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Abstract:

During embryonic development, multiple waves of hematopoietic progenitors with distinct lineage
potential are differentially regulated in time and space. Two different waves of thymic progenitors
colonize the fetal thymus where they contribute to thymic organogenesis and homeostasis. The origin, the
lineage differentiation potential of the first wave and their relative contribution in shaping the
thymus architecture, remained, however, unclear.

Here we show that the first wave of thymic progenitors comprises a unique population of bipotent cells

generating lymphoid tissue inducer, in addition to invariant Vg5+ T cells. Transcriptional analysis
revealed that innate lymphoid gene signatures and more precisely the lymphoid tissue inducer associated
transcripts were expressed in the first but not in the second wave of thymic progenitors. Depletion of
early thymic progenitors in a temporally-controlled manner showed that the progeny of the first wave is
indispensable for the differentiation of autoimmune regulator expressing medullary thymic epithelial
cells. We further show that these progenitors are of strict hematopoietic stem cell origin, despite the
overlap between lymphopoiesis initiation and the transient expression of lymphoid associated transcripts
in yolk sac erythro-myeloid restricted precursors. Our work highlights the relevance of the
developmental timing on the emergence of different lymphoid subsets, required for the establishment of a
functionally diverse immune system.
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Key Points
e Embryonic restricted bipotent T/ILC progenitors shape the thymic architecture by
controlling the maturation of mTEC.
e These cells do not originate from yolk sac but rather from intraembryonic derived

progenitors.

Abstract

During embryonic development, multiple waves of hematopoietic progenitors with distinct
lineage potential are differentially regulated in time and space. Two different waves of thymic
progenitors colonize the fetal thymus where they contribute to thymic organogenesis and
homeostasis. The origin, the lineage differentiation potential of the first wave and their
relative contribution in shaping the thymus architecture, remained, however, unclear.

Here we show that the first wave of thymic progenitors comprises a unique population of
bipotent cells generating lymphoid tissue inducer, in addition to invariant Vy5" T cells.
Transcriptional analysis revealed that innate lymphoid gene signatures and more precisely the
lymphoid tissue inducer associated transcripts were expressed in the first but not in the second
wave of thymic progenitors. Depletion of early thymic progenitors in a temporally-controlled
manner showed that the progeny of the first wave is indispensable for the differentiation of
autoimmune regulator expressing medullary thymic epithelial cells. We further show that
these progenitors are of strict hematopoietic stem cell origin, despite the overlap between
lymphopoiesis initiation and the transient expression of lymphoid associated transcripts in
yolk sac erythro-myeloid restricted precursors. Our work highlights the relevance of the
developmental timing on the emergence of different lymphoid subsets, required for the

establishment of a functionally diverse immune system.
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Introduction

The embryonic thymus is colonized by two waves of distinct hematopoietic progenitors,
named early thymic progenitors (ETP)". The first wave of ETP follows a unique
developmental program as they share phenotype, transcriptional signature and restricted T cell
differentiation potential with HSA" o4p7 fetal liver (FL) common lymphoid progenitors
(CLP)*3. After E15.5, the thymus is colonized by a second wave of ETP that share phenotype,
transcriptional signature and differentiation potential with lympho-myeloid primed
progenitors (LMPP)*.

Three lymphoid subsets are exclusively developed during embryonic life, the skin resident
Vy5" T cells, the lungs and the genital urinary tract resident Vy6* and a subset of group 3
innate lymphoid cells (ILC3) known as tissue inducers (LTi)'. Both Vy5" T cells and LTi are
required for Aire* medullary thymic epithelial cells (nTECs) development before birth®”.
Aire expression is concomitant with that of CD80, a marker of mTEC maturation, and
neonatal Aire expression is necessary for inducing life-long T cell tolerance throughout

life®'®!*, LTi are also required for secondary lymphoid tissue organization'>**

whereas Vy6 T
cells contribute to tissue remodeling™.

The majority of embryonic thymic ILCs are LTi, gradually lost after birth and only a small
population of ILC2 is maintained throughout life*>. The first ETP generate Vy5* T cells®*°,
however, it is important to determine their origin, whether they generate other embryonic
lymphoid cells such as thymic LTi and what is their contribution to shape the thymic
architecture in a time-dependent manner®.

Most hematopoietic cells are constantly differentiating from hematopoietic stem cells (HSC)
although few lineages are HSC independent and exclusively produced during embryonic
development™'’. For example, yolk sac (YS) erythro-myeloid progenitors (EMPSs) contribute
to tissue resident macrophages that persist throughout life'®. This layered organization of the
hematopoietic system raises the possibility that, similar to tissue macrophages, the first innate
lymphocytes could also be YS derived. Accordingly, cells identified as lympho-myeloid
restricted progenitors (LMP) were identified in E9.5 YS before HSC activity is detected™.
They were shown to express lymphoid associated genes (lI7r, Rag2, Ragl) and were
proposed as the origin of the first wave of ETP'. Independent reports have also converged to
support the notion that Vy5" and the Vy6™ T cells, might originate from YS progenitors,

independent of HSC?***. In contrast, Vy5* and Bla B cells were shown to be preferentially
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derived from a particular FL transient HSC-like subset marked by a history of FIk2
expression®.

In this report, we studied the developmental origin, differentiation potential and the temporal
requirement of the first ETP for shaping the thymus microenvironment. We showed, in single
cell differentiation assays, that the first ETP comprises bipotent T/LTi progenitors that
generate the thymic LTi. Colonization of Rag2"'yc"‘ thymic lobes with the first, but not the
second wave ETP, reconstituted the LTi compartment. Depletion of first wave of lymphoid
progenitors resulted in lower numbers of Vy5" T cells, LTi and severely reduced numbers of
CD80" mTEC, after birth. Therefore, the major role of the first ETP appears to be providing
cells that drive thymic organogenesis and tissue homeostasis*%.

We further demonstrated, using an inducible lineage tracer model, that the first ETP originate
from HSC. YS-derived progenitors, although showing a history of expression of lymphoid
associated genes such as 117r, Rag2 and Ragl, failed to generate a lymphoid progeny in vivo
or in vitro. This transient expression, also found in other FL. myeloid progenitors, is restricted
to embryonic hematopoiesis and uncoupled from differentiation potential. Altogether our data
highlight the impact of embryonic developmental timing on lymphocyte production, gene
expression, organogenesis and heterogeneity of the immune system.
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Methods
(Detailed methods are in the supplemental methods section)

Animals. Mice were bred in house under specific pathogen-free conditions. 117r"® ** Rag2”
yc” CD45.1 »* , ROSA26™™" 26 and ROSA26'™ mice were on C57BL/6 background,
Csf1rMenicreMer 27 mice were on FVB background. All animal manipulations were performed
according to the French Agriculture ministry and to the European Parliament Directive

2010/63/EU.

Fate-mapping of 117r" hematopoietic progenitors. 117r"® females were crossed to
homozygous ROSA26'™". Indicated embryonic tissues and adult tissues were analyzed by

flow cytometry.

MeriCreMer YFP
or

Lineage tracing of Csf1r’ Progenitors. Csf1r were crossed with either ROSA26
ROSA26™™™ reporter mice. A single dose of 75 pg per g (body weight) of 4-
Hydroxytamoxifen (Sigma) (40OHT) injected either at E8.5 or E9.5 induced reporter
recombination and was supplemented with 37.5 pg per g (body weight) progesterone
(Sigma) (to counteract the mixed estrogen agonist effects of 40HT)®. To induce

recombination at E10.5, females received a single dose of 1.2 mg 40OHT and 0.6 mg

progesterone.

In vivo anti-IL7Ra (A7R34) antibody injections. IL-7Ra blockade was performed by three
successive intravenously (i.v.) injections of 1 mg anti-IL7Ro. antibody (A7R34)*° (a gift from

Dr. Shin Nishikawa) in pregnant females at E10.5, E12.5 and E14.5 of gestation.
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Results

E13 ETP retain T/LTi lineage potential in vitro and generate LTi cells in a fetal thymic
microenvironment

The analysis of the transcriptional profiles of the first (E13) and the second (E18) ETP waves
identified the overexpression, in the former, of LTi-associated transcripts (Rorc, Cd4, Cxcr5,
l11r1 and Ltb)>* (Sup Figla). Genes involved in y3 T cells development (Bhlhe40, Cited4,
B4galnt2, Tgm2 and Txk) were also differentially expressed between E13 and E18 ETP (Sup
Figla). Of note, Sell and Ly6a were upregulated in E18 ETP, in line with their LMPP
affiliation®®. The E14 DN3 thymocytes were devoid of TdT activity (Sup Figlb) generating T
cells with a restricted T cell repertoire, suggesting that they do not contribute significantly to
the adaptive T cell.

We performed a two-step culture>” (Fig 1a) to detect the potential of single ETP (sorted as in
Ramond et al?, Lin° CD117" CD44" CD24"") to generate all major lymphoid lineages (T, B,
ILC, NK) and myeloid cells (GM) (Fig 1b). We found that E13 ETP only generated T and
ILC whereas E18 ETP retained B and myeloid potential, consistent with our previous
observations®>. Most ETP gave rise to T and ILCs, although a few (6-15%) only generated T
cells and none gave ILCs only. About 59% of the clones derived from E18 ETP generate all
subsets of ILC and NK cells in contrast to 24% of E13 ETP (Fig 1b, c), suggesting that E13
ETP have a more restricted differentiation potential.

The striking difference between the two subsets was the high frequency of bipotent T/LTi
(22%) precursors only observed in E13 ETP (Fig 1c). Accordingly, a subset of E13-derived
ILC3 expressed the LTi marker CCR6 (Fig 1d).

We colonized RagZ"‘yc"‘ non-irradiated fetal thymic organ culture (FTOC) with limited
numbers of E13 or E18 ETP and found that only the former could generate thymic LTi (Fig
1d). In addition, only E13 ETP generated Vy5* yS T cells and both waves generated double
positive (DP) thymocytes (Fig 1d) , in line with previous report from our laboratory®. To
ensure E13 ETP bi-potency in a thymic environment, we repeated the experiment in Figure
1a, and used the expanded progeny of single E13 ETP in Rag2”yc” FTOC. Results indicate
that 50% of ETP generated Vg5 expressing yd T cells and LTi in fetal thymic (Figure 1 e).
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Altogether, E12.5-15.5 ETP comprise unique bipotent progenitors, LTi biased, that generate
thymic LTi and Vy5" 8 T cells® within a thymic microenvironment.

First wave ETPs have a LTi primed transcriptional profile

To understand the molecular basis of the E13 ETP LTi lineage potential, we performed
single-cell transcriptional analysis by multiplex gRT-PCR for the expression of 41 lymphoid-
associated genes. Unsupervised hierarchical clustering identified 4 distinct clusters (Fig 2a).
Cluster I, comprising a majority (76%) of E18 ETP, showed no ILC transcript expression
indicating that they are not primed toward a specific ILC lineage, consistent with their
multipotent ILC differentiation capacity. E13 ETP, found in Clusters Il and IV, expressed the
ILC associated transcripts Tox, Tcf7 and Gata3. Expression of LTi transcripts Cxcr6, Cd4,
Rorc, Cxcr5, Il11rl and Ltb was found in cells within Cluster IV, consistent with a LTi
differentiation potential.

Cells in Cluster Il expressed Zbtb16, Gzmb, Nfil3, Itga2b and Gzma associated with innate-
like T cells®. Cluster 11l comprised two thirds of E13 and one third of E18 ETP and was
characterized by the of lower expression of Tox, Gata3, Tcf7, Sox4, Runxl and Runx3
indicative of common ILC priming and consistent with a broad ILC differentiation potential
(Fig 2a). Altogether, these results indicated that the first ETP are unique in expressing LTi

and invariant T cells transcripts, indicative of transcriptional priming.

First wave ETPs contribute to the maturation of the thymic mTEC

To assess the role of the first ETP and their progeny in mTEC maturation, we used in vivo
injection of A7R34 anti-IL7Ro**>* antibody in pregnant females. We injected A7R34
antibody at E10.5, E12.5 and E14.5, and analyzed the embryos at E16.6 and P2 newborn
mice. At E16.5 we observed severely reduced numbers of Vy5* T and LTi cells in the thymus
although the second wave ETP? were not altered (Fig 2b).

At P2 treated mice had normal numbers of DN thymocytes consistent with an unaffected
second wave of thymic colonization. P2 had significantly lower numbers of Vy5* T, and
drastically lower numbers of LTi, compared to controls, indicating efficient depletion of the
first ETP and their progeny (Fig 2b). Interestingly, CD80" mTEC (mature Aire expressing
cells)® were reduced of around 3-fold indicating that the first ETP are required for mTEC
maturation, around birth. CD4"CD8" double positive (DP) cells were also reduced by less
than three-fold. Our results indicate that the progeny of the first wave ETP contribute to

mTEC maturation, required for conventional T cell negative selection.
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Neonatal thymectomy does not impact numbers of tissue resident Vy5" and Vy6* y8 T
cells
Vy5" and Vy6" v8 T cells in the skin and in the lymph nodes (LN), respectively, are of

embryonic origin*®*

, although they develop asynchronously. To assess the dependency of
these yd subsets on thymic output, indicating their origin in the first or second wave of ETP,
we performed neonatal thymectomy. Six weeks after neonatal thymectomy or sham-operation
as control (Fig 3a), complete thymectomy was ascertained by the absence of double positive
CD4/CD8 cells in the tissue around the thymus location (Fig 3b). Thymectomized mice (n=6)
were severely lymphopenic as shown by the numbers of CD4 and CD8 a8 T cells in the
inguinal (i) lymph node (LN) (Fig 3d) and in the spleen. Splenic CD44" af3 T cells were
severely reduced (Fig 3e), a sign of activation of the T cell compartment consequent to the
lymphopenia and consistent with the absence of a functional thymus in these mice. The
numbers of Vy5*v8 T cells in the skin and of iLN Vy4~ 1L17 producing 5 T cells (considered
as Vy6") were similar in sham and in thymectomized animals (Fig 3c, d). By contrast, iLN
Vy4™ 1L-17 producing y8 T cells were severely reduced (Fig 3d). These experiments suggest
that these two embryonic y3 T cell subsets are likely derived from the first wave ETPs. All
other af3 or yd T depend on post-natal thymic output and thus are issued from the second

wave of ETP.

Embryonic ETP have multi-ILC lineage potential in vivo

To assess E13 and E18 ETP ILC lineage potential in vivo, CD45.2" E13 or E18 ETP were
intravenously transferred into 1-day old CD45.1" RagZ"‘yc"' mice and E13 fetal liver HSCs
(Lin" CD117" Sca-1" CD150" CD48") were used as a positive control (Sup Fig 2a). Five
weeks after transfer®®, mice engrafted with HSCs and E18 ETP developed B cells, ILC and
myeloid cells (Sup Fig 2c and data not shown). By contrast, mice engrafted with E13 ETP
generated only ILC (Sup Fig 2b), consistent with the E13 ETP restricted lymphoid potential.
Analysis of PB 3 and 6 weeks or splenic cells 5 weeks, after transplantation show a total
absence of B and myeloid progeny from E13 ETP (Sup Fig 2b, e). Few T cells were generated

in these chimeras because RagZ"‘yc"‘ mice have an atrophic thymus and ETP down-regulate
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CCR7 and CCR9 once in the thymus, consequently losing their ability to home back to the
thymus®”.

Analysis of intestinal lamina propria, where all ILC lineages coexist, showed that both waves
ETP generated NK cells (EOMES"), ILC1 (EOMES’), ILC3 (RORyt") and ILC2 (GATA3").
In the lung we found ILC2, in the spleen NK cells and in the liver NK cells and ILC1 (Sup
Fig 2c, d). These results indicated that E13 and E18 ETP have the capacity to generate all ILC
subsets in vivo recapitulating the expected tissue distribution.

Emergence of 117r expressing YS-progenitors in E9.5 embryos

We used a lineage tracer mouse line, 117ra“™®Rosa26 " to identify the origin of the first
II7r" ETPs. YFP expressing cells were undetectable in E8.5 embryos, in YS and embryo
proper, in either the Kit" or Kit™ fraction (data not shown). Consistent with previous studies,
YFP" progenitors were first detected in Lin'Kit"CD41" E9.5 YS (Fig 4a, b, ¢) and undetected
in the AGM or in the placenta (Fig 4d). 5-8 % of the c-kit" YS cells were YFP" (Fig 4b, c)
expressed CD31, CD16/32 and lacked surface expression of CD115, CD127, CD135, the
phenotype of YS EMPs (Lin'Kit*CD41"YFP")(Fig 4e)***.

To investigate the lineage potential of YS YFP™ cells, single cells were cultured into
monolayers of OP9-DL4 (T/GM) or OP9 (B/GM) stroma (Fig 4f). While YFP* YS cells
showed myeloid potential, they lacked detectable T or B cell potential (Fig 4g, h). Liquid-
culture colony assays showed that both YFP® and YFP  Lin'Kit" YS cells exhibited
comparable GM and MKE potential (Fig 4i). These results indicated that YFP expression in
the E9.5 YS embryos does not equate with lymphoid potential, and both YFP™ and YFP™ E9.5
YS Kit" cells showed a lineage potential similar to EMP?3394°,

E9.5 YS-derived cells did not generate VY5 T cells or initiate thymopoiesis, whereas E10.5
YS-Kit" progenitors and E12 FL LSK readily generated T cells including Vy5* T cells in fetal
thymic organ cultures (FTOCs) of thymic lobes (Fig 4j). E10.5 YS-Kit" progenitor derived T
cells originate from AGM pre-HSC, known to enter circulation between E9.5 and E11.5%"*
and were used to probe the sensitivity of the T cell assay.

These experiments showed that E9.5 YS progenitors are devoid of lymphoid potential under

culture conditions sufficiently sensitive to detect few circulating T cell progenitors.

Expression of lymphoid associated transcripts in YS progenitors is transient.
To further characterize YFP™ YS progenitors, we analyzed the expression of transcripts

associated with multiple hematopoietic lineages in single E9.5 YS YFP' and YFP™ Lin
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CD117°CDA41" cells. Unsupervised hierarchical clustering did not segregate YFP* and YFP
cells indicating that they do not differ significantly in the expression of the analyzed
transcripts (Fig 5a). Cluster | associated Pu-1, 1rf8 and Csflr expressions with low or no Kdr,
Tek, Runxl, Mp, Foxol, IL7ra and FIk2 expressing cells, a pattern of expression
corresponding to EMPs*® (Fig 5a). Cluster 11 singled out EMP expressing Pu-1, 1rf8 and Csflr
but also Kdr, Tek, Runx1, Mpl and Foxol, suggesting recent specification from hemogenic
endothelium®*°. These cells also exhibited 117ra and Flk2. Clusters Il and 1V comprised
YFP* and YFP" cells with high levels of Gatal indicating their erythroid lineage engagement.
Cells in cluster IV also expressed KIfl indicating that they are more advanced into the
erythroid lineage differentiation. As expected, no lymphoid associated transcripts were
detected in cells from cluster 111 and IV. Ebfl, Pax5 or Ragl were not detected in any of the
analyzed YS cells. Within the 47 YFP" cells analyzed only 6 co-expressed II7ra transcripts
reinforcing the notion that 117ra expression is transient in E9.5 YS progenitors (Fig 5b).

Interestingly, analyzed at the population level, YFP" cells expressed significantly higher
levels of Ragl, Rag2 and I17r than YFP" cells albeit 10-fold lower than CLP (Sup Fig 3).

These experiments indicated that expression of lymphoid associated genes in emerging YS-

derived EMP is transient and dissociated from differentiation potential.

Multiple FL hematopoietic progenitors express lymphoid associated genes.

We further assessed whether YFP expression also occurs in other embryonic hematopoietic
cells. We found that unlike in adult bone marrow (BM)*, YFP expression in the FL was
found in multipotent and myeloid progenitors (Sup Fig 4a, b). FL and fetal blood (FB), short-
term HSC (ST-HSCs), multipotent progenitors (MPP), granulocyte-monocyte progenitors
(GMP), common myeloid progenitors (CMP) and megakaryocytes-erythroid progenitors
(MEP) were labeled at frequencies ranging from 10%-40% (Sup Fig 4a, b; Sup Figure 5 for
gating strategy). The frequency of YFP* ST-HSC and myeloid progenitors progressively
decreased after birth and was undetectable in adult mice*® (Sup Fig 4b). FL YFP" GMP and
CMP also lacked any detectable B cell potential in vitro (Sup Fig 4c).

We found that 40% of E18 brain microglia, the FL Kupffer cells and the skin mast and
Langerhans cells also expressed YFP, in line with a recent report* (Sup Fig 6a, b). These
observations indicated that this model does not faithfully trace the origin of embryonic

lymphoid cells.
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Thymopoiesis-initiating cells develop exclusively from HSC-derived progenitors

To define the origin of the first ETP, we used a fate mapping mouse model expressing the
tamoxifen inducible Cre (MerCreMer) under the control of the Csfir promoter”’ (Fig 6a).
Injection of hydroxy-tamoxifen (4-OH-TAM) in either CsflrM*C™™Rosa26"™ or
Rosa26™™° (depending on the availability of fluorochrome-labelled antibodies for the
analysis) induced recombination and permanently labelled Csflr expressing cells and their
progeny. Csfir is first expressed in E8.5 YS progenitors®, later it is expressed in E9.5 YS
l17ra“"Rosa26 """ (Fig 5a, Sup Fig 3)*® and at E10.5 Csflr is also expressed in pre-HSC*
(Sup Fig 7d).

In embryos pulsed at E8.5, YFP" cells were detected in the E9.5 YS, expressed Csflr, 117r
and were devoid of lymphoid potential (Sup Fig 7a, b, ¢). In embryos pulsed at either E8.5 or
E9.5 and analyzed at E12.5, YFP*™ HSC, HSC-derived lymphoid progenitors and ETP were
either not detectable or represented less than 1% in FL and thymus, respectively (Fig 6b, c).
In contrast, 30-50% of microglia cells were labeled, indicating the labeling efficiency.
Embryos pulsed at E10.5 and analyzed at E12.5 showed significant labeling in populations of
FL HSC, multipotent, lymphoid and myeloid progenitors (Fig 6c). Interestingly, the
frequency of Tomato™ cells in E12.5 ETP (25%) and in FL LTi (22%) (Sup Fig 7e for gating
strategy) paralleled that of HSC (31%).

These fate-mapping experiments demonstrated that under physiological conditions no
detectable ETP or lymphoid progenitor originate from YS cells, rather their origin is
coincident in time with that of pre-HSC.

Innate-like Vy5" T cells or Bl-a cells that differentiate during a limited time window of
embryonic development have been proposed to derive from HSC-independent precursors.
Adult Csf1rMeiCeMer Rosa26" ™ or Csf1rMeCeMer Rosa26 ™™ mice pulsed at E8.5 showed no
YFP labelled lymphocytes and those pulsed at E9.5 showed less than 1% of Vy5* T or B-la
labelled cells. In both cases, 30-40% of microglia cells were YFP labelled (Fig 6¢). Embryos
pulsed at E10.5 showed a frequency of Vy5" T or B-1a labelled cells similar to that found in
HSC (Fig 6¢) (Sup Fig 7f for gating strategy). These results are consistent with a strict HSC
origin of all lymphoid cells including the first wave of ETP and innate-like lymphocytes of

embryonic origin.

11

0202 Jaquads( L.z U0 Jasn WHOE S13r-4N3LSvd LNLILSNI Ad jpd 6229000202 POOIA/LL809. L/62.9000202 POOIA/Z8 L L0 L/10p/pd-ajoiue/poojq/Bio suoneoligndyse//:dpy woly pepeojumoq



Discussion

Here we show that the first ETP comprise a unique and novel population of bipotent cells that
generate the invariant T and LTi lineages, and together induce the maturation of medullary
thymic epithelial cells®®. This observation was further supported by a transcriptional analysis
showing a cluster of E13.5 ETP that are primed towards the LTi lineage with high expression
of Rorc, Cd4, Cxcr5, 111r1 and Ltb*. The first ETP were devoid of TdT activity giving rise to
T cells without N sequences and thus with a restricted T cell repertoire. Low TdT expression
together with the poor proliferative capacity®, suggested that the contribution of the first ETP
to the conventional T cell compartment is limited®. Together these observations indicate that
the first wave of ETP is dedicated to induce early maturation of the thymic epithelia and to
generate invariant T cells that ensure tissue homeostasis. Neonatal Aire expression is
necessary for inducing life-long T cell tolerance™ and it was shown that both Vy5" v& cells
and LTi play an important role in the maturation of CD80*mTEC?. Our results highlight the
necessity of a normal development of the first ETP and their progeny to ensure Aire
expression at birth and therefore induction of neonatal thymic tolerance and avoiding
autoimmunity. A recent report analyzing human embryonic thymopoiesis suggests that
similar sequence of events might be shared between mouse and human®’.

Using Ragl-GFP mice, it was argued that E11.5 ETPs retained myeloid potential and
resembled PIRA/B* LMPPs in phenotype, lineage potential and molecular signature'®. Our
data show that the first ETP, isolated using generally accepted surface markers**® and not
based on reporter mouse models, are T/ILC restricted with poor B and myeloid potential.

The analysis of YFP" cells under the control of the 117r regulatory sequences throughout
embryonic life indicated that, unlike adult hematopoietic progenitors, multipotent and
myeloid restricted progenitors express lymphoid associated genes, albeit in a transient
manner, without any consequent restriction in their differentiation potential*®*>°. This data
argues against the notion that the embryonic thymus is initially seeded at E11.5 by Ragl-
expressing lympho-myeloid restricted progenitors®. These observations established that in

hematopoiesis, gene expression does not necessarily equate with lineage potential and care
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should be taken before extrapolating to embryonic development findings obtained by the
analysis of adult hematopoiesis.

17,51

By analogy with tissue resident macrophages ">, it was proposed that also early developing

innate-like T cells and therefore the first ETP were HSC independent'®%>2>* Inducible
lineage tracing of Cdh5 and Runxl expressing cells®® suggested that Vy5* T cells were
generated from YS-derived hematopoietic progenitors. Cdh5, Runx1 and Tie2 are expressed
in endothelial cells of both the YS, that produces EMP, and the AGM that is the source of
HSC>. Therefore, endothelial cells and their hematopoietic progeny will be labeled in both
generation sites with different frequencies at different induction time points®®>**®*%, To
unambiguously assign the contribution of each anatomical site to blood cell formation, we
used Csf1rMecMe Jineage tracing model that marks the progeny of cells generated in each of
these hematopoietic sites in a non-overlapping spatio-temporal manner. Recombination
induced at E8.5-E9.5 marks the YS derived progenitors (including lymphoid-associated gene
expressing progenitors), in which virtually no Vy5" T cells or early ETP were labeled.
Recombination induced at E10.5 traced both YS-derived Csflr* myeloid cells, HSC and also
E12.5 ETP and CLP, and adult Vy5" v5 T cells and Bla B cells. These experiments are the
first in vivo evidence that ETP, innate-like lymphocytes and lymphoid progenitors originate in
the embryo from Csfir® HSCs-derived progeny. However compelling, these results are also
compatible with a late expression of Csflr in subsets of YS cells. We think that this is
unlikely because induction at E9.5 leads to virtually no contribution of Csfir® cells to the
lymphoid compartment which would be expected from an ongoing process and because it was
previously reported that between E9 and E11 the frequency of Csfir® YS cells continuously
decrease®. It is however possible that AGM derived multipotent progenitors bypass the HSC
stage and directly differentiate and contribute to the first wave ETP, as recently reported in
Zebrafish® and in mice®”. Altogether, these data indicate that lymphopoiesis is a hallmark of
HSC and HSC-derived progenitors.

The ability of adult ETP to generate ILCs in vitro has been previously documented **°%¢*,
however the capacity of E13 ETP to generate thymic LTi within a thymic microenvironment
is the first evidence that these cells can originate also from hematopoietic progenitors other

than the classical ILCP®*®®, and in organs other than the FL where hematopoiesis occurs®
(Fig 7).
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This highly orchestrated sequence of events highlights the requirement of a layered immune
cell production whereby the first wave of ETP is essential for thymic organogenesis and T

cell tolerance.
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Figure Legends

Figure 1. E13 ETPs retain T/LTi lineage potential in vitro and generate LTi cells in a fetal
thymic microenvironment

(a)

(b)
(c)

(d)

(e)

Experimental strategy for combined T, B and ILC lineage potential analysis of single ETPs.
Single ETPs from either E13 or E18 were sorted onto OP9 stromal cells supplemented
with IL-7, FIt3L, KitL and IL-2. After 36 hours, clones were subdivided in conditions that
sustain differentiation of T cells (OP9-DL4 supplemented with IL-7, FIt3L, KitL and IL-2) or
B, myeloid and ILC/LTi (OP9 supplemented with IL-7, FIt3L, KitL, IL-2 and GM-CSF).
Representative flow cytometry plots outlining the gating strategy used to identify ILC1,
ILC2, ILC3 and NK cells of E13 & E18 ETPs single cell-derived multi-ILC lineage clone.

Pie chart indicating all phenotypic combinations in individual clones detected after in
vitro differentiation of E13 (81 clones analyzed out of 240 sorted cells CE 34%) or E18
ETPs (86 clones analyzed out of 240 sorted cells CE 36%) in two independent
experiments. CE, cloning efficiency. Frequency of clones generating only T cells (black); T,
NK, ILC1, ILC2 and ILC3 (red) (different in E13 and E18 clones p<0.0001); T and LTi (RoRc"
CCR6") (blue) (different in E13 and E18 clones p<0.0001); T, NK, LCX two other ILC
subsets (orange); T and ILC2 (grey); T and two other ILC subsets (green); T, B and myeloid
cells (olive) (different in E13 and E18 clones p=0.0036). All other combinations were not
significantly different in E13 and E18 clones.

Flow cytometry plots of Rag2'/'yc'/' E14.5 thymic lobes reconstituted with 500 E13 ETPs or
500 E18 ETPs per lobe and gated CD3™ and stained for the expression of CD127 and CCR6
(left plots). Numbers of double positive (DP) thymocytes per lobe (right plot), Thymic LTi
per lobe (middle plot) Vy5V51 y8T cells (left plot). FTOCs were analyzed at day 12 after
reconstitution. **** P < 0.0001.

Single E13 ETP were processed as in (a). After 36-48hours in culture clones were
harvested and colonized single Rag2'/'yc'/' E14.5 thymic lobes. After 24-48 hours in
hanging drop lobes were transferred into filters and analyzed at day 12 (n=10 lobes).

Figure 2. E13 ETPs have a transcriptional LTi signature and are required for the maturation
(CD80%) of mTEC

(@)

Single-cell multiplex gPCR analyzed by hierarchical clustering of single E13 and E18
ETPs (80 cells each) for the expression of ILC lineage specific transcripts (right margin).
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Each column represents a cell (E13 ETP in salmon, E18 ETP in blue) and each row
represents one gene (of 41 genes). Highlighted are ILCs associated transcripts (black) and
LTi associated transcripts (in red). Analysis was done by normalizing expression to two
independent house-keeping genes (Gapdh and Actinb) in R package Phenograph as in
(Perchet et al., 2018) and represented in a code color where red represents high expression
and blue low expression. Data are pooled from two independent experiments.

(b) Pregnant females were injected at E10.5, E12.5 and E14.5 with 1 mg of anti-IL-7Ra
antibody A7R34 (Red arrows indicate time points of anti-IL-7Ra injections and violet
arrows indicate time points of analysis). Thymic lobes were analyzed at E16.5 for the
presence of ETP (Lin® CD117" CD44" CD24""), for Vy5Val yoT cells and for LTi
(CD127" CCR6" TcR™ CD3 cells) (n = 6) or at P2 for the presence of DN (CD4 CD87%§),
DP(CD4*CD8"), CD4" thymocytes and of Vy5V&1 8T cells, for LTi (CD127" CCR6"
TcR™ CD3 cells) and for CD80" mTEC (EpCAM™ Ly51" UEA.1" CD45) (n = 24). Plots
show numbers of the respective populations per thymus. Data from two independent
experiments. **** P < (0.0001.

Figure 3. Neonatal thymectomy has no effect on embryonic derived Vy5 and Vy6yo T

cells

(a) Schematic diagram of neonatal thymectomy experiment. P1 newborn mice were
thymectomized and analyzed 6 weeks later.

(b) Frequencies of double positive CD4/CD8 T cells found in the thymus and peri thymic
tissue isolated from sham and thymectomized mice, respectively.

(c) Number of Vy5" y6 T cells in the epidermis isolated from one ear of sham and
thymectomized mice.

(d) Number of Vy6 IL17 y6 T cells, Vy4 IL17 y6 T cells and aff T cells in one inguinal lymph
node, isolated from sham and thymectomized mice.

(e) Number of ap CD4" CD44 T cells in the spleen. *P < 0.05, **P < 0.01 and ***P < 0.001
(Student's t-test). Data are representative of at least 4 mice in each group from two
independent experiments. Data are depicted as mean * s.e.m.

Figure 4. Emergence of 1I7Ra” expressing YS-progenitors in E9.5 embryos

(a) Schematic representation of the anatomical sites analyzed in mouse embryos: YS, head,
fetal liver and the AGM region.

(b) Representative flow cytometry plot showing YFP expression on live Lin® CD117" CD41"
E9.5 YS cells from 117r*ROSA26"".

(c) Number and Percentage of YFP® per YS (mean *s.e.m). Data representative of 14
embryos from 4 independent experiments.

(d) Representative flow cytometry plot showing YFP expression on live Lin” CD117" E9.5
placenta and AGM region cells.

(e) Expression of CD115, CD127, CD135, CD16/32 and CD31 within the E9.5 YS Lin" CD117"
CD41" YFP* and YFP populations.

(f) Experimental strategy for single cell lineage potential assay of E9.5 YS Lin" CD117* CD41"
YFP" and YFP populations.

(g) Frequency of wells containing B cells or (h) T cells in cultures of single sorted E9.5 YS Lin
CD117" CD41" YFP' and YFP™ cells (180 cells from each population analyzed in three
independent experiments).

(i) Frequency of erythroid and megakaryocytic (E/Mk), myeloid (GM) or mixed E/Mk/GM
colonies of single sorted E9.5 YS Lin" CD117* CD41" YFP* and YFP" cells.
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(j) Frequency of thymic lobes irradiated and reconstituted with CD117" E9.5 YS YFP" or
YFP", or with E12.5 LSK or E10.5 YS as controls, that contained CD4/CD8 DP cells (left
plot) or TCR-Vy5' T cells (right plot). FTOCs were analyzed at day 12 after
reconstitution.

Figure 5. Gene expression analysis of single E9.5 YS Lin" CD117" CD41" YFP" and YFP"

cells.

(a) Single-cell multiplex gPCR analyzed by hierarchical clustering of single YFP* (47 cells) and
YFP™ (10 cells) E9.5 Lin° CD117" CD41" cells analyzed for the expression of lymphoid
associated (/I7r, Rag1, Rag2, FIt3), myeloid associated (Cebpa, Cd32, Csfir, Csf2r, Csf3r,
Irf8, Pul), B cell associated (Pax5, Ebf1), E/Mk associated (EpoR, Gatal, Mpl, Tall, Vwf,
KIf1) and hematopoiesis associated (Gata2, Myb, Runx1, Kit, Cd34) genes.

(b) Number of /17r" and 1I7r cells within E9.5 YS YFP expressing cells.

Figure 6. Thymopoiesis-initiating cells develop exclusively from HSC-derived

progenitors

(a) Experimental design of lineage tracing analysis of Csflr-expressing cells after OH
tamoxifen (OH-TAM) administration at E8.5, or E9.5, or E10.5. Arrows indicate pulse and
analysis time points.

(b) Flow cytometry analysis of E12.5 early thymic progenitors (ETPs). E12.5 thymic lobes of
embryos pulsed at indicated time points were analyzed. Left plots show the gating
strategy to identify ETP. Right representative histograms showing the frequency of
Tomato" or YFP" cells in ETP. For each experiment one representative analysis is shown.

(c) Frequencies of YFP or Tomato labelled hematopoietic progenitors and Lymphoid tissue

inducer (LTi) in E12.5 fetal liver, FB and thymi (left plots) and of LSK, B1 B cells, B cells
and Vy5' T cells in adult tissues (right plots) of animals pulsed at E8.5, E9.5 or E10.5.
Microglia served as controls for labelling efficiency.
All data are pooled from minimally two independent experiments, for embryos analyzed
at E12.5 (pulsed at E8.5, n = 8; E9.5, n = 10; E10.5, n = 10) and for adult tissues animals
were analyzed between 10-12 weeks of age (pulsed at E8.5, n = 6; E9.5, n = 6; E10.5, n =
2). Data are depicted as mean + s.e.m except for adult animals pulsed at E10.5 (mean).
Abbreviations: ETPs, early thymic progenitors; PerC, peritoneal cavity; BM, bone
marrow; FB, fetal blood; FL, fetal liver; FT, fetal thymus.

Figure 7. Model depicting the origin and the lineage potential of thymopoiesis-initiating

progenitors.
Abbreviations: ETPs, early thymic progenitors.
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Figure 2

Heatmap of gene expression per population
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Figure 4
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Figure 5
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Figure 7
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