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ABSTRACT
We have previously shown that perturbed bone marrow
progenitor development promotes hyporesponsive
monocytes following experimental burn sepsis. Clinical
and experimental sepsis is associated with monocyte
deactivation and depletion of mDCs. Decrease in circu-
lating DCs is reported in burn patients who develop
sepsis. In our 15% TBSA scald burn model, we demon-
strate a significant reduction in the circulating MHC-II�

population and mDCs (Gr1negCD11b�CD11c�) with a cor-
responding decrease in bone marrow MHC-II� cells and
mDCs for up to 14 days following burn. We explored the
underlying mechanism(s) that regulate bone marrow
development of monocytes and DCs following burn in-
jury. We found a robust bone marrow response with a
significant increase in multipotential HSCs (LSK) and bi-
potential GMPs following burn injury. GMPs from burn
mice exhibit a significant reduction in GATA-1, which is
essential for DC development, but express high levels
of MafB and M-CSFRs, both associated with monocyte
production. GMPs obtained from burn mice differenti-
ated 1.7 times more into M� and 1.6-fold less into DCs
compared with sham. Monocytes and DCs expressed
50% less MHC-II in burn versus sham. Increased mono-
cyte commitment in burn GMPs was a result of high
MafB and M-CSFR expressions. Transient silencing of
MafB (siRNA) in GMP-derived monocytes from burn
mice partially restored DC differentiation deficits and

increased GATA-1 expression. We provide evidence
that high MafB following burn plays an inhibitory role in
monocyte-derived DC differentiation by regulating M-
CSFR and GATA-1 expressions. J. Leukoc. Biol. 91:
69–81; 2012.

Introduction
Monocytes and DCs are potent APCs, critical in host defense,
bridging the innate and adaptive immune responses. Critically
injured burn patients suffer from immune-cell dysfunction,
predisposing them to nosocomial infections, sepsis, and multi-
organ failure [1–3]. Trauma and sepsis are often associated
with a long-lasting, functional deactivation of monocytes [4]
and a significant reduction in DCs [5–8], characteristic of im-
mune suppression. Increasing the number of DCs by intrapul-
monary transplantation in experimental sepsis [9] or by pro-
phylactic treatment with appropriate growth factors in a burn
model [10] improves sepsis-induced immune suppression and
survival, suggesting the importance of DC preservation as a
therapeutic strategy. Depletion of DCs and not M� is reported
in burn patients with sepsis [5, 8]. Although the origin of DCs
is well described, the etiology of DC depletion following burn
injury is not known.

Although the majority of DCs in mice expresses high levels
of CD11c and MHC-II, at least two distinct lymphoid and my-
eloid developmental pathways have been identified. It was be-
lieved that DCs that express CD8a arise from lymphoid-com-
mitted progenitors [11–13], and those that express CD11b
arise from myeloid-committed precursors [14, 15]. However, as
evidenced in recent review articles, a common DC progenitor
can give rise to lymphoid and nonlymphoid DCs [16]. None-
theless, DCs derived from monocytes originate from myeloid-
committed precursors [17] and can therefore be referred to as
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mDCs. Emerging studies from our own laboratory indicate that
myeloid commitment shifts toward monocytopoiesis [18] and
that perturbed bone marrow monocyte development not only
promotes hyporesponsive monocytes but also has impaired DC
differentiation potential in experimental burn sepsis [7]. Gran-
ulocytes, M�, and DCs arise from common bone marrow pre-
cursors [16, 19, 20]. Congruent finding by Geissmann and co-
workers [21], advocating a common, clonogenic bone marrow
progenitor specific for M� and DCs, leads us to propose that a
traumatic injury such as burns could reprogram bone marrow
progenitors toward monocyte production and not DC develop-
ment, causing depletion of DCs.

Lineage commitment and differentiation of bone marrow pro-
genitors toward monocytes and DCs is tightly orchestrated by spe-
cific transcription factors and essential cytokines [22]. In this con-
text, the transcription factor basic leucine zipper domain protein
MafB is an inducer of monocytic differentiation [23], and the
zinc finger protein GATA-1 is essential during DC development
[24]. Although much is known about the differentiation program
of precursors in normal physiology, the regulation of DCs in
burn pathology remains elusive. Studying the differentiation path
of the myeloid-committed bone marrow progenitors toward
monocytes and DCs will provide insight into the regulatory mech-
anisms dictating DC depletion following burn injury.

Here, we have tested the premise that burn injury alters the
differentiation potential of the myeloid-committed GMPs to-
ward monocytes and away from DCs through transcriptional
regulation. Our results show that burn injury augments mono-
cyte differentiation through up-regulation of MafB and
M-CSFRs and thereby, suppresses their responsiveness to GM-
CSF and IL-4, inhibiting DC differentiation. Transient silenc-
ing of MafB mRNA in GMP-derived monocytes allows for the
transdifferentiation of monocytes into DCs, which was blocked
by burn injury. This could be possible through down-regula-
tion of M-CSFR or up-regulation of GATA-1 expression or
both. These results provide evidence for transcription factor-
induced hematopoietic reprogramming as one of the underly-
ing mechanisms leading to aberrations in the immune-cell
constitution in burn pathology.

MATERIALS AND METHODS

Animals and burn injury
Approval from the Loyola University Medical Center’s Institutional Animal
Care and Use Committee (Maywood, IL, USA) was obtained for all experimen-
tal protocols. Six-week-old B6D2F1 male mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were allowed to acclimatize to their environment with 12-h
light/dark cycles for 1 week prior to experiment start. Food and water were
provided ad libitum. All mice were anesthetized using i.p. ketamine (100 mg/
kg) and xylazine (2.5 mg/kg) injection and inhaled 5% isoflurane. The dorsal
fur was shaved, and animals were randomized into burn and sham groups.
Burn animals received a 15% scald burn to their dorsum via 8 second immer-
sion in a 100°C water bath, and tepid water was used for the sham animals. All
animals were resuscitated with 2 ml i.p. normal saline.

Cell isolation
Mice were killed via inhaled CO2 overdose following burn injury. Blood was
collected by cardiac puncture. Bilateral femurs were harvested, and total
bone marrow was eluted into McCoy’s medium (Invitrogen, Carlsbad, CA,

USA). Total bone marrow-nucleated cells were counted using a Neubauer
hemocytometer subsequent to the lysis of RBCs with 3% acetic acid.

Hematopoietic progenitors were isolated from total bone marrow cells
using FACS. Briefly, total bone marrow cells were labeled with biotin-conju-
gated Lin-specific primary antibodies: anti-CD86, anti-CDllc, anti-Ter119,
anti-CD19, anti-B220, anti-CD11b, anti-CD90, anti-CD8a, anti-Gr1, and anti-
CD3e (BD Biosciences, San Diego, CA, USA). MACS MicroBead (Miltenyi
Biotec GmbH, Bergisch Gladbach, Germany)-conjugated antibiotin second-
ary antibody was added, and the cells were then separated via LS columns
(Miltenyi Biotec GmbH), according to the manufacturer’s instructions. The
Linneg cells were collected and labeled with PerCP-Cy5.5-conjugated anti-IL-
7R, Pacific Blue-conjugated anti-CD34, PE-Cy7-conjugated anti-Fc�R (eBio-
science, San Diego, CA, USA), allophycocyanin-conjugated anti-cKit, and
PE-conjugated anti-Sca1 (BD Biosciences). The LSK compartment compris-
ing of long-term, short-term, and self-renewal repopulating potential was
gated as IL-7RnegSca1hi, cKithi, and the bipotential GMP population was
gated as IL-7Rneg, Sca1neg, cKithi, CD34�, and Fc�Rhi.

Ex vivo culture of GMPs into monocytes and DCs
(GMP-M�-DC)
GMPs were first differentiated into monocytes/M� and then into DCs to
obtain mDCs. Sorted GMPs (5�104) were cultured in Costar low-attach-
ment culture plates (Sigma-Aldrich, St. Louis, MO, USA) with IMDM (Invit-
rogen), supplemented with 20% FBS (Gemini Bio-Products, West Sacra-
mento, CA, USA), 2% penicillin/streptomycin (Invitrogen), and 0.1% fun-
gizone (Invitrogen); enriched with growth factors IL-3 (20 ng/ml;
Invitrogen), SCF (10 ng/ml; Stemcell Technologies, Vancouver, BC, Can-
ada), Flt3L (20 ng/ml), and M-CSF (50 ng/ml; R&D Systems, Minneapolis,
MN, USA); and maintained at 37°C with 5% CO2 for differentiation and
proliferation into monocytes. An aliquot from the cultures was analyzed for
monocyte phenotype, and the rest was washed and supplemented with GM-
CSF (50 ng/ml; R&D Systems) and IL-4 (20 ng/ml; Invitrogen) from Days
6 to 10 to promote DC differentiation. LPS (200 ng/ml; BD Biosciences)
was added the last 48 h of culture to allow DC maturation.

Phenotype analyses
Total bone marrow cells (106) and peripheral blood (100 �l) were incu-
bated with antibodies for anti-Gr1-PerCP-Cy5.5, anti-CD11b-PE-Cy7 (BD
Biosciences), anti-F4/80-Pacific Blue, anti-CD11c-allophycocyanin, and anti-
MHC-II-PE (eBioscience) for 20 min at 4°C. Bone marrow cells were
washed with PBS (Invitrogen) and stored in 1% paraformaldehyde (Sigma-
Aldrich) until flow cytometry analysis. RBCs were lysed, rinsed, and fixed
using the Easy-Lyse whole blood erythrocyte lysing kit (Leinco Technolo-
gies, St. Louis, MO, USA) and analyzed by FACS. Blood and bone marrow
MHC-II� population was gated on histograms, and CD11b� Gr1negCD11c�

cells were identified as mDCs. Approximately 5 � 105 cells from ex vivo
GMP-derived monocytes and DCs were incubated with anti-F4/80, CD11b,
and CD11c, as mentioned earlier. Only the viable cells were included based
on the Fixable Dead Cell stain kit (Molecular Probes, Invitrogen, Eugene,
OR, USA) for further analysis. CD11c–F4/80� cells were identified as
monocytes, and CD11b�CD11c� cells were identified as mDCs from mono-
cyte and DC differentiation cultures, respectively. Details of phenotype gat-
ing on GMP-derived M� and GMP-derived DCs are shown in Supplemental
Fig. 1A and 1B, respectively.

Intracellular transcription factors
GMPs (5�104) isolated from sham and burn mice were fixed and permeabil-
ized using Cytofix/Cytoperm Plus (BD Biosciences) for 20 min. Nonspecific
binding of primary antibodies was prevented by using 1% BSA before treating
with rabbit primary mAb anti-PU.1 (Cell Signaling Technology, Beverly, MA,
USA) or anti-MafB (Abcam, Cambridge, UK) for 24 h or anti-GATA-1 (Cell
Signaling Technology) or anti-CEBP-� (Cell Signaling Technology) for 48 h.
After rinsing with perm wash (BD Biosciences), cells were treated for 2 h with
secondary FITC-conjugated antirabbit antibodies (Abcam), rinsed, and resus-
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pended in 1% paraformaldehyde. An aliquot was cytospun for confocal imag-
ing, and the rest was used for flow cytometry.

Confocal microscopy
Two methods were used to prepare cells for confocal microscopy. Follow-
ing intracellular staining of GMPs for the transcription factors (FACS), an
aliquot was cytospun onto microscopic slides, or the GMPs were cultured in
adherent chamber slides for DC differentiation and incubated with anti-
bodies specific for DC phenotype and preserved using Vectashield H-1500
mounting medium with DAPI (Vector Laboratories, Burlingame, CA, USA)
until analyzed with a Zeiss LSM 510 laser-scanning microscope (Carl Zeiss
MicroImaging GmbH, Germany). C-Apochromat 40� 1.20 water immersion
was used for viewing and acquired the image using Zeiss LSM 510, version
4.2, SP1 software.

siRNA silencing
MafB expression was silenced in isolated GMPs (5�104) from burn mice
and GMP-derived monocyte populations (106) prior to DC differentiation
on Day 6 using the siRNA technique. Briefly, cells were rinsed with Opti-
MEM (Invitrogen) to remove any residual FBS and then transfected with
MafB siRNA (40 pmoles/106 cells; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) by the addition of X-tremeGENE siRNA transfection reagent
(Roche Diagnostics, Mannheim, Germany) following kit instructions. After
incubating for 4 h, DC differentiation cocktail was added as described pre-
viously for DC development and maturation. A control transfection with
scrambled, nonspecific siRNA did not promote gene silencing as deter-
mined by protein transcription after 72 h.

Statistical analyses
All experiments were done with four to six animals/group and repeated
two to three times, and the results are expressed as mean � sem. For com-

parison between groups, multivariate analysis was conducted using ANOVA
statistics, followed by Tukey’s post-hoc test for significance. Statistical signif-
icance was set at a two-tailed P � 0.05. Statistical comparison between two
groups was done by Student’s t test on unpaired data with equal variance
using the KaleidaGraph program (Synergy Software, Reading, PA, USA).

RESULTS

MHC-II� cells and mDCs are down-regulated by burn
injury
Down-regulation of human leukocyte antigen DR (equivalent
of MHC-II in mouse) is a prognostic indicator for susceptibility
to secondary infections in burn patients and predicts mortality
in septic shock [25–27]. Therefore, we first evaluated the sta-
tus of MHC-II� expression in blood and total bone marrow
cells in our 15% scald burn model. Briefly, B6D2F1 mice were
randomly distributed into sham and burn groups before sub-
jecting to scald burn, as detailed in Materials and Methods.
Blood and total bone marrow were harvested from mice on
PBD 5, 7, and 14, incubated with antibodies for MHC-II, and
analyzed by flow cytometry. Four sham mice were included in
the study at each time-point of harvest after burn injury as
control. Scatter plots in Fig. 1A illustrate the percentage of
MHC-II� cells in whole blood and total bone marrow cells,
respectively. The percentage of MHC-II� cells in blood and
bone marrow compartments was reduced significantly over the
course of burn as compared with sham. However, the numbers
were not significantly different between the burn groups on

Figure 1. MHC-II� cells and mDCs are
reduced in response to burn injury. Mice
were subjected to sham burn or 15%
TBSA burn. Blood and total bone mar-
row cells were collected from sham and
burn mice on Days 5, 7, and 14 after
burn injury and analyzed for MHC-II ex-
pression and mDC distribution by flow
cytometry. Detailed mDC gating is given
in Supplemental Fig. 2. Scatter plot rep-
resenting the percentage of (A) MHC-II�

cells and (B) mDCs in blood and bone
marrow is decreased on PBD 5, 7, and 14
compared with the average of sham val-
ues obtained at each time-point. All ex-
periments were repeated twice with at
least four animals in each group.
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PBD 5, 7, and 14. Therefore, the 15% TBSA scald burn model
holds true with respect to burn-induced global suppression
starting on PBD 5, as determined by MHC-II expression in
blood and bone marrow cells.

Next, to establish that our 15% TBSA scald burn model in-
duced changes in the peripheral blood mDC fraction, similar
to clinical observations [5], we surveyed the temporal distribu-
tion of mDCs in response to burn on PBD 5, 7, and 14. In
mice, the CD11b�Gr1negCD11c� phenotype is characteristic of
mDCs [28, 29], which originate from the bone marrow and
populate blood, spleen, and other lymphoid organs. There-
fore, any changes in mDCs, which are reflected in peripheral
blood, should also be seen in the bone marrow compartment.
Blood and total bone marrow were harvested from sham and
burn mice on PBD 5, 7, and 14 and incubated with antibodies
for CD11b, CD11c, and Gr1 for analysis by flow cytometry.
CD11b� cells were first selected on a histogram and then
gated on CD11c (x-axis) and Gr1 (y-axis) expressions. The per-
centage of Gr1negCD11c� cells present in the CD11b� fraction
of whole blood is represented in the boxed area as mDCs. The
majority of the mDC fraction was negative for F4/80 staining
(Supplemental Fig. 2). Similar gating strategies were followed
for total bone marrow cells. Respective results from blood
and bone marrow are given as scatter plots in Fig. 1B. We ob-
served a significant reduction in mDCs in peripheral circula-
tion and in the bone marrow compartment on PBD 5, 7, and
14, as compared with sham, with no significant changes be-
tween the different PBDs.

The mean values from four to six different samples are shown
in the scatter plots, and all experiments were repeated twice. Re-
sults from sham mice harvested at every time-point were steady,
and therefore, the averages were taken for sham values in Fig. 1A
and B. The results clearly indicate a temporal down-regulation of
MHC-II� cells, as well as a reduction in mDCs following burn
injury. Moreover, changes in MHC-II� cells and mDCs, as re-
flected in blood, also prevail in the bone marrow at all time-
points (PBD 5, 7, and 14) tested, emphasizing the dysregulation
of MHC expression and mDC production after burn injury. Over-
all, the scald burn model establishes similarity in blood and bone
marrow over reduced levels of MHC-II� cells and mDCs, provid-
ing a strong platform to study bone marrow development of
mDCs following a burn injury.

Hematopoietic progenitors are increased following
burn
Bone marrow progenitors have the ability to reconstitute the
blood cells on demand. Burn injury certainly increases the de-
mand for immune cells for surveillance and immune re-
sponses. Therefore, to rule out bone marrow failure as the
cause of DC depletion, we looked at the constitution of bone
marrow hematopoietic progenitors upstream of monocyte and
common DC progenitors [30] on PBD 0, 2, 5, and 7 following
burn injury. For these experiments, total bone marrow cells
were depleted of Lin-committed cells by negative selection us-
ing magnetic beads and sort-purified by flow cytometry to
characterize the progenitor populations [31]. Briefly, total
bone marrow cells were processed to obtain the Linneg frac-
tion by magnetic isolation. IL-7R� cells, which were gated out

from the Linneg population, were selected for cKit� expression
(LK; LinnegIL-7RnegcKit�). The LKs were again gated for
Fc�Rhi and CD34� expression and sorted as GMPs already
committed to myeloid lineage. Similarly, LSKs (LinnegIL-
7RnegScal�cKit�), which contain short- and long-term repopu-
lating, multipotent progenitors, were sorted from the Linneg

fraction based on Scal�cKit� expressions. Fig. 2A represents
the Linneg cells isolated by magnetic columns (MACS) gated for
IL-7Rneg fraction. Fig. 2B and 2C illustrates the gating strategies
for LSK and GMP fractions representing sham and burn. The bar
graphs in Fig. 2D and E represent the mean and sem of four dif-
ferent samples. Accordingly, we observed a significant increase in
GMPs on PBD 5 and 7. Moreover, burn injury also augmented
the LSK population with a multi-Lin potential that is upstream of
GMPs as early as PBD 2, which increased progressively on PBD 5
and 7, indicating a continuous bone marrow turnover.

GMPs give rise to myeloid cells; similarly, monocytes and
mDCs, which express MHC-II, are myeloid in origin. To delin-
eate that the reduction in mDCs and MHC-II� cells following
burn is not a result of defects in the proliferation of bone
marrow progenitors, we evaluated the myelopoietic prolifera-
tion over the course of scald burn. Bone marrow myeloid frac-
tion was followed for up to 21 days after burn injury. We ob-
served a significant increase in the absolute number and per-
centage of CD11b� (myeloid marker) CD45� (pan
hematopoietic marker) bone marrow cells starting on PBD 5,
which remained high until PBD 21, reaching a peak on PBD 7
[32], suggesting a robust bone marrow proliferative response
to burn injury.

Taken together, results indicate that burn injury results in a
continuous reconstitution of the bone marrow myeloid popu-
lation with a concomitant increase in progenitors committed
for monocytic/granulocytic lineage and the multipotent stem
cells that feed the myeloid population. Therefore, bone mar-
row failure or lack of bone marrow precursors is not the rea-
son for mDC depletion in burn injury.

Burn injury augments monocyte-specific MafB and
M-CSFR expressions in bone marrow progenitors
Although burn injury augmented bone marrow production of
GMPs with the potential to give rise to granulocytes and mono-
cytes (precursors of mDCs), it is plausible that their Lin commit-
ment is skewed to favor one Lin over another. The Lin commit-
ment, proliferation, and differentiation of hematopoietic progeni-
tors are tightly regulated by transcription factors. Therefore, it is
important to determine the expression of transcription factors
that play a pivotal role in granulocyte/monocyte/DC lineage
commitment of GMPs. The present study focused on myeloid-
specific PU.1, granulocyte-specific CEBP-�, monocyte/M�-specific
MafB, and DC-specific GATA-1 transcription factors. Tradition-
ally, the expression of these intracellular proteins is determined
by Western blots or EMSA. Given that GMPs are only 5–10% of
the Lin-negative bone marrow population, the yield/femur is ex-
tremely small and restricts such analyses, requiring an unreason-
able number of animals to be killed. Alternately, we treated 5 �
104 GMPs from sham and burn mice with primary antibodies to
the target transcription factors and identified the positive cells by
flow cytometry using FITC-conjugated secondary antibodies. The
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relative expression between groups was determined by the MFI
and expressed as percentage change over sham; the results were
visually verified by confocal microscopy. As we saw a maximum
induction in GMPs on Day 7 after burn injury, we chose PBD 7

to study the transcriptional changes following burn. Representa-
tive histograms of GMPs from sham (red) and burn (blue) ani-
mals expressing intracellular PU.1, CEBP-�, MafB, and GATA-1
transcription factors and cell surface CD115 (M-CSFRs) are dis-
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Figure 3. (A) Changes in relative expression of
transcription factors. Sorted GMPs from sham
and burn mice (PBD 7) were stained for surface
expression with anti-M-CSFR antibody or for in-
tracellular expression with anti PU.1, CEBP-�,
MafB, and GATA-1 antibodies and analyzed by
flow cytometry. Superimposed histograms show
transcription factor expressions in sham (red)
and burn (blue). The MFI in sham was taken as
100% for each transcription factor measured.
There is no change in PU.1 expression, minimal
increase in CEBP-�, large increase in MafB, and
significant reduction in GATA-1 expressions fol-
lowing burn. M-CSFRs are increased in GMPs fol-
lowing burn injury. All experiments were re-
peated two times (n�3; *P�0.05 vs. sham).
(B) Confocal images display MafB and GATA-1
expressions (green) in GMPs, obtained from
sham and burn (PBD 7) mice. High expression
(thick arrow stems) of MafB and low expression
of GATA-1 (thin arrow stems) are more prevalent
following burn injury. (C) Gene-targeted MafB
silencing. MafB expression was silenced in GMPs
from burn mice using targeted siRNA or a scram-
bled, nonspecific control before placing in cul-
ture for monocyte differentiation. The superim-
posed histogram demonstrates (70–80%) reduc-
tion in MafB expression in burn GMPs following
siRNA transfection. In the contour plots, com-
pared with sham, a significant percentage of
GMPs from burn mice expresses M-SCFR and
MafB, which is attenuated by MafB siRNA trans-
fection. All experiments were repeated three
times. Three to four animals were pooled, and at
least three different samples were analyzed in
each group.
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played in Fig. 3A. We noticed a steady level of PU.1 in the my-
eloid-committed progenitors, which is not surprising, as medium
levels of PU.1 are associated with myeloid commitment of multi-
potent progenitors. In terms of granulocyte- versus monocyte-
restricted transcription factors, only a marginal
increase in CEBP-� but a significant (45%) increase in MafB fol-
lowing burn injury was observed, suggesting a preference toward
monocyte commitment in burn GMPs. This theory is strength-
ened further by a 30% increase in M-CSFRs, signifying potential
responsiveness to the cytokine M-CSF by GMPs following burn
[33]. In contrast, the DC-specific GATA-1 expression [24, 34] was
reduced by 30% in GMPs as a result of burn. The confocal im-
ages in Fig. 3B demonstrate GMPs from sham and burn
mice, where green represents the intracellular transcription
factors MafB or GATA-1 expressions, and blue represents
the nucleus (DAPI). Thick arrow stems point to high ex-
pression and thin ones to low expression. The specificity of
primary antibodies used is confirmed by lack of green fluo-
rescence in GMPs treated with FITC-conjugated secondary
antibody only (control antibody).

Targeted silencing of MafB gene in GMPs from burn
mice down-regulates M-CSFRs
To determine the role of MafB on M-CSFR expression, GMPs
from burn (PBD 7) mice were subjected to targeted disruption
of MafB transcription by adding MafB siRNA. Forty-eight
hours later, we checked the transfection efficiency by measur-
ing the MFI of MafB. We also evaluated M-CSFR expressions
in GMPs, with and without MafB silencing by flow cytometry.
As presented in the superimposed histogram in Fig. 3C, MafB
transcription was reduced significantly with a transfection effi-
ciency of 70–80% in burn GMPs within 48–60 h of transfec-
tion [sham (red)�21,298�2235; burn (blue)�39,321�1890;
burn�siRNA (green)�22,753�4329]. Moreover, burn injury
augmented the percentage of GMPs (70–75%), expressing
MafB and M-CSFR, whereas MafB silencing brought down the
dual-expressing fraction to sham (45–50%) levels. Similarly,
MafB siRNA in sham GMPs significantly reduced M-CSFR-ex-
pressing cells (25–30%), establishing a role for MafB in
M-CSFR expression following burn injury (contour plots in
Fig. 3C).

These results strongly indicate that GMPs from burn-injured
mice have the potential for monocyte differentiation, as evi-
denced by enhanced MafB and M-CSFR expressions. It becomes
apparent that burn injury skews the lineage commitment of bone
marrow progenitors to produce more monocytes—the precursors
of mDCs—but are they capable of generating abundant mDCs?

Burn injury promotes monocyte commitment and
impairs DC differentiation in GMPs
To address the question of whether the myeloid precursors
resulting after burn injury can produce mDCs, we studied the
monocyte/M� versus DC differentiation profile of GMPs,
which are shown to differentiate into monocyte/M� ex vivo in
the presence of M-CSF-rich cocktail [18, 31], and these mono-
cytes can then be differentiated into DCs with GM-CSF and
IL-4 [35]. The differentiation into monocyte/M� was initiated

by placing the GMPs, obtained from sham and PBD 7 mice, in
M-CSF-rich cocktail, whereas the morphology was verified peri-
odically using a phase-contrast microscope. At the end of
monocyte differentiation (Day 6), an aliquot was taken to eval-
uate the phenotype of differentiated cells using monocyte-spe-
cific markers by flow cytometry. Detailed gating strategy for
GMP-derived M� is given in Supplemental Fig. 2A. The rest of
GMP-derived monocyte cultures was washed and placed in
GM-CSF � IL-4-rich cocktail for DC differentiation from Days
6 to 12 and analyzed for the presence of DC-specific antigens,
as detailed in Materials and Methods. Detailed gating strategy
for GMP-derived DCs is given in Supplemental Fig. 2B. The
results from monocyte cultures are represented as histograms
in Fig. 4A. As predicted, GMPs from burn mice in monocyte
cultures gave rise to a high percentage of F480� monocytes in
comparison with sham (burn: 70�2% vs. sham: 43�3.5%;
P�0.05). Similarly, �80% of the monocyte cultures from burn
GMPs expressed M-CSFR compared with 60% in sham. On the
other hand, MHC-II-expressing cells were reduced significantly
in monocyte cultures following burn injury (burn: 26�0.4% vs.
sham: 46�2%; P�0.05). In contrast to monocyte cultures, the
percentage of CD11c� cells was reduced significantly in burn
versus sham DC cultures (burn: 26.57�1% vs. sham:
42.8�0.6%; MFI of CD11c expression, burn: 820�34 vs. sham:
1704�100; P�0.05). MHC-II molecules are concerned with the
processing of extracellular pathogens and presentation of the
antigens to CD4� T cells and are therefore essential for mono-
cytes and DCs to perform as potent APCs. Here, we found that
MHC-II expressions in CD11c� cells from DC cultures were
reduced by 50% following burn in comparison with sham
(burn: 21.5�0.4% vs. sham: 40.5�1.9%; MFI of MHC-II ex-
pression, burn: 5283�421 vs. sham: 12,024�1245; P�0.05).
Results from DC cultures are represented in Fig. 4B. GMP-
derived DCs exhibited the characteristic veil-like morphology,
as shown in the confocal images.

Taken together, our results indicate that burn injury alters
the lineage commitment of bone marrow GMPs toward mono-
cyte differentiation and away from DCs. Interestingly, GMP-
derived monocyte and DC populations from burn mice exhib-
ited a reduction in MHC-II expression, characteristic of a sup-
pressive phenotype.

Targeted silencing of the MafB gene in GMP-derived
monocytes offsets the deficit in DC development
caused by burn
If high expression of MafB and M-CSFRs in GMPs is promot-
ing M-CSF-responsive monocyte differentiation and inhibiting
GM-CSF-responsive DC differentiation, then silencing of MafB
gene expression in GMP-derived monocytes following burn
should offset the suppression in DC differentiation. To test the
inhibitory role of MafB in DC differentiation, we used the
method of targeted gene silencing. GMPs from burn (PBD 7)
mice, placed in M-CSF-rich monocyte differentiation cocktail
(for 6 days), were subject to targeted disruption of MafB tran-
scription by adding MafB siRNA before placing in GM-CSF �
IL-4-containing DC differentiation cocktail for 7 days. LPS was
added during the last 72 h of culture to augment DC matura-
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Figure 4. Phenotype of ex vivo differentiated GMPs.
Sorted GMPs from sham and burn mice (PBD 7)
were placed in IMDM containing M-CSF for 6 days.
An aliquot was taken for M� phenotyping by flow
and Geimsa stain, whereas the rest of the GMP-de-
rived monocytes was placed in GM-CSF-rich IMDM
for DC differentiation from Days 7 to 12. (A) Re-
sults of GMPs cultured in M-CSF-rich cocktail for
monocyte differentiation. A higher percentage of
cells expresses F4/80 in burn than sham. Expres-
sion of M-CSFR/CD115 is increased following burn
injury, whereas MHC-II� monocytes are reduced.
Light microscopic evaluation of cytocentrifuged
preparations show monocyte morphology taking up
the Wright Geimsa stain. (B) Results of GMP-de-
rived monocytes cultured in GM-CSF for DC differ-
entiation. The percentage of cells expressing DC
phenotypes decreased following burn injury. Confo-
cal image of GMP-derived DCs display a prototypi-
cal, “veiled” morphology, characteristic of DCs. The
expression of CD11c and MHC-II was reduced fol-

lowing burn compared with sham. All experiments were repeated three times with at least four animals in each group (mean�sem;
n�4; *P�0.05 vs. sham).
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tion and was subjected to phenotype analysis by FACS, as ex-
plained in Materials and Methods.

The phenotype of GMP-derived DCs from sham and PBD 7
mice, without and with MafB transfection, is signified in contour
plots (Fig. 5A). The boxed areas represent the dual expression of
CD11c� (y-axis) DCs, also expressing CD11b�, MHC-II�, or
GATA-1� (x-axes, respectively). The mean percentage � sem
from four different samples is outlined in Table 1. The relative
expressions of CD11c, MHC-II, and GATA-1 in GMP-derived DCs
from sham (light black line), burn (dark black line), and burn �
MafB silencing (gray line) are shown as superimposed histograms
in Fig. 5B. Silencing of MafB in GMP-derived monocytes from
burn mice significantly increased the percentages of
CD11b�CD11c� mDCs and MHC-II-expressing DCs, as well the
MFI of CD11c expression, but failed to bring it up to sham levels.
More importantly, MHC-II and GATA-1 expressions were in-
creased by MafB suppression in burn DC cultures and were res-
cued to sham levels (Table 1). Results obtained from FACS analy-
sis of liquid cultures were verified by differentiating the GMPs in
multichambered culture slides and incubated with fluorescent
DC markers. Fig. 6 illustrates the confocal images of GMP-derived
DCs expressing CD11c (green) and MHC-II (red). Nucleus is
identified with DAPI (blue). The prototypical DC morphology is
shown; additionally, the fluorescence of CD11c and MHC-II,
which are reduced significantly following burn, was enhanced
after MafB was silenced in GMP-derived monocytes.

Taken together, results from ex vivo cultures indicate that up-
regulation of MafB in GMPs following burn promotes monocyte
production, perhaps by increased responsiveness to M-CSF
through M-CSFR up-regulation. However, the molecular mecha-
nism dictating the suppressive phenotype of GMP-derived mono-
cytes in burn mice remains obscure. Nonetheless, transient
knockdown of MafB gene expression in GMP-derived monocytes
from burn mice partially rescued MHC-II expression in mDCs, in
addition to improving DC differentiation. These results signify
that MafB plays a repressive role on GATA-1 transcription, which
is essential during DC differentiation, and also regulates the func-
tion of monocytes and DCs, besides their development. More-
over, our results provide evidence for the inhibitory role of MafB
on GATA-1 expression during DC development of monocytes.
Alternately, MafB siRNA in GMPs from burn mice significantly
reduced the percentage of F4/80-expressing cells in monocyte
cultures, thereby inhibiting M� differentiation (Supplemental
Fig. 3), providing evidence for the role of MafB in augmenting
monocyte differentiation.

Nonetheless, a significant reduction in M-CSFR expression with
MafB siRNA in GMPs from sham mice (Fig. 3C) and enhanced DC
differentiation when GMP-derived M� from sham mice were sub-
jected to MafB silencing (Supplemental Fig. 4) confirm that high
MafB in GMPs, resulting from burn injury, has a predominant role
in augmenting monocyte development and alternately, reducing the
potential for DC development following burn injury.

DISCUSSION

Depletion of DCs can be attributed to sequestration, increased
turnover, or impaired production of DCs. Here, we report that
burn injury impairs the production of DCs by the aberrant differ-

entiation potential of the bone marrow precursor population.
The migratory trait of DCs allows for their recruitment to the site
of injury in response to inflammatory signals for the capture of
antigens and consequent migration to lymphoid and nonlym-
phoid organs for presentation of the processed antigen to trigger
adaptive immunity [36–38]. DCs egress from the bone marrow
and migrate to the site of burn injury through circulation. In the
present burn model, we observed a significant reduction in circu-
lating mDCs for up to 14 days following burn, reducing the
chance for increased sequestration as the reason for DC deple-
tion following burn. However, several studies also support the
notion of increased apoptosis of DCs leading to immune suppres-
sion following trauma and sepsis [39–41], which was not a con-
tributing factor in the present study. Nonetheless, unlike other
lymphocytes, DC homeostasis is achieved by the differentiation of
precursor cells rather than proliferation of existing differentiated
cells. Using diphtheria toxin to deplete DCs in a transgenic
mouse model, Hochweller et al. [42] have demonstrated a feed-
back regulation of DC generation by increased differentiation of
pro-DCs. Therefore, any defect in the differentiation phenome-
non could further extend the gap between production and
injury-induced sequestration and apoptosis of the antigen-present-
ing DCs. The unique homeostatic control mechanism of DCs
supports our present finding that although burn injury increases
bone marrow constitution of myeloid progenitors, the production
of DCs is inhibited by the inherent alteration in the differentia-
tion potential of DC precursors.

In the present study, we report that burn injury augmented the
bipotential GMPs in the bone marrow compartment. Moreover,
these progenitors exhibited a phenotype of high MafB and
M-CSFR dual expressions. In a similar study about experimental
burn sepsis, using the technique of radioligand binding, Santan-
gelo et al. [18] demonstrated an increase in M-CSFR expression
in Lin-positive bone marrow monocyte progenitors expressing
ER-MP12 and ER-MP20 markers, whereas the present study fo-
cused on a Lin-negative, myeloid-committed hematopoietic pro-
genitor population with exclusive granulocytic monocytic bipoten-
tial [31]. M-CSFRhi expression discriminates between monocytic
and granulocytic progenitors [33], and MafB induces monocytic
differentiation in murine and human hematopoietic cells [23,
43]. Our subsequent analysis of GMP differentiation in a M-SCF-
rich cocktail confirms that the lineage commitment is favored
toward monocyte production following burn injury, in line with
the previous findings that GMPs cultured in M-CSF give rise to
monocyte colonies exclusively [44]. Here, we report that the po-
tential of GMPs from burn mice toward M-CSF-responsive mono-
cytic lineage commitment is regulated by high MafB, as MafB
silencing resulted in the down-regulation of M-CSFRs. Moreover,
up-regulation of the F4/80� population in GMP-derived mono-
cyte cultures from burn mice is in line with the report that MafB
is essential for F4/80 expression in M� [45].

In humans, CD14� monocytes have been shown to acquire the
phenotype and function of DCs when cultured in GM-CSF and
IL-4 [46]. Based on these studies, it is conceivable that given the
increase in GMPs and high expression of MafB in our burn
model, the differentiation of GMPs into monocytes and mono-
cyte-derived DCs should be increased proportionately compared
with sham. However, results from our ex vivo cultures of GMPs
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demonstrate that although there was robust M-CSF-responsive
monocyte differentiation, there was an apparent inhibition in
GM-CSF � IL-4-responsive DC differentiation following burn
compared with sham. As evidenced in MacGreen transgenic
mice, the majority of tissue DCs are M-CSFR�CD11chighB220neg,
indicating that they are myeloid in origin, and M-CSFR is essen-
tial during mDC differentiation [47]. Therefore, in our experi-
mental model, we chose to silence MafB transcription subsequent
to monocyte differentiation of GMPs and before initiating DC
differentiation [in the sequential order of GMP–M� (siRNA)–
DC]. Interestingly, transient silencing of MafB transcription in
GMP-derived monocytes from burn mice rectified DC differentia-

tion defects acquired through burn injury, emphasizing the es-
sential role of monocytes as DC precursors.

Recent prospective, observational analyses of septic patients report
a profound reduction in the number of mDCs and a significant in-
crease in CD14bright monocytes. The same study acknowledges a
long-lasting HLA-DR suppression on all monocyte and DC subsets in
septic patients [4], in agreement with our current experimental find-
ing of reduced MHC-II� expression, whereas another study reports a
contradictory finding that the antigen-presenting function of DCs is
not altered, but DC numbers are reduced in an experimental burn
model [48]. First, the latter model examined the spleen that consti-
tutes conventional lymphoid resident DCs, which do not migrate but
acquire antigens from migratory DCs. Most migratory DCs arise
from monocytes, and this explains why there may be a discrepancy
between the two studies. Nonetheless, our findings that GMP-derived
monocytes and DCs from burn mice have reduced MHC-II are com-
parable with the former report, which examined peripheral blood
monocytes and DCs. The ex vivo GMP differentiation data com-
bined with the blood and bone marrow distribution of mDCs imply
that the in vivo decrease in the DC population with a suppressive
phenotype following burn injury could be a result of a defect in the
lineage commitment of bone marrow hematopoietic progenitors.

HSC divisions and lineage commitments are dictated by the
dynamic expressions of Lin-specific transcription factors, in con-
cert with the instructive or permissive actions of cytokines. In the
present study, we maintained a constant imperative cytokine envi-
ronment in ex vivo cultures to eliminate any variability and to
focus solely on transcriptional changes caused by burn injury.
Although knocking down MafB in HSCs, which reside upstream
of GMPs, showed a PU.1- and M-CSFR-dependent, competitive
repopulation advantage, specifically in the myelomonocytic com-
partment [49], we failed to notice any change in PU.1 expres-
sion, in spite of high MafB expressions in GMPs following burn.
Although this discrepancy cannot be explained in the present
study, our results are in agreement with the finding of Bakri et al.
[50], in that the constitutive MafB expression inhibited DC differ-
entiation in M�. Moreover, PU.1 is shown to regulate Flt3L-in-
duced DC differentiation in early hematopoietic progenitors
[51], and monocyte-derived DCs were not affected in Flt3�/�

mice [52]. Additionally, Flt3L was not required for GMP-derived
DC development in the present study, eliminating the signifi-
cance of PU.1 in monocyte-derived DCs. Although MafB is essen-
tial for monocyte differentiation [23], a balance of MafB and
PU.1 specifies alternative M� or DC fate in myeloid-committed

Figure 6. Confocal images. GMPs were differentiated into DCs in ad-
herent multichamber slides before and after MafB siRNA transfection.
The dendrites are positive for CD11c (green) and MHC-II (red) ex-
pression. Nucleus is stained with DAPI (blue). Decline in CD11c and
MHC-II expression following burn injury is regained by transient si-
lencing of MafB in GMP-derived monocytes before DC differentiation.
Confocal images were obtained using Zeiss Axio Observer Z1 with a
LSM 510 operating system. All experiments were repeated two times
with at least three animals in each group.

TABLE 1. Phenotype of GMP-Derived DCs with and without MafB Silencing

Phenotype Sham Burn Burn � MafB siRNA

CD11c�CD11b� myeloid DC 62 � 1.7% 22 � 2.5%a 32.5 � 1.3%b

CD11c� DC expressing MHC-II� (%) 51 � 1% 17 � 2%a 27 � 1%b

CD11c� DC expressing GATA-1� (%) 35 � 2% 11 � 1%a 28 � 1.3%b

MFI of CD11c expression in GMP-derived DC 2336 � 163 730 � 13a 888 � 16b

MFI of MHC-II expression in GMP-derived DC 861 � 18 632 � 13a 850 � 56b

MFI of GATA-1 expression in GMP-derived DC 1086 � 25 830 � 29a 1731 � 33b

aP � 0.05 versus sham; bP � 0.05 versus burn.
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progenitors [50]. How MafB inhibits DC differentiation, indepen-
dent of PU.1, remains elusive.

Here, we report that a burn-endured deficit in GATA-1 expres-
sion can be augmented when MafB is silenced in monocytes,
thereby increasing CD11c�GATA-1� expression during DC differ-
entiation. GATA-1 is integral for erythropoiesis [53, 54]; nonethe-
less, the essential role of GATA-1 in DC development and survival
is also evidenced by studies where tamoxifen-induced ablation of
GATA-1 expression decreased DC numbers in vivo and in vitro
[24]. However, in the present study, GATA-1 expression was de-
creased significantly, whereas MafB was highly expressed in GMPs
from burn mice, suggesting a reciprocal relationship between
MafB and GATA-1 in DC depletion following burn injury. Several
evidences address the presence of a negative regulatory interac-
tion between hematopoietic transcription factors. More impor-
tantly, myeloid-specific transcription factor MafB represses ETS-1-
responsive, erythroid-specific promoters, thereby affecting lineage
commitment in erythroblasts [55]. Moreover, GATA-1 and vita-
min D receptors exhibit reciprocal roles in human mDC differen-
tiation [56], and in an independent study, vitamin D3 and MafB
demonstrated synergistic functions during the monocyte differen-
tiation of human CD34� hemopoietic progenitors [57]. These
two independent studies are in support of our own observations
that GATA-1 expression is increased following MafB suppression
in GMPs after 48 h of transfection (Fig. 3B), and dual expression
of CD11c and GATA-1 is enhanced in GMP-derived DCs follow-
ing MafB siRNA transfection (Fig. 5). Taken together, these stud-
ies establish a previously undescribed, antagonistic role between
MafB and GATA-1 in GMPs. These results lead to a compelling
argument that increased MafB following burn dampens GATA-1
expression, thereby blunting the differentiation potential of DC
precursors, resulting in a deficit in DC generation.

In an independent study, Chomarat et al. [58] demonstrates that
CD34� progenitors and CD14� monocytes can be differentiated
into DCs and that down-regulation of M-CSFR by TNF-� was critical
during DC differentiation. In the present study, we noticed an in-
crease in M-CSFR expression in GMPs and monocyte cultures follow-
ing burn, leading to a speculation that M-CSFR may also play a sig-
nificant role in inhibiting DC differentiation of bone marrow pro-
genitors. Furthermore, CD115 (M-CSFR) up-regulation is indicated
in monocytes obtained from trauma patients [6]. This concept is
strengthened further by our observation that silencing MafB down-
regulated M-CSFR expression in GMPs and simultaneously mitigated
the deficit in DC production by GMP-derived monocytes, offsetting
the consequence of burn injury.

In essence, we interrogated the underlying mechanism for
burn-induced monocytopoiesis and the associated DC depletion
following burn injury. Based on our experimental results, we con-
clude that bone marrow production of multipotent progenitors
(LSK) and GMPs is increased in response to burn injury. Burn-
induced up-regulation of MafB and M-CSFR skews the lineage
commitment of GMPs toward monocyte production, whereas
their DC differentiation is inhibited by increased M-CSFR or re-
duced GATA-1 or both. However, a suppressive phenotype is
manifested in GMP-derived monocytes and DCs following burn
injury. The inability to rescue all of the burn-induced DC defect
by MafB suppression may exclude MafB as a single player in the
DC deficit following burn or can be explained by the transient

silencing (siRNA) of MafB against permanent shutdown of gene
expression. Nevertheless, a significant increase in the MFI of
CD11c, MHC-II, and GATA-1 expressions implies the predomi-
nant-negative role of MafB in the DC maturation process.

Further investigations about sequential Lin commitment of
HSCs and progenitor cells are warranted to define burn-induced
signals that initiate changes in transcription factor/s contributing
to altered immune-cell distribution and function. Such studies
can have broader implications, as blood monocytes are the reser-
voir for dominant APCs in response to live or dead bacteria in
steady-state, and monocyte-derived DCs are strong in antigen-
presenting function compared with Flt3L-expanded CD8a� and
CD8a

–
DC equivalents [52].
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