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Identification of mesenchymal stem/progenitor cells in human first-trimester fetal

blood, liver, and bone marrow

Cesare Campagnoli, Irene A. G. Roberts, Sailesh Kumar, Phillip R. Bennett, llaria Bellantuono, and Nicholas M. Fisk

Human mesenchymal stem/progenitor
cells (MSCs) have been identified in adult
bone marrow, but little is known about
their presence during fetal life. MSCs
were isolated and characterized in first-

doubling 0of 50.3 = 4.5. In their undifferen-
tiated state, fetal blood MSCs were CD29  +
CD44+, SH2*, SH3*, and SH4 *; produced
prolyl-4-hydroxylase,  a-smooth muscle
actin, fibronectin, laminin, and vimentin;

(12.6 * 3.6/106 nucleated cells). Their mor -

phology, growth kinetics, and immuno-
phenotype were comparable to those of
fetal blood-derived MSCs and similarly
differentiated along adipogenic, osteo-

and were CD45 -, CD34-, CD14~, CD68-,
VWF~, and HLA-DR ~. Fetal blood MSCs
cultured in adipogenic, osteogenic, or
chondrogenic media differentiated, re-
spectively, into adipocytes, osteocytes,
and chondrocytes. Fetal blood MSCs sup-
ported the proliferation and differentia-
tion of cord blood CD34 +* cells in long-
term culture. MSCs were also detected in
first-trimester fetal liver (11.3 =+ 2.0/106
nucleated cells) and bone marrow

trimester fetal blood, liver, and bone mar-
row. When 10 6 fetal blood nucleated cells
(median gestational age, 10 *2 weeks [10
weeks, 2 days]) were cultured in 10% fetal
bovine serum, the mean number ( = SEM)
of adherent fibroblastlike colonies was
8.2 = 0.6/10° nucleated cells (69.6 = 10/
pL fetal blood). Frequency declined with
advancing gestation. Fetal blood MSCs
could be expanded for at least 20 pas-
sages with a mean cumulative population

genic, and chondrogenic lineages, even
after sorting and expansion of a single
mesenchymal cell. MSCs similar to those
derived from adult bone marrow, fetal
liver, and fetal bone marrow circulate in
first-trimester human blood and may pro-
vide novel targets for in utero cellular and
gene therapy. (Blood. 2001;98:2396-2402)

© 2001 by The American Society of Hematology

Introduction

In addition to hematopoietic stem cells, it is now clear that adutells in adult bone marrow, while first-trimester fetal blood

human bone marrow contains a rare population of mesenchynsahtains significant numbers of hematopoietic progeriitaad

stem/progenitor cells (MSCs) (0.01% to 0.001%). MorphologiSCID-repopulating cell® and fetal liver and bone marrow are

cally, MSCs in their undifferentiated state are spindle shaped awell-known sites of active hematopoiesis during ontog@rur

resemble fibroblasts. They can be extensively expanded in viian was to isolate and characterize MSCs early in gestation, which

and, when cultured under specific permissive conditions, retairould promote understanding of the ontogeny of these cells and

their ability to differentiate into multiple lineages including bonepossibly open new avenues for in utero cellular and gene therapy.

cartilage, tendon, muscle, nerve, and stromal é€lls. In this study we show that MSCs can be isolated from human
MSCs are of great therapeutic potential because of their abilfiyst-trimester fetal blood, liver, and bone marrow, readily ex-

to self-renew and differentiate into multiple tissdesdult bone panded, and induced to differentiate in vitro.

marrow-derived MSCs engraft in numerous organs and differenti-

ate along tissue-specific lineages when transplanted into fetal

sheep. They enhance engraftment of donor hematopoietic cells .

after cotransplantation in animal mod&s2and they migrate into Materials and methods

areas of muscle degeneration to undergo myogenic differentiatigir;mIoles

in immunodeficient micé3 In humans, MSCs have been used to

regenerate the marrow microenvironment after myeloablatifood and fetal tissue collection for research purposes was approved by the

therapy!4 Furthermore, Horwitz et & have shown that allogeneic Research Ethics Committees of Hammersmith Hospital and Queen Char-

bone marrow transplantation in children with osteogenesis impéqgte’s Hospital. National guidelines (Polkinghorne) were complied with in

fecta allowed engraftment of functional donor MSCs, resulting iF‘?I.‘r"t'on o the use of fe.ta.‘l tissues for research. Pregnant women gave
. . written consent for the clinical procedure and for the use of fetal blood or
increased bone marrow density.

. tissue for research purposes.

Recent work has shown that mesenchymal progenitors are alsoFirst-trimester blood samples (median gestational age? Weeks [10
present at low frequencies in adult peripheral blé@hd in term  yeeks, 2 days]: range,*? to 140 weeks: n= 34) were collected by
cord blood!” To date little is known about their presence in earlyardiocentesis under ultrasound guidance under general anesthesia before
fetal life. MSCs are closely associated with hematopoietic stectinically indicated termination of pregnancy using a siliconized 20-gauge,
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15-cm needle (Cook, Herts, United Kingdom). Cytospun cells from bloa#gmperature. Antimouse or antirabbit peroxidase—conjugated immunoglobu-

samples of less than 11 weeks’ gestation and blood films from samplediof G antibodies (Sigma-Aldrich) were used as secondary antibodies at

more than 11 weeks’ gestation were stained with Leishman stain, abd 00 dilution, and 3,3diaminobenzidine in chromogen solution (Dako)

differential cell counts were performed. Second-trimester blood sampless applied to the slides, which were counterstained with 0.1% Mayer

(median gestational age, 1% range, 145 to 254 n = 7) were collected hematoxylin solution (Sigma-Aldrich).

by ultrasound-guided fetal blood sampling during clinically indicated

termination of pregnancy from the cord or during clinically indicated fetatACs analysis of cultured fetal mesenchymal

blood sampling from the umbilical vein for rapid karyotyping (results a”stem/progenitor cells

euploid). Third-trimester blood samples (median gestational agel; 39

range, 38° to 402 n =5) were obtained from the umbilical cord at Monolayer and single colony-derived adherent cells (at the second and

delivery from uncomplicated pregnancies. tenth passages in culture) from first-trimester fetal blood- (10), liver
Bone marrow samples were obtained from 4 fetuses (median gestatioffa 8), and bone marrow (& 8) were trypsinized and stained with

age, 135weeks; range, 2 to 14*3). Single-cell suspensions of fetal boneanti-CD34-fluorescein isothiocyanate (FITC), CD45-FITC, HLA-DR-phy-

marrow were prepared by flushing the bone marrow cells out of the humegerythrin (PE; Becton Dickinson), CD14-FITC, CD105 (endoglin)-PE,

and femurs using a syringe and 22-gauge needle into Dulbecco modiffe@44 (H-CAM)-FITC CD29 (integrirB1 chain)-PE, CD31 (PECAM-1)-

Eagle medium (DMEM; Sigma-Aldrich, United Kingdom) supplementedFITC (Serotec, Oxford, United Kingdom), SH2, SH3, and SH4 mAbs

with 10% fetal bovine serum (FBS) (Stem Cells Technology, VancouvéPsiris Therapeutics, Baltimore, MD) and were analyzed by FACScalibur

BC, Canada), 2 mM L-glutamine, 50 U/mL penicillin, and 50 mg/mLflow cytometry (Becton Dickinson).

streptomycin (Gibco BRL, Life Technologies, Paisley, United Kingdom).

Fetal liver samples were taken from 4 fetuses (median gestational ade, 1&¢oculture of fetal blood mesenchymal stem/progenitor cells

weeks; range, 10 to 143 weeks). Single-cell suspensions were prepareghd hematopoietic cells

by mincing the organ through a 70m nylon filter (Becton Dickinson,

United Kingdom), and cells were resuspended as for the bone marréfer irradiation (8000 cGy), 2.&< 10> monolayer-derived adherent cells
samples. from first-trimester fetal blood (& 3) were seeded in 12-well plates

(Nunc). After 24 hours, 5 10* cord blood CD34 cells, isolated with
anti-CD34 antibodies (QBEND/10 mouse immunoglobulin G; Miltenyi
Biotec) conjugated with microbeads and eluted through MiniMACS
columns, were resuspended in long-term culture medium (Myelocult; Stem
Unselected nucleated cells from fetal blood, liver, and bone marro@ell Technologies), including 1@ M hydrocortisone (Stem Cell Technelo
samples were diluted with 10% FBS in DMEM with 50 U/mL penicillin, 50gies), and were seeded over the adherent cells in the absence of exogenous
rg/mL streptomycin, and 2 mM L-glutamine and were plated into a well ajrowth factors. The fetal stroma—CD84ell cocultures were cultured at
a 6-well plate at a density of 100 000 cells/amd incubated at 37°C in 5% 37°C with 5% CQ for 6 and 8 weeks. At weekly intervals, nonadherent
CO,. After 72 hours, nonadherent cells were removed, and the medium weagdls in the collected half-volume of the culture medium were assayed for
replaced. At 80% confluence, cells were harvested with 0.25% trypsin anddlony-forming cells by colony assays in standard methylcellulose culture
mM EDTA (Stem Cells Technology) for 5 minutes at 37°C and weréMethocult; Stem Cell Technologies). Control experiments were also
replated in 75-crflasks. performed by culturing cord blood CD34ells either in the absence of a
To expand the cells through successive passages, they were platéd asfrdmal layer and growth factors or over a murine stromal cell line
cells/cn?, grown to near confluence, and harvested with the same protoc210-B4?; kindly donated by Dr C. Eaves, Terry Fox Laboratories,
Growth curves were assessed by counting the number of adherent celacouver, BC, Canada).
daily for 16 days, and the number of population doublings was determined
by counting the number of adherent cells at the start and end of ea&lipogenic, osteogenic, and chondrogenic differentiation
passage. To isolate individual colonies, nucleated cells were plated in a
100-mm dish at a density of 12 000/2rand were collected by cloning The differentiation ability of MSCs was assessed in single colonies (at the
cylinders (Sigma-Aldrich) and expanded. Cultured fetal MSCs we&econd and tenth passages) collected by cloning cylinders from primary
recloned by single-cell sorting using FACS Vantage (Becton Dickinson). cultures of first-trimester fetal blood ¢ 6), liver (n=4), and bone
marrow (n= 4) and in colonies derived from single cells sorted from
Immunocytochemistry of cultured fetal mesenchymal e_xpanded MSCs at the 2nd passage from first-trimester fetal bloed4)n
stem/progenitor cells liver (q = 4), gnd .bone n?ar.row (& 4). . . .
Adipogenic differentiation was assessed by incubation with DMEM
Monolayer and single colony-derived adherent cells (at the second amith 10% FBS supplemented with 0wV hydrocortisone, 0.5.M isobutyl
tenth passages in culture) from first-trimester fetal blood-(10), liver methylxanthine, and 60M indomethacin (Sigma-Aldrich) for 2 weeks as
(n = 8), and bone marrow (i 8) were analyzed by immunocytochemis-previously describeé Cells were stained with fresh Oil-red-O solution
try. Cytospin preparations and growing cells in double-chamber slidéSigma-Aldrich). The percentage of adipocytes was assayed by counting 50
(Nunc) were fixed in equal volumes of methanol and acetone for 1 minutetat100 cells in multiple fields.
room temperature, washed in TBST (Tris-buffered saline containing Tween; Osteogenic differentiation was assessed by incubating the cells with
Dako, Bucks, United Kingdom), incubated with 3% hydrogen-peroxidBMEM with 10% FBS supplemented with 1®M dexamethasone, 0.2 mM
(H2O,; Sigma-Aldrich), and blocked with 10% normal goat or rabbit serumascorbic acid, and 10 mM8-glycerol phosphate (Sigma-Aldrich) for 2
at room temperature. Washed slides were incubated with the followimgeeks as previously describ&dTo assess mineralization, cultures were
primary antibodies: mouse anti-human macrophage, CD68 mAb (clostined with silver nitrate (Sigma-Aldrich) and scored for the area of
PG-M1; Dako), peroxidase-conjugated rabbit anti-human von Willebramdineralization as a percentage of the total area of the confluent cultures.
factor polyclonal Ab (Dako), mouse anti-human prolyl-4-hydroxylase mAb Serum-free chondrogenic medium containing DMEM supplemented
(clone 5B5; Dako), rabbit anti-human myoglobin mAb (clone A0324with 10 ng/mL transforming growth fact@s; (R&D Systems), 100 nM
Dako), mouse anti-smooth muscle actin mAb (clone 1A4; Sigma-dexamethasone, 50g/mL ascorbic acid, 10Q.g/mL sodium pyruvate, 40
Aldrich), mouse anti-human VCAM-1/vascular cell adhesion molecule4lg/mL proline (Sigma-Aldrich), and ITS-plus at the final concentrations
mADb (CD106; clone BB1G-V1; R&D Systems Europe), mouse anti-hum&#.25pu.g/mL bovine insulin, 6.25.g/mL transferrin, 6.2%.g/mL selenious
fibronectin mAb (clone IST-4; Sigma-Aldrich), mouse anti—collagen type acid, 5.33ug/mL linoleic acid, and 1.25.g/mL bovine serum albumin;
mADb (clone COL-1; Sigma-Aldrich), mouse antivimentin mAb (clone V9Collaborative Biomedical Products) was used for chondrogenic differentia-
Sigma-Aldrich), and mouse antilaminin (clone LAM-89; Sigma-Aldrich) ation as previously describéd Antibodies specific for extracellular matrix
1: 50 dilution with Dako antibody diluent (Dako) for 30 minutes at roonwere used to assess chondrogenic differentiation, including collagen types 1

Isolation and culture of fetal blood, liver, and bone marrow
mesenchymal stem/progenitor cells
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and 2 (clone COL-1 and clone COL-2; Sigma-Aldrich). Anionic sulfatednitial stage of proliferation on day 3 through consecutive stages of

proteoglycans were detected by Safranin O staining and toluidine blgell proliferation; more than 1000 cells became confluent after 8

(Sigma-Aldrich) metachromasia. . _ _ days. The frequency of adherent colonies in first-trimester blood
Human foreskin fibroblasts (kindly provided by Dr F. Hills, Imperial CoIIegQNas 8.2+ 0.6/10 nucleated cells (equivalent to 6:610 colonies/

School of Medicine, London, United Kingdom) were cultured in DMEM . . .
containing 2 mM L-glutamine, 5Qg/mL streptomycin, 50 U/mL penicillin, and .100 ul fetal blood). Adherent fibroblastiike colonies could not be

10% FBS and were used as controls for all the differentiation experiments. isolated from S,econd' and Fhlrd-trlmester fetal blood samples
cultured under identical conditions. However, when mononuclear

cells from second- and third-trimester samples were enriched by
single-density centrifugation and plated at a 25-fold higher concen-
Results are expressed as meaSEM, and statistical comparisons weretration (2.5X 106 cells/mL) than were used for first-trimester

performed using the Studertest. blood, small numbers of colonies of adherent cells did develop.
Colonies were smaller than those derived from first-trimester blood
(fewer than 100 cells/colony) and were present at lower frequen-

Statistics

Results cies: 1.3/10 cells plated (second trimester,=n1) and 0.35/1®
cells (term cord blood, & 4) versus first-trimester fetal blood

Adherent, fibroblastlike cells in first-trimester fetal blood, (8.2/16 cells).

liver, and bone marrow We also investigated whether similar cells were present in fetal

The mean nucleated cell concentration was significantly higher in tjﬁ\éer anc_j bone marrow during the _f'rSt trimester. When cell
first timester (74.2- 9.6 x 1(P/L) than in the second (212 4.5 % 10/ suspensions from first-trimester fetal_l_lver a_nd bgne marrow were
L; P = .006) and third (19.2- 3.2 x 1(F/L; P = .0007) trimesters. In prepared and cultured under condltlops |dent|c§1|. to those for
first trimester, fetal blood erythroblasts were the predominant Ceﬁg’st-tnmester fetal blood (10% FBS with no add|t|o_na| growth
accounting for 96.3% 2.6% of the nucleated cells, whereas blasts al{acto_rs), qdherent cells were seen whose morphologic appearance
neutrophils accounted for 2.6%1.4% and 0.7% 0.03%, respec- was |dent|c_al to that_ of fetal b_Iooq (F_lgure_ 1E-L). F_requencnes of
tively. We also consistently noted a small population of cells with lar herent, fibroblastlike colonies in first-trimester liver and bone
cytoplasm, pseudopodia, and nucleoli that were present in all rrow were 11.3- 2'0_/ 16 nucleated cells and 12:6 3.6/10
first-trimester fetal samples (0.4%0.04%) (Figure 1A). These cells, nucleated cells, respectively.

WhiCh produced prolyl-4-hydroxylase _and fibronectin as de’_[eCted e¥owth characteristics of first-trimester fetal blood, liver, and
immunocytochemistry, were not seen in any of the second-trlmesterbgy1e marrow mesenchymal stem/progenitor cells

term cord blood samples.

When fetal blood nucleated cells were cultured at a density ®he growth kinetics of single colony-derived fetal blood adherent
1P cells/cn? in simple medium containing only 10% FBS with nocells (n= 3) was measured at passage 2 (FigureCdlls were
additional growth factors, all first-trimester samples rapidly formeallowed to divide for 16 days, duplicate cultures were harvested
a monolayer of adherent cells that covered the well surface amiily, and cell counts were taken. Growth curves depicted an initial
when trypsinized (Figure 1D), appeared identical to those in Figulag phase of 2 days, followed by a log phase in which cells divided
1A. Nucleated cells plated at a lower density (12 00Gjdormed at exponential rates for 3 to 6 days. The log phase was followed by
individual colonies consisting of several dozen to a few hundrexd plateau phase. Fetal blood adherent cells could be readily
spindle-shaped fibroblastic cells by day 3. After 8 to 10 days ekpanded in vitro by successive cycles of trypsinization, seeding,
culture, large colonies (more than 1000 cells) and smaller coloniasd culture every 5 days for 20 passages. The mean cumulative
(fewer than 300 cells) were seen. Figure 1B-C shows the developmber of population doublings for fetal blood-derived colonies
ment of a first-trimester fetal blood adherent cell colony from theas 50.3+ 4.5. Cells that had undergone up to 20 passages

Figure 1. MSCs isolated and cultured in the first
trimester. A-D, fetal blood (92 weeks); E-H, fetal liver
(10*2 weeks); and I-L, fetal bone marrow (112 weeks.
Cytospins of uncultured fetal blood (A), fetal liver (E), and
fetal bone marrow (l) were stained with Leishman stain
(X 1000 magnification). Three- and 8-day culture of a
mesenchymal colony from fetal blood (B-C), fetal liver
(F-G), and bone marrow (J-K) were stained with crystal
violet (X 400 and X 100 magnification, respectively).
Cytospins of a trypsinized MSC colony from fetal blood
(D), fetal liver (H), and fetal bone marrow (L) were stained
. with Leishman stain (X 1000 magnification).
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301 - Table 1. Immunophenotype of cultured first-trimester fetal mesenchymal
stem/progenitor cells
25 Reactivity
Antigen Fetal blood Fetal liver Fetal bone marrow
o CDas*
o ] _ _ _
=20 CD14* - - -
N coest - - -
b
£ 154 CD29* + + +
8 CD44* + + 4
_ CD105* + + +
3 10 CD106t + + +
CD31* - - -
VWFt - - -
5 CD34* - - -
HLA-DR* - - -
*
0 T T T T T T T T 1 SH2 * + +
SH3* + + +
0 2 4 6 8 10 12 14 16
SH4* + + +
Myoglobint - - -
Days of culture yos .
a-smooth muscle actint + + +
Figure 2. Growth curves of first-trimester MSCs from fetal blood, fetal liver, and Prolyl-4-hydroxylaset + + +
i 2
fetall bone marrow. Fetal MSCs were plated at a density of 10 000 cells/cm?, Collagen type 11 - - -
duplicate cultures were harvested each day for 16 days, and the number of adherent Fib dnt N N N
cells was determined. Results are expressed as mean * SEM. Fetal blood, ®,n = 3; ! rc.m.ec n
fetal liver, O, n = 3; and fetal bone marrow, [, n = 3. Laminint + + +
Vimentint + + +

displayed no visible changes either in terms of their morphology by *Assessed by flow cytometry.

light microscopy, their forward and side scatter properties on flow

TAssessed by in situ immunocytochemistry.
— indicates no cells stained positively; =, 10% to 15% of cells stained positively;

cytometry, or their growth patterns. Similar growth patterns Were more than 9% of cells stained positively.

observed with single colonies derived from first-trimester fetal
liver and fetal bone marrow adherent cells (Figure 2). The meanA
cumulative number of population doublings of fetal liver and bone
marrow adherent colonies was 52t25.3 and 49.5+ 3.5, cD29
respectively.

Immunophenotype of first-trimester fetal blood, liver, and bone
marrow mesenchymal stem/progenitor cells

The immunophenotype of monolayer and single colony-derived
adherent cells from first-trimester fetal blood, liver, and bone
marrow was determined by flow cytometry and in situ immunocy-
tochemistry using the antibodies listed in Table 1. The stainingB
pattern of the monolayer-derived cells was identical to that seen for
the single colony-derived cells. As shown in Table 1, fetal blood €P29
adherent cells stained positively for prolyl-4-hydroxylasesmooth
muscle actin; the hyaluronate receptor, CD44; VCAM-1, a member
of the immunoglobulin superfamily; endoglin (CD10%)1 in-
tegrin (CD29); SH2; SH3; SH4; laminin; fibronectin; and vimentin.
Significantly, fetal blood adherent cells were all CD48-igure

3A), consistent with a nonhematopoietic origin and confirming that
hematopoietic cells had been depleted from the cultures. In line
with this finding, no macrophages (CD14ells; Figure 3A) could

be detected in the cultures. Finally, fetal blood adherent cells wer€
all CD34 and CD31(PECAM-1I) (Figure 3A). Cytoplasmic von
Willebrand factor (VWWF) expression was not detected, indicatingCD
that they were not endothelial cells. Adherent cells isolated from
first-trimester fetal liver and bone marrow showed a similar
immunophenotype (Table 1, Figure 3B-C). The immunophenotypic
profile of fetal blood, liver, and bone marrow adherent cells did not
change after 10 passages in culture.

Immunophenotypic characterization of these cells allowed us to
use fluorescence-activated cell sorting (FACS) analysis to deter-
mine the frequency of MSCs in first-trimester fetal blood b
staining freshly collected blood samples=r3; median, GA 9°

109

107

ﬂEm“ AT S ﬂgm" ol w02 100 e Clem“ w100 10d =Em“ I ST S
. CD45 . CcD14 N CD34 . CDh31
s s . :
0 el @ w0 i0f Pt ierc e [ i e | B
SH2 SH3 SH4 CD44
c"ﬁ“ w0t aem“ w0t 0 ot ‘39]0“ o w0t ot OE| RS ST O
CD45 CD14 CD34 CD31
H g 8 §
ST e B et R i M
SH2 SH3 SH4 CD44
EETE R M ST nemnr. P vy ] th
, CD45  CD14 _ CD4 . CD3t
E 2 8 g
8 g & g
D i i R R ] P o (i cauer TN T e
SH2 SH3 SH4 CcD44

¥—igure 3. Immunophenotype of fetal MSCs by FACS analysis.
second and tenth passages in culture) from fetal blood (A; n = 6), liver (B; n = 4), and

MSCs (at the

weeks; range, @ to 10*2) with SH-3, an antibody that recognizes aone marrow (C; n = 4) were stained with surface antibodies and analyzed by FACS.
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800 Differentiation of fetal blood, liver and bone marrow
mesenchymal stem/progenitor cells into adipocytes,
osteocytes, and chondrocytes

The differentiation potential of MSCs from first-trimester fetal
blood, liver, and bone marrow was tested by culturing cells under
conditions that favored adipogenic, osteogenic, and chondrogenic
differentiation of adult MSC8&223 The first of two approaches we
used was to use cloning cylinders to isolate individual colonies
from second-passage MSCs. With this approach, adipogenic differ-
entiation from single adherent colonies from first-trimester fetal
blood samples (= 6) was apparent after 2 weeks of incubation
with hydrocortisone, indomethacin, and hydroxybutylmethylxan-
thine by the accumulation of Oil-red-O staining lipid-rich vacuoles:
77.3%=* 2.9% of cells from fetal blood MSCs differentiated into
adipocytes (Figure 5A). A similar proportion of cells from fetal
liver MSCs (75.2%+ 6.5%; n= 4) and fetal bone marrow MSC
(85.2%=* 4.3%; n=4) differentiated into adipocytes (Figure
Figure 4. Coculture of fetal MSCs with umbilical cord blood CD34 * hematopoi - SD'G)'- By cor_1trast, -When MSCS from— the S-ame fe-tal bloo-d colonies
etic sterr.l—progenitor cells.  Umbilical cord blood CD34 cells were cocultured with that differentiated into adipocytes in adipogenic medium were
fetal blood MSCs for 6 weeks (n = 2) and for 8 weeks (n = 1) (®). Control data ~ CUltured for 2 weeks with dexamethasoifeglycerophosphate,
include cord blood CD34* cells grown either on murine stromal cells (O) or without  gand ascorbic acid to induce osteogenic differentiation, they formed
stromal cells (V). aggregates and calcium deposits consistent with bone formation
(n = 6 experiments; Figure 5B). MSCs from first-trimester fetal

cel surface epitope present on human mesenchymal progenlife CCL TS T T Fo8 S D one
cells?+25A frequency of 0.33%+ 0.05% SH-3- cells was found 9

(equivalent to 0.18- 0.02x 10° SH-3+ cells/mL), almost exactly (Figure 5E,H). MSCs from the same fetal blood colonies that

CFU-GM/10° cells

Weeks of culture

o - and 2 collagens, together with the accumulation of anionic
of nucleated cells), this indicates that colony-forming mesenchy-

mal cells represent 0.2% of circulating mesenchymal cells during
the first trimester.

Ability of fetal blood mesenchymal stem/progenitor cells to
support long-term hematopoiesis

To determine whether fetal blood MSCs were capable of support-D
ing the proliferation and differentiation of hematopoietic stem—
progenitor cells, second-passage MSCs-(8; median gestational &
age, 9 weeks) were irradiated and seeded in 12-well plates tc
form a semiconfluent monolayer. The next day, human Cx$4d =
blood cells (5X 10* CD34" cells/well) were overlaid and main G_ A

. . . L
tained in culture for up to 8 weeks in long-term culture (LTC) °
medium. As controls, umbilical cord blood CDB4ells were :
overlaid on wells with a murine stromal cell line layer (M210B4) or -
were cultured in the absence of a stromal layer. Similar numbers cL
typical cobblestone areas, representing foci of hematopoiesis, we_ =
observed after 3 weeks culture on both fetal MSCs and M210B4
cultures, whereas no sign of hematopoiesis was observed Wh(\:‘:.'
CD34" cells were cultured in the absence of any stromal feeder. L a
Granulocyte macrophage—colony-forming unit (CFU-GM) assa\fjggure 5. Differentiation of fetal MSCs from into adipocytes, osteocytes, and
wer rried ton th Il ntained in the nonadherent fr. tichondrocytes. First-trimester fetal blood (92 weeks; A-C), fetal liver (140 weeks;

€re carried out o € C_e S containe e_ onadhe e 'aC [9@) and fetal bone marrow (11+2 weeks; G-I) into adipocytes, osteocytes, and
of the cultures at weekly intervals and at the time of termination @fondrocytes. Adipogenic differentiation was indicated by accumulation of neutral
the cultures. No difference was detected in the number of CFU-G"lf?l“h"f"ﬁu0'es that stained Wgh O”'Fidf (A Df’ a”dk,G'rT) 48|° ma%;)‘ficgﬂf’")' and

. . such changes were not evident witl uman foreskin fibroblasts . steogenlc

progenltors generated from_ CDB¢ells c_oculturgd Wl_th the fetal differentiation was indicated by calcium deposition (B, E, and H, X 400 magnifica-
MSC or the M210B4 cell line at any time point (Figure 4). Bytion), which stained with silver nitrate; this was not seen in foreskin fibroblasts (K).
contrast, CD34 cord blood cells grown in LTC medium in the Chondrogenic differentiation wa; shown by staining with a monoclona_l .antibody to

b f st I I d wth fact d d I tge 2 collagen and by the formation of lacunae (C, F, and I, X 400 magnification), not
a S_ence 0 S_roma cells and gro ac OI.’S produced no clongs, by similarly culturing human foreskin fibroblasts (L), which also produce
genic progenitors after 2 weeks of culture (Figure 4). collagen type 2.
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(toluidine blue) and sulfated (Sufranin O) proteoglycans=(6 «-smooth muscle actin—positive cells were strictly confined to
experiments; Figure 5C). First-trimester fetal liver and bon#hose areas containing clusters of CD3#%matopoietic cells; and
marrow single colony-derived MSCs also underwent chondroger(®) by day 35, the 2 cell populations appeared to be in direct
differentiation (Figure 5F,1) when cultured under identical condieontact. Van den Heuvel et %alshowed that the number of
tions. Finally, we found that even late-passage (eighth passafjb)oblast colony-forming units in murine fetal liver, spleen, and
fetal MSCs from first-trimester fetal blood, liver, or bone marrovibone marrow becomes maximal at the time hematopoiesis begins at
retained the ability to differentiate into all 3 lineages. each site and that active hematopoiesis is preceded by the
To investigate this further, we used a second approach to assesgitheslopment of the stromal cell compartment. Similarly, Klein et
differentiation potential of individual MSCs from first-trimester fetalal®® found high numbers of fibroblast colony-forming units in
blood, liver, and bone marrow. Using single cell sorting of secondanine bone marrow before the appearance of hematopoietic stem
passage MSCs by flow cytometry, individual colonies derived frorells.
single FACS-sorted cells were grown in 96-well plates; cells derived When fetal samples older than 13 weeks of gestation were
from these clones were then subcultured in adipogenic, osteogenicc@itured at a plating density of fucleated cells, we could
chondrogenic media. Cloning efficiency varied from 10% to 17%entify MSCs in fetal liver and bone marrow but not in fetal blood
(n = 3 experiments), and 25% to 30% of the colonies expanded faidamples. However, small numbers of MSCs could be cultured from
rapidly to more than 1000 cells over a 2-week period; these rapidigcond- and third-trimester blood samples when the mononuclear
growing colonies were used for subsequent differentiation experimengsiis were plated at a 25-fold higher density. Their frequencies were
Such cells (derived from first-trimester blood, marrow, and liver) ail. 3/12¢ mononuclear cells in the second trimester and 0.35/10
retained the ability to differentiate into multiple lineages. Interestinglynononuclear cells in term cord blood, thereby confirming the work
however, we found that though single colonies derived from firsgf otherd” showing that it is possible to demonstrate such cells at
trimester fetal blood or liver underwent osteogenic and chondrogegi¢m but that they are present at an extremely low frequency. These
differentiation, they appeared to lose their capacity for adipogeniata indicate that the frequency of circulating MSCs decreases
differentiation (0 of 4 colonies). By contrast, 50% of the coloniesubstantially with gestational age; we speculate that this might be
derived from single cells from first-trimester fetal bone marrow retaingg|ated to their migration from one hematopoietic site to another
the capacity for differentiation in all the lineages (adipogenic, osteogegigring ontogeny, ultimately to colonize bone marrow.
and chondrogenic). Lines of evidence indicate that the fetal MSCs we have
identified in first-trimester fetal blood, liver, and bone marrow are
similar to those present in adult bone marrow. First, their morphol-
Discussion ogy and immunophenotype are similar to those of adult marrow
MSCs, and they are clearly nonhematopoietic and nonendothelial—
Although it is known that adult bone marrow—derived MSCs can onsistently CD45, CD34", CD14-, CD31", and vVWF-negative,
rapidly expanded in vitro, migrate, and differentiate into multipl@s reported for adult MSCs? Like adult MSCs, first-trimester
tissues in vivo, there is little information about the characteristid§tal MSCs also express a large number of adhesion molecules,
and functional properties of MSCs in the fetus. We report thgcluding H-CAM (CD44), VCAM-1 (CD106), and CD29 and, in
isolation and characterization of MSCs from first-trimester humdheir undifferentiated state, are uniformly positive for intracellular
fetal blood, liver, and bone marrow. markers such as fibronectin, vimentin, laminin, and prolyl-4-
These 3 anatomic sites are likely sources of fetal MSCs fbiydroxylase and for some mesenchymal markers, such as SH-2,
several reasons. First, it is clear that in adult bone marrowH-3, and SH-4. In addition, like adult MSE%fetal MSCs
mesenchymal cells provide signals for differentiation and proliferésolated from first-trimester fetal blood are able to support prolifera-
tion of hematopoietic stem cells and their progeny through direééen and differentiation of hematopoietic stem/progenitor cells in
cell-cell interaction® and secretion of hematopoietic growthvitro. Finally, like their adult counterpartsfetal MSCs have the
factors and cytokine¥:2° Second, during human ontogeny, it hagbility to differentiate into at least 3 different tissues: fat, bone, and
been demonstrated that proliferation and differentiation of hemateartilage. We assessed this by seeding first-trimester blood, liver,
poietic stem—progenitor cells occurs in a number of histologicalgnd bone marrow nucleated cells at low density and plucking
distinct microenvironments (yolk s&&yentral aortsl fetal liver, discrete colonies using cloning cylinderand by single-cell
thymus, spleen, and bone mar@8wand that stem cells migrate sorting. In the former method, all isolated colonies showed signs of
from one anatomic site to another through the circulaticid. differentiation into all 3 lineages when incubated in permissive
Finally, mesenchymal cells have been shown to colocalize withedia, even after 8 passages in culture. With the latter method,
foci of hematopoiesis early in ontogeffy. which can be considered a more appropriate method to prove
Studies of fixed preparations of human fetal long bones befogtonality because it excludes the collection of “contaminating”
and immediately after the onset of hematopoiesis show that earlyciglls migrating from neighboring colonies, single colonies from
gestation (6-8.5 weeks), long bone rudiments contain mainigtal bone marrow retained the capacity for adipogenic, osteogenic,
chondrocytes, osteoblasts, osteoclast precursors, and'Gb@8 and chondrogenic differentiation, whereas the colonies derived
cyte—macrophagée8 After this, at 8 to 10 weeks’ gestation, at orfrom fetal blood or fetal liver appeared to lose their capacity for
just before hematopoietic colonization of the bone marrow, vascadipogenic differentiation.
lar cells, including CD34 endothelial cells and-smooth muscle There are several explanations for the discrepant results obtained
actin—positive myoid cells, can be found in close contact withising cloning cylinders compared to single-cell sorting. One is that
hematopoietic cells within the “primary logettes” of the marrowalthough cultures of fetal MSCs are morphologically and phenotypically
Tavian et al® showed, on fixed sections of human embryos, that (hpmogenous, they might contain cell populations with distinct differen-
at day 26 to 27 after conception, CD45x-smooth muscle tiation potential, as has been observed in adult M8EAlternatively, if
actin—positive cells appeared in the mesenchyme underlying the proportion of stem cells with multilineage differentiation potential is
endothelium of the ventral surface of the dorsal aorta; (2) thegery low, then a large number of single cell-derived colonies would have
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to be isolated and investigated to identify those with stem cell propertiesay also result in accelerated hematopoietic cell engraftment.
In addition, our results are likely to reflect different methods of MSEirst-trimester fetal blood represents a potentially harvestable
colony growth and expansion; in particular, cell-cell contact may playsmurce of autologous MSCs amenable to genetic manipulation and
role in the expansion and multilineage differentiation of fetal MSCs. Iti®infusion in ongoing pregnancies. Indeed, fetal blood has been
interesting that adult MSCs, which have been extensively cultureedmpled in ongoing pregnancies from as early as 12 w8els],
(passages 8 to 14), have also been reported to lose their capacitywfitin advances in embryofetoscopic cannulation technid¢tiegy
adipogenic differentiation while osteogenic differentiation is présecome obtainable even earlier. We are currently assessing the
served? Finally, it is possible that in the intense replicative stress qfossible use of fetal blood MSCs for in utero gene therapy for
single sorted cells, culture conditions for adipogenic differentiatiagenetic disorders.
might have been suboptimal. In conclusion, a population of MSCs was isolated from fetal
The function of fetal MSCs in the human fetus remains to bglood, liver, and bone marrow in the first-trimester of pregnancy.
determined, though they are highly likely to play a role in th&@hese cells possess morphologic, immunophenotypic, and func-
establishment and maintenance of hematopoietic stem and progéonal characteristics similar to those of adult-derived MSCs. Fetal
tor cells. Cotransplantation of adult MSCs has been shown fMSCs might provide useful models for investigation of mesenchy-
enhance engraftment of hematopoietic stem cells in a fetal sheepl cell differentiation and regulation of hematopoiesis during

model1%-12suggesting that in utero cotransplantation of fetal MSGantogeny.
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