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1. Introduction

Homeostasis in the bone marrow is dependent on the ability of hematopoietic stem cells (HSCs)
to self-renew faithfully, differentiate into various lineages of the hematopoietic system, and
form blood cells of several types (Figure 1) [1,2]. Under homeostatic conditions, HSCs are
thought to be quiescent, and they are referred to as long-term reconstituting HSCs (LT-HSC)
or dormant HSCs (dHSCs) [3,4]. Blood and immune cells are produced by the more differen‐
tiated short-term reconstituting HSCs (ST-HSCs) or multipotent progenitors (MPPs). Genetic
and molecular studies of HSC self-renewal have identified candidate regulatory factors, in‐
cluding cell-intrinsic regulators, such as transcription factors and cell surface receptors, and
cell-extrinsic regulators, such as the bone marrow niche and cytokines. Under certain condi‐
tions, such as inflammatory stress, HSCs differentiate into progenitor cells with less ability to
self-renew, and they can be stimulated to divide and/or differentiate into all cell types in the
peripheral blood [5,6]. Under inflammatory conditions, such as during bacterial infection or
sepsis, an apparent expansion of lineage-negative Sca-1+c-Kit+ bone marrow cells (KSL) has
been observed [7–11]. HSCs and progenitor cells are involved in the expansion of KSL; and
expansion of the KSL population in the bone marrow has been associated with a loss of dor‐
mant LT-HSCs, reduced engraftment, and a bias towards myeloid lineage differentiation
within that population. The process of the transition of HSCs from dormancy to activity is
mediated by type I interferon (IFN) and type II IFN.

Interferon is produced by cells of the immune system in response to challenge by agents, such
as viruses, bacteria, and tumor cells. Type I IFNs are induced by the genomes of many RNA
viruses during viral infection, and they suppress viral replication and have immunomodula‐
tory activity. IFNs are used clinically to treat viral diseases and malignancies, such as chronic
myeloid leukemia (CML)[12]. In addition, under steady state conditions in the absence of in‐
fection, a small amount of intrinsic IFN is produced constitutively [13]. Recently, Essers et al.
demonstrated that chronic activation of the IFN-α pathway impairs the function of HSCs and
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that acute IFN-α treatment promotes the proliferation of dHSCs in vivo. Studies exploring the
application of type I IFN to target cancer stem cells are expected [14].

Figure 1. The fates of hematopoietic stem cells. HSCs are capable of self-renewal and differentiation into various line‐
ages of the hematopoietic system to form all types of blood cells. LT-HSCs, ST-HSCs, and MPP are included in the KSL
population.

Interferon regulatory factor-2 (IRF-2) is a typical inhibitor of the IFN response. Previously, I
showed that IRF-2-/- mouse bone marrow cells contain an enhanced population of Sca-1-pos‐
itive cells and reduced HSC activity in the KSL fraction [15]. Sato et al. reported that a marked
reduction of hematopoietic stem cells in IRF-2-/- mice was dependent on a type I IFN-depend‐
ent mechanism [16]. In IRF-2-/- mouse bone marrow, type I IFN signalling is constitutively
activated, and interferon-stimulated genes (ISGs) are continuously induced to activate cell
cycle progression in HSCs. IRF-2 plays an important role enabling HSCs to maintain their
inhibitory status against the type I IFN response.

Bone marrow HSCs are somatic stem cells that have a number of cell surface markers, which
allow their prospective identification and isolation with FACS. Mouse models are usually used
to examine HSC function in vivo. However, the HSC cell surface markers differ between mice
and humans. Mouse HSCs in healthy adult bone marrow show a Lin-Sca-1+c-Kit+CD34-
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CD150+CD48- phenotype. In contrast, human HSCs are less well defined but present in the
Lin-CD34+CD38- population within cord blood.

Infection or inflammation usually induces IFN production for host defense. Thus, the IFN
response is a key factor in switching HSC activity to renewal in the hematopoietic system
during the response to environmental conditions. This review will focus on the regulation of
HSCs mediated by types I and II IFN.

2. Hematopoietic stem cells in bone marrow

Under homeostatic conditions, HSCs are thought to be quiescent, and they are referred to as
long-term reconstituting HSCs (LT-HSC) or dormant HSCs (dHSCs) [3,4]. During homeostasis,
dormant HSCs(dHSCs) are consistently inactive with residing bone marrow niches. Homeo‐
static HSCs (hHSCs) divide and self-renew to generate the progenitors [14]. dHSCs are almost
in the G0 phase of cell cycle and found in niches within the cavities of trabecular bone. dHSCs
are resistant to anti-proliferative chemotherapy such as 5-fluorouracil (5-FU). Homeostatic
HSCs(hHSCs) divide and self-renew. dHSCs and hHSCs exit their niches and undergo self-
renewing divisions, followed by maintenance to homeostasis of hematopoietic cell popula‐
tions. IFN-α induces cell cycle entry of dHSCs and hHSCs, resulting in rapidly dividing active
HSCs (aHSC), which can produce progenitors and then differentiate ito mature cell types [14].

3. Type I IFN (IFN-α)

IFNs play a critical role in the regulation of resistance to viral infection and activation of the
innate and acquired immune system through IFN-stimulated genes (ISGs). IFNs also have an
anti-malignant effect and are important intrinsic cytokines for host defense. To induce ISGs,
type I IFN signaling is mediated by activation of the Jak-STAT signaling pathway through the
type I IFN receptor (Figure 2). Many RNA viruses and double-stranded RNAs that mimic
polyinosinic-polycytidylic acid (poly[I:C]) induce the expression of type I interferons (IFN-α,
IFN-β) that bind to the IFNα/β receptor (IFNAR), which mediates Jak-STAT signaling followed
by ISG transcription. Treatment with IFN-α induces transcription and cell surface presentation
of stem cell marker Sca-1, which is downstream of IFN-α signaling, on hematopoietic stem
cells and progenitor cells [14].

The KSL population from IRF-2-/- mouse bone marrow is increased due to the enhancement
of Sca-1. However, the CD150+CD48-KSL population is dramatically reduced because of a
reduction of the CD150+ population in IRF-2-/- mouse bone marrow cells. IRF-2-/- HSCs are
incapable of reconstituting lethally irradiated mice because of constitutive IFN signaling.
Chronic exposure to IFN-α has a negative effect on HSC self-renewal. IFN-α induces the acti‐
vation of the dormant HSC pool. Sato et al. indicated that chronic exposure of HSCs from
IRF-2-/- mice to IFN-α resulted in a marked reduction of LT-HSCs and dHSCs[16]. This re‐
duction of LT-HSC activity was rescued in IRF-2-/-IFNAR-/- dKO mice, but not completely,
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suggesting an IFN-independent mechanism exists in IRF-2-/- mice. Gene expression and trans‐
plantation analyses using HSCs from IRF-2-/-IFNAR-/- mice have demonstrated that IRF-2
regulates HSC populations independently of type I IFN signaling.

Figure 2. Jak-Stat signaling pathway activated by Interferon. Type I IFN binds to the IFN receptor to stimulate the Jak-
STAT signaling pathway. Phosphorylated JAK1and Tyk2 phosphorylate STAT1 and STAT2, which heterodimerize via
SH2 domain, and then translocated to nucleolus with IRF-9. The interferon-stimulated gene factor-3 (ISGF3) complex
is transferred to the nucleus to bind to the ISRE consensus sequence that induces transcription, resulting in production
of ISGs. STAT: Signal Transducers and Activator of Transcription, SH2:Src homology domain

A large quantity of whole bone marrow cells from IRF-2-/- mice can rescue recipients from
lethal irradiation [15]. Whole bone marrow cells from IRF-2-/- mice were transplanted into
lethally irradiated wild type mice, and KSL or CD150+CD48-Lin- cells from the recipient mice
were isolated. Higher doses of bone marrow cells from IRF-2-/- mice could rescue recipients
from lethal irradiation, even if the engraftment efficiency was poorer than that of wild-type
mice. In addition, in the rescued recipients, the percentage of donor-derived KSL and
CD150+CD48-Lin- cells from IRF-2-/- mice was higher compared to that of wild-type mice
(Masumi et al., unpublished data).

The  number  of  CD150+CD48-Lin-  cells  from  IRF-2-/-  mouse  bone  marrow present  in  a
recipient  wild-type  environment  is  almost  comparable  to  that  of  wild-type  (Masumi  et
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al.,  unpublished data).  A marked reduction of  CD150+CD48-Lin-  cells  in  the  bone mar‐
row  of  IRF-2-/-  mice  may  be  due  to  the  impairment  of  the  stem  cell  niche  in  IRF-2-/-
mouse  bone  marrow.  Essers  et  al.  reported  that  wild-type  HSC  in  chimeric  mice  with
wild-type hematopoietic cells in an IFNAR-/- stromal environment are still efficiently ac‐
tivated  by  IFN-α  and  that  IFN-α  signaling  is  not  required  in  the  stem  cell  niche.  The
CD150+  population  in  KSL  cells  may  be  partly  regulated  by  an  IRF-2-dependent  stem
cell  niche environment.  In contrast,  KSL populations from IRF-2-/-  mouse bone marrow
in the stromal  environment  of  the recipient  wild-type mice still  show the phenotype of
IRF-2-/-  mice.  CD150+CD48-KSL HSCs in  untreated mice  are  predominantly  in  a  quies‐
cent intracellular Ki67-negative G0 phase. After injection of poly (I:C), most of these cells
exit G0 and enter G1, activating the cell cycle. CD150+CD48-KSL in IRF-2-/- mice contin‐
uously enter an active cell-cycle state,  which is dependent on chronic type I IFN signal‐
ing (Figure 3).

Figure 3. Chronic IFN stress in IRF-2-/- mice. In IRF-2-/- mice bone marrow cells, which cannot abrogate chronic IFN
stimulation, Sca-1 is upregulated at the mRNA and protein levels, resulting in enhanced Sca-1 on the cell surface.
However, CD150+CD48- cells are almost absent in the KSL of IRF-2-/- mouse bone marrow. Chronic IFN-α stimulation
induces cell cycle entry of dormant and homeostatic HSCs as well as progenitors (MPPs).
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Most  interestingly,  several  hematologic  malignancies,  including  acute  myeloid  leukemia
(AML) and chronic myeloid leukemia (CML), often contain a small population of malig‐
nant  cells  that  show  similarities  in  phenotype  and  function  to  normal  HSCs.  Dormant
HSCs, which show the highest self-renewal potential of all HSCs and are almost perma‐
nently  in  the  G0 phase  of  the  cell  cycle,  are  resistant  to  antiproliferative  chemotherapy
with agents,  such as  5-FU.  Cancer  stem cells  (CSCs)  are  resistant  to  radiation and anti‐
proliferative chemotherapeutic agents because of their distinctive properties, which seem
to be related to their stem cell-like character [17].

AML stem cells  are  reported to  be  located at  the  endosteal  region of  the  bone marrow
and  are  mainly  noncycling.  The  tyrosine  kinase  inhibitor  imatinib  mesylate  (Gleevec)
blocks  the  constitutively  active  BCR-ABL kinase  produced by  the  Philadelphia  chromo‐
some and is  the first  example of  targeted chemotherapy as  it  acts  against  the causative
mutation  (BCR-ABL)  that  initiates  the  disease  [18,19].  IFN-α  was  formerly  a  first-line
treatment  for  CML,  with  variable  outcomes.  Imatinib  mesylate  has  replaced IFN-α ow‐
ing to its better response rate and fewer side effects. However, intrinsic IFN-α may help
the molecular agents that target cancer stem cells.

4. Effect of IFN-γ signaling in bone marrow

IFN-γ plays a critical role in innate immunity to intracellular pathogens, including the ehrli‐
chiae, and is essential for host defense because of its ability to activate macrophages and pro‐
mote Th1 responses. Many in vivo infectious studies have demonstrated that numerous
pathogens induce production of IFN-γ, which mediates host defense. IFN-γ is a critical defense
against mycobacteria, as mice with a disrupted IFN-γ receptor gene, IFNGR-1, did not respond
to M. avium infection [20]; and human patients with mutations in the IFN-γ receptor have died
from disseminated M. avium infection [21]. However, a lesser known function of IFN-γ is its
ability to act as a moderator of hematopoiesis. Several studies have demonstrated that IFN-γ
inhibits formation of human bone marrow colonies and the growth of CD34+ bone marrow
cells through differentiation and apoptosis [22–26]. In vitro, the addition of exogenous IFN-
γ significantly inhibits myeloid and erythroid colony formation in both murine and human
systems [22,27–30]. Zhao et al. demonstrated that IFN- is essential for the generation of a unique
progenitor population that gives rise to mostly myeloid cells [31]. A colony-forming unit (CFU)
assay indicated that treatment with IFN-γ led to a reduction in the number of progenitor cells
(Lin-c-Kit+Sca-1-) in bone marrow and enhanced them in the spleen [30]. Sorted KSL cells from
IFN-γ-treated mice had greater potential for proliferation and were able to yield higher CFUs
compared to control progenitor and KSL cells.

Genes induced by IFN-γ are critical for HSC survival and maintenance via the expansion and
proliferation of KSL [20,32]. This observation shows that IFN-γ modulates the differentiation
of hematopoietic progenitor cells, resulting in the enhanced production of mature blood cells.
Investigations of mycobacterial infection have defined an important role for IFN-γ in myelo‐
poiesis [20,33–35]. Several bacterial and viral infection models have confirmed the effect of
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IFN-γ on hematopoietic stem and progenitor cells (HSPCs). A murine in vivo infection model
and in vitro human cell culture study showed that Escherichia coli stimulates the expansion and
mobilization of hematopoietic progenitors (CD34-positive cells in humans and KSL cells in a
murine system) [36–39]. Vaccinia virus infection increases immature myelocytes in peripheral
blood [10]. These infections trigger the mobilization and differentiation of common myeloid
progenitors. Intracellular bacterial infections cause the differentiation of hematopoietic pro‐
genitor cells through direct IFN-γ signaling (Figure 4).

Figure 4. During infection, IFN-γ is produced by several immune cells such as macrophages, NK cells, and lymphocytes.
IFN-γ activates HSCs and induces the expansion of MPPs.

Acute bacterial infection (Ehrlichia muris) induces myelopoiesis that is dependent on IFN-
γ signaling. It has been demonstrated that infection-induced IFN-γ acts on normally qui‐
escent HSCs, leading to transient activation and promoting an expedited innate immune
response  [7,8].  Infection  of  mice  with  the  malaria  parasite  Plasmodium  chabaudi  caused
anemia and a decrease in erythrocytes. Malarial infection induces IL-7Ra+c-Kithi  progeni‐
tors,  which  generate  myeloid  cells  to  decrease  parasitemia  in  vivo.  Lin-IL-7Ra+c-Kithi

cells contribute to the clearance of malaria-infected erythrocytes in vivo. The infection of
ifngr-/-  mice with P.  chabaudi  did not  increase the number of  Lin-IL-7Ra+c-Kithi  atypical
progenitors  [34].  Thus,  IFN-γ  signaling  is  important  for  hematopoiesis  and  the  innate
immune system’s response to acute infection.

Chronic mycobacterial infection also induces the proliferation of HSCs. M. avium infection
seems to induce an increase in the proliferative fraction of primitive LT-HSCs and a substantial
increase in the number of early-committed progenitors. IFN-γ is strongly upregulated during
M. avium infection. HSCs from Stat-1-/- and ifngr-/- mice infected with M. avium showed an
impaired proliferative response by the LT-HSC population, indicating that the HSC response
to M. avium infection is dependent on IFN-γ signaling [33]. The effects of both in vitro and in
vivo IFN-γ treatment on KSL expansion were greatly reduced in Stat-1-/- and ifngr-/- mice
compared to those in control mice [31]. Enhanced incorporation of BrdU into LT-HSCs from
IFN-γ-treated mice and a modest impairment of the engraftment of whole bone marrow cells
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in IFN-γ-treated mice were detected [33]. IFN-γ directly affects and modulates the proliferation
and mobilization of HSCs.

4.1. Human diseases and IFN-γ signaling

Human bone marrow failure syndromes, such as myelodysplastic syndromes (MDS), aplastic
anemia (AA) and paroxysmal nocturnal hemoglobinuria (PNH) are characterized by a defect
of stem and progenitor cell populations. The gene expression analysis of human CD34 cells
treated with IFN-γ indicated results that were similar to those of CD34 cells that are derived
from patients with bone marrow failure syndromes, according to Zheng et al. [40]. IFN-γ neg‐
atively modulates the self-renewal of CD34+CD38- stem cells and promotes differentiation of
CD34+ cord blood cells expanded in vitro [26]. IFN-γ is an important modulator of myeloid
differentiation in myelocytopenias and pathogenesis.

 

Figure 5. IFN-γ stimulation induces expression of IRF-2 and IRF-1 in mouse hematopoietic stem/progenitor cells. Bone
marrow cells from mice injected with 5-FU (150 mg/kg) were cultured in the presence of IFN-γ at the indicated con‐
centrations. Real-time PCR was performed and the relative amounts of mRNA from the IRF-1 and IRF-2 genes were
quantified with a β-actin primer [44].

4.2. IFN-γ signaling and megakaryopoiesis

IFN-γ has been reported to induce production of megakaryocytes and platelets [41,42]. A pre‐
vious study reported that IFN-γ accelerates megakaryocyte differentiation and IRF-1 and IRF-2
are IFN-γ-inducible factors that enhance megakaryopoiesis [43–45]. Huang et al. reported that
GATA-1 promotes megakaryopoiesis through the activation of IFN-γ/STAT-1 signaling, of
which IRF-1 is a downstream target. IFN-γ enhanced colony formation and proliferation of
megakaryocytes, but not their maturation [43]. When IFN-γ was stimulated with bone marrow
cells isolated from 5-FU-injected mice, IRF-2 expression was increased by around 80-100%, but
its induction level was much lower than that of IRF-1 (Fig. 5). Transduction of IRF-2 into mouse
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bone marrow stem/progenitor cells induces megakaryocyte differentiation, as we demonstrat‐
ed with a colony formation assay [44]. Upregulation of IRF-2 by IFN-γ treatment leads to CD41
expression, resulted in megakaryopoiesis [44]. IRF-2 plays an important role for hematopoiesis
mediated by each type I and type II IFN response. However, the number of peripheral blood
platelets is comparable between control mice and mice transplanted with IRF-2-transduced
bone marrow stem cells/progenitors. IRF-2 enhances megakaryocyte colony formation, not its
maturation, suggesting its cooperation with other factors for maturation [44, 45].

5. Conclusion

HSCs might be driven to exhaustion by IFN stimulation. IFN-γ modulates HSCs differentiation
into progenitors for host defense against extrinsic pathogen, inflammation, and other immune
responses. IFN-α/β stimulates quiescent/dormant HSCs to proliferate, leading to HSC exhaus‐
tion. Under conditions of chronic IFN stimulation including inflammation, infection, and IRF-2
deficiency, not only hematopoietic stem cells, but also cancer stem cells change from their
dormant status and enter the cell cycle to proliferate. Many anticancer therapies, such as 5-FU,
can disrupt proliferating cells, but not quiescent cells. Furthermore, cancer cells sometimes
become resistant to drugs with molecular targets, such as imatinib. Targeting specific intrinsic
IFN signaling in conjunction with the use of anticancer drugs may be a useful approach for
abrogating cancer stem cells.
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