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Hematopoietic cell lineages are best de-
scribed in terms of distinct progenitors
with limited differentiative capacity. To
distinguish cell lineages, it is necessary
to define progenitors and induce their
differentiation in vitro. We previously re-
ported in vitro development of immature
dendritic-like cells (DCs) in long-term cul-
tures (LTCs) of murine spleen, and in
cocultures of spleen or bone marrow (BM)
over splenic endothelial cell lines derived
from LTCs. Cells produced are phenotypi-

cally distinct CD11bhiCD11cloCD8�MHC-
II� cells, tentatively named L-DCs. Here
we delineate L-DC progenitors as differ-
ent from known DC progenitors in BM and
DC precursors in spleen. The progenitor
is contained within the lineage-negative
(Lin)�c-kit� subset in neonatal and adult
spleen. This subset has multipotential
reconstituting ability in mice. In neonatal
spleen, the progenitor is further enriched
within the c-kitlo and CD34� subsets of
Lin�c-kit� cells. These cells seed cocul-

tures of splenic endothelial cells, differen-
tiating to give L-DCs that can activate
T cells. L-DC progenitors are distinguish-
able from described splenic CD11clo DC
precursors and from Fms-like tyrosine
kinase 3� DC progenitors in BM. Overall,
this study confirms that LTCs are a physi-
ologically relevant culture system for in
vitro development of a novel DC type
from spleen progenitors. (Blood. 2010;
115(18):3678-3685)

Introduction

Dendritic cells (DCs) are specialized antigen-presenting cells,
which capture and process peripheral antigens for presentation to
naive T cells.1 They exist in peripheral tissues as immature cells,
displaying characteristics optimal for antigen uptake and surveil-
lance of local environments. Under these conditions, they present
apoptotic self cells to T cells to maintain peripheral tolerance.2,3 On
exposure to pathogens, DCs can also become immunogenic,
adopting a mature, activated phenotype, a state distinct by addi-
tional secretion of proinflammatory cytokines, such as interleukin-
12, which promote effector T-cell differentiation.4

Multiple DC subsets are present in tissues around the body, and
in spleen the main subsets include conventional DCs (cDCs) and
plasmacytoid DCs (pDCs). cDCs are represented by 2 main
populations of CD8�� and CD8�� cDC. Morphologically, cDCs
are small, nongranular cells5 that express high levels of CD11c and
major histocompatibility complex class II (MHC-II) markers.6

pDCs are a distinct subset characterized by a small and plasmacy-
toid morphology, and a pronounced capacity to secrete high levels
of IFN-� on viral stimulation.7,8

Isolating rare DC subsets for experimentation is a difficult task,
and the isolation and study of DC precursors represent an even
more challenging area. It is, however, necessary to delineate
precursors to perform lineage experiments to define their down-
stream progeny. Indeed, examination of DC precursors from early
granulocyte-macrophage colony-stimulating factor/interleukin-4 cy-
tokine culture systems has not been possible because of the
enforced maturation of precursors.9,10 Recently, improved cultures
of bone marrow (BM) cells with Fms-like tyrosine kinase 3 ligand
(Flt3-L) have facilitated the study of DC development,11,12

with in vitro identification of 2 sequential cDC precursors
CD11cintCD115�c-kit� pre-DCs and CD11c�CD115�c-kitint pro-

DCs.13 Furthermore, in vivo counterparts of pre-DCs have been
identified in spleen as CD11cintCD43intSIRP-�int cells,14 and coun-
terparts to pro-DC have been identified as Lin�c-kitloFlt3� cells,
present in BM but not spleen.15 Success in these studies highlights
the value of in vitro culture systems for investigating DC develop-
ment from precursors.

Previously, development of dendritic-like cells in spleen long-
term cultures (LTCs) was demonstrated, which was unique in
relation to other culture systems producing DCs. Cultures are
continuous, maintaining 2 cell populations distinct in size as
“small” and “large” cells.16 Large cells were previously character-
ized as a homogeneous population of immature myeloid dendritic-
like CD11cloCD11bhiCD8�MHC-II�/lo cells, named LTC-DCs.
These were highly endocytic and weakly able to present antigen to
CD4� T cells.17,18 The identity of a precursor within the small cell
population was resolved by sorting and coculturing small cells
above a spleen stromal cell line, which supports LTC-DC develop-
ment.16 This resulted in development of large, immature DCs.16,19

The stromal cells that support myelopoiesis have now been
characterized as splenic endothelial cells.20-23 Cloned stromal cell
lines support production of distinct dendritic-like cells from
precursors contained within BM and spleen equivalent to those
produced in LTCs.24,25 These have been tentatively named L-DCs.24

This paper characterizes precursors present in spleen that
produce L-DCs in coculture over splenic endothelial stroma.
Identification of these cells was based on previous evidence that the
small cell population of LTCs contained cells expressing c-kit and
Sca1.16,17 Here, we delineate the splenic precursor of L-DCs as a
multipotential hematopoietic progenitor. This study identifies a
potentially new pathway for myelopoiesis leading to DC produc-
tion in spleen from endogenous progenitors.
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Methods

Animals

C57BL/6J, C57BL/6.Tg(TcraTcrb)1100Mjb (OT-I), and C57BL/6.SJL-
PtprcaPep3b/BoyJ (B6.SJL) mice were bred at the John Curtin School of
Medical Research (Canberra, Australia) under specific pathogen-free
conditions. Mice were housed and handled according to protocols approved
by the Animal and Experimental Ethics Committee at the Australian
National University (ANU, Canberra, Australia).

Coculture assays for DC development

Cells were cultured in Dulbecco Modified Eagle Medium (DMEM)
supplemented as described previously (sDMEM).26 Cocultures involved
overlay of dissociated spleen or BM cells, or purified subsets of spleen cells,
on the STX3 spleen stromal line. STX3 was derived from an LTC
established from B10.A(2R) mice, which ceased production of DCs over
time with passage.27 STX3 is passaged at 80% to 90% confluence by
scraping a section of stroma, pipetting repetitively to disaggregate cells, and
then transferring cells into fresh medium. When allogeneic or syngeneic
spleen or BM cells were cocultured over STX3, only myeloid dendritic-like
cells were produced.24,25 To establish cocultures, STX3 stroma was grown
to 80% to 90% confluence before addition of overlay cells at 1 to
5 � 105 cells/mL. For coculture maintenance, half medium was exchanged
every 3 to 4 days. Cocultures became established by 7 to 10 days and were
monitored in culture for cell production by photomicroscopy under phase or
bright-field using a DMIRE2 inverted microscope (Leica) equipped with a
40� objective and a DFC digital camera (Leica). Images were processed
using IM4.0 software (Leica) and prepared for publication using Photoshop
CS3 (Adobe Systems Inc). When nonadherent cells were evident, cells were
collected for marker analysis by flow cytometry or for functional assays.

Analysis of cell-surface marker expression

Antibody staining and flow cytometry were performed to distinguish cell
subsets based on marker expression. To inhibit nonspecific antibody
binding via Fc receptors, cells (� 106) were incubated with anti-CD16/32
(FcR block; eBioscience) for 15 minutes on ice in a final volume of 25 �L
of FACS buffer (DMEM/1% fetal calf serum/0.1% NaN3). Cells were
washed, and specific antibody (or isotype control) was absorbed to cells for
20 minutes on ice. Biotin- or fluorochrome-conjugated antibodies were
specific for CD11c (N418; allophycocyanin), c-kit (2B8; phycoerythrin
[PE] or fluorescein isothiocyanate [FITC]), CD11b (M1/70; PE-Cy7 or
FITC), CD45.1 (A20; FITC), CD34 (RAM34; FITC), Flt3 (A2F10; PE),
and VCAM (429; FITC; eBioscience). Antibodies specific for Sca1
(E13-161.7; biotin), CD69 (H1-2F3; biotin), CD8 (53-6.7; PE), and
MHC-II (25-9-17; biotin) were purchased from BD Biosciences. Isotype
controls included hamster IgG (eBio299Arm), rat IgG2a (eBR2a), rat IgG2b

(KLH/G2b-1-2), and mouse IgG2a (eBM2a) from eBioscience, and rat
IgG2a (R35-95) and hamster IgG1 (G235-2356) from BD Biosciences.
After absorption of antibody, cells were washed twice. For addition of
second-stage streptavidin-allophycocyanin-Cy7 (eBioscience), the same
process was repeated. For analysis, cells were resuspended at 107 cells/mL
in FACS buffer, and propidium iodide (PI: 1 �g/mL; Sigma-Aldrich) added
for discrimination of live and dead cells. Flow cytometry was performed
immediately on a BD LSRII (BD Biosciences) and 3 � 104 to 1 � 106

events collected. BD FACSDiva Software (BD Biosciences) was used to
acquire data. Data analysis involved postacquisition gating using FlowJo
software (TreeStar).

To monitor proliferation of purified T cells after activation, cells were
stained with 5- (and 6-) carboxyfluorescein diacetate succinimidyl ester
(CFSE; Invitrogen). Proliferation was measured flow cytometrically by a
decrease in fluorescence with cell division. For CFSE labeling, enriched
preparations of T cells were washed and resuspended at less than 107 cells/
100 �L in sDMEM. CFSE was added at a final concentration of 5�M and
vortexed immediately to ensure uniform labeling. Cells were incubated at
room temperature for 5 minutes with regular agitation before washing twice
with sDMEM.

Enrichment of myeloid precursors in spleen

Red blood cells (RBCs) were removed from whole dissociated splenocytes
of C57BL/6J mice using lysis buffer (0.14 NH4Cl, 0.017M Tris-base,
pH 7.5) treatment for 5 minutes at 20°C. Cells were then washed twice,
resuspended in FACS buffer (108 cells/mL), and filtered through a 70-�m
nylon cell strainer (BD Biosciences) before magnetic bead depletion of
T and B cells and residual RBCs. For depletion, cells were labeled on ice
for 15 minutes with biotinylated monoclonal antibodies specific for CD19
(clone: eBio1D3), Thy1.2 (30-H12), and TER-119, purchased from eBio-
science. Cells were washed twice to remove unbound antibody and
resuspended at 108 cells/mL in separation buffer (phosphate-buffered
saline/0.5% bovine serum albumin/2mM ethylenediaminetetraacetic acid/
0.1% NaN3). Cells were incubated with anti-biotin MACS microbeads
(13-�L beads/108 cells; Miltenyi Biotec) for 20 minutes on ice, washed,
and resuspended in separation buffer (500 �L/108 cells). Cell depletion
involved LS columns (Miltenyi Biotec) in a SuperMACS II Separation Unit
(Miltenyi Biotec), washing 3 times with separation buffer and collecting
unbound cells as flow-through.

Cell sorting

Sorting was performed using a BD FACSAria (BD Biosciences). Cells were
prepared for flow cytometry as previously described, and all incubation and
washing steps were performed strictly at 4°C in NaN3-free FACS buffer.
After a final wash, cells were passed through a 70-�m nylon cell strainer
(BD Biosciences) to ensure removal of cell clumps before sorting. Cells
were sorted into sDMEM for later culturing.

In vivo reconstitution assays

The hematopoietic potential of cell subsets was tested after adoptive
transfer into genetically distinct irradiated host mice. Donor spleen cell
subsets (2 � 104) were prepared by sorting from B6.SJL mice (CD45.1�).
Cells were intravenously injected via the tail vein of C57BL/6J (CD45.2�)
recipient mice 4 to 6 weeks of age that had been irradiated 3 hours
previously with 4.5 Gy (sublethal) or 9.5 Gy (lethal) whole body irradiation
using a cobalt60 source. Lethally irradiated mice were given 105 syngeneic
BM cells to ensure survival. Irradiated mice were maintained on antibiotic
water (neomycin sulfate, 1.1 g/L, Sigma-Aldrich; and polymyxin B sulfate,
106 U/L, Sigma-Aldrich) for 4 weeks. After 10, 20, or 41 days or 25 weeks,
mice were killed and progeny cells identified in spleen using flow
cytometry.

Positive selection of DCs from spleen

To obtain freshly isolated DCs, splenocytes were labeled with CD11c�

microbeads (15 �L/108 cells; Miltenyi Biotec) in a total volume of
108 cells/mL of separation buffer for 15 minutes on ice followed by
washing. To isolate CD11c� DCs, cells were resuspended in separation
buffer (500 �L/108 cells), run through a SuperMACS II Separation Unit
equipped with an MS column (Miltenyi Biotec), and washed 3 times
with buffer (500 �L). Flow-through cells were discarded before addi-
tion of 1 mL of separation buffer to the column. The CD11c� cell
fraction was collected under pressure.

Assays for antigen-specific T-cell activation by DCs

The antigen-presenting capacity of DCs was assessed using purified T cells
from OT-I T cell receptor-transgenic (TCR-tg) mice (TCR-V�2V�5.1)
specific for the Kb restricted peptide OVA257-264

28 or OT-II TCR-tg CD4�

T cells specific for IAb/ovalbumin (OVA). CD8� T cells from OT-I mice
and CD4� T cells from OT-II mice were isolated from mesenteric lymph
nodes by depletion of MHC-II� antigen-presenting cells, B cells, and
macrophages. The antibody cocktail contained anti-IAb/k (clone: TIB120),
anti-B220 (RA3-6B2), anti-CD4 (GK1.5), or anti-CD8 (53-6.7) and
anti-CD11b (M1/70) prepared as hybridoma culture supernatant. Cells were
labeled on ice and washed twice with separation buffer. To remove
antibody-labeled leukocytes, cells were incubated with sheep anti–rat Ig
Dynabeads (50 �L beads/107 cells; Dynal) at 4°C for 25 minutes with
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rotation. For removal of CD11c� DCs, cells were also incubated with
anti-CD11c microbeads (1.5-�L beads/107 cells; Miltenyi Biotec). After
placing cells in a magnetic particle concentrator (Dynal) for 2 minutes,
supernatant containing unbound enriched T cells was transferred to a fresh
tube for labeling with CFSE.

Antigen-presenting cells were pulsed with antigen (OVA) in vitro at
107 cells/mL in sDMEM for 12 hours using either 10 or 100 �g/mL OVA or
hen egg lysozyme (HEL) as a control. To establish T-cell cocultures,
enriched CFSE-labeled OT-I T cells were plated at 104 to 105 cells/well
with diluting concentrations of antigen-presenting cells as stimulators in a
total volume of 200 �L of sDMEM. After 4 days, T-cell activation was
assessed flow cytometrically to analyze cell division by reduction in CFSE
intensity.

Results

Characterization of L-DC precursors in spleen

LTCs have been most successfully established from the spleens of
neonatal 8-day-old mice. To investigate the presence of similar
precursors in vivo, 8-day-old spleens were examined for cell
subsets based on expression of c-kit, Sca1, CD34, and CD11c
(Figure 1). In line with LTC precursors distinguishable by c-kit
expression, 8-day spleen was found to segregate into clear c-kit�,
c-kitlo, and c-kithi subsets. Furthermore, Sca1 was expressed on
c-kithi cells representing 0.02% of total 8-day-old spleen cells
and on c-kit� cells (1.3%) in accordance with populations
identified among LTC small cells (all data not shown). Subsets
of c-kithi splenocytes also coexpressed CD34 (0.7%) and Thy1.2
(0.03%). CD34 was also expressed on a subset of c-kithiSca1�

cells (data not shown). Subsets of spleen c-kitlo cells coex-
pressed Thy1.2 (0.4%), CD34 (0.7%), and VCAM-1 (0.7%).
Flt3� cells were barely detectable among the c-kit� subset
(0.01%), consistent with an absence of progenitors for cDCs in
spleen.29 All of these subsets are reflective of hematopoietic
subsets described in BM.30

The expression of lineage markers CD11c and CD11b and the
activation marker CD69 was also analyzed in relation to c-kit on
cells. Cells expressing c-kit were CD69�, consistent with their
progenitor rather than activated or effector status. A clear

c-kitloCD11chi DC population accounted for 0.2% of total spleen
and was consistent with the presence of a small population of
cDCs.11 A subset of CD11b� cells also expressed low levels of
c-kit, reflecting myeloid precursors. Thus, 8-day-old neonatal
spleen contains c-kitlo and c-kithi populations, which can be
investigated for their equivalence with precursors maintained in
LTC-DCs.

Neonatal splenocytes were then sorted on the basis of c-kit
expression and subsets cocultured over STX3 stroma to determine
DC differentiative potential. Overlaid whole BM, known to
produce DCs in coculture over STX3 stroma,21,24,25 was used as a
positive control. Initially, spleen cells were depleted of T and
B cells and then sorted on the basis of c-kit and CD11c expression,
to yield c-kit�CD11c� and c-kit�CD11c� subsets for comparison
(Figure 2A). After 14 days of coculture over STX3 stroma, progeny
cells were collected and stained in a 4-color assay and analyzed by
multichannel flow cytometry for markers that distinguish the main
DCs and myeloid subtypes, that is, CD11c, CD11b, CD8�, and
MHC-II. Both spleen c-kit�CD11c� cells and whole BM yielded
productive cocultures as assessed by phase microscopy (Figure
2B). Total cell production was monitored by forward scatter (FSC)
analysis of progeny cells. Only control BM and sorted spleen
c-kit�CD11c� overlay cells produced progeny identifiable as
events on FSC versus side scatter (SSC) plots (Figure 2C). Cells
developing from the c-kit�CD11c� spleen precursor population
were heterogeneous and large in size. These were divisible
into 2 populations of live (PI�) CD11c�CD11b�CD8��MHC-II�

LTC-DC-like cells (hereafter referred to as L-DCs) and
CD11c�CD11b�CD8��MHC-II� cells (MHC-II� DCs) more re-
flective of CD8�� cDCs or monocyte-derived DCs. These popula-
tions made up 60% and 7.2% of live FSChi cells, respectively.
Exactly the same populations developed from cocultures estab-
lished from total BM, confirming that the c-kit�CD11c� spleen cell
subset contains DC precursors.

To demonstrate that in vitro derived DCs were functionally
competent antigen-presenting cells, cells were collected from
cocultures, sorted to give a pure population, and then tested for
ability to activate OT-I TCR-transgenic anti-OVA CD8� T cells
and OT-II TCR-transgenic anti-OVA CD4� T cells. Cells were
collected at 21 days, stained with CD11c, CD11b, and MHC-II and
the L-DC population sorted as a CD11c�CD1b�MHC-II� subset.
The population of CD11c�CD11b�MHC-II� cells was too few for
this assay. Freshly isolated splenic CD11c� DCs (f-DCs) were
prepared as control antigen-presenting cells. This subset is highly
enriched for CD11c�CD11b�MHC-II� cDCs (data not shown).
Coculture-derived cells were sorted to give L-DCs and pulsed with
ovalbumin (OVA) or HEL as control antigen, with and without
addition of lipopolysaccharide (LPS) as an activator. Antigen-
pulsed DCs were then tested for ability to activate purified
CFSE-labeled CD8� OT-I T cells or CD4� OT-II T cells in a 4-day
assay. Cell division measured by dilution of CFSE intensity
showed that sorted coculture-derived L-DCs were capable of
inducing OVA-specific CD8� T-cell proliferation, which was not
improved by LPS. A similar result was seen for control CD11c�

spleen DCs. Antigen-pulsed L-DCs were unable to activate OT-II
CD4� T cells, consistent with an MHC-II� phenotype. In contrast,
fresh spleen CD11c� cells gave a strong antigen-specific response
in both the presence and absence of LPS. Cells developing in
stromal cocultures from spleen precursors are functional antigen-
presenting cells, although with restricted cross-priming capacity
for only CD8� T cells. These are established assays for antigen-

Figure 1. Characterization of DC precursors in neonatal spleen. C57BL/6J mice
were analyzed for the presence of dendritic-like cells (DCs) and hematopoietic cell
subsets by flow cytometric analysis for expression of c-kit, Sca1, CD34, VCAM,
Thy1.2, CD69, Flt3, CD11c, and CD11b. Forward scatter (FSC) and side scatter
(SSC) analysis was used to gate out debris, and isotype controls were used to
determine background binding (shown as density plots) and to set gates. Specific
antibody binding is shown by dot plots, and the percentage of cells is indicated in
gates. Results are representative of 3 separate analyses.
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specific T-cell activation, and their use here was only limited by the
small number of L-DCs produced in cocultures.

Neonatal splenocytes were next sorted into c-kit�, c-kitlo, and
c-kithi subsets (Figure 3A) and assayed for DC development in
cocultures by multicolor flow cytometry. Cell production was
analyzed between 13 and 30 days, and common cell populations
across multiple plots indicated by either square or round gates. Cell

production was only observed from spleen c-kitlo and c-kithi

precursors (Figure 3B-C), consistent with previous experiments. In
productive cocultures, 2 cell populations were clearly identifiable
as CD11cloCD11bhiMHC-II� L-DCs and CD11c�CD11bloMHC-
II� cDCs (Figure 3C). These 2 populations were clearly distinguish-
able in cocultures established from both c-kitlo and c-kithi spleen
cells. CD11cloCD11bhi cells were negative for MHC-II (round

Figure 2. Identification of a DC precursor subset among neonatal spleen cells. (A) Eight-day-old spleen cells were sorted to give 2 populations of c-kit�CD11c� and
c-kit�CD11c� cells. (B) Equal numbers of cells were cocultured over STX3 to assess DC development, along with whole red blood cell (RBC)–lysed bone marrow (BM) as
positive control, and STX3 stromal cells as negative control. Cocultures were observed under phase microscopy after 14 days. Bar represents 50 �m. (C) Total nonadherent
progeny cells were collected from cocultures at 14 days and analyzed flow cytometrically. FSC and SSC parameters were used to distinguish large cells for analysis of relative
cell yield and marker analysis. Cells were simultaneously stained for CD11c, CD11b, CD8�, and MHC-II to delineate DC subsets. Positive staining cells (dot plot) were gated
using relevant isotype controls (density plot). Percentage of positive cells relative to all cells collected from cocultures is indicated in quadrants. (D) L-DCs produced in
cocultures were tested for the capacity to activate purified CD8� OT-I TCR-tg T cells or CD4� OT-II TCR-tg T cells. L-DCs were collected from cocultures of CD11c�c-kit�

spleen after 21 days. Control f-DCs were isolated from spleen using CD11c� MACS microbeads. Antigen-presenting cell subsets were pulsed with antigen (10 �g/mL OVA for
OT-I, or 100 �g/mL OVA for OT-II) in vitro for 12 hours before addition of CFSE-labeled T cells. Cocultures were established at a 1:5 DC:T-cell ratio, in the presence and
absence of LPS (10 �g/mL), which was washed off after 12 hours. HEL was control antigen. T-cell activation was measured flow cytometrically after gating live
(PI�)CD11c�CD8� OT-I T cells, or PI�CD11c�CD4� OT-II T cells). Data are presented as percentage of T cells proliferating on the basis of reduction in CFSE intensity. Data
are representative of 2 similar experiments.

Figure 3. Further characterization of precursors in
neonatal spleen. (A) Eight-day-old splenocytes were
sorted into 3 populations of c-kit�, c-kitlo, c-kithi cells (Expt
A) and cocultured in equal number over STX3. (B) Cell
production was monitored by photography under phase
microscopy after 13 days. Bar represents 50 �m. (C) Non-
adherent cells were collected from individual cocultures
at 13, 23, and 30 days. Cells were simultaneously stained
for CD11c, CD11b, CD8�, and MHC-II. FSC and SSC
analysis was used to gate large cells for marker analysis
to assess DC production. Isotype controls were used to
determine background binding (density plots) and set
gates. Square and round gates were used to identify
common populations across different plots. Percentage
of cells showing specific staining is indicated within gates.
Staining for CD8 was negative (data not shown). Results
are reflective of 2 similar experiments.
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gates, red dots), and CD11chiCD11blo cells were positive for
MHC-II expression (square gates, blue dots). Spleen c-kitlo precur-
sors produced predominantly L-DC progeny from as early as
13 days and out to 30 days (45%–56%), with only a minor
population of CD8�� DCs (7.6%–5.9%). Conversely, c-kithi precur-
sors produced mainly MHC-II� DC (45%) at 13 days, but this cell
production was transient, with levels declining over 30 days
to 18% of cells. In these cultures, the population of
CD11cloCD11bhiMHC-II� cells appeared to predominate cultures
only at the 30-day time point. Very low cell production observed
from c-kit� precursors after 23 days could represent cell develop-
ment from a few contaminating c-kit–expressing precursor cells
that were not distinguishable by marker expression.

Neonatal spleen was found to contain a minor subset of
c-kit�CD34� cells (Figure 1). When spleen cells were sorted to
give the c-kit� subsets of CD34� and CD34� precursors, these
populations showed differential ability to produce DCs in cocul-
tures (Figure 4A). Spleen c-kit�CD34� precursors generated
mainly CD11cloCD11bhiMHC-II� L-DCs (32%-50%) across 13,
23, and 30 days. In these cultures, MHC-II� DC development was
almost nil (3.1%-4.7%). In contrast, the c-kit�CD34� spleen
precursor population produced both L-DCs and MHC-II� DCs, and
so may contain a subset of L-DC progenitors. Approximately equal
numbers of L-DCs (20%-40%) and MHC-II� DCs (25%-30%)
were evident across 13, 23, and 30 days (Figure 4B). This suggests
that the c-kit�CD34� subset contains the L-DC precursor and lacks
a precursor of MHC-II� DCs present in the c-kit�CD34� popula-
tion. However, because a c-kit�CD34� subset has not been found
in adult spleen (all data not shown), it would appear that this is not
the only L-DC progenitor phenotype.

The kinetics of cell development in cultures does not support a
model whereby MHC-II� L-DCs are precursors of MHC-II� DCs
(Figure 5). Over time, the number of MHC-II� DCs produced
decreases over 30-day cocultures, and this was not associated with
a decrease in L-DC numbers. The evidence presented here supports
L-DCs and CD11c�CD11bloMHC-II� DCs as separate cell types.
Overall, 8-day-old spleen contains several precursor populations
that display differential ability for production of these 2 cell types
in vitro (Figure 5B). Precursors of L-DCs were found to be highly
enriched among the c-kitlo subset of Lin�c-kit� cells, and also
among the CD34� subset present in neonatal spleen. This result is
consistent with analysis of LTCs where preliminary evidence
indicated that precursors were found to be present among both
c-kitloCD34� and c-kitloCD34� subsets (data not shown). However,
for LTCs, phenotypic analysis of progeny was limited by the small
numbers of cells produced.

Data obtained in coculture experiments using progenitor subsets
isolated out of 8-day-old spleen are summarized in Figure 5.
Overall, only c-kit� spleen cell subsets produced DCs (Figure 5A).
The c-kitlo precursor population was more highly enriched for
precursors of L-DC, whereas the c-kithi population contained
precursors of both L-DCs and MHC-II� DCs. However, the latter
were lost over time, suggesting that they derived from a precursor
that was not self-renewing. In contrast, c-kitlo cells produce
progeny for up to 30 days. Among c-kit� cells, the CD34� subset is
more highly enriched for L-DC precursors than the CD34� subset,
although both are good producers of L-DCs. CD34 does not
therefore appear to be a definitive marker of the L-DC precursor.

Identification of precursors of LTC-DC-like cells in adult spleen

The hematopoietic environment in neonatal spleen is dynamic with
transient increases in both stem cells and progenitors for up to several

Figure 5. Subset analysis of cells produced in cocultures. Data from experiments
performed in Figures 3 (Expt A) and 4 (Expt B) are summarized. DCs were identified
among nonadherent progeny as CD11cloCD11bhiMHC-II� (MHC-II� LTC-DC-like) or
as CD11chiCD11bloMHC-II� (MHC-II�CD8�� DC-like) cells. Cell production was
compared at 13, 23, and 30 days in terms of cell yield or number of DCs produced (A),
and percentage of DCs among total cells produced in cocultures (B).

Figure 4. Progenitors are enriched within the c-kit�CD34� subset of neonatal
spleen. (A) Eight-day-old splenocytes were sorted to give c-kit�CD34� and
c-kit�CD34� populations (Expt B). These were cultured over STX3 to assess DC
development. (B) Over time, nonadherent cells were collected from cocultures and
assessed for DC production flow cytometrically. Cells were simultaneously stained for
CD11c, CD11b, CD8�, and MHC-II. FSC and SSC analysis was used to gate large
cells, and isotype controls were used to indicate background antibody binding
(density plots) and set gates. Square and round gates identify common populations
across different plots, and percentage of cells showing specific binding is indicated
within gates. Staining for CD8 was negative (data not shown). Results are reflective
of 2 similar experiments.
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days after birth.31 To confirm that the presence of L-DC precursors in
8-day-old spleen was not a temporal phenomenon related to fluctuating
progenitor levels, adult spleen was also investigated for the presence of
L-DC precursors. Adult splenocytes depleted of T and B cells
(CD19�Thy1.2�) were stained and sorted to isolate the CD11c�c-kit�

and CD11c�c-kit� cell populations (Figure 6A). These were cocultured
over STX3 stroma for 30 days. Adult spleen CD11c�c-kit� precursors
gave rise to large-sized cells (FSChi; � 93%) over 30-day cultures
(Figure 6B). In contrast, the majority of cells arising from CD11c�c-kit�

precursors were small cells (FSClo; 42%–69%), with very low
yield of CD11c� DCs. Cells recovered, however, had a
CD11cloCD11bhiMHC-II� phenotype reflecting L-DCs and could have
arisen from contaminating c-kitlo expressing cells not distinguishable by
sorting.

The total yield of CD11c� DCs from cocultures of adult spleen
CD11c�c-kit� precursors was 2000-fold higher than from CD11c�c-
kit� precursors (Figure 6C). Whereas large-sized cells produced in
cocultures of spleen CD11c�c-kit� precursors uniformly expressed
CD11c and CD11b, progeny were divisible into MHC-II�, MHC-IIlo,
and MHC-IIhi subpopulations. However, MHC-IIlo and MHC-IIhi popu-
lations were only observed early in cultures at 13 and 23 days (Figure
6B), leaving predominantly MHC-II� LTC-DC-like cells after 30 days.
MHC-II� DCs reduced in number by 4-fold between 23 and 30 days in
culture. In contrast, the percentage of MHC-II� L-DCs increased

2.5-fold over this time. Thus, DC precursor activity was only evident
among the Lin�CD11c�c-kit� cell fraction of adult spleen, and these
precursors gave rise to an increasing, stable population of
CD11cloCD11bhiMHC-II� L-DCs, but a transient population of
CD11c�CD11bloMHC-II� cDCs.As with neonatal spleen, the CD11c�c-
kit� spleen fraction appears to contain a small number of immediate
precursors of MHC-II� DCs along with a self-renewing progenitor of
L-DCs.

The capacity of cocultures to support hematopoiesis could mean
either that stromal cell lines are restricted in their hematopoietic support
capacity or that Lin�c-kit� precursors are restricted in their differentia-
tive capacity to give only L-DCs. To distinguish these possibilities, the
in vivo hematopoietic reconstitution capacity of progenitors was as-
sessed. Adult splenocytes from B6.SJL (CD45.1) mice were depleted of
T and B cells (CD19�Thy1.2�), sorted into CD11c�CD11b� (Lin�)
populations of c-kit� and c-kit� cells. In a first experiment, cells were
adoptively transferred into sublethally irradiated C57BL/6J (CD45.2)
mice and analyzed at 10, 20, and 41 days for donor reconstitution
(Figure 7A). C57BL/6J mice injected with Hanks balanced salt solution
only were used as control donors (nil). This study tests the null
hypothesis that complete absence of donor cell reconstitution means
there are no progenitors among donor cells. A finding of just 1 animal
containing donor progeny cells refutes that hypothesis. At 10 days, host
mice showed no reconstitution (data not shown); whereas at 20 days,
1 of 4 sublethally irradiated mice given Lin�c-kit� cells showed donor-
derived CD45.1� cells. This result indicates a progenitor frequency of
0.0014% with a lower 95% confidence limit of 0.000064% using the
Clopper-Pearson procedure.32 Three of 6 mice given Lin�c-kit� cells
displayed donor-derived CD45.1� cells, evident at 20 days in 1 mouse
and at 41 days in 2 others. This represents a progenitor frequency of
0.0035% with a lower 95% confidence limit of 0.00083%. Reconstitu-
tion was assessed by staining for lymphoid (CD8�CD11c�), myeloid
(CD11bhiCD11c�), and DC (CD11c�MHC-II�) subsets.

In a second experiment, donor mice were lethally irradiated and
hosts analyzed after 25 weeks. Each of 4 mice given Lin�c-kit� spleen
cells showed robust donor cell reconstitution, whereas 1 mouse given
donor Lin�c-kit� did not. In this experiment, donor progeny were
detected as DCs (CD11c�) and myeloid cells (CD11b�CD11c�). Donor
type B cells (CD19�) and T cells (CD8�) were also identified. There-
fore, spleen Lin�c-kit� progenitors demonstrated in vivo differentiative
potential for multiple lymphoid, myeloid, and DC subsets.

Overall, the L-DC precursor is contained within the Lin�c-kit�

population of spleen, which also contains multipotential progenitors.
This study also identifies splenic stromal cocultures as capable of
restricted long-term support for differentiation of only L-DCs, and no
other DCs or hematopoietic cell type.

Discussion

In this study, we identify the presence of an L-DC precursor among
a subset of multipotential progenitors present in spleen. This subset
can be demonstrated in both neonatal (8-day) and adult spleen,
although neonatal spleen yields higher numbers of these cells. The
subset that produces L-DCs in STX3 stromal cocultures appears to
be a Lin�CD11c�c-kit�CD34�/�Flt3� population, present in both
neonatal and adult spleen. In neonatal spleen, L-DC progenitors
were present in both the Lin�c-kithi and the Lin�c-kitlo subpopula-
tions, although enriched in the latter. They were also present among
the CD34� and CD34� subpopulations of Lin�c-kit� cells, al-
though they were greatly enriched among the CD34� subsets.
However, L-DC progenitors are present among the Lin�c-kit�

Figure 6. Adult spleen contains progenitors of LTC-DCs. (A) Adult splenocytes
depleted of T and B cells were sorted into populations of c-kit�CD11c� and
c-kit�CD11c� cells and cocultured over STX3 to evaluate potential for DC develop-
ment. (B) Nonadherent progeny cells collected from cocultures at 13, 23, and
30 days were assessed for DC production flow cytometrically. Cells were stained
simultaneously for CD11c, CD11b, CD8�, and MHC-II. FSC and SSC parameters
were used to distinguish large cells for multichannel marker analysis. Isotype controls
were used to define background antibody binding (zebra plots) and set gates. The
percentage of cells showing specific binding is indicated within gates. Staining for
CD8 was negative (data not shown). (C) DC production from 13-, 23-, and 30-day
cocultures established with adult c-kit�CD11c� and c-kit�CD11c� spleen cell subsets
is summarized. Cells produced were identified as either CD11cloCD11bhiMHC-II�

(MHC-II� LTC-DC) cells or CD11chiCD11bloMHC-IIlo/� (MHC-II� DC) cells. Cell
production is shown in terms of absolute number and yield of DCs, or percentage
DCs among total cells produced in cocultures.
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subset of adult spleen, which contains hematopoietic stem cells.
Because no CD34 subset was found among adult spleen, c-kit,
rather than CD34, is a defining marker of L-DC progenitors. The
possibility that the L-DC progenitor is endogenous to spleen is
supported by evidence that blood does not contain precursors,
which seed cocultures for L-DC production.24,25

Although adult Lin�c-kit� spleen progenitors produce specifi-
cally L-DCs in cocultures, this restricted development was not
replicated in vivo. This indicates a limitation of stroma for
supporting only the development of L-DCs from overlaid spleen or
BM cells.24 Immediate DC precursors have been defined as cells
already expressing lineage markers, such as CD11cint pre-cDCs14 or
CD11c�CD8�� precursors of CD8�� cDCs.33 In addition, in
blood, precursors for cDCs and pDCs have been identified as cells

expressing low levels of CD11c.34 The Lin�c-kit� subset of spleen
does not contain immediate DC precursors because they do not
give DC development after 10 days after transfer into mice given
sublethal irradiation (4.5 Gy; data not shown). This type of
experimentation has been used successfully by others to demon-
strate the presence of pre-cDCs and pre-CD8� cDCs in spleen.14,33

The earliest evidence of progeny from adoptively transferred cells
was at approximately 20 days in sublethally irradiated mice.
Dendritic and myeloid cell development was detected, perhaps
arising from a myeloid progenitor because there was no evidence of
lymphopoiesis. Evidence for multipotentiality was obtained at
40 days, but only on adoptive transfer of Lin�c-kit� cells. More
complete multilineage reconstitution was confirmed in lethally
irradiated hosts held for more than 25 weeks. These experiments
verified the potential of Lin�c-kit� cells to give rise to lymphoid,
myeloid, and cDC subsets, indicative of multipotentiality. Only
small numbers of donor cells and the difficulty of identifying
donor-derived progeny limited these experiments.

The splenic L-DC progenitor is distinct from the common
dendritic progenitor and macrophage dendritic progenitor de-
scribed in BM. The absence of Flt3 expression on c-kit� L-DC
progenitors in spleen is consistent with recent evidence that the
common dendritic progenitor, a c-kit�Flt3� progenitor of cDCs
and pDCs, is not present in spleen.15,29 The L-DC progenitor is also
distinct from the macrophage dendritic progenitor in BM, a
c-kit�Flt3� progenitor of macrophages and DCs.29,35 Production of
L-DCs in cocultures or LTCs occurs independently of Flt3-L
because splenic stromal cell lines that support L-DCs do not
produce Flt3-L.36 L-DCs appear therefore to develop indepen-
dently of cDCs and pDCs, which develop both in vitro and in vivo
in response to Flt3-L.12,37

Culture of neonatal and adult c-kit� spleen precursors over
STX3 stroma resulted in generation of only myeloid CD11b� DCs,
consistent with earlier studies demonstrating spleen stroma-
directed in vitro development of CD11b� myeloid DCs from BM
c-kit� progenitors.38,39 However, using defined precursor subsets
from spleen, we here distinguish in vitro development of 2 distinct
myeloid DC populations: a CD11c�CD11bloMHC-II� CD8��

cDCs or monocyte-derived DCs, and a CD11cloCD11bhiMHC-II�

L-DC population. Although populations of MHC-II� DCs were
evident in productive cultures, their numbers declined over 30 days,
and they became the minority population compared with L-DCs
(Figure 6). We have now shown production of L-DCs, but not
MHC-II� DCs, in cocultures maintained for 6 to 12 months (data
not shown). All data are consistent with the presence of a
committed progenitor for L-DCs present in spleen, which we
characterize as a Lin�c-kit�CD34�/�Flt3� cell subset with lympho-
myeloid differentiative capacity. These results identifying DC
progenitors within spleen conflict with the common model for DC
hematopoiesis where progenitors reside and differentiate in BM, so
releasing committed DC precursors into blood that enter spleen for
further differentiation. This finding is, however, consistent with a
model for DC hematopoiesis endogenous to spleen and dependent
on maintenance of early Lin�c-kit�Flt3� progenitors that are also
clearly distinct from the CD11clo immediate precursors of cDCs
and pDCs described previously.14

Spleen LTCs have been shown to maintain the production of
immature, myeloid dendritic-like cells for years.34 This property of
cell production is consistent with the maintenance of self-renewing
progenitors within the stromal microenvironment. In a previous
study, progenitors in LTCs were identified among the heteroge-
neous small cell population previously essential for continued

Figure 7. In vivo differentiative potential of spleen precursors. Splenocytes of
adult B6.SJL mice were depleted of T and B cells and sorted to give
CD11c�CD11b�(Lin�) populations of c-kit� and c-kit� cells. Sorted cells (2 � 104)
were transferred intravenously into sublethally irradiated (4.5 Gy) C57BL/6J (CD45.2�)
recipient mice. Negative “nil” control mice were injected with Hanks balanced salt
solution only. For analysis of short-term cell development, spleen was collected at
20 or 41 days and stained with antibodies specific for CD45.1, CD11c, CD11b, CD8�,
and MHC-II. Before flow cytometry, cells were incubated with PI (1 �g/mL) for gating
of live (PI�) cells. Spleens showing CD45.1� progeny (� 0.05%) were examined for
donor myeloid cells (CD11b�CD8�), cDCs (CD11c�MHC-II�), and lymphoid cells
(CD11b�CD8�). Numbers in gates indicate percentage positive cells. In a second
similar experiment, Lin�c-kit� and Lin�c-kit� cells were sorted and transferred into
lethally irradiated (9.5 Gy) host mice and analyzed for donor progeny (CD45.1�) after
25 weeks. T-/B-cell depleted spleen was analyzed for DC (CD11c�) and myeloid cell
(CD11b�CD11c�) progeny. T-/B-cell enriched spleen was analyzed for lymphoid
T (CD8�) and B (CD19�) cells.
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production of LTC-DCs.16,19,40 Here, similar precursors of L-DCs
have been identified as Lin�c-kit� cells in both neonatal and adult
spleen, consistent with the spleen origin of LTCs. The Lin�c-kithi

spleen subset resembles hematopoietic stem cells in BM as
Lin�Sca1�c-kit�Flt3�41 or Lin�Sca1�c-kit�CD150� cells.42 Long-
term spleen cultures, or the spleen stromal cocultures described
here, therefore represent a potentially important in vitro model
system in which to study both the maintenance of hematopoietic
progenitors and the microenvironmental signals supporting hema-
topoiesis of novel DCs.
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