IWAAOINeIeA @ ORIGINAL ARTICLE

Bone morphogenetic protein-2/4 signalling pathway components
are expressed in the human thymus and inhibit early T-cell

development

Teresa Cejalvo,l Rosa Saced6n,?
Carmen Hernéndez-Lc’)pez,2 Blanca
Diez,> Cruz Gutierrez-Frias,” Jaris
Valencia,? Agustin G. Zapata,1
Alberto Varas® and Angeles Vicente”
'Department of Cell Biology, Faculty of
Biology, and *Department of Cell Biology,
Faculty of Medicine, Complutense University,
Madrid, Spain

doi:10.1111/j.1365-2567.2007.02541.x
Received 16 May 2006; revised 30 October
2006; accepted 15 November 2006.
Correspondence: Dr A. Vicente, Department
of Cell Biology, Faculty of Medicine,
Complutense University, 28040 Madrid,
Spain. Email: avicente@bio.ucm.es

Senior author: A. Vicente

Introduction

Summary

T-cell differentiation is driven by a complex network of signals mainly
derived from the thymic epithelium. In this study we demonstrate in the
human thymus that cortical epithelial cells produce bone morphogenetic
protein 2 (BMP2) and BMP4 and that both thymocytes and thymic
epithelium express all the molecular machinery required for a response
to these proteins. BMP receptors, BMPRIA and BMPRII, are mainly
expressed by cortical thymocytes while BMPRIB is expressed in the
majority of the human thymocytes. Some thymic epithelial cells from cor-
tical and medullary areas express BMP receptors, being also cell targets
for in vivo BMP2/4 signalling. The treatment with BMP4 of chimeric
human-mouse fetal thymic organ cultures seeded with CD34" human
thymic progenitors results in reduced cell recovery and inhibition of the
differentiation of human thymocytes from CD4~ CD8™ to CD4" CD8*
cell stages. These results support a role for BMP2/4 signalling in human
T-cell differentiation.

Keywords: bone morphogenetic protein; human thymus; thymic epithelial
cells; thymocytes

(NK) cells and monocytes.> Thymic progenitors enter
the thymus through the perimedullary cortical venules,

T-cell differentiation involves a highly ordered and strictly
regulated maturation programme that requires the speci-
fic microenvironment provided by the thymus. The thy-
mus is a lobulated lymphoepithelial organ, every thymic
lobule being composed of two distinct zones, the cortex
and the medulla. The cortex is separated from the con-
nective capsule by a superficial layer of flattened and
tightly joined epithelial cells that form the subcapsule.
Each of these thymic compartments provides a different
microenvironment appropriate to the specific processes
that occur during T-cell development.'™ In humans, the
haematopoietic progenitors that seed the postnatal thy-
mus are CD4™ CD8  double-negative (DN) cells that
express high levels of the antigen CD34. These cells have
the capacity to differentiate into multiple cell lineages
including T cells, dendritic cells (DCs), natural killer

and migrate across the cortex before accumulating in the
subcapsular zone, undergoing progressive developmental
changes during this process.” T-cell-lineage-committed
precursors (CD34" CD5" CD1%) give rise to immature
single-positive CD34~ CD4" CD8™ cells that differentiate
into CD4" CD8" double-positive (DP) cells, located in
the cortex of the thymus. This is a heterogeneous cell
population that represents the majority of thymocytes
and includes cells that are rearranging their T-cell recep-
tor B (TCR-P) gene as well as others that already express
cytoplasmic TCR-B chain.*® Upon productive TCR-o
gene rearrangement, DP TCR-aff* cells die unless they
are positively selected after the occurrence of low-affinity
recognition of self-peptide—major histocompatibility com-
plex (MHC) complexes expressed by the thymic epithe-
lium. In contrast, those thymocytes showing high affinity

Abbreviations: BMP, bone morphogenetic protein; bp, base pair; DC, dendritic cell; DN, double-negative CD4~ CD87;

DP, double-positive CD4" CD8"; FITC, fluorescein isothiocyanate; Hh, Hedgehog; hu-mo FTOC, chimeric human—-mouse fetal
thymic organ cultures; HLA, human leucocyte antigen; IgG, immunoglobulin G; mAb, monoclonal antibody; MHC, major
histocompatibility complex; NK, natural killer; RT-PCR, reverse transcription—polymerase chain reaction; SP, single-positive

CD4" CD87/CD4~ CD8" TCR-B, T-cell receptor B.

94

© 2007 Blackwell Publishing Ltd, Immunology, 121, 94-104



for self-peptide-MHC complexes expressed in thymic
DCs and B lymphocytes will be deleted in a process
known as negative selection.*” Positively selected DP cells
then differentiate into CD4" CD8™ and CD4~ CD8" sin-
gle-positive (SP) cells through distinct phenotypic and
functionally defined cell stages. SP thymocytes localize in
the medulla and eventually emigrate to secondary lym-
phoid organs.®

The thymus, comparable with every cellular system
supporting a differentiation process, requires specific sig-
nals that stringently govern phenomena as diverse as
the maintenance of the progenitor cell population or the
regulation of the number, phenotype and function of the
mature cells produced. Considerable progress has been
made in understanding the regulation of intrathymic
T-cell differentiation and several reports have demons-
trated the involvement in this process of the most
important families of morphogens, Hedgehog (Hh) pro-
teins, Wnt proteins and, belonging to transforming
growth factor-f superfamily, bone morphogenetic protein
2 (BMP2) and BMP4."""*> Morphogens are secreted pro-
teins that form functional gradients from their source.
They are signalling molecules that are capable of govern-
ing differentiation, expansion and survival of the cells
under their influence. Accordingly, they play an essential
role both in the embryo, orchestrating morphogenesis,
and in the adult, ensuring the regenerative capacity of
diverse organs that maintain a stem cell population that
continuously differentiates throughout life."*""”

BMP2 and BMP4 belong to the decapentaplegic sub-
group of BMP ligands. They signal through a common
pathway that requires the hetero-oligomerization of two
types of serine/threonine membrane receptor kinases, the
type I receptors, BMPRIA or BMPRIB, and the type II
receptor, BMPRIIL. Upon BMP-binding, type II receptors
phosphorylate type I receptors, turning on their kinase
activity, which initiates the intracellular pathway. The
type I receptors activate BMP receptor-regulated SMADs
(BR-SMADs: SMAD1, SMAD5 and SMADS8) by phos-
phorylation. BR-SMADs bind to the common partner
SMAD4 (Co-SMAD).'"®' This heteromeric complex
translocates into the nucleus where it regulates gene
expression using different mechanisms, including direct
DNA binding and interaction with transcription factors,
or with specific transcriptional co-activators or co-repres-
sors.”?!

BMP signalling is stringently regulated at multiple lev-
els. Different secreted proteins, such as Noggin, Chordin,
Chordin-like, Follistatin, FSRP, DAN, Cerberus, Gremlin
and Esclerostin, bind selectively to BMPs, impeding their
biological activities. A different protein, Twisted gastrula-
tion, promotes or inhibits BMP function depending on
the activity of Chordin.** At the cell surface, the pseudo-
receptor BAMBI/Nma, which is structurally similar to
type 1 receptors but lacks the intracellular serine/threon-
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ine kinase domain, stably associates with type II receptors,
so preventing the formation of active receptor com-
plexes.”” In contrast, BMP co-receptors, DRAGON and
RGMa, potentiate BMP signalling.***> Inside the cell, the
inhibitory SMAD proteins, SMAD6 and SMAD7, prevent
the activation of BR-SMADs, or their binding to
SMAD4;*® and two factors, Smurfl and Smurf2, seem to
promote the degradation of SMAD proteins and type I
receptors.””?!

BMPs were originally described by their capacity to
induce bone and cartilage formation.””*® However, fur-
ther studies have revealed a much broader range of biolo-
gical activities of the different components of the BMP
family. It is now known that BMPs regulate the pro-
liferation, differentiation, chemotaxis and apoptosis of
different cell types'”**! and are involved in many devel-
opmental processes, including left—right asymmetry,”* pat-
terning of the central nervous system> and the
development of many organs including kidney,”* gut,*
lung,36 skin,?” tooth,>! limb>® and testis.>! The BMP sig-
nalling also seems to participate in the proliferation and
differentiation of human bone marrow haematopoietic
stem cells, in synergy with several cytokines.””* In the
immune system, we and others have recently described a
role for BMP2 and BMP4 in murine T-cell develop-
ment.*'™* These reports show the intrathymic expression
of BMPs, their receptors, molecules involved in their sig-
nalling pathway, and regulatory molecules, as well as an
inhibitory role of BMPs in murine thymocyte maturation.
Recently, the involvement of BMPs in murine thymus or-
ganogenesis has also been described.*>*® In the current
study we show that BMP2 and BMP4 and all the molecu-
lar machinery required for their signalling are expressed
in the human thymus and we demonstrate that BMP4
treatment inhibits human T-cell differentiation acting on
the maturation of thymic CD34" cell progenitors.

Materials and methods

Isolation of human thymocyte subsets

Human thymus samples from patients aged 1 month to
5 years undergoing corrective cardiac surgery were
obtained and used according to the guidelines of the
Medical Ethics Commission of La Zarzuela and Madrid-
MontePrincipe Hospitals (Madrid, Spain). Informed
consent was provided according to the Declaration of
Helsinki. Thymuses were dissected free of the surround-
ing connective tissue and then gently disrupted with a
Potter homogenizer until completely disaggregated.
Thymocyte subpopulations defined by their CD4 CD8
expression were purified from the whole thymic cell sus-
pensions using a CD4 Multisort Kit and CD8-Microbeads
(Miltenyi Biotec, Bergisch, Germany). To isolate thymic
CD34" precursors, thymocyte suspensions were enriched
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in immature thymocytes by using the sheep red blood cell
rosetting technique followed by monoclonal antibody
(mAb)-coupled magnetic bead treatment (Dynabeads;
Dynal, Oslo, Norway) to deplete monocytes and T, B and
NK cells as previously described.*” CD34" cells were then
purified by magnetic sorting using a CD34 Progenitor
Cell Selection System (Dynal) following the manufac-
turer’s instructions. The purity of the recovered subpopu-
lations was always greater than 98%.

Isolation of human thymic epithelial cells

Thymus fragments were cultured floating on Millipore fil-
ters (8-um pore size) (Millipore Ibérica, Madrid, Spain)
in RPMI-1640 (Invitrogen, Grand Island, NY) supple-
mented with 5% fetal calf serum (Harlan Sera-Laboratory;
Leicestershire, UK) and 1-35 mm 2-deoxyguanosine
(Sigma Espana; Madrid, Spain). After 7 days, thymic frag-
ments were trypsinized (0-25% trypsin in 0-02% ethyl-
enediaminetetraacetic acid) (Sigma Espana) to form a
single-cell suspension. Residual thymocytes, DCs and NK,
B and myeloid cells were depleted as described above by
adding anti-CD34 to the cocktail of purified mAbs.

Cell lines

Human postnatal thymic epithelial cell lines P1.1A3 and
P1.4D6 were kindly provided by Dr M. L. Toribio (Cen-
tro de Biologia Molecular ‘Severo Ochoa’; UAM, Madrid,
Spain).*® Cell lines were maintained in RPMI-1640 sup-
plemented with 10% fetal calf serum, 2 mm L-glutamine
(Invitrogen), and penicillin/streptomycin (Invitrogen) at
37° in 5% CO,, and were trypsinized before confluence.

Reverse transcription—polymerase chain reaction
(RT-PCR) analysis

RNA isolation was performed using a Strataprep Total
RNA Miniprep Kit (Stratagene Cloning Systems; La Jolla,
CA), including a DNase I digestion step, as recommended
by the supplier, to avoid genomic DNA contamination.
Total ¢cDNA was synthesized with Superscript II RT
polymerase (Invitrogen), according to the instructions of
the commercial supplier and then used as target in the
PCR amplifications. Amplifications were performed using
the following primer sets and annealing conditions: [3-
actin, forward primer 3-AGAGATGGCCACGGCTGCTT-
5, reverse primer 5 -ATTTGCGGTGGACGATGGAG-3' at
61° with a 445-base-pair (bp) product; BMP2 forward
primer 3'-TCAGCAGAGCTTCAGGTTTT-5, reverse pri-
mer 5-TTCCACCCCACGTCACT-3' at 60° with a 494-bp
product; BMP4 forward primer 3’-AAAGGGGCTTCCAC
CGTAT-5, reverse primer 5'-CCGCTGTGAGTGCTTAG-
3’ at 58° with a 386-bp product; BMPRIA forward pri-
mer 3'-CATTCGATGGCTGGTTTTG-5, reverse primer

96

5'-TCCATATCGGCCTTTACCAA-3" at 58° with a 298-bp
product; BMPRIB forward primer 3'-CATGCTTTTGCG
AAGTGCAG-5', reverse primer 5'-CAGGCAACCCAGAG
TCATCC-3' at 60° with a 197-bp product; BMPRII
forward primer 3’-AAGCGAGGTTGGCACTATCA-5,
reverse primer 5-TTTGGCACACGCCTATTATGT-3' at
56° with a 495-bp product; SMAD1 forward primer 3'-G
CAAAGTCGGAACTGCAACTA-5', reverse primer 5'-GA
GGTGAACCCATTTGAGTAAGA-3" at 60° with a 308-bp
product; SMAD4 forward primer 3’-CAGCACCACCCG
CCTATG-5, reverse primer 5-CCAAACATCACCTTCA
CCTTTACAT-3" at 60° with a 330-bp product; SMAD5
forward primer 3'-TCCAGCAGTAAAGCGATTGT-5,
reverse primer 5-TGGAAACGTGGCATTTTG-3' at 58°
with a 487-bp product; SMADS8 forward primer 3'-ACG
TCGGGGGAGAGGTGTAT-5, reverse primer 5-GGTGA
CATCCTGGCGATGA-3' at 60° with a 277-bp product.
Primers were designed from sequences available from
the GenBank database (accession numbers [-actin,
BCO16045; BMP2, NM_001200; BMP4, NM_001202;
BMPRIA, NM_004329; BMPRIB, NMO001203; BMPRII,
NM_033346; SMADI1, NM_005900; SMAD4, NM_
005359; SMAD5, NM_005903; SMAD8, NM_005905). All
PCR analyses were performed on a Mastercycler gradient
machine (Eppendorf; Hamburg, Germany) using AmpliT-
aqGold DNA polymerase (Applied Biosystems; Foster
City, CA) under the following conditions: 3 min at 94°,
40 cycles of 45 seconds at 94°, 45 seconds at each parti-
cular annealing temperature and 45 seconds at 72°,
followed by 10 min at 72°. PCR products were resolved
on a 2% agarose gel and the measured sizes were as
expected.

Histology and immunofluorescence

Thymus cryosections (5 pm) were air-dried for 2 hr at
room temperature and fixed in acetone for 10 min. Non-
specific binding of antibodies and streptavidin was
blocked by incubation with diluted donkey serum (Santa
Cruz Biotechnology, Santa Cruz, CA) and avidin-biotin
(Vector Laboratories, Burlingame, CA). Human thymus
sections were incubated with specific goat antibodies
against BMP2 (N-14), BMP4 (N-16), BMPRIA (E-16)
(Santa Cruz Biotechnology), BMPRII (AF811) (R & D
Systems, Minneapolis, MN), and a specific mouse mAb
against BMPRIB (88614) (R & D Systems). Then, they
were stained with biotin or fluorescein isothiocyanate
(FITC)-conjugated Fab’ fragments of donkey anti-goat
immunoglobulin G (IgG) or donkey anti-mouse IgG
(Jackson Immunoresearch Laboratories, West Grove, PA).
The sections incubated with biotin-conjugated antibodies
were further stained with Texas Red-conjugated strepta-
vidin (Amersham Biosciences, Munich, Germany). Thy-
mic epithelial cells were detected using specific mouse
mAb against human leucocyte antigen (HLA)-DR (G46-6)
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(BD Biosciences, San Jose, CA), followed by Texas red-
conjugated Fab’ fragments of donkey anti-mouse IgG
(Jackson ImmunoResearch Laboratories) or using a FITC-
conjugated anti-cytokeratin antibody (Sigma Espana).
Thymocytes were stained using a biotin anti-CD5 mAb
(CD5-5D7) (Caltag, Burlingame, CA) followed by Texas
red—streptavidin. In all the experiments the secondary
antibodies employed were solid-phase multiadsorbed and
showed minimal cross-reactivity to other species. Slides
were mounted in Vectashield (Vector Laboratories) and
examined on a Zeiss Axioplan-2 microscope (Zeiss;
Oberkochen, Germany) from the Centro de Microscopia
y Citometria, Complutense University of Madrid.

Animals

CB-17 scid/scid (severe combined immunodeficiency)
mice, originally purchased from Harlan (Harlan Iberica,
Barcelona, Spain), were bred in our own pathogen-free
breeding facility. To obtain timed pregnancies, female and
male mice were mated overnight and the day of the plug
was considered day 0. Fetal thymic lobes were dissected
from embryos at day 15 of gestation.

Chimeric human—mouse fetal thymic organ cultures
(hu-mo FTOC)

CD34" progenitors (1 x 10* to
2 x 10* cells/lobe) were transferred to thymic lobes
derived from 15-day-old embryos of SCID mice by the
hanging drop method for 48 hr, followed by culture of
the recolonized lobes in FTOC as described previously.*’
Cultures were supplemented with human recombinant
BMP4 at a concentration of 100 ng/ml (R & D Systems)
throughout the culture period. Medium was replaced
every week.

Human thymic

Flow cytometry

To analyse the differentiation of human cells, mouse thy-
muses from hu-mo FTOC were dispersed into single-cell
suspensions and stained with mAbs specific for human
cell surface antigens, CD45 (HI30-phycoerythrin), CD4
(SK3-peridinin chlorophyll protein), CD5 (UCHT2-FITC)
and CD8a (SK1-allophycocyanin) (BD Biosciences). Flow
cytometric analysis was then performed on electronically
gated CD45" human cells. Cell cycle analysis was per-
formed after surface staining. Cells were fixed overnight
using Cellfix (BD Biosciences) and incubated for 30 min
in a solution containing 30% ethanol-1% bovine serum
albumin and 5 pg/ml Hoechst 3342 (Molecular Probes,
Leiden, the Netherlands). Cycling cells were determined,
discarding apoptotic cells, as those with a DNA cell con-
tent between 2C and 4C. Analyses were conducted in a
three-laser BD LSR flow cytometer (BD Biosciences) from
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the Centro de Microscopia y Citometria UCM, Madrid.
For apoptosis assays, cells were stained with Annexin-
V-FITC (Boehringer Mannheim, Mannheim, Germany)
according to the supplier’s instructions. Cells were ana-
lysed on a FACScan (Centro de Microscopia y Citometria
UCM) and gated according to forward scatter, side
scatter, and their ability to exclude propidium iodide.
Apoptotic cells were considered to be those that were
annexin-V positive and propidium iodide negative.

Results

BMP2 and BMP4 are produced in the human thymus

To analyse the expression of BMP2 and BMP4 genes in
the human thymus we performed RT-PCR on total RNA
samples obtained from thymic tissue fragments. These
experiments demonstrated the presence of RNAs enco-
ding for both proteins in the organ (Fig. 1). Further ana-
lyses using isolated thymocyte subpopulations defined
according to CD4 and CD8 expression showed that
BMP2 and BMP4 transcripts were expressed in DN cells,
an heterogeneous and minority thymic population that
includes CD34" thymic progenitors. However, we were
unable to detect them in DP, CD4" or CD8" thymocyte
subsets. The presence of specific transcripts for these two
proteins was also detected in purified thymic epithelial
cells as well as in the human thymic epithelial cell lines
P1.1A4 and P1.4D6 (Fig. 1).

The histological localization of cells producing BMP2
and BMP4 in the human thymus was demonstrated by an
immunofluorescence analysis on tissue cryosections.
BMP2 and BMP4 showed a very similar expression pat-
tern, being both expressed in the subcapsular area and
throughout the thymic cortex as a reticular network cor-
responding to thymic epithelial cells, as supported by the
coexpression of HLA-DR and cytokeratin (Figs 2 and 3).
In contrast, in the thymic medulla BMP2/4 expression was
mainly restricted to Hassall’s corpuscles (Figs 2 and 3).
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Figure 1. RT-PCR analysis of the expression in the human thymus
of BMP2 and BMP4. Primer pairs specific for BMP4 and BMP2 were
used to determine their presence in total thymus, DN (CD4~ CD§"),
DP (CD4' CD8'), CD4 (CD4" CD8) and CD8 (CD4 CDS8")
thymocytes, thymic epithelial cells and human thymic epithelial cell
lines P1.1A3 and P1.4D6. Band sizes are indicated.
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BMP4-HLA-DR

Figure 2. Localization of BMP4-expressing cells
in the human thymus. Frozen sections of
human thymus were doubled stained with
anti-BMP4 (a, d, g j) and anti-HLA-DR
(b, e, h) or anti-cytokeratin (k) antibodies.
(a—f) BMP4 expression (green fluorescence; a,
d) is mostly restricted to the cortical and sub-
capsular areas, appearing as a reticular network
associated with HLA-DR" epithelial cells (red
fluorescence; b, e). (g-i) BMP4 expression
(green fluorescence; g) shows a punctate pat-
tern distributed in the soma and the cellular
processes of the cortical HLA-DR" epithelial
cells (red fluorescence; h). (j-1) In the thymic
medulla, BMP4 expression (red fluorescence; j)
is associated with cytokeratin-positive Hassall’s
corpuscles (HC; green fluorescence; k). Yellow
fluorescence demonstrates the expression of
BMP4 in subcapsular and cortical epithelial
cells (c, f, i) and medullary Hassall’s corpuscles
(). C, cortex; M, medulla; SC, subcapsule.

- [BMP2:HLA-DR

Figure 3. Distribution of BMP2-producing cells in the human thymus. Human thymic cryosections were double stained with anti-BMP2 (a, d)
and anti-HLA-DR (b) or anti-cytokeratin (e) antibodies. (a—c) BMP2 expression (green fluorescence; a) is found in HLA-DR* thymic epithelial
cells (red fluorescence; b) located in the subcapsule and cortex of the thymus. (d—f) Detail of thymic medulla showing the expression of BMP2

(red fluorescence; d) on cytokeratin-positive epithelial cells from Hassall’s corpuscles (HC; green fluorescence; e). Yellow fluorescence demon-
strates the expression of BMP2 in subcapsular and cortical epithelial cells (c¢) and medullary Hassall’s corpuscles (f). C, cortex; M, medulla;

SC, subcapsule.

Expression of BMP2/4 receptors in the human
thymus

RNAs encoding for BMPRIA, BMPRIB and BMPRII were
detected in all thymocyte subpopulations as well as in the
thymic epithelium (Fig. 4). P1.1A3 and P1.4D6 thymic
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epithelial cell lines also expressed the three receptors
(Fig. 4).

Although these results demonstrated that all the thymic
populations analysed expressed BMP2/4 receptors, the
immunofluorescent analysis on thymic tissue sections
revealed that the cells that expressed these receptors were
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Figure 4. RT-PCR analysis of the expression of BMP2/4 receptors in
the human thymic cell populations. Expression of BMPRIA, BMPRIB
and BMPRII on total thymus, DN (CD4~ CD8"), DP (CD4" CD8"),
CD4 (CD4" CD8") and CD8 (CD4~ CD8") thymocytes, thymic epi-
thelial cells, and P1.1A3 and P1.4D6 thymic epithelial cell lines. Band
sizes are indicated.

not homogeneously distributed throughout the thymic
parenchyma. We found that BMPRIA-expressing and
BMPRII-expressing cells showed a very similar distribu-
tion in the organ. In the cortex, BMPRIA-positive and

BMP2/4 signalling pathway in the human thymus

BMPRII-positive cells mostly corresponded to CD5*
thymocytes (Fig. 5a,g). In contrast, the majority of
BMPRIA-expressing and BMPRII-expressing cells in the
medullary area were CD5” cytokeratin® epithelial cells
(Fig. 5b,h). The expression of BMPRIA in the thymic cells
was markedly restricted to punctate, brightly stained
areas, whereas BMPRII staining was weaker and confined
to larger areas.

The immunofluorescence analysis also showed that
BMPRIB was expressed by most thymocytes, and was
located both in the cortex and the medulla (Fig. 5d—f).
Although the majority of the BMPRIB-positive cells were
CD5" thymocytes, some cortical and medullary epithelial
cells also expressed this receptor. In addition, in all posit-
ive cells BMPRIB staining was restricted to localized areas,
as punctate patches (Fig. 5d—f).

Expression of the BMP-SMAD transcription factors
in the human thymus

RT-PCR analysis detected the presence of RNAs encoding
for SMADI, SMAD4 and SMADS in all thymocyte sub-
populations. We also detected SMAD5-encoding RNAs in

Thymocytes Epithelial

Figure 5. Double immunofluorescence analysis
of BMP2/4 receptors in human thymocytes
and thymic epithelial cells. To analyse the
expression of BMP receptors in thymocytes,
tissue sections were double-stained with the
pan-thymocyte marker CD5 (red fluorescence),
and anti-BMPRIA (a, b), anti-BMPRIB (d, e)
or anti-BMPRII (g, h) antibodies (all of them
in green fluorescence). Yellow fluorescence
demonstrates the expression of BMP receptors
in thymocytes located in the thymic cortex
(a, d, g) or medulla (b, e, h). Thymic sections
were also double-stained with anti-HLA-DR
(red fluorescence; ¢, i) or anti-cytokeratin
(green fluorescence; f) antibodies, for the iden-
tification of thymic epithelial cells, and anti-
BMPRIA (green fluorescence; c), anti-BMPRIB
(red fluorescence; f) or anti-BMPRII (green
fluorescence; i) antibodies. Micrographs show
details of the thymic cortical area and the
yellow fluorescence demonstrates BMP recep-
tor expression in thymic epithelial cells.
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Figure 6. RT-PCR analysis of the expression of the specific SMADs
that mediate BMP signalling in the human thymus. Expression of
BR-SMADs, SMAD1, SMAD5 and SMADS, and the common-part-
ner SMAD4 on total thymus, DN (CD4~ CD§87), DP (CD4" CD8"),
CD4 (CD4" CD8") and CD8 (CD4~ CD8") thymocytes, thymic epi-
thelial cells, and P1.1A3 and P1.4D6 thymic epithelial cell lines. Band
sizes are indicated.

both DN and CD4" cell subsets, but not in DP and CD8"
thymocyte subsets. Likewise, the thymic epithelial cell
component expressed all the necessary molecular machin-
ery for the BMP2/4 signal transduction, as shown by the
RT-PCR analysis performed on isolated thymic epithelial
cells and the thymic epithelial cells P1.1A3 and P1.4D6
(Fig. 6).

Effects of BMP4 on human T-cell differentiation

The expression of the components of the BMP2/4 signal-
ling pathway suggested a functional role for these mor-
phogens in human T-cell differentiation. Therefore, we
analysed the effects of BMP4 on the differentiation of
human CD34" precursor cells using chimeric hu-mo
FTOC. After 12 days of culture in the presence of BMP4
(100 ng/ml), hu-mo FTOCs showed a strong reduction in
human cellularity compared to control cultures. Addition-
ally, a multiparametric flow cytometry analysis of the
human cells recovered from these cultures showed that
BMP4 treatment induced a decrease in the proportions of
CD4" CD8" and immature CD4" thymocytes, which cor-
related with a twofold increase in the proportion of the
most immature DN cell subpopulation (Fig. 7a).

This effect could be the result of inhibition of the dif-
ferentiation from DN to DP thymocytes. However,
another possible explanation for the reduction of the DP
subpopulation in the BMP4-treated hu-mo FTOC could
be that this treatment affects the expansion or survival
of DP thymocytes. To test this possibility, we analysed
the proliferative and apoptotic rates in human DP cells
from chimeric FTOC combining CD45, CD4 and CD8
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Figure 7. BMP4 inhibits the differentiation of human CD34" thy-
mic precursors. Chimeric hu-mo FTOC were grown in the absence
(Control) or presence of BMP4 (100 ng/ml). (a) Dot plots show
CD4 versus CD8 expression on gated human CD45" cells from
12-day cultures. Histograms represent the percentage of cycling cells
(cells in S plus G2 plus M phases of the cell cycle) as well as the
proportion of Annexin V-positive cells in gated human CD4" CD8"*
thymocytes obtained in these cultures. Data are representative of
three independent experiments where the number of human cells
recovered was 81 x 10° and 17 x 10%, in control and treated cul-
tures, respectively. (b) The scatter plot shows the human cell recov-
ery from chimeric hu-mo FTOC cultured for 5 days under the
same conditions as described above. The number of human cells
recovered in each experiment was divided by the control mean
number of human cells recovered, calculated from the six data sets
obtained in the control cultures, to give the relative cell number of
six individual experiments. (c) Dot plots show the expression of
CD4 and CD5 on gated human CD45" cells from hu-mo FTOC
cultured for 5 days. Data are representative of three independent
experiments.
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expression with the analysis of the DNA cell content.
These experiments showed that there was a decrease of
apoptosis in DP thymocytes of BMP4-treated cultures,
relative to the control cultures. About 10% of DP thymo-
cytes were apoptotic in control cultures whereas only
2-3% of them were apoptotic in the treated cultures
(Fig. 7a). Moreover, in control cultures the proliferation
rate of DP thymocytes was around 20% compared with
25% in the cultures grown in the presence of BMP4
(Fig. 7a). Therefore, the reduction in the proportion of
DP thymocytes could not be explained by a decrease or
an increase in their proliferative and apoptotic rates,
respectively, which suggests that BMP4 may be inhibiting
the maturation of thymic precursor cells, as supported by
the accumulation of DN cells seen after BMP4 addition
(Fig. 7a).

To confirm the capacity of BMP4 for blocking thymo-
cyte maturation, we analysed hu-mo FTOC after 5 days
of culture, when no thymocyte has reached the DP cell
differentiation stage and immature CD4" thymocytes are
starting to appear. In these cultures, BMP4 treatment also
induced a reduction of human cellularity (Fig. 7b) and a
marked inhibition of thymocyte maturation. As shown in
Fig. 7(c), about 60% of human thymocytes had reached
the immature CD4" cell differentiation stage in con-
trol cultures. In contrast, only 20-25% of thymocytes
expressed CD4 in the presence of BMP4, which correlated
to an accumulation of CD4~ CD5" cells (Fig. 7c), most of
which expressed CD34 antigen (data not shown).

Discussion

In this study we demonstrate that in the human thymus
both BMP4 and BMP2 are mainly produced by the epi-
thelial cell network distributed throughout the cortical
and subcapsular areas, a similar expression pattern to that
described for BMP4 in the murine thymus.*> Immature
CD4" cells and mainly DP thymocytes, the majority T-cell
developmental stage in the thymus, which are undergoing
their TCR rearrangements and intrathymic selection pro-
cesses,”®" are located in those thymic regions. In addi-
tion, as previously reported in mice,” one would be likely
to find in those areas the scarce CD34" thymic precursors
which transmigrate across the cortex, from the blood ves-
sels located at the perimedullary cortex to the subcapsular
zone, while undergoing progressive developmental chan-
ges. Therefore, the wide distribution of BMP2- and
BMP4-expressing cells mainly in the outer thymic regions
suggests that intrathymic precursor cells and immature
thymocytes could be under the permanent influence of a
high BMP2/4 pathway activation. However, the complex
molecular machinery that regulates the BMP pathway
both intra- and extracellularly*>**°' could involve the
existence of spatially discrete thymic microenvironments,
where a range of BMP2/4 signalling doses could differen-
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tially modulate the diverse processes that are accom-
plished by the thymocytes located in the cortex and
subcapsule. A similar situation could occur in the medulla
where SP thymocytes could be exposed to different levels
of BMP2/4 derived from Hassall’s corpuscles. In addition,
it is not unlikely that mature thymocytes could also be
influenced by BMP2/4 emanating from cortical epithelial
cells.

Since BMP2 and BMP4 share a common signalling
pathway, the coincidence in the pattern of distribution of
these secreted proteins could suggest a redundant func-
tion for these BMPs in the human thymus. However,
these proteins are encoded by two genes with two inde-
pendent systems of regulation®® and, moreover, in other
developmental systems BMP4 and BMP2 function
together but induce distinct responses.”*>> Therefore, in
the human thymus, the same doses of BMP2 and BMP4
could result in quantitatively and/or qualitatively differ-
ent responses of thymocytes, as previously described
in human bone marrow for CD34" haematopoietic pro-
genitors.”

In most developmental processes, BMPs do not func-
tion alone but frequently interact with other morphogen
families, mainly Hedgehog and Wnt proteins, regulating
one another’s expression and function during the devel-
opment of many tissues.”*™ Recently, we have described
in the human thymus the expression and function of
Sonic hedgehog, the most pleiotropic member of the Hh
family of morphogens.'"*” Remarkably, Sonic hedgehog
is produced by thymic subcapsular and medullary epithe-
lial cells, indicating that the subcapsule and medulla are
thymic regions where BMPs and Hh proteins could be
interacting to regulate some steps of thymocyte matur-
ation. A similar regulatory network could be functioning
in the cortical region, where some thymic epithelial cells
produce the other two Hh proteins, Indian and Desert
Hh."" Furthermore, we cannot discard the possibility that
Sonic hedgehog may diffuse from the subcapsule or
medulla to the cortex, joining the cortical regulatory
signalling network.

BMP signalling requires the oligomerization of two
homodimers formed by type I and type II receptor
chains. In the case of BMP2 and BMP4, there are two
possible type I receptors, BMPRIA and BMPRIB, that can
oligomerize with the type II receptor, BMPRIL'®'’ Our
RT-PCR analyses demonstrate transcripts encoding for
the three receptors in all the populations of human
thymocytes defined by the expression of CD4 and CD8
markers. Immunofluorescent staining revealed that
BMPRIA and BMPRII are largely expressed in thymocytes
located in the cortical zone, most of them DP cells, while
only a small proportion of SP cells, located in the
medulla, express these receptors. In contrast, BMPRIB is
homogeneous and widely distributed in all the thymic
compartments. These results indicate that there would be
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SP thymocytes expressing BMPRI but not BMPRIL
Therefore, these cells would not be able to initiate BMP2/
4 signalling but, with the contribution of other type II
receptors, could signal for other members of the trans-
forming growth factor-p family.*"*

The immunofluorescence analysis also showed that the
expression of BMP receptors, and mainly BMPRIA, was
restricted to bright, punctate areas in both thymocytes and
epithelial cells. These data suggest that BMP receptors
exhibit a specific localization in cell membrane subdo-
mains, probably associated to lipid rafts, as has been
reported in other cell lineages.*>** Recently, two glyco-
syl-phosphatidylinositol-anchored proteins, Dragon and
RGMa, have been described as BMP co-receptors in mam-
mals. They promote BMP4 and BMP2 signalling in a lig-
and-dependent manner, probably acting as stabilizers of
the receptor complex, in a mechanism that would depend
on their localization on lipid rafts.****> Therefore, BMP
receptors could be considered as new members of the
group of signalling receptors that are spatially segregated
and organized in lipid rafts in T cells and that are involved
in many aspects of T-cell biology, such as activation, adhe-
sion, cytoskeleton reorganization, cell polarity mainten-
ance, or interaction with infectious organisms.e‘:”66

We also demonstrate the existence of a complete BMP/
SMAD signalling pathway in some thymocyte subpopula-
tions. Thus, whereas DN and CD4" SP thymocytes
express all the BR-SMAD, DP and CD8" SP cells are
devoid of SMADS5 transcripts, indicating distinct BMP
signalling requirements during T-cell maturation.

BMP4 treatment of chimeric hu-mo FTOCs leads to
a decrease in the human cell yield and an inhibition of
human T-cell differentiation affecting the maturation of
CD34" CD5" thymocyte precursors. Similar effects on
murine T-cell differentiation have been demonstra-
ted,*"*>** where BMP2/4 signalling arrests thymocyte
differentiation at the CD44" CD25~ DN stage, before
T-cell lineage commitment, and at the transition from
DN to DP. This inhibitory effect observed in mice
is mediated both directly by BMP signalling on
CD44* CD25 DN thymic progenitors and indirectly by
acting on epithelial cell function.**** Our current
results cannot discriminate between the direct effects on
DN thymocytes and those that result from a modifica-
tion of epithelial physiology because human thymic epi-
thelial cells also express the BMP receptors, as well as
the BMP/SMAD signalling pathway, which suggests an
autocrine role of BMP proteins on thymic epithelium.
Interestingly, our data also suggest that when thymo-
cytes reach the DP cell stage the BMP2/4 signalling
pathway can positively regulate their proliferation and
survival, which would correlate to the fact that BMP2/4
proteins are broadly expressed by the cortical epithelial
cell network where DP cells are localized. The mecha-
nisms through which BMP signalling can differentially
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regulate human T-cell differentiation therefore need fur-
ther investigation.
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