 t hymic | obes are
t he laiiquiid tad r fammcsenearibr ane, are a classic tool for
sel ect sappmardmal pr orgaueghs itohne tchr i ti cal period of T

seledtbenween E14)im am&ewerthnd that a hi-lghwy pro
hNCC popul ation which is biased tnoewsaerndcsh ymmees ehnacvhey m
uni que capacity to ecnulrtaurte si.n A7dddaiyt i FoTnGed Icyo, we f i n
from OT1 mooky wéavehop T cells speci2f5i,9ci1t01istlﬁea©‘1}
to quantify tolerization to aedpendinfairy eawt idgerm.e ki

a trend for bot AMehsNeOWCGsh yatmed choNfdOCer ri ng some t ol er an

expressed in |ines with constitutive expression.

NMM



3. RBesults

Wi tdy pe hNCCs cannot be detect-mduse N@B8Bechhmemwasof
l €hapt,erwe2 saw t haderhiEvSeCd a lPBBC@s het er ogenous poj

NC progenitors with the capacity to migrate to mul

NC | ineages. To capture tHeprpo hNCIClse imaraedi egerthe
mouse t hymusnoius €Eh dllnamer as, it was necessary to de
Initially, we explored screening methods base

usinginViiBagi ngr sdadndorcesscmogr ap hYu g CIFT;hHe it However,
both methods had a detection | imit of-TdTo maetaos t ]
hNCCs) injected intrap@rist an é aigI1\ .EfL)2. @o)Jus e nteanb m
indicating these strategi es aartearmoeett speompuiltaitvMeo nenrad
the order of 100 cells or | ess.

We therefore explored thebdaeadi bcteegwi g metl hc

alt er rSautpipd e @22t I n brief, we-geompatednt Wac-nkBgt as e

shifted®WheiLcuhc was reported to detedtaoads (Réwsasr ¢

NanoflUkhich is also significantly brighter than t

name i mplies. While telLuc was of interest due to I
due to the poissyvdsilve yciiomemanscueémieng via bl ood

To explore the feasibili8yppfefhefAyc waes ge nearad &
H1 hESCs with constitutive telLlar kbxrprA&AASonl daug
CRI SPR/ Cas?9. We found t hat t he detection i mit
di phenylterazine (DBappwaheBD O, ODrOs icsetldmst (wi t h th
possible to detect teLuc signal in chi-mepoct embr

Suppl eteiat definitively indicating this strategy \

N MN



We then explored the feasibility of using secr
that |l uminescence couiln wetlratecseagpefnamanhhepr odu
wi t h AtAaVvrSgle t e d constitutive expr eSuwpplne mMe.hd secr e
Further mor e, when secreted NanoLuc hNCCs were inj
to detect |l uminescence in the urine, confirming t
ki dn8upplemeht

Secreted NanoLuc | uminescenme wisoiwlgdi haus®v ibteal d
i magiSngp( emeft We directly compared the brightness

the original substrate Furimazine (Fz) and the mc
which is specifiicral\iiyn\acgz'rf’r’rgnWéafedntﬂothat t here wa:
advantage to using Ffz over Fz and proceiendevdi vtoo u

Suppl edeidt Notabl vy, I VI'S i maging brought attentio

pools in the kidneys and bl adder, highlighting ¢t

ability to amplify the signal of very few cell s.
To determine if secreted NanolLumwo wssa | NIC beeh iumerda
and find thymic contribution, we used hNCCs expr es

fluorescent reporter to generat e -l GIsi Mmelrbaesmev iaa E

candi dates were screened as P5 neonat al mi ce usi
i maging on the | VIS. OQur initial screen of 45 <chi
had | uminescent signal signeficoaduppbaBmeBe Tuhniisnj e

i s consi stent with the expected success rate of
categorized as top or borderline candidates based
to uninjected control s.

To determine whether candi dat es identified W

devel oped an EIli Spot assay to detect secretion of

NM=



cultured with irrSagipdtedd h ulnma nbrciedfl,s hi mera candi
were given s.c. injection (stim) of i fdroavahi aatnedd h
splenocyte collection (d7) to al |l ecw Intaugrvee aln dc eplelr r
measur ablse.reGpmmndodat e negative controls were |
napve T cells cannoul reseondl i modu@hrweof ound one
secretion of I FNy in respaeandaeliormpl{8maati 2r adi antse dvel
required to see maximum | FNy sedrtetrieon in respons

The first secreted NanoLuc chimera screen iden
tolerized to human anti g&wunpsplbea®eeiid) oinn diFcNayt i Enlgi Sap ott
chimera rate of ~ 2 %. However, when we repeated t
possible to find any tolerized chimera candidat e
candidates with | uminesc¢SwutppsliegBneghlt above backgrou

These result s, combi neQhavp tt,ehrl teZael alss ¢ ovatinehsd
type hESIEdriiPseCd hNCCs do not contribute to the dev
the question of whether it is feasible for hNCCs

tolerance to humaecassaggnstop Ctienwhssytsat am.ntr ol | ed

Human ESCderPiSxCed NCC protocols produce two distinc

To preparneo uhsuemainnt er speailldurEBOC weo gener a-t ed hNC
derived mesenchyme from H1 hFESQ rgen d3hiBiSRBErR SiGPdS C |
NCC differentiation protocols general |l g&EMADescri b
i nhibition al ong wi t h Wn t activation to establ

week8%3 264, A®More recent proprietary and commerci al

gui des NCC differentiation in half the time and co

Cell Technologies,-HISCTNCCShebewdsorx,. 8dr e enot very

NMO



To overcome t his, after differentiation with SCT
as previousll437/’\31d§‘el1'sa:rridooe(BrBl@ﬁinnshiabitor to activate Wn

wi EIGF and FGF to promote cellular proliferation.
media induces a distinct NCC state Fwhyiuah. i3Vl es s
hereby refer to these highl-yowG.ol Déepiat eé vaawniNCEs
di stribution of Sox1lOssicen lIlsevdly gqfPCRey hMC egxpmes i
was hot significantly altered, indicating the dif/

Gene ontology (GO) analysis of DBHil kKNGONSA saerge deantrai
for EMT and del amiFmagtuiren 3§d8ne, sebobmbined with the
SoxLOw NCCs are morederiimiiddar md oe nNQG-hHie NOG@xn iSmo X
unbiased hierarkihg wrad, 3.lelds tuesr itnog c(eHn ¢ INICdCes talraet aS d x
di fferentiated NCC more representative of an ear |l

Recent |l iterature has indicapedultéhtaitorm dEIDGCGHRKRSe M
derived medull ary fibroblasts directly Q% cTot e T

determine whether thdehNCE€d medéonchphKE&CulstewWr @ na rFer
predi sposed towards this population identity, we
RNAseq and found that hAINQQusr)ee x3RB&EFRaPDGFRart i cul a

for thymic development, as tevRDGE@mRa fkmaorc k hwet olbrsdca

speci fiCo eWndtrdi ver i n mice I?e6a6d§67t'(f6‘i”h256§|écdbypopsaa
found with PDGERbD knockout

Not abl y, we f oeduenrdi vtehda tmehsNeGi@ hyme does not have
hNCCs t o i nvade gastrul ating mo-a sna i cetmba a/lolsy wate r
Suppl eBentt2 This emphasizes that expression of P
particularly interesting, since it might suggest

devel oping thymus.
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SoxdodOw hNCCs aveds eChyme Engraft and Pecruslitsutr eisn. 71

To set up-c&ETOCr e®, we first adapulkeldi sah ecddo nfbTi G

prota%lo’lﬁgnzd optimized FTOC conditions to maxi mize

i ncubation undé€lrehhebbs [(&@606%) oCOverall cell surviva
56 0% under normahd{( SkppEOMeh 8

When seeded-l &8t ano@BE® FTOC, we found that t he
mesencHyrke -SowllONCCs adnedr ihNeCdC mesenc hy mld, hINWCtCsn ot
adapt well ctud thir@®@Cr()e.o3We6 compared different seedi
cecultures and found that 4HWNCCsradaphbihgdeetdddhBOC
Suppl etent

Sox1LOw hNCCs ader ihNeCIC mesenchyme behave diffe
cul ture. Whil e hNCCs O6encapsulated the thymic | ob
peri meteder hN€EC mesenchyme has a -moke wiedéeys moe d
and can be found either wideslpTedd n®egr mgs ctome etnh y
area, migrating into t-he&eT cleinne)y. of the | obe (i PS1

The distinct behavi edresr iovfe dh NMGeGse nachhdg mhéNtGuOn e F A © €

consistent with how they behave in organoid cultu
FTOC which mi ght all ow more direct i ntldrsagctwe n
i mpl emented a variation of the FTOC in which the e

and t hen recombined aSuppd gmimglasd eWecuf bund {(hat |

spontaneously organize themselves to Sngppbemémat e |
3.16 This is consistent with what is seen in huma
cel Ssppl endenlts I nter estdiemglvye,d mMeGE&@&nc hy me does n o
encapsul ation behavior in human thymic organoids,

NMP



OVA model antigen induces centraldepémrdamtcemamn ©IT.
To use the newly -neosutsaeb |ii nstheerds phatiamlagnau r T OO @ex pl o
possibility of hNCCs participating in central s e
devel op an assay to quantitatively measure toleri
OT1 mice are a transgenic mouse strain which

model antigen (SII NFEKL). We hypothesized that if

of T cell sel-ckertiivend i MTQ@Q®, OMdpve T telvlesswoeldi oine
to having an oWHIClI ynsteracgi D6R Additionall vy, i foot
to discrete amounts antigen exposure, T cell depl

of tolerization.

To test this hypothesis, we made OT1 FTOC cul
concentrations of eXogenmadyyss. G¥Afpepdi dda¢ while e
peptide had no i mpactFiognuroe8)e3r.a7lhlercecelils d wnnrdwiewdald e(p |
cells in proportion to thki gev€I1.307T OVA peptide e

As a fi-osonpepobfof this system, we then used |
with constitutive expression of OVA peptide and ¢
Sox1LO@w hNCCs ammeds enrNcChCy me .  We fexpmr ce stshCastg aWWAZ h NC C

Mesenchyme have a comparable trend towards CD8 si

cecul tRiireur(e. 3L 8 i s, however, i mpeoxrptraensts itnog ncoetlel st I
behave i ke nor mal -méaNE€Cs h yamed dhudeCtCs 0 oar tlient i vir a
Suppl etmenB The cells clearly experienced transgen

thereby presented | ess OVA antigen. Second, they s
and did not persisulthreyglhosdiacdddascgc @ haaltt eorfdd c el

Neverthel ess, the observed trend towards CDS8
hNCCs andmehsNei@G hyme, which woedm pmdvmadre | almgred ant
to antigen, may have a significant effect.
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3.3 scussion

Overview

I'n this work, we explored the feasibility of
interspecies chimeras via donor cells contributi
participating in T cell educatbhiacrecdr 8enifmg sst detved
determine if we could accurately identify chimer a
thymus. We found-ttylpet h&ISHCH o iPSECd WNLCE&€s have the cape

to many parts of t hsesiebnhber ytoo, diett ewcats snpoothtpaone ous c O

using
whi ch
found

have t

these methods. As an alternativecgltategyi n
hNCCs -deerd vieNICGnesenchyme were seeded onto p
thatohi dé saft-linccwe PWRA Opopul adeohvaddmbBBEGCc hy

he capacity to engraft and persist in 7Day

devel oped a tractable system for guantitatively

chi meras by using OT1l -€XPCesanidn ®@VANEEps eardodh yniNeC.C | n

an OoT1

possib

engr af

Direct

One

result
APC. I
and fi
expres
compl e

peptid

FTOCtaoaoe with even ewerly elxrpioessfura@and ol OWA pe
l e to see a trend towards CD8 Tecéedbhgedl et
t ment might | ead to an even greater extent

vs I ndirect T cell education

i mportant aspect of T cell education which
s is that T cells recognize antigen peptide
n a nor mal mouse thymus, amd u gee nmenvdbwill Ida rlyi ke
broblasts within mouse MHC molecules. Since
s only human MHC, it is physicall yMHCmpossi

xes and directly educatnei mousdal eebhsexdp

e can educate T cells in OT1 FTOC suggest s

NMT



may be able to pick up, process, and present fo
mechani sm. To determine whether human donor cel l
mouse naugve T cell s, future experi menderidshoul d
mesenchyme which express mouse MHC class | mol ecu

protein |inking OVA pepti dre2kB)d awr slee dMHC « | eafsfsi d i

of MHC 1l oaded wft3h usvm gpeaptfi Wlei onouprdotheeilnp sotvreart cec

complications due to interspecies differences 1in

Met hodscapi rel at ece uHTtu@ ee D v o

The obvious next step fiom wipywadi ¢ atmnieom.f Trheesreea
strategies which might be able to achieve this: (
thymus and (2) expression of an evolutionarily d

homing of NC progepingrtshymuds he devel

I ntrathymic injection 1is wel*l Teet ablaireh eadl swi t

publ i shed prot ociod suitwdjrieach i bens dmittbpe E14. 5 and E15. 5

ultrasound guided injecti0?175t’67.6t’§/\?h7gdte drhesegdrect
primarily focus on injections into brain, eye, an
guided injection to target the developing thymus.

NCC differentiatieagei ntsol artged mi gali de2d7,8byne'ahénlgoc

orthotopic injection can potentially help direct
Additionall vy, injection directly into the site of
not necessary for tahteorcyelsltsatteo. bFeori ne xaa nmpil ger, it ow

sel ect for medul |l ary fibroblasts by FACS for P D
transplantation, avoiding t he chotceonutlidal p reevvoel nutt i

di fferentiation into the most relevant cell type.
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al | embryos wer e s uecacnensisoftuilclayl liynj eTchtiesd piontterna i al | y
a chimera screeningsateaheghlyfeftheciaepection

The success of a éhomingd strategy hinges on t

i nteracti onCh aWwet dgstaan® ithnhere i s some feasibility t
depends on how specific the receptor is to the ce
of the receptor is to cell survival , prreogluiifreerda tfioor!
NCC migration to the thymus is not explicitly kn

could be a compfedrd i ngmicrmghdN@@gs et o t he mouse thymu

t hat PDGFRar+ti WeCd mesenchyme is essential for norn

PDGFRa signaling guides mi gration for 28 famedr I i n
craniofacizzZPoothrtriellzygeon PDGFRa asMoa saeredy hmingamt i

PDGFFRaar ki ghly <conserved 5?/,0 psruogtgeeisnt i snegq utehnec emo u s e

function normally in theehumsandhcaepltlafrnepnyt exthat Whi
approachl wi hbtl bk successful in the |l ong term, it
behind NC progenitor establi shment in the thymus

windetwhe lused to determine tekepreaspsanigt h NCA pepttio

mi den Vi Vo

Applicati onsmofuosre hNuOmacnhi mer as with central tol eran

A relevant applicat i emo ufsocer cihn tneerrsapse cwietsh hcuematnr
wi-tgpe human antigens is as an alternative to e
Current PDX models in which the hosts hdvéya hu
injection of CD34+ | ymphoid progenitors have had
inconsistency in faithfully recaﬁilﬁuﬂoalteirnigzeedlIhurm
mouse chimeras, on the other hanune woallld poamunba tgiuc
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intact. One consideration is whether the componen
similar enough to be interchanged. While there ar

at the transcriptional |l evel, themomeraVystemmpasnel

as their gl obal t r an srcergiupltaitoonr ypreolfeirrieensl.Z%]a'n%l@rzec ivse

I nterspec-messbumAnmeras are thus an interesnhting a

Vi voomuaempet ent human di sease model

Conclusions and Next Steps
The main conclusion of this work is that tol e
humamouse NC chi meras, i f present, is almost cert

study has taken steps towards urdnpeat amtdnmdugsne he f

chi meras with centr al i mmunity to the donor, it al
First, i mmedi ate next steps should be t-aken t
culture on transplanted donor <cel |l sc.ulBuwlrkeR NaAss ewge |ol

I F characterization for key mar ker s nldiilceat Ewiwshte ,h

hNCCs andmehsNeiG hyme further differentiate in the ¢

Nitta and coll eagues point out t hat capsul ar an
phenotiynpewsi 8peci fically, lwlsitlse caap swlirar vfei b mobnonol
medul |l ary fibrSdbWashstbasnoh mind, it would be in

ceculture is able to suppoext vmewdoudiltairoyn alhley,p bilth swo
to compare huomaht EMT®©Csampl es with anal ogous pri mar

established NCC isolation protocols using nerve (¢

p75, as a handle for FACS i sovagadlo,n aorfder}?igrgLfl%lﬂtiMl@C

There is also evidence that-rrpi?gErama)y'z§.Bd\|ICtlﬂ:swdulth b
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informative to isolate and characterize p75+ cell
the endogenous thymic NCC population.

Second, a key Ilimitation of this study is tha
measuring tolerization. I n the envisioned applicat

thymus to gain central tolwewrkbhhcke I hemi eeatdeby Dbowt

donor cells can pretyert dahbrpassi gkaswi Atlso, whi l
coll eagues indicate fibroblasts play a role in esi
Al RExXpressBEsg amTe t he true workhorse of establ i shi
can i magine that even after demonsiti nataintdgioa ihviogh
using ODbh/s@WA assays, it may not transl ate to con
application. Therefore, if the goal is to gain c
possibl e, it mi ght be more reasgonamlien dior etcatk ep raens
mechanism in which a cockdetaéd iorft adonlbe deaveélg@misnc

presented by mouse APCs.
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Enrichment plot: Enrichment plot: DELAMINATORY
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