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Identification of the earliest prethymic bipotent T/NK progenitor

in murine fetal liver

lyadh Douagi, Francesco Colucci, James P. Di Santo, and Ana Cumano

This article describes the isolation of a

novel cell population (B220 '°¢-kit *CD19™)

in the fetal liver that represents 70% of
T-cell precursors in this organ. Interest-
ingly, these precursors showed a bipo-
tent T-cell and natural killer cell (NK)—
restricted reconstitution potential but
completely lacked B and erythromyeloid
differentiation capacity both in vivo and
in vitro. Moreover, not only mature T-cell

receptor (TCR) af* peripheral T cells but
also TCRy8* and TCRap*CD8aa™ intesti-
nal epithelial cells of extrathymic origin
were generated in reconstituted mice. The
presence of this population in the fetal
liver of athymic embryos indicates its
prethymic origin. The comparison of the
phenotype and differentiation potential of
B220"°c-kit *CD19~ fetal liver cells with
those of thymic T/NK progenitors indi-

cates that this is the most immature com-
mon T/NK cell progenitor so far identified.
These fetal liver progenitors may repre-
sent the immediate developmental step
before thymic immigration. (Blood. 2002;
99:463-471)
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Introduction

Multipotent hematopoietic stem cells (HSCs) differentiate intas Fe/RII/1II ¥ or as CD9ONK1.1*CD117",! although the total
precursors with increasingly restricted differentiation potentiahumber of precursors present at these sites was not evaluated.
This process, called lineage commitment, leads to the generation ofWe and others have previously reported that the FL, the major
oligopotent progenitors and finally to cells that are irreversiblpematopoietic organ during embryonic life, provides TCPs with
engaged in a unique pathway of differentiation. The identificatigigstricted potential of differentiation that continuously colonize the
of progenitors at intermediate stages of differentiation is a fundfgtal thymusi*1® In an attempt to identify such intermediate
mental step in understanding lineage commitment. The charactiecursors, we isolated different fractions of FL cells and analyzed
ization of such intermediates within the erythromyeloid lineagd§€M in @ quantitative manner for lymphocyte precursor activity.
has identified, in the bone marrow (BM), a granulocyte- Here we identify a novel population corresponding to 0.2% of
macrophage—restricted precursor and, more recently, a Comnﬁ:‘ncells that includes the majority (70%) of TCPs in this organ.

myeloid precursor and an erythrocyte-megakaryocyte prechirsor. ese cells retained the capacity to differentiate into both T and NK

. . ieRrogeny at the single-cell level. When transferred in vivo, they
T-cell generation occurs in the thymus from hernatopOlmr‘feconstituted the peripheral T and NK compartments and gave rise
precursors present in fetal liver (FL) and adult BM. Although th penp P 9

. . N L . fo intraepithelial T cells of extrathymic origin. This cell population,
pathways of intrathymic T-cell differentiation are relatively We”designatemere as common T/NK cell progenitor (C-TNKP), differs
characterized, the role of the thymic microenvironment as.aunquSth by surface marker and by gene expression analysis from
site for the induction of commitme_nt to_t_he 'I_'-ceII lineage remainsﬁ}eviously described bipotent T/NK precursors present in fetal
matter of debaté? Moreover, the identification of T-cell progeni- pjoqq, spleen, and thymus. We propose that these cells represent

tors before thymic colonization remains incomplete. Cells efhe immediate developmental step before thymic immigration.
dowed with a nonrestricted potential of differentiation into T
lymphocytes have been phenotypically characterized and isolated
from adult BM. Thus, HSCs as well as common lymphoid/jaterials and methods
progenitors (CLPs) were purifiee. Vi

The existence of committed T-cell precursors (TCPSs) in the €
BM® and more recently in the FL has been sugge&tddowever, C57BL/6-Ly5.1 mice (Centre de Deloppement des Techniques Advances,
the identification of surface markers allowing the isolation of theg&/éans. France), C57BL/6-Ly5.2 mice (lffa-Credo, L'Arbresle, France),

d C57BL/6-Rag2/c~/~ mice were bred in our animal facility (Institut

cells has not been achieved. Populations of precursors restncte@igteur’ Paris, France). The day of vaginal plug was considered day 0 of

the T-cell and natural killer cell (NK) lineages have been reportegcgstation. Timed pregnancies pé/* and nu/nu embryos wereobtained
in fetal thymus, blood, and spleén? In 2 independent studies, T from CDTA by crossing femalau* with malenu/numice. Homozygosity for
and NK precursors have been characterized in fetal thymus eitlt@rnu genotype was confirmed by the absence of the thymus.
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Cell preparation, immunofluorescence staining, and cell sorting After 4 to 6 weeks, cells from the peripheral blood, BM, spleen, thymus,

o . ) and the small intestine (i-IELs) of the recipient mice were collected and
All the fluorescence-labeled antibodies used in this study were frogﬁalyzed by flow cytometry

PharMingen (San Diego, CA). FL cells were depleted of erythroid

precurs_ors b_y mgg_netic pead depletion (Dynal AS, Oslo, Norway) af_ts'hrification of NK cells and cytolytic assay

incubation with biotin—anti-TER119. Cells were subsequently stained with

fluorescein isothiocyanate—anti-CD19 (1D3), phycoerythrin—anti-CD45Reconstituted Ragg¢—'~ mice were killed 6 weeks after transfer, and

B220 (RA3-6B2), and biotin—ante-kit (2B8) antibodies. Cells were splenocytes were stained with monoclonal antibodies (mAbs) specific for

separated using a FACStar Plus cell sorter (Becton Dickinson, Mount&i®3e and NK1.1. CD3NK1.1* NK cells and CD3NK1.1~ T cells were

View, CA). All sorted cell populations were found to be more than 98%orted and either tested for their natural cytolytic activity or expanded for 7

pure. Intestinal intraepithelial lymphocytes (i-IELs) were isolated bglays in vitro (18 cells/mL) in complete RPMI medium (RPMI 1640 with

density gradient as describ&dFor the flow cytometric analysis, the 10% FCS, 105 M B-mercaptoethanol, 100 mg/mL streptomycin, 100

following antibodies were used: anti-T-cell receptor (TERY3A10), U/mL penicillin) supplemented with 1000 U recombinant hu—IL-2 (Pepro-

anti-TCRxf (H57), anti-NK1.1 (PK136), anti-Gr-1 (RB6-8C5) and anti-tech). After 7 days, cells were harvested and a standard chromium-release

Ly5.1 (A20), anti-CD8& (Ly2, 53-6.7), anti-CD8 (Ly3.2, 53-5.8), anti- assay was performed. Briefly, YAC-1 (mouse thymoma;®H&hd P815

CD4 (L3T4), and anti-CD8 (145-2C11). Four-color analysis was per-(mouse mastocytoma; Hitarget cells (16) were labeled with 37.5Bq

formed on a FACScalibur (Becton Dickinson) and run on the Cell QuesiCr (ICN Pharmaceuticals, Orsay, France) for 45 minutes at 37°C. Cells

software (version 3.2; Becton Dickinson). Dead cells were eliminated hyere extensively washed, plated a2L0® cells/well, and mixed with

propidium iodide exclusion. different numbers of effector cells. Effector cells were NK and T cells either
freshly isolated from splenocytes or activated by IL-2. The radioactivity
released into the cell-free supernatant was measured after 4 hours at 37°C,

In vitro assays and the percentage specific lysis was calculated as followsx1@Xperi-

ental release- spontaneous release)/(maximum releasgpontane-

TCP potential. FL cell suspensions were prepared from 15 to 20 embrycSE
srelease).

(B6-Ly5.1). TCP potential was determined using the fetal thymic orga?wu
culture (FTOC) assal, with a slight modificatiort> Thymic lobes from ) | hai )
day-14 fetuses (B6-Ly5.2) were irradiated with 3000 rad using a cegiumReverse transcriptase—polymerase chain reaction
irradiator. For limiting dilution analysis, cells were resuspended at dells were lysed in TRIzol (GIBCO-BRL, Cergy-Pontoise, France), total
different concentrations in culture medium. Cells were cocultured with &NA was isolated according to the manufacturer’s protocol, and cDNAwas
least 12 individual lobes for each dilution in hanging drops. Individual IObq;?repared as described previou¥lyGene-specific primers used for PCR
were examined for the presencea*, v8*, and NK1.1 cells of donor have been described previously. mb-1, RAG\52! TCF-122 Pax-5,
origin (Ly5.1" cells) at day 16 of culture. No cells were observed IGATA-3,7 IL-7Ra,23 universal primer for Ly49, amplifying (Ly49 C, E, F,
irradiated lobes that were not colonized. The ratio of negative lobes wgg-4)24 pre-TCRx (pTa),X5 IL-15Ra: 5'-CCAACATGGCCTCGCCG
scored. Frequency and absolute numbers of TCPs were calculated (basedRGCT-3 and 3-TTGGGAGAGAAAGCTTCTGGCTCT-3. The amount
the Poisson probability distribution) as described previotfsly. of cDNA in the samples was carefully standardized by real-time PCR using

B-cell precursor potential. The limiting dilution culture conditions for hypoxanthine phosphoribosyltransferase (HPRT) specific primers: 5
B-cell precursor potential were described previod8kfter 10 to 14 days CCAGCAAGCTTGCAACCTTAACAA-3, 5-GACTGAAAGACTT-
of culture, developing pre-B-cell colonies were scored on an invert€siCTCGAG-3, and SYBR Green PCR Master Mix (Applied Biosystems,
microscope. Individual representative colonies were further analyzed Warrington, United Kingdom). Samples were analyzed using a GeneAmp
flow cytometry. Cells from each well were further stimulated with6700 Sequence Detection System (PE Applied Biosystems). The cDNA
lipopolysaccharide (LPSSalmonella typhos&/0901; Difco) at a final samples were amplified for 35 cycles by the GeneAmp PCR System 9600
concentration of 2ug/mL, and IgM secretion was detected by enzyme¢Perkin Elmer, Foster City, CA). Fifteen microliters of each PCR product
linked immunosorbent assay. Frequencies of B-cell precursors were deteas subjected to electrophoresis through a 2% agarose gel and visualized
mined according to the Poisson distribution. after ethidium bromide staining.

NK cell precursor potential.NK cell precursor potential in vitro was
determined after culture of varying numbers (range, 20-180) of FL cells &mmunoscope analysis for the detection of TCR 8
the OP9 stromal cell 1ifé3¢ (kindly provided by Dr Kodama, Kyoto rearrangements
University, Yoshida, Japan), supplemented with interleukin-7 (IL-7) and )
c-kitligand (KL). Half of the medium was removed and changed every 4 fgNA was prepared according to the manufacturer's protocol (TRIzol;
6 days. IL-2 was added at day 6 of culture. Individual colonies wef@!/BCO-BRL). For the detection of DRJ rearrangements, PCR was
analyzed by flow cytometry. NK cell differentiation was also assessed whBRrformed on the indicated samples using a combination of 2 primers that
FL cells were cultured in FTOC (see above, TCP potential). IL-7, KL, anggcognize sequences 5f the DB2.1 and 3 of the B2.71° The PCR

IL-2 were obtained from the supernatants of cell lines transfected with tRE°ducts were then subjected to a runoff reaction using a neg@ J

corresponding cDNAs and titrated as described previdisly. fluorescent prime_45. Runoff product_s were resolyed onan automated 373A
Erythroid and myeloid cell precursor potentialCells were mixed with S€duencer (Perkin-Elmer). The_ size and the intensity of each band were

OptiMEM, 0.8% methyicellulose (Fluka, Buchs, Switzerland), and 10% fethpcorded and then analyzed using Immunoscope softéte.

calf serum (FCS), supplemented with KL, IL-3, granulocyte macrophage

colony-stimulating factor (4 ng/mL), and erythropoietin (4 U/mL). Hemoglo-

binized clusters of fewer than 100 cells were classified as erythroid colofResults

forming units. Large colonies of red cells (more than 300 cells) were counted as

erythroid burst-forming units, whereas colonies containing at least 2 myeloid delnaracterization of FL cells at 15 days postcoitus based on the

types and erythroid cells were classified as mixed colony-forming units. Numbesgpression of B220 and  c-kit

of these colonies were counted. Individual colonies were further analyzed b% )
May-Grinwald-Giemsa staining. The B220 (CD45R) marker is expressed at all stages of B-cell

ontogeny. However, it is also expressed in a population of BM cells
(fraction AP728endowed with NK potentiét and on FL lymphoid
progenitors® CD19 thus remains the most reliable marker for
Sorted cells from C57BL/6 (Ly5.1) embryos were injected in the retrd3-lineage commitmert? The expression of the receptor tyrosine
orbital sinus of 400-rad irradiated C57BL/6-Rag®/’~ (Ly5.2) mice. kinasec-kit correlates with precursor activity and has been used to

In vivo cell transfer
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Figure 1. Characterization of 15-dpc FL cells for T-cell progenitor
activity: predominance of TCP inthe B220  '° ¢c-kit *CD19~ fraction.
FL cells from 15-dpc C57BL/6 embryos were depleted of erythroid
precursors and analyzed for expression of CD19, c-kit, and B220.
After flow cytometric sorting of the different subpopulations defined by
these 3 markers, wild-type FL cells were tested for TCP activity in an
FTOC performed under limiting dilution conditions. (A) Flow cytomet-
ric plots are shown for wild-type and nu/nu C57BL/6 FL cells. (B)
Reanalysis of sorted cells from populations a and e. Sorted cells were
consistently more than 98% pure. (C) The total number of TCPs in
15-dpc FL was previously determined!4 and reconfirmed here. From
the frequency of TCPs and the fraction that they represent in total FL
cells, we calculated the total number of TCPs in each population. The
bars show the percentage of the total TCP activity in each fraction. (D)
Analysis of surface phenotype of sorted cells from population e after 10 D
staining with indicated antibodies (solid lines). Data are representative
of at least 3 independent experiments.
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identify HSCs, CLPs, and pro—T cef5.FL cells were isolated To evaluate the B-cell differentiation potential, we cultured the
from 15-days postcoitus (dpc) embryos, and erythroid precurs@ame populations under clonal conditions with the stromal cell line
were depleted using the TER119 mAb. TER11RL cells were S17 in the presence of IL-7 and KL. Sorted cells from fraction a
then analyzed for the expression of CDX9kit, and B220. The gave rise to B-cell colonies at a frequency of approximately 1 in 4
analysis identified 6 distinct populations (Figure 1A). Theells (Figure 2A). In contrast, cells from fraction e failed to
B220*CD19" population (a) contains pro/pre—B cells that develogenerate a B-lineage progeny. The absence of B cells in these
in the FL3233The CD19 cells separate into 5 other populationsultures was confirmed by the absence of IgM-secreting cells after
(b-f) according to the level of expression@kit and B220. All of LPS stimulation (data not shown).
the above subpopulations were present at similar ratios in FL cells The myeloid and erythroid potential of cells from fraction e was
derived from nude rfu/ny embryos, showing that they are notaddressed by colony formation in methylcellulose. Unfractionated
generated in the thymus (Figure 1A). FL cells gave rise to colonies at a frequency of approximately 1
colony-forming unit per 500 plated cells (Figure 2B). Both
homogeneous and mixed colonies were identified after May-
Grinwald-Giemsa staining of cytospin preparations. Developing
colonies included granulocytes and macrophages, and a few
Unfractionated and sorted cells corresponding to the 6 FL subpo@lonies also included erythroid cells (data not shown). In contrast,
lations (a-f) (Figure 1A) were characterized for their TCP potentigirogenitors in fraction e failed to generate colonies in this assay
by assessing the capacity to reconstitute 14-dpc irradiated thyreicen when up to 15 000 cells were plated (Figure 2B).
lobes!® Frequencies and total numbers of TCPs were evaluated in An additional characterization of the lymphoid and myeloid
FTOCs performed under limiting dilution conditions. Figure 1differentiation potential was performed in a culture system using
shows the ratios of TCPs in the different subpopulations (a-f) the stromal cell line OP93¢ and exogenous interleukins. These
TCPs intotal FL cells. Strikingly, population e (B226-kittCD19")  conditions permit the development of NK, B, and myeloid cells.
represents close to 70% of the TCPs in total FL cells andtwas Figure 2C shows that both total FL cells and sorted progenitors
further characterized. Figure 1D shows surface marker analysisfigfm fraction e were capable of giving rise to NK cells. Moreover,
sorted cells from population e after staining with the indicatedhereas unfractionated FL cells generated CD cells and
antibodies. These precursors were NKICD90 CD25 CD44+. myeloid cells, as indicated by the expression of Gr-1 and Mac-1,
precursors in fraction e failed to generate these lineages (Figure
2C), ruling out that this fraction contained the previously identified
uncommitted precursors present in FL.
We further evaluated the developmental potential of the cells
include_d_ in f_racti_on e. Sorted cells were independently analyzedégidence for a bipotent T/NK progenitor in FL
3 sensitive in vitro assays supporting T, B, and erythromyelog{, single-cell analysis
differentiation from uncommitted multipotent precursét3®

To evaluate the origin of TCPs within fraction e, we culturedhe limiting dilution analysis allowed us to conclude that cells
sorted cells from wild-typenu/*, and nu/nu C57BL/6 embryos within fraction e contained T and NK precursors, either as a
under limiting dilution conditions in FTOCs. Cells within fraction ebipotent T/NK or as a mixture of NK and T committed progenitors.
generated T cells at a similar frequency (approximately 1 in Zb address these possibilities, we investigated the differentiation
cells) (Figure 2A), whereas fraction a (B220D19%), used as potential of individual cells in fraction e. Cells were micromanipu-
negative control, did not generate a detectable T-cell progelated under direct microscopic inspection and allowed to colonize
(Figure 2A). This result indicates that the TCPs present wsingle irradiated fetal thymic lobes. A representative analysis of the
population e are of prethymic origin. cells generated in independent lobes is shown in Figure 3.

The majority of TCPs in the 15-dpc FL are present in fraction e:
B220'"° c-kit sup +CD19~

In vitro progenitor activity of fraction e

%20z AeN 0z uo 3senb Aq 4pd-€9¥0020208Y/SIE089 |/E9Y/2/66/4Ppd-B[oNIE/POO|qARU SUOKEDIIgNdYSE//:d]Y WOl papeojumoq



466  DOUAGI et al BLOOD, 15 JANUARY 2002 « VOLUME 99, NUMBER 2

A B22010¢-kit*CD19" B220*CD19*
+/+ nu/+ nufnu
100 100 100 100
§ = 1420 = 4] i w2 i <1/ 00
i=]
g
g
c
s
ES
TR T i T A TR SR R G P > & h

No. of cells/thymic lobe

100 100 100 100

- vzt . arzigt vl a0 5 i
H

v

; ] ] ] 1

=

5

®

1 T T T 1 T v T 1 — N - 1 " .
100 00 W ] 100 200 0 100 200 30 H 4 1 ]
No. of cells plated/well
30
B C 74 74
B220l0c-kit*CD19" 3 3

20

No. of CFU/well

NK1.1

FF Total FL

il
5000

10000
15000 4

20000

No. of cells plated/well

Gr1l/Macl — CD19 —

Figure 2. B220 ' c-kit *CD19~ progenitors give rise to T and NK cells but fail to generate B and myeloid progeny in vitro. (A) B220*CD19" (fraction a) FL cells isolated
from wild-type embryos and B220"°c-kit*CD19~ cells (fraction e) isolated from wild-type, nu/*, and nu/nuwere set under limiting dilution conditions in FTOC (upper panels) and
with S17 stromal cells, KL, and IL-7 (lower panels). Plots of the percentage of negative wells per cell concentration and calculated frequencies are shown. (B) Total FL cells ((J)
and B220/°¢c-kit"CD19~ cells () from wild-type C57BL/6 mice were cultured in methylcellulose, and erythromyeloid colonies were counted on day 7. (C) The same populations
as in (B) were cultured on OP9 stromal cells in medium supplemented with IL-7, KL, and IL-2 for B, myeloid, and NK cell development. Cells were stained and analyzed by flow
cytometry after 10 days of culture.
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Figure 3. In vitro generation of T and NK cells from
single B220 ' c-kit+CD19~ progenitors. Sorted cells
were seeded at one cell per well in Terasaki plates. Wells
were individually checked under a microscope, and wells
containing a single cell were identified. Single cells were
then placed in a hanging drop with one irradiated thymic
lobe from Ly5 congenic embryos. Flow cytometric analy-
sis of individual lobes was done at day 16 of FTOC.
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Expression of T and NK cell markers was examined by gating GrERp chain gene rearrangement and gene expression analysis
Ly5.1* donor-derived cells. T cells expressing T&@Ror TCRyd
as well as NK cells expressing only NK1.1 were present
NK1.1*TCR«p cells were also generated.

Under these conditions, the T-cell readout frequency of sort

We next investigated whether T@ERrearrangements have been
initiated in these progenitors. DNA was isolated from cells of
g@ction e before and after FTOC, and rearrangements of thdTCR

CD44CD25" fetal thymocytes was 1 in 5 celt8Using cells from genes were examined by PCR. As shown in Figure 4A,8D-J

fraction e, we observed thymic reconstitution in 5% (3 of 60) of threeartran?emg_nts Werettnot o]kc:)served n Ce”f from frtc)':\ctlon de. Ln
individual lobes. Although this efficiency remains low, lobes pontrast, a diverse patern of reafrangements was observed when

which only T or NK cells developed were not observed Undépese progenitors were cultured in irradiated fetal thymic lobes.

limiting dilution conditions, where more than one cell from fractionThese data suggest that rearrangements in thegTIGeUs occur

e was used in FTOC, independent NK or T-cell reconstitution w er th)gmc segdlng and commltmer_n t.o the. T I_meage. Rec_ent
never observed. However, lobes containing only NK progeny we gdlngs_, ShOW'F‘g that the NK potential is maintained in thymic
observed when cells from fraction f were seeded in FTOC (data ypgenitors untl TCR gene rearrangements occur, Support

shown). Together these data indicate that both T and NK potentigférv(\:londusllon'd b . | hai
in cells from fraction e were present in the same precursor, which e analyzed by reverse transcriptase-polymerase chain reac-

we will define as C-TNKRcommon T/NK cell progenitor), demon- tion (RT-PCR) the expression of genes that play arole in early B, T,

strating for the first time the existence of such a bipotent cell in FL. or NK cell d|f_ferent|at|on. As sho_wn In Figure 4B , sorted cells from
fraction e failed to express B-lineage—specific gene§,(mb-1,
and Pax-5). They expressed IL-@dRand, at barely detectable
levels, RAG-1 transcripts. Interestingly, these progenitors ex-
4 e pressed the T-lineage—specific transcription factor GATA-3 and low
> , - levels of TCF-1. Expression of the pTgene was not detected
B 5 under the same PCR conditions. We also did not detect expression
of genes associated with NK lineage differentiation, such as
IL-15Ra and Ly49. Expression of both T- and NK-related genes
has been observed in the NKi@D90" pT/NK progenitors
derived from the fetal thymus, blood, and spleen, suggesting that
o these may represent a more mature stage of differenti&tisn.

A Dp2 Jp2.1-2.7

B220'0¢-kit*CD19"]
(ex-vivo)

B220!0¢-kit*CD19"]

B220'° c-kit +CD19~ FL progenitors reconstitute both the
[ 3 (after FTOC)

T and NK, but neither the B-cell nor the myeloid,
| 4 ¥ compartments of Rag2/ yc~/~ mice

S To assess the hematopoietic reconstitution potential in vivo of cells
D2-Jp2.5 Thymus in fraction e, we intravenously injected sorted B22&it*CD19-
DB2-Jp2.4 cells into sublethally irradiated mice carrying mutations in both the
Dp2-Jfi2.3 Rag?2 and the common cytokine recepjorgenes® The additional
absence of NK cells in the Rag@ /-~ mice®® (Figure 5A)
compared with RagZ~ mice makes them ideal hosts to analyze the
100 0 300 400 potential to generate B, T, and NK cells. Rag2/~ mice were
intravenously injected with ¥ 10* TER119 FL cells or 1@ cells

1 2 3 3 . . .
B 1 2 L.z from fraction e, both numbers corresponding to 500 TCPs in the
.o ; respective populations.
Tef-1 -5 IL-7R: . L .
n = —'ﬂ ¢ The analysis of blood samples from mice injected with total FL
- ' cells revealed the presence of TER" mature T cells,
Gata-3 > —— NK1.17IL2RB* NK cells, and also B220gD* mature B cells 4 to
- - . ‘C . ¢ 6 weeks after cell transfer. In contrast, sorted cells from fraction e,

although capable of generating T and NK cells, lacked any
detectable B-cell reconstitution potential (Figure 5A). The main
== pTo o | Pax-5 - | Ly49-U hematopoietic sites (BM and thymus) of the recipient mice were
analyzed at 4 weeks after transfer for the presence of donor-derived
myeloid, B, T, and NK cells. Mice having transplantation with
| Rag-1 | - HPRT either unfractionated FL cells or sorted cells from fraction e
contained T cells in the thymus (Figure 5B). At this time point,
Figure 4. B220'° c-kit*CD19~ cells retain their TCR B locus in a germline most progeny derived f.rom fractllo.n e had already progressed to the
configuration but express T-lineage-specific genes.  (A) DNAwas prepared from  mature CD4 or CD8'" simple positive stage, and consistently 70%

5 X 103 cells from fraction e before and after FTOC. Rearrangement of the TCRB of these thymocytes expressed high levels of T&GR]'he majority

genes wias examined by a sensitive 2-step PCR using pairs of primers (1 and 2) - 7604) of the progeny of unfractionated FL cells were at the double
ollowed by a runoff using the fluorescent primer 3, as shown in the higher panel. o X o X
TCRB gene rearrangement was not observed in cells from fraction e. In contrast,  POSitive stage, and only 30% were TER". Mice injected with
diverse DB-JB rearrangements (indicated by arrows) were observed after FTOC.  total FL cells showed sustained T-cell lymphopoiesis 8 weeks after
(B) RT-PCR analysis of cells from population e (line 2) for the indicated genes. injection. In contrast. in recipients of cells from fraction e. T-cell
Controls (line 3) included 15-dpc fetal thymocytes, CD19*B220* cells, and . ! '
NK1.1*CD3~ mature NK cells. S17 cells were used as a negative control (line 1). The generation was no lo_nger _Observed_ (data nOI ShOWI’]). The_se_ data
amount of cDNA was carefully standardized according to HPRT transcripts. suggest that progenitors included in fraction e have a limited
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>
B220
NK1.1

- B Lys.1* Figure 5. In vivo progenitor activity of B220 °
l:] c-kit *CD19~ FL cells. Total 15-dpc FL cells and sorted
B220°c-kit"CD19~ cells (fraction e) were injected into
irradiated C57BL/6-Rag2/yc~/~ mice at 7 X 10% and 104
cells per mouse, respectively, corresponding to an equiva-
lent number of 500 TCPs. Four weeks after cell transfer,
the blood (A), thymus (B), BM (C), and i-IELs (D) were
analyzed by flow cytometry. The presence of donor-
derived cells was assessed by gating on Ly5.1* cells.
Numbers indicate the relative percentage within the
indicated gates. The results are representative of 4
experiments.
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self-renewal potential and are able to generate only a transiéRigure 6A). IL-2—activated CD3NK1.1* cells showed strong
wave of T-cell reconstitution. cytolytic activity against NK-sensitive YAC-1 thymoma cells
The analysis of BM cells showed a striking difference in the BFigure 6A) but not against NK-resistant P815 mastocytoma cells
and myeloid repopulation capacity of the 2 sets of reconstitutéBigure 6B). The cytolytic activity of NK cells generated in vivo
mice (Figure 5C). In support of the in vitro data, fraction e wakom population e was comparable to that displayed by NK cells
devoid of B and myeloid cell precursor activity, as shown by thisolated from control B6 mice (Figure 6B). These data demonstrate
total absence of B220gD* and Gr-1" cells, which were generated that the B220c-kit*CD19~ subpopulation can give rise to func
only from unfractionated 15-dpc FL (Figure 5C). It is interesting ttional NK cells in vivo.
note that a minor B22®population was detected in mice reconsti
tuted with fraction e; those donor-derived cells were shown to be
B220°IgD~NK1.1*. Discussion
To exclude the possibility that an early transient wave of B-cell
repopulation was generated in the mice receiving B220 We have quantitatively characterized TCPs in different subsets of
kittCD19 transplants, we analyzed the peripheral blood within BL cells. This analysis allowed us to isolate a novel population of
weeks after cell transfer. Mice reconstituted with unfractionated Flematopoietic progenitors that represent the majority (70%) of
cells contained significant levels of donor-derived B22D*
cells in the peripheral blood. In contrast, mice having transplanta-

tion with fraction e showed no repopulation in the peripheral bloodA it L Eu Rt oetis
at this. time point (data npt shown). . . YAC-1 YAC-1 P815
Evidence for the existence of T cells of extrathymic origin , 8 80
within the intestinal epitheliuft led us to ascertain whether the iu'- " 60
progenitors in fraction e could contain precursors for this T-cell&
subset. Ragzt~/~ mice reconstituted with progenitors from ;ﬁ. 40 40
fraction e containe@p and+vd T cells in the i-IEL compartment > 5 2
(Figure 5D). TCRB* cells expressing the Cl8 homodimer, :;
characteristic oéxtrathymic i-IELs, were also present in these mice. o 0l b—A—p A | &—
9 3 1 03 9 3 1 03 9 3 1 0,3
Population e generates cytolytic NK cells in vivo E/T ratio E/T ratio

. i . . . Figure 6. Cytolytic activity of NK cells generated in vivo. CD3"NK1.1" NK cells

The spleens of mice reconstituted with population e containedfcles) and CD3*NK1.1- T cells (triangles) were purified from splenocytes of mice
subset of cells phenotypically indistinguishable from mature Neconstituted with population e. (A) Freshly sorted cells were tested for cytolytic
cells that we tested for their cytolytic activity. Splenic NK1aD3~ ac.tivity versus YAC—l thym(?ma targets. (B) S_,orted NK cells (circles) and T cells
_ . . . (triangles) from mice reconstituted with population e (empty symbols) and control B6

but not CD3NK1.1" cells generated in vivo from populatlon €mice (filled symbols) were cultured in vitro for 7 days in IL-2 and thereafter tested for

exhibited low but detectable levels of cytolysis against YAC-1 cellstolytic activity versus sensitive YAC-1 and resistant P815 target cells.
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Figure 7. Model for prethymic T and NK lineage kitt
commitment. The molecular characterization and the H " ietic sit BI Th CD90+/-
analysis of the potential of differentiation of FL-derived ematopoielic sites ood ymus R
B220'°c-kit*CD19~ progenitors place this population (C- ~
TNKP) in an intermediate developmental stage between
the CLP and the p-T/NK identified in fetal blood and
thymus (see “Discussion” for further details). B220le
c-kitt c-kitt c-kitt c-kitt
CD90~ CD9%0" CDY0+ CD90+ p-NK
CD25- CD25" CD25" CD25"
NKL1- NK1L.1- NKL.1+ NKL1+
c-kirt
CD90+
CLP C-TNKP p-TNK p-TNK ggﬁ*
GATA-3
IL-15Ra
pTa

TCPs in 15-dpc FL. Cells within this population lack in vitro and irabsence of thymocytes 4 weeks later. The transient reconstitution
vivo potential for B and erythromyeloid differentiation. Thesenbserved contrasts with a sustained thymopoiesis obtained with
precursors were shown to differentiate into T and NK cells byotal FL cells known to harbor HSCs. Thus, the self-renewing
single-cell fate analysis. Moreover, precursors uniquely committgglogenitors in the BM that ensure constant generation of TCPs are
to either the T or NK lineage were not detected in single-cell ghost likely the stem cells because the common lymphoid precur-
limiting dilution assays, arguing for the absence of more restricte@drs (CLPs), the immediate precursors of the C-TNKP, were also
progenitors among this subset. This conclusion is supported §yown to have transient reconstitution capatijthough the BM
recent studies indicating that T-lineage restriction from a bipotegt mice reconstituted with fraction e from FL showed no signs of
P-T/NK occurs in the thymus.*” Consistent with this notion, the gifferentiation of B or myeloid cells, a minor population of

C?” population qescribed here is of prethymi(.: origin. We designag»geNK 1.1+ donor-derived cells was detected. They most likely
this cell population as common T/NK progenitor (C-TNKP).  ¢qrrespond to mature NK cells known to express low levels of
We show that the frequency of T-cell generation in Vitro itgoo( that differentiated in sitf?

FL-derived C-TNKP cells is approximately 1 in 20 cells. It should 1,4 analysis of i-IELs of the reconstituted mice showed the

be EOted that ﬁ purel pppUI?f_io_n of TfClP_s 5(ie, ”C:D@ﬁzg presence of donor-derived cells that reconstituted this particular
prothymocytes) has a plating efficiency of 1 in 5 cells in this asS&hvironment with ratios ofd- andaB-expressing T cells compa-

This result indicates that not all cells in FTOC conditions COloniZt%\ble to those found in normal mice. Moreover, T&Rand vd

the thymic lobes, and furthermore not all cells will efflcuentlyCells expressing the homodimer GBwere also generated. Both

interact with the thymic stroma to initiate the T-cell differentiation : o .
. . opulations have been shown to undergo extrathymic differentia-
program. Thus, the true frequency of TCPs in the population we ™ . .
. . . 1gn.# We conclude that FL-derived C-TNKPs are able to recensti
describe could be much higher. It should also be pointed out tha

the frequency of T-cell generation obtained here is comparablettge not only the thymlp but also the extrathymlc chell compa_rt-
that obtained for CLPs from BM (1:28)The cloning efficiency for ments. Precursors for i-IELs have been described in a specialized
B-cell precursor detection in vitro is comparable to that found for ftructure named cryptopatchiédn addition, putative IEL precer
cells in FTOCs. Thus, 1 in 4 CDI9FL cells can generate B-cell SO'S have been reported to express low levels of B220The
colonies in the presence of stromal cells, KL, and IL-7. The fagimilarity between this phenotype and that expressed in the
that we are comparing potentials of differentiation using tests wiftPPulation described here raises the possibility of a lineage
similar plating efficiencies reinforces our conclusion that B-celflationship between these subsets. However, further investigations

differentiation potential is not retained in B2@OkitrCD19-  are required to formally assess this possibility.
FL precursors. Although sharing the common capacity to differentiate into

When injected into Rag®t~/~ mice, FL-derived B228c- both T and NK cells, the population described here expressed a
kit~ CD19" cells were shown to be effective in the repopulation oflifferent set of surface markers compared with the p-T/NK
the T and NK cell compartment of Rag@+deficient mice, further previously identified in the fetal thymus, blood, and spleen but
confirming the restricted differentiation potential of these progenibsent from FL, the major hematopoietic organ during embryonic
tors assessed in vitro. The limited self-renewal potential of thelife.'? These were shown to be NKI.,1CD117, and CD90; in
precursors is shown by a skewed ratio of CD4/CD8 single- wontrast, the FL C-TNKPs described here are NK1@D11 7",
double-positive cells 4 weeks after transfer and by the virtuahd CD90.
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Gene expression analysis revealed additional differences loifferentiation potential are committed to the T/NK lineage; (2) this
tween these populations. NK.CD90*CD117° precursors ex population can reconstitute both the conventional thymic and the
pressed the T-cell-specific transcriptopBnd genes associatedextrathymic T-cell subsets; and (3) both by surface marker and gene
with NK lineage differentiation such as IL-15Rand NKR-P1 expression pattern, they differ from previously described thymic
family members. In contrast, the population described here haisd blood-derived pT/NK cells. We propose that if constant thymic
undetectable levels of pland IL-15Rx transcripts. However, 2 immigration occurs, the population described here likely consti-
transcription factors associated with T-cell development (GATA-Bites a major component of this process.
and TCF-1) were expressed in both populations. All together, this The isolation of a homogeneous population of prethymic bipotent
suggests that C-TNKP in FL represents a more immature popul@NK precursors will allow the identification of genes involved in
tion than NK1.1CD90"CD117° precursors. On the other hand,early stages of T-cell commitment and differentiation and eventu-
GATA-3 is expressed at low levels in common lymphoid progenally will allow us to understand the molecular basis for thymic
tors (CLPs) while it is up-regulated in thymic pro-T cells. Inimmigration. Moreover, the capacity of a human counterpart of this
conclusion, the C-TNKP can be placed in an intermediate develagell population to reconstitute efficiently the T-cell compartment
mental stage between the CLP and the p-T/NK identified in fetabuld be used to prevent lymphopenia following stem cell transplan-
blood and thymus (Figure 7). tation and could therefore be of high therapeutic interest.

A continuous flow of immigrants seems necessary to ensure a

constant T-cell generation in the thynfidt is conceivable that
multiple cell types such as HSCs, CLPs, and p-T/NK are involveﬂlcknowledgments
in this process. Our own previous results showed that the fetal

thymus is seeded by increasing numbers of T&HAhe quantita We thank Mathias Haury, Anne Louise for cell sorting, Pablo
tive data presented here indicate the following: (1) During midRereira for advice in the i-IEL preparations, and Laurent Boucontet

gestation, the major population of FL cells endowed with T-cefbr help with real-time PCR analysis.
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