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Abstract

Dendritic cells (DCs) play an important role in vertebrate immunity, but little is known of the molecular events associated with
their development from bone marrow (BM). This report describes induction of a signature protein marking BM commitment to
DCs. Using a standard procedure, DCs were generated from BM by cultivation in vitro. Appropriate phenotypic monitoring
was done primarily by immunofluorescence, and polyclonal antibody reagents were developed against immature DC lysates. Using
one specific antibody reagent, we identified, purified, and sequenced a unique cytosolic phosphoprotein DP58 that occurs within
30min during BM commitment to DCs. Its sequence matches with a computationally predicted Riken cDNA (GenBank Accession
No. XP_138799), and a specific anti-DP58 peptide antibody was developed for further characterization. The study suggests that
DPS58 induction signals distinct pathway(s) leading to early DC progenitors that may be generated and propagated for a short

period in vitro.
© 2004 Elsevier Inc. All rights reserved.
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It is now widely recognized that DCs have a remark-
able ability to help induce full-blown immune responses
[1,2]. This has spurred tremendous interest in DC-based
vaccinology as well as in DC biology, particularly in
their differentiation from bone marrow-derived progen-
itors [3-8].

Pathogenic antigens are known to transform imma-
ture DCs into their mature forms, and the latter interact
with the lymphocytes [8]. These differentiation events
have been amply demonstrated by functional and phe-
notypic studies and led to the discovery of various DC
subpopulations [1,4]. However, neither the molecular
milieu nor the progenitor precursors associated with
the developmental origin of all DC subpopulations are
fully understood. Controversies exist about the physio-
logical derivation of various DC subpopulations, partic-
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ularly with regard to development of myloid and
lymphoid DC subtypes [3,4]. It is however, increasingly
evident that the early DC progenitors are noncommittal
with regards to their myloid or lymphoid orientation.
del Hoyo et al. [9] have recently described a common
CDllc+, MHC-II™ DC-committed precursor popula-
tion in murine blood that can fully reconstitute splenic
DCs, but is devoid of lymphoid or myeloid differentia-
tion potential. Amico and Wu [10] have also identified
common early hematopoietic progenitors of mouse
DC expressing high levels of Flt3.

This existence of a common multipotent progenitor
DC (pDC) implies that the commitment to DC occurs
early in response to a specific cytokine microenviron-
ment. Cytokines, GM-CSF in particular, function as
the primary growth factor promoting mouse BM differ-
entiation into DC, whereas GM-CSF and IL4 are both
required for human hematopoietic stem cell (HSC)
[11]. This ability of GM-CSF to induce mouse BM
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differentiation in vitro led us to develop specific anti-
body reagents for identifying molecular markers associ-
ated with the early events in DC development. In this
report, we describe a novel cytosolic 58kDa phospho-
protein associated with early DC progenitors when there
is no clear-cut evidence of any specific DC subtype.
Since this protein is induced during BM differentiation
into common uncommitted early pDC [9,10], we desig-
nated it as DP58 after DC progenitors. The sequence
of DP58 matches with no known protein sequences in
the NCBI database, but it has been positively identified
with a Riken cDNA in the GenBank with a Z score of
2.43 using peptide mass fingerprinting. To our knowl-
edge, this is the first report implicating a cytosolic phos-
phoprotein as one molecular hallmark of early DC
progenitors.

Materials and methods

Mice. BALB/c mice from Harlan Sprague-Dawley (Indianapolis,
IN) were bred in the animal facility of Indiana State University. The
University Animal and Use Committee (ACUC) approved all animal
experiments.

Cells and antibodies. Phenotyping was done using fluorescent
monoclonal antibodies to CD11b, CDl1lc, MHCII, CDI117, B220,
CD86, and CD80 (all from eBioscience, USA), DEC-205 (Serotec,
UK). Anti-phosphotyrosine (Zymed, USA) was used for biochemical
characterization. Other materials included goat anti-rabbit-Ig HRP,
rabbit anti-mouse-Ig (ICN, USA), and Western blot reagents were
purchased from Pierce (USA).

Dendritic cells generation [5]. Bone marrow cells were prepared by
flushing off the femurs and tibiae of BALB/c mice. Cells were cultivat-
ed in Iscove’s modified Dulbecco’s medium (IMDM) supplemented
with 10% FBS and 10ng/ml recombinant murine granulocyte macro-
phage colony stimulating factor (GM-CSF), (eBioscience and Pepro-
tech, USA) for 6 days at 37°C in 5% CO,. Non-adherent cells were
removed on day 2 and 4 of culture, and fresh IMDM plus GM-CSF
were added. DCs generated were phenotyped by flow cytometry and
on a regular basis by fluorescent microscopy.

DC6 lysates preparation for antisera development. An emulsion con-
taining equal volume of complete Freund’s adjuvant (CFA) and DCs
(1-3 x 107 cells/ml) in 0.02% SDS solution in PBS was used to immunize
three rabbits intradermally. Every 10 days they were bled and boosted
with DC lysates emulsified in incomplete Freund’s adjuvant (IFA).

Preparation of specific rabbit antibody reagents by repeated adsorp-
tion, salt fractionation, and protein A chromatography. The sera ob-
tained after multiple immunizations were adsorbed primarily on
splenocytes, liver tissues, dendritic cells, and myeloma X63-Ag8.653
cells. Further adsorption was done, as needed, with fresh or forma-
lin-fixed BM cells. This was followed by 50% saturated ammonium sul-
fate precipitation, dialysis, and protein A chromatography. One
specific antibody reagent thus prepared was initially used to identify
novel protein DP58 in dendritic cell progenitors.

Generation of progenitor BM cells. BM cells (1 x 107) were incubat-
ed with adsorbed rabbit antisera for 4h on ice to generate BM4 cells,
which were then treated with 1 ml of a lysis buffer [12] containing 0.5%
NP40 and 0.5% MEGAY9 plus 10ul of protease inhibitor, and left on
ice for 30 min before analysis by SDS-PAGE.

SDS-PAGE and Western blot. Lysates prepared according to Elvin
et al. [12] were subjected to 12.5% SDS-PAGE [13], followed by Wes-
tern blotting on nitrocellulose. Primary antibody was rabbit antisera
(adsorbed with BM-fresh) and secondary antibody was commercially

available antibody goat anti-rabbit-Ig HRP. Super Signal West Pico
chemiluminescent substrate (Pierce, USA) was used to visualize pro-
teins on films.

Immunoprecipitation. This was done as described [13,14] using pro-
tein A to isolate specific immune complex formed by mixing cell lysates
with the adsorbed rabbit antibody reagent. The specific protein band
obtained by SDS-PAGE band was isolated and sequenced by peptide
mass fingerprinting at the Proteomics Core Laboratory of Dr. Wang
Mu, Indiana University School of Medicine.

Rabbit antisera against DP58 peptide. This was done using a conju-
gate of keyhole limpet hemocyanin (KLH) with a peptide, KMVKYL
LENSADPNIQDKSG shown in Fig. 2, as the immunogen (100 pg/in-
jection). This was administered intradermally as an emulsion of the
conjugate initially with CFA and later with IFA, and the rabbits, were
bled at 10 days’ interval. Purification was carried out by salt fraction
using 50% saturated ammonium sulfate followed by affinity chroma-
tography on KLH-Sepharose column. Unbound fraction was the
source of anti-DP58 antibody.

Results
Fifty-eight kilodalton protein identified as DP58

To identify DPS58, the freshly harvested BM cells were
treated with the adsorbed rabbit anti-DC antisera re-
agent on ice for 4h. This reagent was protein A-purified
after repeated adsorption on BM-derived immature DCs
and mouse myeloma as described in Materials and meth-
ods. BM cells obtained after 4h incubation with the
reagent, termed BM4 cells, were exposed to a lysis buffer,
and the lysates were subjected to SDS-PAGE and
Western blotting. We used for Western blot the same
specific antisera reagent but adsorbed additionally on
fixed BM cells. Controls were run using lysates of BM
cells that were treated with normal rabbit serum, rabbit
anti-IgG or anti-CD11c monoclonal antibodies. The re-
sults in Fig. 1A show that a 58 kDa protein (DP58) was
detectable only in BM4 cell lysates using rabbit antisera
reagent at 1:200,000 dilution. In contrast, the lysates of
the fixed or fresh BM cells (undifferentiated) exhibited
no DP58 protein, even with a higher concentration of
the antibody reagent. Since DP58 protein was discerned
only in the lysates of BM4 cells, but not of fresh or fixed
BM cells, this suggests that this protein was induced as a
cytosolic protein (Fig. 1A).

Next we determined the time course for induction of
DP58. The results (Fig. 1B) indicate that the induction
was detectable in BM cells within 30min, although the
protein band was most discernible after 4h in BM4 cells.
Clearly, this adsorbed rabbit anti-DC reagent facilitates
differentiation of BM cells, possibly through cross-link-
ing of a cell surface protein. To explore this possibility
and to remove any antibody directed to any putative cell
surface protein, we further adsorbed the purified anti-
DP58 reagent repeatedly on formalin-fixed freshly
isolated BM cells, and then used it to expose fresh and
live BM cells for 4h. Interestingly, this adsorption of
anti-DC reagent with fixed BM cells totally prevented



28 N. Al-Shaibi, S.K. Ghosh | Biochemical and Biophysical Research Communications 321 (2004) 26-30

B 1 2 3 4
KDa
120
100
80
60
S S <« DP58
50
40 ..
0
20 -

Fig. 1. (A) Expression of DP58 protein in differentiating BM cell
lysates. Lane 1, BM fresh; lane 2, BM after 4-h treatment with normal
rabbit serum; lane 3, BM after 4-h treatment with the rabbit specific
antibody reagent; lane 4, protein standard; and lane 5, formalin-fixed
BM after treatment with the rabbit specific antibody reagent. (B)
Temporal expression of DP58 protein in BM cell lysates. Lane 1,
protein standard; lane 2, BM after 30min treatment with the rabbit
specific antibody reagent; lane 3, BM after 60min treatment with
rabbit specific antibody reagent; and lane 4, BM after 4-h treatment
with the rabbit specific antibody reagent.

fresh BM from differentiating into BM4 cells, but it still
was capable of detecting DP58 protein in the lysates of
existing BM4 cells (Fig. 1B). This indicates the presence
of a cell surface molecule on fresh BM cells, which is

Table 1
Phenotypic characteristics of different lysates

needed for cytosolic DP58 induction. This observation
was corroborated using anti-DP58 peptide antibody as
described later (Fig. 3B). We are currently focusing on
identification of this putative surface protein.

DP58 protein is induced during BM differentiation into
DCs

To determine whether the BM4 cells (generated fol-
lowing incubation with rabbit anti-DC antisera) could
differentiate into DCs, we cultivated them in GM-CSF
for 6 days. No other cytokine such as IL4 displayed
the ability to generate mouse DCs, as was also shown
by others [11], and BM4 cells did not differentiate into
DCs in the absence of GM-CSF. Phenotypic analyses
(Table 1) revealed that BM4 cells differentiated into
DC:s that closely resembled CD8a~ DCs generated from
fresh BM using only GM-CSF. However, while neither
DCs expressed DEC-205, the DCs generated from
BM4 cells had a very low expression of B220 marker.
Since it was difficult to categorize these cells into either
lymphoid or myeloid lineages, we consider BM4 cells
as undifferentiated pDCs.

Isolation and sequencing of DP58 from BM-derived cell
lysates

To determine if DP58 was a novel protein induced
during BM differentiation into DCs, we purified it by
immunoprecipitation and isolated the protein band fol-
lowing SDS-PAGE. This was then subjected to con-
trolled tryptic digestion and the sequence of the
peptides generated was positively identified with a com-
putationally predicted Riken cDNA (NCBI database
Accession No. XP_138799) (Fig. 2).

Next we addressed whether this novel cytosolically
induced differentiation-related protein is a glyco- or
phosphoprotein. While the periodic acid-Schiff staining
for glycoprotein proved negative, the Western blotting
(Fig. 3A) using a commercial anti-phospho-tyrosine an-
tibody reagent indicated that DP58 was a phosphopro-
tein induced during BM differentiation.

Cells Anti-CDl1lc Anti-CD11b Anti-CD8x  Anti-MHCII Anti-CD80 Anti-CD86 Anti-CD117 Anti-B220 Anti-DEC-205
BM-F - + - - - - — + -

DCs ++ ++++ - ++++ - — ++ ++ -

BM4* - ++ - - - - - + -

BM-24° - ++ - - - - - + -

DCs (derived  ++ ++++ - ++++ — — ++ + N/d

from BM4)°
Spleen ++ ++ ++ ++ — — ++ ++ —
2C3 - - - - - N/d N/d N/d N/d

BM-F stands for fresh bone marrow cells.
% BM after 4-h treatment with the rabbit specific antibody reagent.
® BM after 24-h treatment with the rabbit specific antibody reagent.

¢ BM4 cells cultivated in GM-CSF for 6 days. 2C3 [13], tumor cell line used as a negative control and spleen cells used as the positive control.
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MDEGSEVSTDGNSLIKAVHQSRLRLTRLLLEGGAYINESNDRGETPLMIACKTKH
VDQQSVGRAKMVKYLLENSADPNIQDKSGKSALMHACLERAGPEVVSLLLKS

GADLSLQDHSGYSALVYAINAEDRDTLKVLLSACQAKGKEVIITTAKSPSGRHT
TQHHLNMPPADMDGSHPPATPSEIDIKTASLPLSYSSETDLTLFGFKDKELCGGSD
NTWDPDSPPRKPVIATNGPKLSQAPAWIKSTPSLKHQARVASLQEELQDITPEEEI
AYKTNALALSKRFITRHQSIDVKDTAHLLRAFDQVNSRKMSYDEINYHSLFPEGS
QTSVEIPTDRDPDSNQIFASTLKSIVQKRNSGANHYSSDSQLAEGVTPPTVEDGKA
AKKKIFAPSPSLLSGSKELVEPAPPGPLSRRNHAVLERRGSGAFPLDHSLAQSRPG
FLPPLNVNPHPPITDIGVNNKICGLLSCGQKALMPTAPIFPKEFKTKKMLLRRQSL

QTEQIKQLVNF

Fig. 2. Amino acid sequence of DP58 determined by peptide mass fingerprinting. The underlined sequence corresponds to the DP58 peptide, which

was to raise specific antibody.

Furthermore, to identify pDCs and study DC differ-
entiation, we developed an anti-DP58-peptide reagent
using the sequence underlined in Fig. 2. We used this an-
tibody reagent to detect the presence of DP58 in unstim-
ulated and stimulated BM cells as well as in DCs. The
results show that DP58 was undetectable in DCs
(lane 2, Fig. 3B), possibly because of low levels of pDCs
cells expressing of DP58. It is also evident (Fig. 3B) that
anti-peptide antibody recognized DP58 only in differen-
tiating BM cells such as BM4 cell lysates (lane 4), and it
could not stimulate fresh BM cells to differentiate (lane
3). This was expected in view of the results in Fig. 1B,
leading us to conclude that DP58 is the cytosolic marker

s <+—DPS58

(3]
W
B

DP58 —p

Fig. 3. (A) DP58 protein as phosphoprotein. Lane 1, protein standard;
lane 2, BM fresh lysates; lane 3, lysates of BM after 4-h treatment with
the rabbit specific antibody reagent. (B) Detection of DP58 using anti-
DP58 peptide antibody on Western blot. Lane 1, BM fresh lysates; lane
2, DC lysates; lane 3, lysates of BM after 4-h treatment with the rabbit
anti-DP58 peptide antibody; lane 4, BM after 4-h treatment with the
rabbit specific antibody reagent; and lane 5, protein standard.

of early progenitor DCs, possibly involved in signal
transduction.

Discussion

This study is the first report on a novel protein DP58
that was identified using a polyclonal anti-DC antibody
reagent. The reagent was specifically prepared from an-
tisera raised against the lysates of immature DCs that
were generated following 6-day cultivation of mouse
BM cells in GM-CSF [5]. Before use, DCs were carefully
phenotyped using fluorescent anti-CDl1l1c, anti-CD11b,
anti-CD8a, anti-MHC-II, anti-CD80, anti-CD86, anti-
CDI117, anti-B220, and anti-DEC205 monoclonal anti-
bodies (Table 1).

We reasoned that this cultivation of BM cells in
GM-CSF should yield not only DCs, but also some
undifferentiated BM cells that are at intermediate stages
of development. The cell lysates from such heterogencous
DC-enriched (over 95%) population would likely contain
various immunogenic molecules in a pecking order of im-
munogenicity derived from all cell types. This explains
why our polyclonal antisera recognize not only the anti-
genic components of mouse DCs but also others associat-
ed with the differentiating BM cells. Importantly, the
specific reagent prepared from these antisera readily de-
tects DP58 protein only in differentiating BM cells within
30min, and these differentiating BM cells develop into
DCs when they are exposed to GM-CSF. Moreover, this
induction of DP58 happens long before DCs emerge from
BM cells following 6-day cultivation in GM-CSF. It sug-
gests that DP58 occurs primarily in pre-DC population,
and is highly immunogenic since the contribution of
pre-DC population would be minimal in the DC lysate
immunogen used to raise the antisera.

Identification of DP58 with a Riken cDNA in the
database certainly advances our ability to identify
many hypothetical proteins. The complex process of
bone marrow differentiation into specific cell lineages
such as dendritic cells involves numerous molecular in-
teractions. Specific cytokines such as GM-CSF is
known to drive mouse BM-associated HSC to DC-
specific development and give rise to committed
progenitor stem cells. Since GM-CSF or our specific



30 N. Al-Shaibi, S.K. Ghosh | Biochemical and Biophysical Research Communications 321 (2004) 26-30

antibody reagent can both cause BM cells to differenti-
ate via induction of DP58 phosphoprotein, and since
the antibody reagent in particular detects DP58 in cell
lysates within 30min of BM cultivation as mentioned
earlier, this is suggestive of ongoing intracellular
events. Furthermore, the fact that anti-DP58 peptide
antibody generated based on the sequence of DP58 al-
so detects this protein only in lysates of differentiating
but not fresh undifferentiated BM cells or DCs lends
further support to this contention. This also suggests
that this protein is induced as a result of activation
and that this activation is possibly coordinated through
a phosphorylation event. Studies are underway to as-
sess the role of DP58 in DC development.

Furthermore, to our knowledge, there is no specific
method to generate and propagate early progenitors.
On the basis of phenotypic studies, the BM4 cells report-
ed here certainly fit the description of some of the early
DC progenitors [3,4]. Since these cells can be cultivated
for a short period in the absence of GM-CSF, it pro-
vides us the ability to clone or enrich and functionally
characterize these DC progenitors from these cells. Fur-
ther investigation is in progress to elucidate the physio-
logical role and significance of BM4 cells in the context
of DP58 induction during BM differentiation.
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