
The Interferon Consensus Sequence Binding Protein (Icsbp/
Irf8) Is Required for Termination of Emergency
Granulopoiesis*

Received for publication, July 24, 2015, and in revised form, November 27, 2015 Published, JBC Papers in Press, December 18, 2015, DOI 10.1074/jbc.M115.681361

Liping Hu‡, Weiqi Huang‡§, Elizabeth E. Hjort‡, Ling Bei‡§, Leonidas C. Platanias‡§¶, and Elizabeth A. Eklund‡§¶1

From the ‡Feinberg School of Medicine and ¶Robert H. Lurie Comprehensive Cancer Center, Northwestern University, Chicago,
Illinois 60611 and the §Jesse Brown Veterans Affairs Medical Center, Chicago, Illinois 60612

Emergency granulopoiesis occurs in response to infectious or
inflammatory challenge and is a component of the innate
immune response. Some molecular events involved in initiating
emergency granulopoiesis are known, but termination of this
process is less well defined. In this study, we found that the inter-
feron consensus sequence binding protein (Icsbp/Irf8) was
required to terminate emergency granulopoiesis. Icsbp is an
interferon regulatory transcription factor with leukemia sup-
pressor activity. Expression of Icsbp is decreased in chronic
myeloid leukemia, and Icsbp�/� mice exhibit progressive gran-
ulocytosis with evolution to blast crisis, similar to the course of
human chronic myeloid leukemia. In this study, we found aber-
rantly sustained granulocyte production in Icsbp�/� mice after
stimulation of an emergency granulopoiesis response. Icsbp
represses transcription of the genes encoding Fas-associated
phosphatase 1 (Fap1) and growth arrest-specific 2 (Gas2) and
activates genes encoding Fanconi C and F. After stimulation of
emergency granulopoiesis, we found increased and sustained
expression of Fap1 and Gas2 in bone marrow myeloid progeni-
tor cells from Icsbp�/� mice in comparison with the wild type.
This was associated with resistance to Fas-induced apoptosis
and increased �-catenin activity in these cells. We also found
that repeated episodes of emergency granulopoiesis accelerated
progression to acute myeloid leukemia in Icsbp�/� mice. This
was associated with impaired Fanconi C and F expression and
increased sensitivity to DNA damage in bone marrow myeloid
progenitors. Our results suggest that impaired Icsbp expression
enhances leukemogenesis by deregulating processes that nor-
mally limit granulocyte expansion during the innate immune
response.

Steady-state granulopoiesis is a continuous homeostatic pro-
cess for replacing granulocytes that are lost to normal pro-
grammed cell death. Studies in murine models determined that
steady-state granulopoiesis requires the transcription factors

PU.1 and C/EBP� and is enhanced by the cytokines GM-CSF2

and G-CSF (1– 4). In contrast, emergency (or stress) granulo-
poiesis is an episodic process for producing granulocytes in
response to inflammatory or infectious challenge as part of the
innate immune response (5, 6). Studies in murine models found
that emergency granulopoiesis requires IL1�, C/EBP�, and
Stat3 and is enhanced by an IL1�-dependent increase in G-CSF
(5, 7–10).

Emergency granulopoiesis has four phases: immediate
release of mature granulocytes from the bone marrow, expan-
sion of the common granulocyte/monocyte progenitor pool,
accelerated differentiation, and termination of the response.
Granulocyte release is dependent on CXCR proteins and their
ligands (11). S phase shortening during progenitor expansion
requires activation of the Fanconi DNA repair pathway to
maintain genomic integrity (12). Also, both expansion and
differentiation of progenitors require the transcription fac-
tors Stat3 and C/EBP� (7, 8). In contrast, relatively little is
known about molecular events that terminate emergency
granulopoiesis.

In this study, we hypothesized that Icsbp (also known as
interferon regulatory factor 8 (IRF8)) plays a role in regulating
emergency granulopoiesis. Icsbp is expressed in hematopoietic
stem cells, and expression increases during granulopoiesis and
monopoiesis (13–16). Activity of this transcription factor is also
modulated by cytokine-induced tyrosine phosphorylation,
which is regulated by Jak2 and Shp1/2 (17–19).

Less Icsbp is expressed in CML bone marrow in comparison
with normal bone marrow, and a leukemia suppressor role for
Icsbp has been suggested by murine models (20 –25). In one
model, mice were transplanted with bone marrow that was
transduced with vectors to express both Bcr-abl and Icsbp or
Bcr-abl alone or with 32D cells transduced with these vectors
(24, 25). Recipients of co-transduced cells developed CML
more slowly than recipients of cells expressing Bcr-abl alone
(24, 25). Another model involved disruption of the IRF8 gene.
These mice developed granulocytosis that progressed to acute
myeloid leukemia (AML), resembling chronic phase to blast
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The first identified Icsbp target genes encoded proteins
involved in the effector functions of granulocytes, monocytes,
or both (e.g. NADPH oxidase proteins, Toll-like receptors, lys-
osome-related genes, and MHC class I proteins) (13, 15, 16, 27,
28). Additional studies have identified other Icsbp target genes
that fall into several functional categories, including DNA
repair proteins (e.g. Fanconi C and F), regulators of prolifera-
tion/survival (e.g. Neurofibromin1, Bcl2, and Klf4), and co-reg-
ulators of Fas and �catenin (e.g. Fap1 and Gas2) (12, 18, 21, 22,
25, 29).

Studies of bone marrow from mice with IRF8 gene disruption
have indicated that loss of this transcription factor expands the
common granulocyte/monocyte progenitor population,
impairs terminal differentiation/activation of granulocytes,
impairs monocyte activation, and prevents monocytes from
differentiating into macrophages or dendritic cells (14, 17–19,
26, 28, 30, 31). In vitro, Icsbp�/� myeloid progenitor cells
exhibited enhanced proliferation in response to hematopoietic
cytokines, including GM-CSF (14, 18). Under long-term cul-
ture conditions in GM-CSF, bone marrow cells from IRF8
knockout mice exhibited granulocyte over monocyte commit-
ment (14, 28, 31). Re-expression of Icsbp in these cells facili-
tated macrophage-like differentiation but impaired granulo-
cyte differentiation, perhaps because of interaction between
Icsbp and C/EBP� (31). In other studies, re-expression of Icsbp
in Bcr-abl-transduced 32D cells facilitated the expression of
markers characteristic of granulocyte differentiation, including
G-CSF receptor and C/EBP� (25). Also, a dominant negative
C/EBP-mutant that inhibits C/EBP�, �, and � impaired the pro-
duction of granulocytes and monocytes in both WT and
Icsbp�/� bone marrow (31, 32). Therefore, Icsbp exerts multi-
ple effects on granulocyte and monocyte differentiation and
activation in a context-dependent manner.

We found that impaired expression of Gas2 and Fap1 con-
tributes to the leukemia suppression effect of Icsbp. Icsbp
represses the GAS2 and PTPN13 (encoding Fap1) promoters,
and expression of these genes is increased in human CML
(20 –23). Gas2 inhibits the serine protease activity of calpain,
and �-catenin is a calpain substrate in myeloid progenitors (33).
We found stabilization of �-catenin protein in Bcr-abl� or
Icsbp�/� bone marrow progenitors in a Gas2/calpain-depen-
dent manner, increasing proliferation (via cyclin D1 and
c-myc), and decreasing apoptosis (via survivin) (22).

Fap1 interacts with and dephosphorylates Fas, impairing apo-
ptosis (34). We found Fap1-dependent Fas resistance in Bcr-
abl� and Icsbp�/� bone marrow progenitors (21, 23). Fap1 also
interacts with adenomatous polyposis coli protein, facilitating
Gsk3� inactivation (dephosphorylation) by Fap1 (35). Ubiquiti-
nation and proteasomal degradation of �-catenin is enhanced
by Gsk3�-induced phosphorylation, and �-catenin is stabilized
in Bcr-abl� or Icsbp�/� cells via this mechanism (35). In vitro,
the effects of Fap1 were inhibited by a Fas-C-terminal tripep-
tide that blocks a Fap1 protein/protein interaction domain
(SLV peptide) (21, 23, 35).

Although these prior studies have implicated Fap1 and Gas2
in leukemogenesis, the role of these proteins in normal granu-
lopoiesis was unknown. In this study, we found that Icsbp con-
tributes to the termination of emergency granulopoiesis by

repressing genes encoding Fap1 and Gas2. This antagonizes
mechanisms of progenitor expansion that are stimulated dur-
ing emergency granulopoiesis (i.e. Fas resistance and �-catenin
activation). Termination of granulocytosis during the innate
immune response is a novel role for an interferon regulatory
factor. Our results identified an intersection between innate
immunity and leukemogenesis involving Icsbp. This connec-
tion is also implied by the observed increase in C/EBP�-expres-
sion in human CML and the association of Stat3 activation with
AML in severe congenital neutropenia (36, 37).

Experimental Procedures

Mice and Emergency Granulopoiesis Assay—The study was
approved by the Animal Care and Use Committees of Jesse
Brown Veterans Affairs Medical Center and Northwestern
University. Icsbp�/� mice were obtained from Dr. K. Ozato
(National Institutes of Health, Bethesda, MD) and used as a
source of Icsbp�/� and Icsbp�/� (wild-type littermates) (26).
The mice were housed in a low-pathogen “barrier” environ-
ment or “standard” housing, as specified under “Results.” In this
context, a barrier environment was defined as housing animals
with a specified pathogen-free status in a tightly regulated envi-
ronment that included control of the flow of animals, equip-
ment, and personnel; use of micro-isolator cages; and use of
husbandry procedures to minimize pathogen exposure and dis-
ease outbreak.

WT or Icsbp�/� mice (20 –25 weeks of age) were injected
intraperitoneally every 4 weeks with an ovalbumin/alum mix-
ture (referred to as Alum in this study) or saline control (10
mice/group). Alum was prepared as described previously
(38), and a volume of 0.5 ml was injected. Individual
Icsbp�/� mice were chosen so that the average number of
circulating granulocytes at the beginning of the experiment was
similar in the two treatment groups. Mice were raised and
maintained under low-pathogen barrier conditions except
when indicated otherwise.

This age group of mice was chosen because they exhibited
greater homogeneity of blood counts in comparison with
younger mice, and fewer mice of this age exhibited excess mye-
loid blasts in the circulation or bone marrow in comparison
with older mice. The results of Alum injection in a cohort of
mice 8 –15 weeks old (6 mice/group) were similar to the 20-
25-week-old cohort, but no mice in the younger, control saline-
injected group progressed to AML during the study period
(consistent with prior work). The younger cohorts were
reported separately to prevent skewing in favor of a difference
with Icsbp knockout.

In other studies, WT or Icsbp�/� mice were injected intra-
peritoneally with purified, sterile SLV or VLS peptide (500 �g in
500 �l of sterile PBS). Injections were performed 3 times per
week. Mice were enrolled in the study at 8 weeks of age and
maintained in a low-pathogen barrier environment.

Peripheral blood was obtained from the tail vein of each
mouse, and complete blood counts were determined using an
automated cell counter. Myeloid blast counts were verified by
hand-counting May-Grünewald-Giemsa-stained peripheral
blood smears (blinded for the automated differential, 300 cells/
slide). Mice developing leukocytosis (�100,000 cells/mm3) or
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hemoglobin (� 6.0 g/dl) were sacrificed. Images of peripheral
blood were captured by light microscopy (�40 magnification).

Studies of Murine Bone Marrow and Other Tissues—Slides
made from decalcified sternal bone marrow and paraffin-em-
bedded lung tissues were stained using hematoxylin and eosin
by the Pathology Core Facility of the Robert H. Lurie Compre-
hensive Cancer Center. Light microscopy was performed, and
digital images were captured (�40 magnification).

Murine bone marrow mononuclear cells were obtained the
femora of mice by standard procedures. Briefly, dissected fem-
ora were flushed repeatedly with Hanks’ balanced salt solution
until no additional cells were obtained. Washed cells were
treated with ammonium-chloride-potassium buffer to lyse red
blood cells and then washed extensively. Cells from the two
femora were combined and counted for each individual mouse.
This technique was highly reproducible in our laboratory (12,
17, 22). In some studies, CD34� cells (myeloid progenitors)
were isolated using the Miltenyi magnetic bead affinity tech-
nique (Miltenyi Biotech, San Diego, CA).

Flow Cytometry—Murine bone marrow cells were washed
with PBS, counted, and labeled with anti-mouse FITC-conju-
gated antibodies to Sca1 (Ly-6A/E), c-kit, CD34, Mac1
(CD11b), F4/80, Gr1, Ly-6G, or Ly-6C (eBioscience, San Diego,
CA). Apoptosis was assessed using the Annexin V-PE apoptosis
detection kit I according to the instructions of the manufac-
turer (BD Biosciences). Bone marrow from four different mice
per cohort were examined, and data were reported as the
mean � S.D. from triplicate samples.

Serum IL1� and G-CSF Determination—Serum obtained
from the tail veins of WT or Icsbp�/� mice was analyzed by
ELISA for IL1� or G-CSF using a commercially available kit
(R&D Systems). Cytokine concentrations were calculated
according to the instructions of the manufacturer.

Quantitative Real-time PCR—RNA was isolated using TRI-
zol reagent (Gibco-BRL) and tested for integrity by denaturing
gel electrophoresis. Primers were designed with Applied Bio-
systems software, and real-time PCR was performed using
SYBR green by the “standard curve” method (cDNA from WT
cells cultured in GM-CSF; IL3 and stem cell factor was used for
the standard curve). At least three independent samples were
evaluated in triplicate. The results for mRNA expression were
normalized to 18S and actin.

Calpain Assays—Calpain activity assays were performed
using a kit from Biovision (Mountain View, CA). Lysates of cells
from murine bone marrow were assayed for calpain activity by
flurometric change and normalized for the percent of apoptotic
cells.

DNA Damage Assays—Bone marrow was harvested from
WT or Icsbp�/� mice between 20 –26 weeks of age. Icsbp�/�

mice with less than 5% myeloid blasts in the peripheral blood
were selected. Mononuclear cells were cultured in GM-CSF,
IL3, and stem cell factor for 24 h, followed by 24 h in G-CSF.
Cells were treated with mitomycin C (20 ng/ml) for the final
24 h. Chromatin spreads were made as described previously
(29) and analyzed microscopically for breaks and radials.

Statistical Analysis—Statistical significance was determined
by unpaired two tailed Student’s t test (comparing two condi-
tions), analysis of variance (for more than two conditions) or

log-rank analysis (for survival curves) using SigmaPlot and Sig-
maStat software. p � 0.02 was considered statistically signifi-
cant. In all graphs, error bars represent the mean � S.E.

Results

Icsbp�/� Mice Exhibited a Sustained Emergency Granulopoi-
esis Response—In a low-pathogen environment (i.e. barrier
housing), young Icsbp�/� mice exhibit mild granulocytosis that
increases with age. Under these conditions, we found an aver-
age number of circulating granulocytes (or polymorphonuclear
leukocytes PMNs) of 1.1 � 0.6 (� 103 cells/mm3) in mice
younger than 10 weeks, rising to 2.8 � 0.4 by 20 weeks of age
(p � 0.01, n � 6). However, we observed accelerated granulo-
cytosis in Icsbp�/� mice maintained in standard housing (i.e.
non-barrier). The average number of circulating granulocytes
at 20 weeks in Icsbp�/� mice in this environment was 11.3 �
0.5 (p � 0.0001, n � 6 in comparison with barrier housing).
Because pathogen exposure would not influence steady-state
granulopoiesis, we considered the possibility that Icsbp regu-
lates emergency granulopoiesis.

Emergency granulopoiesis is studied in mice by intraperito-
neal injection of either pathogens (bacterial/fungal) or an
ovalbumin/alum mixture (referred to as Alum) (9, 10, 12, 38). In
either model, mice develop an IL1�-dependent response that
includes immediate release of granulocytes from the bone mar-
row, increased G-CSF in the serum and bone marrow,
increased granulopoiesis, and circulating granulocytosis (max-
imal at 10 –14 days) (9, 12, 38). Because we were interested in
studying multiple episodes of emergency granulopoiesis, we
chose an Alum injection because it does not result in death or
chronic infection in WT mice. Specifically, WT mice easily tol-
erate six episodes of Alum-induced emergency granulopoiesis,
4 weeks apart, without death or debility (12). Circulating gran-
ulocytes return to baseline between injections in WT mice (12).

We first studied the involvement of Icsbp in the granulocyte
release phase of emergency granulopoiesis by injecting
Icsbp�/� mice and WT littermates with Alum or saline (as a
control for steady-state granulopoiesis). Mice were age-
matched (20 –25 weeks), and 10 mice were assigned to each
group. Peripheral white blood cell counts were determined 12,
24, and 48 h after injection.

We found that circulating PMNs peaked 24 h after Alum
injection in WT or Icsbp�/� mice (Fig. 1A). The baseline value
was greater in Icsbp�/� mice (p � 0.0001, n � 10), and the
relative increase in circulating PMNs with Alum injection was
also greater (3.6-fold for WT versus 6.7-fold for Icsbp�/� mice).
Circulating PMNs returned to baseline 48 h after Alum injec-
tion in all mice. Relative lymphopenia (Fig. 1B) and monocyto-
penia (Fig. 1C) occurred 24 h after Alum injection in WT or
Icsbp�/� mice, as expected (38). Baseline circulating lympho-
cytes were higher in Icsbp�/� mice relative to WT mice (p �
0.0001, n � 10), but the relative decrease was similar (2.4-fold
decrease in WT versus 3.3-fold in Icsbp�/� mice). Circulating
monocytes were greater at steady state in Icsbp�/� mice, but
their decrease was relatively greater upon Alum stimulation
(2.5-fold decrease versus 1.7-fold).

In WT mice, the number of circulating PMNs increased an
average of 2.7 � 0.25-fold 2 weeks after Alum injection (12).
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Icsbp�/� mice started with more circulating PMNs, but we
observed a comparable relative increase 2 weeks after Alum
injection (2.4 � 0.34-fold, p � 0.3, n � 10 for comparison with
the WT) (Fig. 2A). In WT mice, circulating PMNs returned to
baseline 4 weeks after Alum injection but remained an average
of 1.8 � 0.28-fold above baseline in Icsbp�/� mice (Fig. 2A).

To investigate the consequences of Icsbp loss during multi-
ple episodes of emergency granulopoiesis, injections were
repeated every 4 weeks. In WT mice, the pattern of increased
PMNs followed by recovery was replicated for each Alum injec-
tion cycle (Fig. 2A). In contrast, circulating PMNs never

returned to baseline after the first Alum injection in Icsbp�/�

mice (Fig. 2A). A further increase in circulating granulocytes
was not seen with subsequent Alum injections in Icsbp�/�

mice. One possibility explanation for this observation is that the
additional PMNs were accumulating in the bone marrow or
tissues. Alternatively, granulocyte production might be sus-
tained at maximal levels in Icsbp�/� bone marrow after the first
Alum injection (i.e. no further increase possible), or key factors
required for progenitor expansion and granulocyte production
might be depleted after the first injection. These alternatives
are considered further below.

FIGURE 1. Icsbp was not required for granulocyte release from the bone marrow during the first phase of emergency granulopoiesis. Icsbp�/� and
wild-type mice were injected with Alum to stimulate emergency granulopoiesis or saline as a steady-state granulopoiesis control. Peripheral blood counts
were determined 24 h later. A, granulocytes (PMNs) increased significantly in Icsbp�/� and WT mice after Alum injection. Statistically significant differences are
indicated by *, **, ***, and #. B and C, lymphocytes (B) or monocytes (C) decreased significantly in Icsbp�/� and WT mice 24 h after Alum injection. Statistically
significant differences are indicated by *, **, and ***. p � 0.02 was considered statistically significant.
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The numbers of circulating lymphocytes were not altered by
multiple cycles of Alum injection in WT mice but decreased dur-
ing the experiment in Icsbp�/� mice (p � 0.002, n � 6) (Fig. 2B).
Circulating monocytes were increased 2-fold 2 weeks after Alum
injection in both WT and Icsbp�/� mice (Fig. 2C). Monocytosis
resolved by 4 weeks after Alum injection in WT mice but was
sustained in Icsbp�/� mice with a gradual decrease over time.

Hemoglobin concentration was not significantly different at
baseline in Icsbp�/� or WT mice (p � 0.05, n � 10). Mild
anemia developed, and subsequently resolved, in WT mice dur-
ing the first Alum injection cycles (Fig. 2D). In contrast,
Icsbp�/� mice developed progressive anemia during three
Alum injection cycles (p � 0.0001, n � 10) (Fig. 2D). Some WT
mice exhibited mild thrombocytosis with the first cycle of Alum
injection that subsequently resolved (Fig. 2E). At baseline,
platelet counts were lower in Icsbp�/� mice versus WT mice
(p � 0.001, n � 10), and thrombocytopenia was progressive in
Icsbp�/� mice upon repeated cycles of Alum injection (Fig. 2E)
(p � 0.001, n � 10).

We performed similar studies with a cohort of Icsbp�/� mice
between 8 –15 weeks of age (6 mice/group). The younger mice
exhibited similar responses to the 20- to 25-week-old cohort
during three injection cycles. These mice had fewer circulating
granulocytes at treatment initiation but exhibited a similar
-fold increase in response to the first Alum injection with sus-
tained granulocytosis over subsequent injections (Fig. 2F). The
emergency granulopoiesis response was not influenced by age
in WT mice (data not shown).

Icsbp Influenced Bone Marrow Progenitor Expansion during
Emergency Granulopoiesis—To determine whether similar
mechanisms were involved in emergency granulopoiesis in WT
versus Icsbp�/� mice, we first investigated the effects on vari-
ous bone marrow populations. We analyzed bone marrow from
WT or Icsbp�/� mice by flow cytometry 2 weeks after injection
with Alum or saline (representing emergency and steady-state
granulopoiesis, respectively).

There were twice as many total bone marrow mononuclear
cells in Icsbp�/� mice versus WT mice during both steady-state

FIGURE 2. Icsbp�/� mice developed sustained granulocytosis with progressive anemia and thrombocytopenia during multiple episodes of emer-
gency granulopoiesis. Icsbp�/� and wild-type mice were injected every 4 weeks (red numbers) with Alum to stimulate emergency granulopoiesis or saline as
a steady-state control. Peripheral blood counts were determined every 2 weeks. A, PMNs did not return to baseline after stimulation of emergency granulo-
poiesis in Icsbp�/� mice, but emergency granulopoiesis resolved by 4 weeks in WT mice. Statistically significant differences are indicated by *, **, ***, and #. B,
multiple episodes of emergency granulopoiesis induced relative lymphopenia in Icsbp�/� mice. Statistically significant differences are indicated by * and **.
C, monocytosis after Alum injection in Icsbp�/� and WT mice resolved in the latter but was initially sustained in the former. Statistically significant differences
are indicated by * and **. D, multiple episodes of emergency granulopoiesis induced progressive anemia in Icsbp�/� mice but only transient anemia in WT
mice. Statistically significant differences are indicated by * and **. Hgb, hemoglobin. E, multiple episodes of emergency granulopoiesis resulted in progressive
thrombocytopenia in Icsbp�/� mice but not WT mice. Statistically significant differences are indicated by * and **. F, a young cohort of Icsbp�/� mice has the
same PMN response to multiple cycles of emergency granulopoiesis as older mice. Statistically significant difference is indicated by *. p � 0.02 was considered
statistically significant.
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and emergency granulopoiesis (average of 82.5 � 3.5 � 106

versus 37.4 � 6.5 � 106 bone marrow cells, two femora per
mouse counted) (p � 0.001, n � 3). However, the number of
Sca1� bone marrow cells was significantly less in Icsbp�/�

mice in comparison with WT mice under both conditions (p �
0.01, n � 3) (Fig. 3A). Conversely, the number of differentiating
and mature granulocytes (Gr1� or Ly6G� cells) was 	2.5-fold
greater in Icsbp�/� bone marrow in comparison with WT bone
marrow at steady state (p � 0.0001, n � 3) but significantly less
than 2-fold greater during emergency granulopoiesis (Fig. 3, A
and B). Early and committed myeloid progenitors (c-kit� and
CD34� cells, respectively) were more than 2-fold greater in
Icsbp�/� versus WT mice after Alum injection (p � 0.001, n �
3). At steady state, CD34� cells were equivalent in WT and

Icsbp�/� mice, but the c-kit� population was relatively
expanded in Icsbp�/� bone marrow (Fig. 3A).

Icsbp is involved in terminal differentiation/activation of
granulocytes, and prior studies have determined that monocyte
activation or differentiation to macrophage/dendritic cells is
impaired in Icsbp�/� murine bone marrow (17, 26). Therefore,
we also investigated the expression of Ly6C�Ly6G� (mature
but not activated monocytes) and F4 – 80 (tissue macrophages)
in the bone marrow during emergency granulopoiesis. We
found that the abundance of Ly6C�Ly6G� monocytes was
approximately twice as great in Icsbp�/� bone marrow versus
WT bone marrow at steady state (p � 0.001, n � 3) (Fig. 3A).
Similar results were seen with CD11b�Ly6G� cells (data not
shown). After Alum injection, the abundance of monocytes

FIGURE 3. Different bone marrow populations expanded during emergency granulopoiesis in wild-type versus Icsbp�/� mice. Mice were injected with
Alum to stimulate emergency granulopoiesis or saline as a steady-state control and sacrificed 2 weeks later. A, during steady-state granulopoiesis, populations
of Gr1�, Ly6G�, Ly6C�Ly6G�, and c-kit� bone marrow cells were greater in Icsbp�/� versus WT mice, and, during emergency granulopoiesis, the CD34�

population was also greater in Icsbp�/� mice. Bone marrow was evaluated by flow cytometry, and cell numbers were calculated. Statistically significant
differences are indicated by *, **, ***, #, ##, ###, &, &&, &&&, and �. B, Ly6C�Ly6G� and Ly6G�CD11b� cells increased more in the bone marrow of WT mice in
comparison with Icsbp�/� mice 2 weeks after emergency granulopoiesis stimulation. The study was repeated three times, and representative histograms are
shown. C, during emergency granulopoiesis, Icsbp�/� mice had a relatively greater increase in CD34� cell populations, but WT mice had a greater relative
increase in granulocyte and monocyte populations. The data above were analyzed for percent change. Statistically significant differences are indicated by *, **,
***, #, ##, ###, &, and &&. D, sternal bone marrow from Alum-injected WT or Icsbp�/� mice showed abundant mature granulocytes, but only Alum-injected
Icsbp�/� mice demonstrated pulmonary infiltration with granulocytes. Tissues were stained with H&E and examined by light microscopy at �40 magnifica-
tion. p � 0.02 was considered statistically significant.
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increased in the bone marrow of both WT and Icsbp�/� mice
(Fig. 3A). In contrast, the abundance of F4 – 80� macrophages
in Icsbp�/� bone marrow was low in comparison with WT
bone marrow (	2-fold less) and did not change during emer-
gency granulopoiesis (Fig. 3A).

The number of total bone marrow cells increased proportion-
ately in WT and Icsbp�/� mice after Alum injection (36.4% � 0.9%
versus 39.5% � 1.6%, respectively) (Fig. 3C). The relative abun-
dance of Sca1� bone marrow cells decreased 2 weeks after
Alum injection in both WT and Icsbp�/� mice (p � 0.001, n �
3), but the decrease was less in Icsbp�/� mice (Fig. 3C). In
contrast, the increase in c-kit�CD34� or c-kit�CD34� cells in
the bone marrow of Icsbp�/� mice was 90% and 75%, respec-
tively, during emergency granulopoiesis (p � 0.001, n � 3) but
significantly less in WT mice (p � 0.01, n � 3 for comparisons
between WT and Icsbp�/� mice) (Fig. 3C).

We found that CD34� cells were the population with the
greatest expansion during emergency granulopoiesis in
Icsbp�/� mice. In contrast, the populations with the relatively
greatest expansion in WT mice were Gr1� or Ly6G�CD11b�

(granulocytes) and Ly6C�Ly6G� (monocytes). In WT mice,
relative expansion of these populations was more than 2-fold
the expansion in Icsbp�/� mice (Fig. 3C). This suggested that
Icsbp limits myeloid progenitor expansion during emergency
granulopoiesis but enhances expansion of differentiating/ma-
ture granulocytes. In Icsbp�/� mice, total CD34� cells aver-
aged 25.3% � 0.2% of total bone marrow mononuclear cells
during steady-state granulopoiesis but 37.0% � 0.3% after
Alum injection (p � 0.01, n � 3). The latter was similar to the
relative abundance of CD34� cells in the bone marrow of
Icsbp�/� mice older than 20 weeks in standard (not barrier)
housing (35.2% � 0.4%, p � 0.2, n � 3).

Histological examination of sternal bone marrow sections
confirmed the increase in mature PMNs in Icsbp�/� bone mar-
row relative to WT bone marrow at steady state (Fig. 3D). In
WT mice, bone marrow PMNs increased dramatically after
Alum injection (Fig. 3D). We found PMN infiltration of pul-
monary alveoli in Alum-injected Icsbp�/� mice but not in
Alum-injected WT mice or saline-injected WT or Icsbp�/�

mice (Fig. 3D).
Expression of Icsbp Target Genes Was Modulated during

Emergency Granulopoiesis—To investigate the contribution of
Icsbp to emergency granulopoiesis at the molecular level, we
first examined expression of IL1� and G-CSF. This was impor-
tant because Icsbp is implicated in regulating the IL1� gene,
although it is redundant with other interferon regulatory fac-
tors for this function (39). We measured IL1� and G-CSF in the
serum of Icsbp�/� or WT mice 2 weeks after Alum or saline
injection. We found a significant increase in serum levels of
both cytokines after Alum injection, with or without Icsbp (Fig.
4A). IL1� and G-CSF were not significantly different in
Icsbp�/� versus WT mice during steady-state or emergency
granulopoiesis (p � 0.2, n � 4).

We also investigated the effect of Icsbp on the expression of
phagocyte effector target genes, including gp91phox (a rate-lim-
iting NADPH oxidase protein) and Toll-like receptor 4 (TLR4).
We found that the expression of gp91phox and TLR4 mRNA in
the bone marrow of WT mice increased significantly 2 weeks

after Alum injection in comparison with the steady state (p �
0.001, n � 4) (Fig. 4B). Steady-state expression of these genes
was not significantly different in Icsbp�/� bone marrow versus
WT bone marrow, but Alum-induced expression was
impaired without Icsbp (Fig. 4B). This was observed in the
bone marrow of Alum-treated Icsbp�/� versus WT mice
despite the greater prevalence of granulocytes in the former
(the relevant population for expression of these differentiation
stage-specific genes).

Icsbp represses genes encoding Gas2 and Fap1 (21, 22, 35).
We hypothesized that increased Gas2 and Fap1 expression
early in emergency granulopoiesis facilitates myeloid pro-
genitor expansion and that repression of these genes by
Icsbp terminates the process. We also examined C/EBP� and
Stat3 expression, transcription factors required for the initi-
ation of emergency granulopoiesis. We quantified the
expression of these genes, and �-catenin target genes, by
real-time PCR in CD34� myeloid progenitor cells from WT
or Icsbp�/� bone marrow at steady state and 2 or 4 weeks
after Alum injection.

In WT mice, we found a significant increase in expression of
Fap1 or Gas2 2 weeks after Alum injection (p � 0.001, n � 3)
that returned to baseline by 4 weeks (p � 0.4, n � 3) (Fig. 4C).
This would favor transient expansion of bone marrow popula-
tions by decreasing Fas sensitivity and increasing �-catenin
activity. In the bone marrow of Icsbp�/� mice, Fap1 and Gas2
also increased significantly after Alum injection (p � 0.001, n �
3) but did not return to steady-state levels at 4 weeks (p �
0.0001, n � 3) (Fig. 4C). Indeed, expression of Gas2 continued
to increase between 2 and 4 weeks after Alum injection in these
mice (p � 0.0001, n � 3). Similarly, expression of �-catenin
target genes (c-myc and survivin) was increased in CD34� bone
marrow cells from WT or Icsbp�/� mice 2 weeks after Alum
injection (p � 0.001, n � 3) (Fig. 4C). Expression of these genes
returned to baseline by 4 weeks in WT mice, but c-myc expres-
sion remained elevated, and survivin continued to increase in
Icsbp�/� murine bone marrow (Fig. 4C).

Both Stat3 and C/EBP� increased in expression in CD34�

WT bone marrow cells 2 weeks after Alum injection (p � 0.001,
n � 3), consistent with roles of these transcription factors in
sustaining emergency granulopoiesis, and expression returned
to baseline by 4 weeks (Fig. 4C). Interestingly, expression of
Stat3 and C/EBP� was significantly greater in Icsbp�/� CD34�

cells in comparison with WT cells at baseline (p � 0.0001, n �
3). Stat3 increased significantly 2 weeks after Alum injection,
and this increase was sustained in Icsbp�/� mice (Fig. 4C).
However, C/EBP� expression actually fell slightly 2 weeks after
Alum in these mice, but the level recovered to baseline by 4
weeks.

Because Fap1 inhibits Fas, we investigated the effect of Icsbp
on sensitivity to Fas-induced apoptosis during emergency gran-
ulopoiesis. CD34� bone marrow cells from Icsbp�/� or WT
mice were analyzed by flow cytometry for Annexin V staining 2
or 4 weeks after Alum or saline injection. In WT cells, baseline
apoptosis was not altered by Alum injection. Fas-induced apo-
ptosis of these cells was significantly less 2 weeks after injection
compared with the steady state (p � 0.02, n � 3) but was greater
than the steady state at 4 weeks (p � 0.01, n � 3) (Fig. 5A).

Icsbp Terminates Emergency Granulopoiesis

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4113



Icsbp�/� CD34� cells were resistant to Fas-induced apoptosis
in comparison with WT cells during steady-state and emer-
gency granulopoiesis (p � 0.01, n � 3) (Fig. 5A). In contrast to
WT bone marrow CD34� cells, Fas resistance increased slightly
at the 4-week time point in Icsbp�/� cells. Consistent with this,
Fas phosphorylation was relatively less in bone marrow progen-
itor cells from Alum-injected Icsbp�/� mice compared with
WT cells (Fig. 5B).

Because Gas2 is a calpain inhibitor, we considered the effect
of emergency granulopoiesis on calpain activity in WT or

Icsbp�/� mice using bone marrow as described above. Calpain
activity was significantly less in CD34� bone marrow cells from
Icsbp�/� mice versus WT cells at baseline, as anticipated (21).
After Alum injection, calpain activity in WT bone marrow
CD34� cells decreased significantly at 2 weeks but was greater
than the steady state by 4 weeks (Fig. 5C). This correlated with
changes in Gas2 expression and �-catenin activity in these cells.
Calpain activity in Icsbp�/� bone marrow also decreased sig-
nificantly 2 weeks after Alum injection but did not recover to
baseline by 4 weeks (Fig. 5C).

FIGURE 4. Icsbp target genes were differentially regulated in Icsbp�/� mice versus wild-type mice during emergency granulopoiesis. A, serum levels of
IL1� and G-CSF were not significantly different in WT versus Icsbp�/� mice during steady-state or emergency granulopoiesis. Mice were injected with Alum to
induce emergency granulopoiesis or saline control and sacrificed after 2 weeks. Serum IL1� and G-CSF levels were determined by ELISA. Statistically significant
differences are indicated by *, **, ***, and #. B, expression of phagocyte effector Icsbp target-genes increased in the bone marrow of WT mice but not Icsbp�/�

mice during emergency granulopoiesis. Bone marrow from the mice described above was analyzed for gene expression by real-time PCR. Statistically
significant differences are indicated by *, **, ***, #, ##, and ###. C, expression of Icsbp target genes that influence proliferation/survival (Fap1 and Gas2),
�-catenin target genes (c-myc and survivin), and genes required for emergency granulopoiesis (Stat3 and C/EBP�) increased initially during emergency
granulopoiesis in WT mice and returned to baseline at 4 weeks, but increased expression was sustained in Icsbp�/� mice. Mice were sacrificed before or 2– 4
weeks after Alum injection, and gene expression in CD34� bone marrow cells was determined. Statistically significant differences are indicated by *, **, ***, #,
##, and ##. p � 0.02 was considered statistically significant.
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Interaction of Fap1 with Fas or adenomatous polyposis coli
protein is blocked by a tripeptide representing the Fas C termi-
nus (SLV) (21, 23, 35). We employed this peptide to investigate
the functional consequences of increased Fap1 expression in
Icsbp�/� mice. For these studies, Icsbp�/� and WT control
littermates were treated with SLV or scrambled control peptide
(VLS) by intraperitoneal injection three times per week. Treat-
ment began at 30 weeks of age, when Icsbp�/� mice exhibited

peripheral granulocytosis but circulating myeloid blasts were
less than 5%.

We found an increase in PMNs over time in Icsbp�/� mice
treated with control peptide (Fig. 5D). In contrast, circulating
PMNs fell during treatment with SLV peptide and were signifi-
cantly less in comparison with control peptide-treated Icsbp�/�

mice (p � 0.01, n � 6). Neither SLV nor VLS peptide altered cir-
culating PMNs in age-matched control WT mice (Fig. 5D).

FIGURE 5. Sustained Fas resistance and calpain-repression were observed in bone marrow progenitor cells from Icsbp�/� mice after stimulation of
emergency granulopoiesis. Icsbp�/� or wild-type mice were injected with Alum to induce emergency granulopoiesis or saline as a steady-state
granulopoiesis control, and bone marrow was obtained at various time points. A, Fas-induced apoptosis was significantly greater in CD34� bone
marrow cells from Alum-treated WT mice than in Icsbp�/� mice. Statistically significant differences are indicated by *, **, ***, #, ##, and ###. B, Fas
phosphorylation was decreased in bone marrow progenitor cells from Icsbp�/� mice in comparison with WT bone marrow. CD34� cells from Icsbp�/�

or WT murine bone marrow were analyzed with or without G-CSF stimulation for Fas phosphorylation by immunoprecipitation/Western blotting (WB).
C, calpain activity in WT bone marrow progenitor cells was increased relative to baseline 4 weeks after stimulation of emergency granulopoiesis but
remained decreased in Icsbp�/� bone marrow. CD34� cells were analyzed by calpain activity assay. Statistically significant differences are indicated by
*, **, ***, #, ##, and ###. D, treatment with Fap1-blocking SLV peptide prevented progressive granulocytosis in Icsbp�/� mice but had no effect on WT
mice. Mice were injected three times per week with SLV or VLS (control) peptide. Time points with statistically significant differences are indicated by
*. p � 0.02 was considered statistically significant.
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Repeated Episodes of Emergency Granulopoiesis Induced
Excess Mortality and AML in Icsbp�/� Mice—Icsbp�/� mice
tolerated one episode of emergency granulopoiesis without
excess mortality, but survival was compromised significantly
during subsequent episodes. Only 60% of Icsbp�/� mice sur-
vived a second episode and 40% a third (Fig. 6A). In contrast,
there was no morality during this time in WT mice treated with
Alum or in saline-injected WT or Icsbp�/� mice (Fig. 6A).

Further examination of peripheral blood counts identified a
significant increase in myeloid blasts in Icsbp�/� mice during
the three cycles of emergency granulopoiesis (Fig. 6B). This was
significantly greater than the increase in myeloid blasts
observed during steady-state granulopoiesis in saline-injected
Icsbp�/� mice over the same period (p � 0.001, n � 10) (Fig.
6B). Acute leukemia (AML, as indicated by �10% circulating
myeloid blasts) occurred in 17% of the saline-injected Icsbp�/�

mice by the end of the third cycle, but 100% of Alum-injected
Icsbp�/� mice developed AML by the start of the third cycle.
The increase in circulating blasts in Alum-injected Icsbp�/�

mice (Fig. 6C) correlated with decreased production of other
lineages (Fig. 2, B–E). The subset of Alum-injected Icsbp�/�

mice that expired during the study had elevated circulating
PMNs (Fig. 6D) and myeloid blasts (Fig. 6E) in comparison with
mice that survived the three episodes of emergency granulopoi-
esis (p � 0.0001, n � 4). This associated increased mortality
with progression to AML.

A younger cohort of Icsbp�/� mice (8 –15 weeks old) also
demonstrated a significant increase in circulating myeloid
blasts during three cycles of Alum injection (Fig. 6F). In con-
trast, none of the control, steady-state, saline-injected mice in
this younger cohort developed AML during the treatment
period (Fig. 6F).

The observation that Icsbp�/� mice are more susceptible to
development of AML over time suggests that loss of Icsbp pre-
disposes to acquisition of mutations leading to differentiation
block. Impaired expression of Fanconi proteins C and F (FancC
and FancF) is one possible expression for ongoing mutation in
Icsbp�/� mice (12, 29). We determined that expression of
FancC and FancF in the bone marrow was not significantly
different in WT versus Icsbp�/� mice during steady-state gran-
ulopoiesis (p � 0.6, n � 4) (Fig. 7A). Although expression of
FancC and FancF increased significantly in the bone marrow of

FIGURE 6. Icsbp�/� mice exhibited impaired tolerance for repeated episodes of emergency granulopoiesis. Icsbp�/� or wild-type mice were injected
every 4 weeks with Alum to induce emergency granulopoiesis or saline as a steady-state control. A, Icsbp�/� mice exhibited excess mortality during multiple
episodes of emergency granulopoiesis. Red arrows indicate weeks with injections. B, the number of circulating myeloid blasts was relatively greater in Icsbp�/�

mice undergoing multiple episodes of emergency granulopoiesis versus steady-state granulopoiesis. Statistically significant differences are indicated by *, **,
***, and #. C, myeloid blasts appeared in the circulation of Icsbp�/� mice after three episodes of emergency granulopoiesis. Peripheral blood smears from
Icsbp�/� mice after three cycles of Alum or saline control injection (�40 magnification). Granulocytes are indicated by PMN, a lymphocyte by the asterisk,
myeloid cells of intermediate differentiation by I, and myeloid blasts by arrows. D and E, Icsbp�/� mice expiring during multiple cycles of emergency
granulopoiesis exhibited increased circulating PMNs (D) and myeloid blasts (E) relative to surviving mice. Statistically significant differences are indicated by *.
F, circulating myeloid blasts increased in a cohort of younger Icsbp�/� mice undergoing multiple cycles of emergency granulopoiesis in comparison with the
steady state. Circulating blasts did not increase in the younger, steady-state Icsbp�/� cohort during the experiment. Statistically significant differences are
indicated by * and **. p � 0.02 was considered statistically significant.
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WT mice 2 weeks after Alum injection (p � 0.001, n � 4),
expression of these genes did not increase after Alum injection
in Icsbp�/� mice but decreased slightly (p � 0.02, n � 4) (Fig.
7A). To investigate the significance of this for DNA repair, we
treated bone marrow myeloid progenitor cells from WT or
Icsbp�/� mice with G-CSF (at a dose consistent with emer-
gency granulopoiesis) and mitomycin C (to generate DNA
cross-links). We found a significant increase in DNA breaks and
radials in chromatin spread with Icsbp�/� versus control bone
marrow (p � 0.0001, n � 3) (Fig. 7B).

Discussion

Phagocytes and B cells from Icsbp�/� mice are functionally
impaired, and the first identified Icsbp target genes encoded
immune effector proteins (13–15, 28). Mice with homozygous
loss of Icsbp exhibit granulocytosis with functionally incompe-
tent cells, suggesting that Icsbp is required for terminal differ-
entiation and function of granulocytes (17). Prior studies have
similarly documented a decrease in activated circulating mono-
cytes in Icsbp�/� mice and loss of bone marrow macrophages
and dendritic cells (26, 28, 31). Taken together, these prior
works and this study implicate Icsbp in regulating the short-
term, nonspecific granulocyte response to inflammation/infec-
tion (i.e. emergency granulopoiesis) and also the more durable,
antigen-specific macrophage/dendritic cell arm of innate
immunity (Fig. 8). In addition, Icsbp activates genes encoding
Fanconi C and F, and increased activity of the Fanconi DNA
repair pathway protects bone marrow stem and progenitor cells
from DNA damage during emergency granulopoiesis (12, 29).
These results led to our initial hypothesis that Icsbp is required
to initiate emergency granulopoiesis, similar to Stat3 and
C/EBP� (7, 8).

Consistent with this hypothesis, we found that emergency
granulopoiesis in Icsbp�/� mice was characterized by impaired

expression of target genes involved in phagocyte effector func-
tions. However, in contrast to our hypothesis, we also found a
sustained increase in granulocyte production upon stimulation
of emergency granulopoiesis in Icsbp�/� mice. This was char-
acterized by sustained expression of Fap1, Gas2, and �-catenin
target genes in bone marrow progenitor cells, impaired Fas-
induced apoptosis, and a sustained decrease in calpain activity.
Our results identified a previously unrecognized function of
Icsbp: limiting myeloid progenitor expansion during the emer-
gency granulopoiesis phase of the innate immune response.
This was mechanistically pleasing because it suggests that Icsbp
terminates the nonspecific emergency granulopoiesis response
while simultaneously activating antigen-specific macrophage/
dendritic responses to infectious challenge.

The early hours of emergency granulopoiesis are character-
ized by release of granulocytes from the bone marrow. The
percent increase in circulating granulocytes in Icsbp�/� mice
24 h after stimulation with Alum was greater than in WT mice.
This reflected the larger percentage of Gr1� granulocytes in the
bone marrow of Icsbp�/� mice in comparison with WT bone
marrow at steady state and indicated that Icsbp was not
required for granulocyte transit from the bone marrow.

Two weeks after stimulation of emergency granulopoiesis,
circulating PMNs were increased in both WT and Icsbp�/�

mice. Although Icsbp�/� mice had a higher starting baseline,
the percent PMN increase during emergency granulopoiesis
was not different from WT mice. However, different bone mar-
row populations expanded during this process in Icsbp�/� ver-
sus WT mice. For both, the relative abundance of Sca1� cells
fell as progenitors committed to differentiation, although the
effect was less in Icsbp�/� mice. The bone marrow populations
with the greatest relative increase during emergency granulo-
poiesis in Icsbp�/� mice were c-kit�CD34� and c-kit�CD34�

FIGURE 7. Expression of Fanconi C and F was impaired in the bone marrow of Icsbp�/� mice during emergency granulopoiesis, and susceptibility to
DNA damage was increased. A, expression of the Icsbp target genes FANCC and FANCF in the bone marrow during emergency granulopoiesis was decreased
in Icsbp�/� mice versus WT mice. Icsbp�/� and WT mice were injected with Alum to induce emergency granulopoiesis or saline control and sacrificed 2 weeks
later. Bone marrow was analyzed by real-time PCR for expression of Fanconi C or F mRNA. Statistically significant differences are indicated by *, **, ***, and #.
B, Icsbp�/� bone marrow exhibited increased DNA breaks and radials in comparison with WT bone marrow after G-CSF stimulation. CD34� bone marrow cells
from Icsbp�/� or WT mice were treated with G-CSF and analyzed for mitomycin C-induced DNA breaks or radials in chromatin spreads. Statistically significant
differences are indicated by * and **. p � 0.02 was considered statistically significant.
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myeloid progenitors, but, in WT mice, the Gr1� and Ly6G�

granulocyte populations and Ly6C�Ly6G� monocyte popula-
tion underwent the greatest relative expansion. These results
suggest that Icsbp inhibits progenitor expansion and facilitates
granulocyte differentiation in this context.

By 4 weeks after stimulation of emergency granulopoiesis,
circulating PMNs returned to baseline in WT mice, associated
with decreased expression of genes that enhance proliferation
and survival of bone marrow progenitor cells (Fap1, Gas2, and
�-catenin target genes). In contrast, the number of circulating
PMNs was sustained in Icsbp�/� mice. This was associated
with sustained expression of genes involved in Fas resistance
and �-catenin stabilization in the bone marrow progenitor cells
of these mice versus return to baseline. Consistent with this,
inhibition of Fap1 with a tripeptide normalized granulocyte
production in Icsbp�/� mice.

Circulating granulocytes did not increase further in Icsbp�/�

mice with additional cycles of Alum injections and began to fall
as the bone marrow accumulated myeloid blasts at the expense
of other lineages. This suggested that the first Alum challenge
resulted in a maximal and sustained response in Icsbp�/� mice.
One possible mechanism for limiting additional expansion with
subsequent stimuli is internalization and degradation of recep-
tors on progenitor cells that mediate the emergency granulo-
poiesis response. Such receptor degradation controls mega-
karyocyte or macrophage cell masses in the bone marrow but
has not been demonstrated explicitly for granulopoiesis (40,
41). Alternatively, it is possible that loss of Icsbp facilitates some
aspect of emergency granulopoiesis, such as Stat3 or C/EBP�
expression, which is maximal after the first cycle. Additional
studies will clarify this issue.

Although activated monocytes and macrophages and den-
dritic cells are decreased in Icsbp�/� mice, the steady-state
level of circulating monocytes was increased relative to WT
mice. This may represent the decreased ability of Icsbp�/�

monocytes to move to the tissues and differentiate to macro-
phages and other antigen-presenting cells. The contribution of
monocytes to emergency granulopoiesis has not been well
defined. Studies by other investigators indicate an increase in
circulating monocytes during the proliferative phase of emer-
gency granulopoiesis, and monopoiesis is stimulated to some
extent by G-CSF (9, 38, 43).

In some contexts, direct interaction with granulocytes con-
tributes to activation of CD11c� dendritic cells, and cytokines
produced by these cells may influence granulocyte function

(44). Additional work will be required to determine the inter-
play between activated granulocytes and monocytes, or cells
derived from monocytes, during innate immunity. In this work,
we focused on granulocyte expansion and did not investigate
monocyte activation, nor did we investigate dendritic cell dif-
ferentiation/activation. Use of the Icsbp�/� model will facili-
tate such studies, including determining the extent to which the
latter cells are involved in granulocyte dysfunction in Icsbp�/�

mice.
S phase is shortened in myeloid progenitor cells during emer-

gency granulopoiesis, and a major role of the Fanconi anemia
DNA repair pathway is to rescue collapsed and stalled replica-
tion forks (45– 47). We found bone marrow failure during
emergency granulopoiesis in FancC�/� mice because of apo-
ptosis of hematopoietic stem and progenitor cells (12). It was of
interest that repeated emergency granulopoiesis in Icsbp�/�

mice induced acute myeloid leukemia. These results suggested
that the combination of apoptosis resistance and decreased
Fanconi pathway activity in Icsbp�/� bone marrow was espe-
cially unfortunate during this process.

Icsbp expression is decreased in human CML, increases with
Bcr-abl inhibition, but falls again with drug resistance or blast
crisis (20). We have found previously that increased expression
of Fap1 and Gas2 in Bcr-abl� myeloid progenitor cells, because
of decreased Icsbp, resulted in Fas resistance and �-catenin
activation (21–23, 35). This study implicates the same pathways
in sustained granulocyte production during emergency granu-
lopoiesis in the absence of Icsbp. Expression of C/EBP� is also
increased in CML and in the bone marrow of Icsbp�/� mice
(36). Regulation of CEBPB by Icsbp is a topic of ongoing study in
the laboratory.

This work implicates pathways that terminate the emergency
granulopoiesis response during innate immunity in the patho-
genesis of CML. This is consistent with clinically observed,
exaggerated granulocytosis during bacterial infections in sub-
jects with CML or chronic myelomonocytic leukemia. The lat-
ter is characterized by Icsbp inhibition because of aberrant
interaction with the Tel-PDGFR� fusion protein (42). These
results contradict the classic paradigm in which Bcr-abl
enhances steady-state granulopoiesis and suggests that epi-
sodic, signal-dependent events may promote leukemogenesis.
Our findings also suggested that therapeutic targeting of Fap1
or Gas2/calpain may address functionally relevant pathways
that drive leukemia stem cell expansion in CML.

FIGURE 8. Icsbp coordinates multiple aspects of the innate immune response. Green arrows indicate events facilitated by the presence of Icsbp in the bone
marrow.
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We found that Icsbp is essential to protect the bone marrow
from adverse consequences of emergency granulopoiesis and to
conclude this aspect of the innate immune response. However,
Icsbp is also required for activation of phagocyte effector genes,
granulocyte functional competence, monocyte activation, and
macrophage/dendritic cell production. This suggests that clin-
ical situations with decreased Icsbp activity would include sus-
tained production of functionally compromised granulocytes,
consistent with the observed phenotype in human CML.
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