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IL-3 plays a critical role in development of dendritic cells from murine hematopoietic progenitor cells of fetal liver
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1. ABSTRACT

We previously showed that hematopoietic
progenitor cells (HPCs) with the (Lin)c-kif" phenotype
isolated from day 13 postcoitus murine fetal liver (FL) can
develop into dendritic cells (DCs) in vitro in the presence
of granulocyte/macrophage colony-stimulating factor (GM-
CSF), stem cell factor (SCF), Flt3 ligand (FIt3L) and tumor
necrosis factor (TNF)-alpha. This differentiation is
dependent upon the presence of PA6 stromal cells. In the
present study, we show that after intravenous transfer into
lethally irradiated mice, the FL Lin'c-kit" HPCs generate E-
cadherin” Langerhans cells, and splenic DCs that express
high levels of Ta, CD11c, DEC205 and intermediate levels
of CD40. These cells are capable of stimulating a T cell
response. Interestingly, neutralizing anti-interleukin (IL)-3
antibody suppresses generation of FL HPC-derived DC in
vivo. Moreover, addition to FL HPCs culture of IL-3 along
with GM-CSF, SCF, FIt3L and TNF-alpha results in DC
development from without the support of PA6 cells. This
study provides the first evidence that IL-3 plays a critical
role in DC development from FL Lin'c-kit" HPCs.
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2. INTRODUCTION

Dendritic cells (DCs), accepted as the most
potent antigen presenting cells, can take up, process,
transport and present antigens to T cells. DCs are not only
crucial for the initiation of innate and adaptive immune
response, but are also important for the maintenance of
immunological balance within tissues (1,2,3). Allogeneic
DCs can induce non-responsiveness in T cells in fetal
thymic organ cultures, a phenomenon that suggests that
DCs may be involved in the induction of central tolerance
during fetal development (4). DCs are a highly
heterogeneous population with a variety of tissue
distribution patterns, surface phenotypes, and immune
functions (5,6). In addition, Langerhans cells (LCs) are the
only DCs which present in the epidermis and constitute the
first immunological barrier against pathogens and
environmental insults (7).

It is well known that DCs have their ultimate
origin in hematopoietic progenitor cells (HPCs) (8). During
embryonic  development of hematopoiesis, HPCs
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successively  appear in  yolk sac, para-aortic
splanchnopleura,  aorta-gonad-mesonephros  region
(AGM), fetal liver (FL), spleen, and bone marrow (BM)
(9). FL is thought to be the principle hematopoietic
organ during murine embryonic development, and
serves as a pool of founder hematopoietic cells
generated at early hematopoietic sites within the
conceptus (10,11). Previous studies revealed that murine
FL-derived progenitor cells differentiate in vitro into T
cells, NK cells, B cells, and macrophages (12,13). We
have successfully generated DCs from FL-derived
progenitor cells in vitro (14). Interestingly, generation
of DCs from FL HPCs in vitro requires the support of
PAG6 stromal cells, a condition different from that of BM
HPC-derived DCs. Since BM is formed relatively late in
gestation and is involved in the production of highly
differentiated  hematopoietic  cells (10,15), DC
development from FL HPCs may be expected to require
culture conditions distinct from those of adult BM
HPCs.

Accumulating studies have revealed that HPCs
derived from BM or cord blood can develop into DCs in
vitro in the presence of granulocyte/macrophage colony-
stimulating factor (GM-CSF), tumor necrosis factor (TNF)-
alpha and interleukin (IL)-4 (16,17,18). Stem cell factor
(SCF), however, is required for BM HPC differentiation of
cells with (Lin)c-kif" phenotype (19). CD44'CD25 FcR
progenitors present in fetal thymus generate DCs with the
support of IL-3 and IL-7 (20). However, the identities of
factors which allow development of DCs from FL HPCs
are still unknown.

Transfer of mouse BM HPCs into irradiated
recipients leads to the reconstitution of DCs in the spleen
and thymus (21,22,23). In addition, CD8'CDI1lcLin
splenic cells differentiate into CD8" DCs in vivo (24). In
the present study, we show in mouse chimera models of
hematopoiesis reconstitution utilizing day 13 postcoitus
(13 dpc) murine FL-derived Linc-kit" HPCs. We find
that Lin"c-kit* HPCs derived from 13 dpc FL develop in
vivo into DCs in the spleen and into LCs in the skin.
These DCs possess an intact capacity to initiate T cell
immunity. Moreover, we find that IL-3 is able in vitro to
induce DC generation from FL HPCs without the
support of PA6 cells and is also crucial for FL HPC-
derived DC development in vivo.

3. MATERIALS AND METHODS

3.1. Experimental animals

C57BL/6 (B6, Ly5.2) and BALB/c mice were
purchased from The Jackson Laboratory (Bar Harbor, ME),
and were kept in a specific pathogen-free facility at the
Animal Center of Shanghai Jiao Tong University School of
Medicine. Congeneic B6 (Ly5.1) mice were a kind gift of
Peking University Health Science Center (Beijing, China),
and were purchased from The Jackson Laboratory. FL was
obtained from 13 dpc fetuses born to female B6 mice mated
with male B6 mice. The presence of a postcoital plug was
used to determine day 0 of pregnancy Animal care and use
were in compliance with institutional guidelines.
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3.2. Cytokines and antibodies

Recombinant mouse GM-CSF, TNF-alpha, SCF,
FIt3 ligand (F1t3L), IL-3, IL-7 and IL-15, and neutralizing
monoclonal antibody (MoAb) to IL-3 (MP28F8) were
purchased from R&D systems (Minneapolis, MN). Anti-c-
kit antibody (ACK-2) was kindly provided by Dr T. Sudo
(Basic Research Institute of Toray Co., Kanagawa, Japan).
The neutralizing antibody to IL-7 was obtained from
PeproTech EC (London, UK). Unless otherwise indicated,
antibodies used for immunofluorescence staining were
obtained from BD PharMingen (San Diego, CA). DEC205
(NLDC-145) MoAb was obtained from Serotec (Oxford,
UK). The MoAb against mouse E-cadherin was purchased
from Dainipon Pharmaceutical Corporation (Osaka, Japan).
Alkaline phosphatase-conjugated goat anti-rat IgG was
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA), and alkaline phosphatase-conjugated
goat anti-hamster IgG was purchased from Cedarlane
(Ontario, Canada). Streptavidin-peroxidase (Histofine) was
purchased from Nichirei Corporation (Tokyo, Japan).

3.3. Purification and transfer of Lin'c-kir” HPCs

BM Lin'c-kit" HPCs were obtained as previously
described (19,25). FL Lin'c-kit" HPCs were sorted from 13
dpc FL mononuclear cells (MNCs) using a FACSAria
cytometer from BD Biosciences as previously described
(14). In brief, FL MNCs were subjected to indirect staining
using a Dbiotin-conjugated  anti-c-kir MoAb and
phycoerythrin (PE)-labeled streptavidin, followed by
treatment with a set of fluorescein isothiocyanate (FITC)-
labeled MoAbs to CD3e (145-2C11), CD4 (H129.19),
CD8a (53-6.7), B220 (RA3-6B2), Gr-1 (Ly-6G), CDlla
(2D7), and CD11b (M1/70). Cellular purity was consistently
more than 98% as reanalyzed with the cell sorter.

B6 (Ly5.2) Linc-kif" cells (5 x 10*) derived from
FL or BM were intravenously injected into gamma ray-
irradiated B6 (Ly5.1) recipient mice (10.5 Gy), along with
5 x 10* unfractionated BM cells from B6 (Ly5.1) mice to
ensure mouse survival. In some experiments, neutralizing
antibodies to IL-3 and/or IL-7 were intraperitoneally
injected into the recipient mice every 3 days for 6 weeks
after implantation.

3.4. In vitro generation of DCs from Lin"c-kif"' FL. HPCs
Purified FL Linc-kit" HPCs were incubated at a
cell concentration of 3 x 10* cells/mL in Iscove’s modified
Dulbecco’s medium (Gibco, Rockville, MD), supplemented
with 20% fetal calf serum, penicillin G (100 U/mL), and
streptomycin (100 micrograms/mL) as complete medium,
in the presence of GM-CSF (4 ng/mL), SCF (10 ng/mL)
and FIt3L (10 ng/mL). In some experiments, combined IL-
3 (10 ng/mL), IL-7 (10 ng/mL) and IL-15 (20 ng/ml), or
IL-3, IL-7 and IL-15 alone was added to the culture system.
Fresh medium containing cytokines was added after
medium change every 2 or 3 days. After 12 to 14 days of
culture, GM-CSF (4 ng/mL) and TNF-alpha (50 ng/mL)
were added to the culture for an additional 3 to 5 days.

3.5. Immunofluorescence analysis
Immunofluorescence staining was performed as
previously described (14,19,25). Cells (4 x 10°) were
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stained with PE-conjugated anti-la (AF6-120.1) and FITC-
conjugated anti-CD11c (HL3), anti-CD40 (3/23), anti-
CD86 (GL1), anti-CDS8a (53-6.7), anti-NK1.1 (PK136),
anti-Thy1.2 (30-H12) MoAbs. In some experiments, cells
were stained with purified rat anti-DEC205 or anti-E-
cadherin MoAbs, followed by FITC-conjugated goat anti-
rat IgG F(ab’), antibody (Caltag, Camarillo, CA). In three-
color analysis, cells were incubated with biotin-conjugated
anti-Ly5.2 MoAb (104), followed by allophycocyanin-
conjugated streptavidin. The instrument compensation was
set in each experiment by using single-color and/or two-
color stained samples.

3.6. Inmunohistochemical staining

Double immunostaining was performed by
indirect immunoalkaline phosphatase or immunoperoxidase
method. Mouse ears were resected and torn into ventral and
dorsal pieces. Dorsal ear pieces were then incubated in 0.5
M, pH 8.0 EDTA solution at a temperature of 37 degrees
centigrade for 1 hour. The epidermis sheets were then
spread on silanized slides (Dako-Japan Co.), rinsed twice in
isotonic saline solution and fixed in cold acetone for 10
minutes. The sections were sequentially incubated with
optimal dilutions of biotin-conjugated anti-Ly5.2 followed
by streptavidin-peroxidase. Peroxidase activity was
visualized  with  3-amino-9-ethylcarbazole  (Vector
Laboratories, Burlingame, CA) exhibiting a red color. The
sections were then incubated with hamster anti-mouse
CDl11c (N418) followed by alkaline phosphatase-
conjugated goat anti-hamster IgG. Sections were also
separately stained with rat anti-DEC205, anti-CD8a, anti-E-
cadherin, anti-la, or anti-Thy-1.2 followed by goat-anti-rat
IgG complexed to alkaline phosphatase. Alkaline
phosphatase activity was developed with the Vector Blue
substrate (Vector Laboratories) revealing a blue color.
Levamisole (0.024%; Sigma-Aldrich, MO) was added to
the reaction mixture to block endogenous alkaline
phosphatase activity.

3.7. DC isolation

DCs were isolated from spleens and lymph nodes
(combined axillary, cervical and inguinal lymph nodes) as
previously described (26) with slight modifications.
Briefly, spleens and lymph nodes were digested with
collagenase D (1 mg/mL; Sigma-Aldrich), and MNCs were
isolated using Lymphoprep™ gradient centrifugation. To
enrich DC populations, these MNCs underwent magnetic
selection for isolation of CDI1lc" or DEC205" cell
subpopulations. In some experiments, the corresponding
cell subpopulations were further purified utilizing a cell
sorter.

3.8. Mixed leukocyte reaction (MLR)

Splenic DCs and cultured DCs were treated with
mitomycin C (MMC; 15 micrograms/mL), and used as
stimulators (27). Purified CD4" T cells were obtained from
splenic MNCs in allogeneic mice by magnetic cell sorting.
Indicated stimulator cells (from 3 to 100 x 10* cells) were
added to the T cells (3 x 10%) in 96-well round-bottom
plates. After 5 days of culture at a temperature of 37° C ,
cell proliferation was assessed using 3-(4,5-dimethyl
thiazolyl-2)-2,5-diphenyltetrazolium  bromide  (MTT;
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Sigma-Aldrich). In brief, 15 microliters of MTT (5 mg/mL
in PBS) was added into each well and the plates were
incubated at 37° C for 4 hours. The absorbance at 550 nm
was read using a microplate reader.

3.9. Contact hypersensitivity (CHS) response

Four hundred microliters of a 0.5% solution of
FITC (Sigma-Aldrich) dissolved in
acetone/dibutylphthalate (1:1) was applied to the shaved
abdomens of mice. Twenty hours later, 1 x 10° donor-
derived DCs were sorted from lymph nodes of FITC-
sensitized mice, and then transferred into footpads of naive
syngeneic mice. One week later, CHS was elicited by
painting the dorsal and ventral ear surfaces with 5
microliters of 0.5% FITC. Ear thickness was measured 24
hours after the challenge and compared with that before
challenge. Specific swelling was calculated by subtracting
the background swelling from mice that were not sensitized
but were challenged.

3.10. Statistical analysis

Data are presented as mean +/- SD of the results
from multiple experiments. Student’s #-test or one way
ANOVA was used to determine the statistical significance.
P value less than 0.05 was considered to be statistically
significant.

4. RESULTS

4.1. FL Linc-kit” HPCs can develop into splenic DCs in
vivo

To study the development of DCs from FL. HPCs
in vivo, a murine chimera model of reconstituted
hematopoiesis was established with 13 dpc FL and adult
BM Lin'c-kif" HPCs. Purified 5 x 10* FL or BM Lin"c-kit"
HPCs from Ly5.2 B6 mice were injected into lethally
irradiated congeneic mice (LyS5.1) via the tail vein. The
ability of these cells to reconstitute hematopoiesis and to
initiate DC development in vivo was examined. The c-kit"
donor cells occupied approximately 85% of all c-kif®
hematopoietic cells of BM from the chimera reconstituted
with FL. HPCs, but only 65% of those reconstituted with
BM HPCs at the third week after implantation. This
difference indicates that FL-derived Linc-kif' HPCs
possess stronger self-renewal hematopoietic ability than
their adult BM counterparts in vivo. In addition, donor-
derived splenic Ia'DEC205" cells were detected in
preparation for DC generation. DEC205 was chosen as a
marker for DC development to avoid the mistaken
exclusion of CDI11c’™! DCs. This was necessary
because of the previously observed marginal expression
of CDI11c antigen on DCs generated in vitro from 13
dpc Linc-kit™ FL HPCs in our coculture system with
PAG6 stromal cells (14). Donor-derived splenic DCs were
undetectable in chimeras reconstituted with adult BM
Lin'c-kit* HPCs until 3 weeks after implantation.
However, splenic DCs from FL HPCs were found only 4
weeks after hematopoietic reconstitution and their
number increased to a plateau after 6 weeks (Figure 1),
implying that the development of DCs in vivo from 13
dpc Linc-kit" FL HPCs requires different conditions
than that from adult BM HPCs.



IL-3 in FL-derived DC development

N
o
]

(@]
1

o
1

(&)

=== FL HPC-derived DC
—©&— BM HPC-derived DC

0 ] I L] | ] L}

3 4 5 6 i 8 9
Weeks after implantation

DC number per spleen (x 104

Figure 1. The kinetics of splenic DC generation in vivo
from FL or BM Lin'c-kit™ HPCs. Purified 13 dpc FL or
adult BM Lin'c-ki" HPCs (5 x 10%) isolated from Ly5.2 B6
mice were intravenously injected into lethally irradiated
Ly5.1 B6 mice, accompanied by 5 x 10* Ly5.1-type BM
cells to rescue the recipient mice from lethal irradiation.
Ly5.2'Ta"DEC205" spleen cells isolated from chimeras
were measured to assay donor-derived DC generation in
vivo from FL or adult BM Lin'c-kit" HPCs at the indicated
time points after implantation. Each point was based upon a
pool of 6 spleens obtained from the chimeric mice. The
data represent mean +/- SD of number of donor splenic
DCs from 3 independent experiments.

To  further investigate the  phenotypic
characteristics of the DCs generated in vivo from FL Lin'c-
kit" HPCs, we isolated CD11c" and DEC205" splenocytes
from chimeras. Immunophenotyping analysis were
performed on these isolated splenic CD11c” and DEC205"
cell subsets generated in vivo from FL or adult BM HPCs
by gating on Ly5.2" donor cells. As shown in Figure 2A,
the FL HPC-derived donor CD11c" cells expressed a high
level of Ia and intermediate levels of CD40, DEC205 and
CD8a molecules. The donor FL HPC-derived DEC205"
splenic cell population also showed a high level of Ia and
an intermediate level of CD40 molecules. Indeed, there
were high levels of both Ia and CD11c expression observed
in DEC205" splenic cell populations derived from donor
FL and BM HPCs. Few of the freshly isolated donor cells
from FL and BM HPCs expressed the CD86 molecule
(Figure 2A). However, the expression of CD86 was greatly
increased after culture overnight with GM-CSF and TNF-
alpha (data not shown). The phenotypic characteristics of
DCs generated in vivo from 13 dpc FL Linc-kif" HPCs
were comparable with those of adult BM HPCs.
Remarkably, some of the donor FL HPC-derived CD11c¢"
cells were also highly positive for the Thy1.2 marker.

We next examined the stimulatory ability of
donor FL. HPC-derived DCs. As shown in MLR (Figure
2B), FL HPC-derived splenic Ly5.2'Ta"DEC205° DCs
stimulated the proliferation of allogeneic CD4" T cells to as
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potent a degree as did splenic DCs derived from BM HPC-
reconstituted and wild type control mice. These findings
suggested that FL. HPC-derived donor splenic DCs could
efficiently stimulate T cell proliferation in vitro.

4.2. FL Lin'c-kif" HPCs can develop into skin LCs in
vivo

LCs, the only DCs present in the epidermis, have
been considered to represent immature DCs that
differentiate into mature DCs when they migrate to the T
cell areas of the draining lymph nodes after antigenic
stimulation (1). As shown in Figure 3A, donor-derived LCs
could be observed on the epidermal sheets of recipient mice
receiving 13 dpc Lin'c-kif' FL HPCs. These cells clearly
displayed stellate, dendritic forms of slender processes that
radiated from the cell body and extended to form a network
with the keratinocytes. These donor-derived LCs partially
expressed la, DEC205, E-cadherin and Thyl.2 while they
expressed very little CD11c and were negative for CD8a.

CHS responses can be used to assess the function
of LCs in vivo. We induced CHS responses in FL or BM
HPC-reconstituted chimeras by applying FITC as a
sensitizer on the ear skin. There were comparable levels of
CHS elicited in both sets of mice, presumably as a
consequence of epidermal LCs emigrating and carrying
antigens to the T cell areas of draining lymph nodes (Figure
3B). These results indicate that LCs generated in vivo from
13 dpc Linc-kit" HPCs can initiate immune responses by
taking up, processing and presenting antigens to T cells.

4.3. Generation of DCs from FL Lin"c-kif' HPCs in vitro
without stromal cell support

Although a cytokine cocktail including GM-CSF,
SCF, FIt3L and TNF-alpha is sufficient to generate mature
DCs from BM Linc-kit" HPCs, development of FL Linc-
kit HPCs into mature DCs has been found to be dependent
upon the presence of PA6 stromal cells in vitro (14).
Several cytokines were tested for their abilities to generate
DCs from FL Lin'c-kiz" HPCs in a stromal cell-free system.
Addition of IL-3, IL-7 and IL-15 to FL HPC cultures in the
presence of GM-CSF, SCF and FIt3L resulted in DC
precursors, which subsequently further differentiated into
mature DCs upon stimulation with GM-CSF and TNF-
alpha. Flow cytometric analysis (gating on Ia’ cells)
indicated that these cells expressed high levels of CD86,
CDllc, CD40, DEC205 and intermediate level of E-
cadherin molecules. However, CD8a and NKI1.1 were
marginally expressed on these cells (Figure 4A). Their
phenotypic characteristics were similar to those of DCs
generated from FL HPCs in vivo. Functionally, these cells
are able to stimulate allogenic T cell proliferation just as
are DCs generated with PA6 cells in MLR (Figure 4B).
These results indicate that combined stimulation of
cytokines including IL-3, IL-7 and IL-15 are able to
promote DC development from FL-derived HPCs
independent of stromal cell support.

4.4. IL-3 is important for generation of FL Linc-kir'
HPC-derived DCs in vitro and in vivo

We next determined which cytokine was
responsible for the development of Lin'c-kiz" HPC-derived



IL-3 in FL-derived DC development

Ly5.2*-gated CD11c* cells derived from BM HPCs

la

Ly5.2*-gated

CD86 CD40 Thy-1.2 DEC205
Ly5.2*-gated DEC205* cells derived from BM HPCs

T T T T T T T r T T eeT ey

Ly5.2*-gated DEC205* cells derived from FL HPCs

'’

1#" BE
CD40 Thy-1.2 CcD8a
A
209 _o Macrophage
—&— Control DC
E ;5] —B-FLHPC-derived DC
2 —6— BM HPC-derived DC
uy
8 1.0 -
>
o
o
o 0.5+
-
|_
=
00 1 ] L) 1
1 10 100 1000
B

Stimulators (x 100)

Figure 2. Characteristics of DCs generated in vivo from 13 dpc FL Lin'c-kif' HPCs. After 28 days post implantation, splenocytes
of these chimeras were isolated and CD11c" and DEC205" cells were enriched using magnetic selection. (A) The phenotypes of
Ly5.2"-gated donor CDIllc" or DEC205" cells derived from FL or adult BM Linc-kif' HPCs were analyzed using
immunofluorescence staining as described in “Materials and Methods”. Quadrants were applied to an isotype-matched control
dot plot. (B) Allogeneic MLR was performed using purified CD4" T cells (3 x 10° cells/well in 96-round bottom plates) as
responder cells. Donor splenic DCs derived in vivo from FL HPCs were obtained by FACS sorting with markers Ly5.2, Ia and
DEC205, treated with MMC and used as stimulator cells. The proliferation of T cells was measured using MTT after 5 days
culture. Donor splenic DCs derived in vivo from BM-derived HPCs, and splenic DCs and peritoneal macrophages isolated from
naive LyS5.2" B6 mice were used as controls. Results are expressed as mean +/- SD of triplicate cultures.
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Figure 3. Generation of skin epidermal LCs in vivo from FL Linc-kit" HPCs. (A) Skin sheets were prepared at day 28 after
implantation with FL HPCs and exposure to UV light, and were stained by immunohistochemistry as described in “Materials and
Methods”. In these preparations, peroxidase activity yields a red product, whereas alkaline phosphatase activity appears blue. (B)
Prepared FITC solution as a hapten was applied to stimulate the shaved abdomens of normal mice and of mice undergoing
reconstituted hematopoiesis with FL or adult BM-derived HPCs. Twenty hours later, the donor DCs from draining lymph nodes
of FITC-sensitized mice were isolated with markers Ly5.2, Ia and DEC205 using FACS. Sorted FITC-bearing DCs (1 x 10°)
were transferred into the footpads of naive syngeneic mice. One week later, a CHS response was elicited by painting the dorsal
and ventral surfaces of the ears of the FITC-bearing DC-recipient mice with FITC solution. The magnitude of ear swelling was
measured 24 hours after challenge and compared with ear thickness before challenge. Specific swelling was calculated by
subtracting the background swelling of ears in mice that were not recipients of sensitized DCs but were challenged. Results are
expressed as mean +/- SD (n = 6). These data are representative of three independent experiments. Asterisk represents p value
less than 0.05.

DCs in the absence of stromal cells in vitro. to enhance the proliferation of allogeneic T lymphocytes in
Addition of IL-7 or IL-15 alone to the GM-CSF, SCF, MLR (Figure 4D). These results indicate that IL-3 and IL-7
FIt3L cocktail failed to induce DC precursors from FL can support DC development from FL-derived Linc-kif"
HPCs. Interestingly, when IL-3 was added to the cocktail, HPCs independent of stromal cell support. In particular, IL-
DC precursors were generated, and subsequently 3 appeared to be a key factor in the generation of DCs from
differentiated into mature DCs after stimulation with TNF- FL HPCs.
alpha and GM-CSF. Moreover, a combination of IL-3 and
IL-7 significantly increased the generation of FL HPC- Finally, we explored the effect of IL-3 and IL-7
derived DCs (Figure 4C). These induced cells were shown in the development of FL Lin'c-kif' HPC-derived DCs in
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Figure 4. Effects of cytokines on development of DCs from 13 dpc FL Lin'c-kif" HPCs in vitro. Individual or combined
applications of IL-3, IL-7 and IL-15 were added to induce DC development from 13 dpc FL Lin"c-kif' HPCs (3 x 10 cells/mL).
Culture was accomplished in the presence of cocktail GM-CSF, SCF and FIt3L with additional IL-3, IL-7 or/and IL-15 for 12 to
14 days. The cultured cells were then restimulated with GM-CSF and TNF-alpha for 3 to 4 days. The phenotype of
unfractionated nonadherent cells was analyzed by immunofluorescence staining as described in “Materials and Methods”. The
cells were stained with PE-conjugated Ia MoAb, and the indicated FITC-labeled MoAbs (CD8a, NK1.1, CD40, CD11c, DEC205
and E-cadherin, or/and CD86) were used to demonstrate the phenotypic characteristics of the generated DCs (A) and to show
effects of the cytokine(s) on DC development from 13 dpc FL Linc-kit* HPCs in vitro (C). In MLR, Ia'CD86" cells derived from
FL HPCs in the indicated cultures were isolated using FACS and were treated with MMC as stimulator cells, with stromal cell
PAG6-induced DCs derived from FL HPCs and peritoneal macrophages as controls, respectively. Allogeneic MLR was performed
using MACS-isolated CD4" T cells (3 x 10° cells/per well in 96 well-plate) as responder cells. The proliferation of T cells was
assayed using MTT after 5 days culture. Data are expressed as mean +/- SD of the triplicate cultures (B and D). These results are
representative of 3 independent experiments. Asterisk represents p value less than 0.05.

vivo. Lethally irradiated Ly5.1 B6 mice were compared with those seen in IgG-treated mice (data not
injected with anti-IL-3 antibody, anti-IL-7 antibody or IgG shown). All of these treatments had no obvious inhibitory
during reconstitution with FL HPCs. Interestingly, anti-IL- effect on BM HPC-derived DC development (Figure 5).
3 antibody treatment delayed the appearance of FL HPC- Thus, IL-3 plays an important role in DC development
derived splenic DCs. Donor DCs were detected in the from murine hematopoietic progenitor cells of fetal liver.
spleen up to 5 weeks after HPC transfer (data not shown).
The number of FL-derived splenic DCs was significantly 5. DISCUSSION
reduced when compared to that derived from IgG treated
mice, while anti-IL-7 antibody could not suppress their In this study, we found that DCs develop from FL.
generation (Figure 5). Interestingly, combined treatment Lin'c-kif" HPCs transferred into lethally irradiated mice.
with anti-IL-7 and anti-IL-3 antibodies could not inhibit FL The donor derived splenic DCs were CDI 1c'Ta"CD40™,
HPC-derived DC generation to a greater extent than did and could efficiently stimulate T cell proliferation. Donor
anti-IL-3 antibody alone, a phenomenon which was FL Linc-kit" HPCs also developed into skin LCs that
contradictory to the expected synergetic effect of IL-7 in expressed la, DEC205, E-cadherin and only marginally
promoting IL-3-induced DC development in vitro. expressed CD11c. These LCs readily take up and present
Moreover, antibody treatment did not significantly change antigen as indicated by the CHS response. Interestingly, FL
the phenotype and function of donor-derived DCs as Lin'c-kit* HPCs are shown to develop into DCs in the
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Figure 5. Effects of neutralizing antibodies to IL-3 or/and
IL-7 on the development of DCs from Linc-kit” HPCs in
vivo. 5 x 10* purified FL or adult BM Lin'c-kif” HPCs
isolated from Ly5.2 B6 mice were injected into lethally
irradiated Ly5.1 B6 mice via the tail vein. Neutralizing
antibodies to IL-3 or/and IL-7 were intraperitoneally
administered to the recipient mice every 3 days for 6 weeks
after implantation. Ly5.2'Ta"DEC205" spleen cells isolated
from recipient mice were measured to assay donor-derived
DC generation in vivo from 13 dpc FL or adult BM Linc-
kit" HPCs. Each point was based upon a pool of 6 spleens
from the recipient mice. The data represent mean +/- SD of
number of donor splenic DCs from 3 independent
experiments. Asterisk represents p value less than 0.05.

absence of stromal cells when IL-3 is added to a
cytokine cocktail that includes GM-CSF, SCF, FIt3L and
TNF-alpha. Although IL-7 alone did not appear to have a
significant inductive effect, IL-7 significantly augmented
this IL-3 induction. Furthermore, anti-IL-3 neutralizing
antibody decreased DC generation from FL HPCs in
chimeric mice. These findings suggest that IL-3 is
important in DC development from FL HPCs in vitro and
in vivo, a process that is notably different from DC
development from BM HPCs.

We previously reported that BM HPCs, but not
FL HPCs, differentiated into DCs in vitro in the presence of
GM-CSF, SCF, FIt3L and TNF-alpha (19,25). Generation
of FL HPC-derived DCs in vitro required the additional
support of PA6 stromal cells (14), indicating that, as
compared to BM HPCs, FL HPCs may require
supplementary  factors or different conditions to
differentiate into DCs. Recent studies revealed that
CD44'CD25FcR™ cells in fetal thymus differentiate into
DCs in the presence of GM-CSF, SCF, FIt3L, TNF-alpha,
IL-lalpha, IL-7 and IL-3 (20). However, the pivotal
cytokine in this cocktail was not identified. In the present
study, we investigated whether IL-3, IL-7 and/or IL-15
could induce DC generation from FL HPCs in vitro in place
of stromal cells. We found that IL-3 was required to induce
DC development from FL HPCs in vitro independent of
PAG6 stromal cells. Neither IL-7 nor IL-15 was able to
induce DC development, whereas IL-7 enhanced the effect
of IL-3 on induced DC development in vitro. Considering
that IL-3 and IL-7 are not produced by PA6 stromal cells
(28,29), it may be inferred that DC generation from PA6
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coculture is independent of IL-3 and IL-7. We believe that
IL-3-, or IL-3 + IL-7-induced DC development in vitro is,
in some way, different from that induced by stromal cells.
In vivo experiments showed that anti-IL-3 antibody
treatment delayed the appearance of FL HPC-derived DCs
in the spleen and significantly reduced the number of DCs
generated from FL HPCs, whereas anti-IL-7 antibody
treatment had little effect. These data indicate that IL-3 is
pivotal in DC development from FL HPCs both in vitro and
in vivo.

IL-3, a hematopoietic growth factor, is known to
increase the number of AGM hematopoietic stem cell-
enriched populations by promoting proliferation. IL-3"
embryos display a decrease of AGM and yolk sac
hematopoietic stem cells, suggesting that IL-3 is an
important factor for the survival of embryonic HPCs (30).
As compared to adult BM, FL is the principal
hematopoietic organ during early embryonic development,
and FL HPCs may need a complex set of factors for
survival. Given the importance of IL-3 in embryonic HPC
survival, it is possible that IL-3 may regulate the survival
and/or differentiation of FL HPCs, a hypothesis that
requires further investigation.

The role of IL-3 in the development of NK cells
is controversial. IL-3 negatively regulates the development
of NK cells from Sca-1"c-kit" cells isolated from murine
FL. In contrast, human FL progenitors differentiate into NK
cells with the help of IL-3 (31). IL-15 and IL-7 have been
reported to be important in NK cell development. Indeed,
IL-15" or IL-7"" mice displayed sharp reduction of NK
cells (32,33). We previously showed that FL HPCs
differentiatde into NK1.1 cells when cocultured with PA6
stromal cells in the absence of GM-CSF, suggesting that
DCs derived from FL Linc-kif” HPCs share common
progenitor cells with NK cells (14). In the present study,
IL-3, IL-7 and IL-15, alone or in combination, failed to
induce FL HPC development into NK1.1" cells in the
absence of PA6 cells (data not shown). These data indicate
that FL Lin'c-kif” HPCs, as common progenitors of DC/NK
cells, may require distinct growth factors and conditions to
differentiate into various lineages. This work also suggests
that, although FL HPCs possess the potential to
differentiate into NK cells, lineage specification can be
regulated by extrinsic factors present in the cellular context
in which they reside, the case in point being stromal cells.

LCs belong to the family of DCs specifically
localized in the epidermis and play a major role in skin
immunity. It has been reported that LCs can develop from
blood Gr-1" monocytes as well as BM myeloid progenitors
(34). The recruitment of BM-derived LC progenitors to the
skin requires an inflammatory signal and depends upon
inflammatory cytokines such as CCL20 produced in the
skin (34,35). In our study, donor FL. HPC-derived LCs can
be detected in the skin after UV treatment of
hematopoietically reconstituted mice, suggesting that FL
Linc-kit" HPCs contain LC precursors and may share
similar migratory mechanisms with BM-derived HPCs.
This finding is consistent with other reports (35). CHS
responses depend upon intact DC functions to initiate T cell
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immunity. During the induction phase of CHS, DCs are
needed for antigen capture in the skin, antigen processing,
transport to lymphoid tissues such as draining lymph nodes,
and antigen presentation to naive T cells (36,37). To
determine whether host LCs are a central participant in
CHS responses in an animal model of reconstituted
hematopoiesis, host LCs in chimeras were examined.
Ly5.1" LCs were barely detectable on skin sheets of
lethally irradiated and hematopoietically reconstituted mice
(data not shown), indicating that host LCs were almost
completely replaced by donor-derived LCs after lethal
irradiation combined with UV treatment. These data
suggest that LCs generated in vivo from Linc-kit™ HPCs
are fully capable of antigen presentation to T cells during
the CHS response.

LCs are CDllc positive, CD8 and LFA-1
negative and express intermediate levels of CD86 and
CD40 (38). DCs generated from FL HPCs using an IL-3
supplemented cocktail regimen exhibited a high level of the
CD11c molecule. A similar level of CD11c expression was
found in splenic DCs generated in vivo from either BM or
FL HPCs and in those generated in vitro from BM HPCs.
In contrast, DCs generated from FL HPCs in coculture with
PAG6 barely expressed CDI11c. Differential expression of
CDl1c was also observed between epidermal LCs derived
from adult BM HPCs (high) and FL HPCs (low) in
respective chimeras. However, the down-regulated CD11c
expression on FL HPC-derived DCs did not affect their
antigen presenting function. It is worthwhile to further
examine whether a low level of CD11c expression may be
a marker for DCs during murine embryonic development.

Overall, in this study we find that Linc-kit®
HPCs derived from 13 dpc murine FL develop into DCs in
vivo. Further, IL-3 is crucial for the process of FL. HPC-
derived DC development both in vivo and in vitro, through
a mechanism independent of stromal cell support. We
believe that these insights will prove helpful for a deeper
understanding of the mechanisms that drive the ontogenesis
of DC.
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