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Abstract
Granulopoiesis in murine bone-marrow is regulated by 

both intrinsic and extrinsic factors (including hormones, 
drugs, inflammatory mediators and cytokines). Eosinophils, 
a minor subpopulation of circulating leukocytes, which 
remains better understood in its contributions to tissue 
injury in allergic disease than in its presumably beneficial 
actions in host defense, provide a striking example of joint 
regulation of granulopoiesis within murine bone-marrow by 
all of these classes of extrinsic factors. We first described 
the upregulation of eosinopoiesis in bone-marrow 
of allergen-sensitized mice following airway allergen 
challenge. Over the last decade, we were able to show 
a critical role for endogenous glucocorticoid hormones 
and cytokines in mediating this phenomenon through 
modification of cytokine effects, thereby supporting 
a positive association between stress hormones and 
allergic reactions. We have further shown that cysteinyl-
leukotrienes (CysLT), a major proinflammatory class of 
lipid mediators, generated through the 5-lipoxygenase 
pathway, upregulate bone-marrow eosinopoiesis in 
vivo  and in vitro . CysLT mediate the positive effects 
of drugs (indomethacin and aspirin) and of proallergic 
cytokines (eotaxin/CCL11 and interleukin-13) on in vitro 
eosinopoiesis. While these actions of endogenous GC and 
CysLT might seem unrelated and even antagonistic, we 
demonstrated a critical partnership of these mediators 
in vivo , shedding light on mechanisms linking stress to 
allergy: GC are required for CysLT-mediated upregulation 
of bone-marrow eosinopoiesis in vivo, but also attenuate 
subsequent ex vivo  responses to CysLT. GC and CysLT 
therefore work together to induce eosinophilia, but through 
subtle regulatory mechanisms also limit the magnitude of 
subsequent bone-marrow responses to allergen.
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Core tip: The bone-marrow is exquisitely sensitive to 
regulation by systemic events, which selectively increase 
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production of different blood cell types to meet transient 
increases in demand following injury. An association 
between stress and allergy has long been known, but 
its mechanisms remain incompletely understood. The 
exploration of underlying mechanisms in a variety of 
murine models yielded evidence of separate but inter-
related roles for adrenal glucocorticoid hormones and 
cysteinyl-leukotrienes in coupling systemic events to bone-
marrow responses in vivo . We here discuss how these 
unlikely partners work together to promote eosinophilia 
but through subtle mechanisms also limit its magnitude.
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BONE-MARROW REGULATION BY 
INTRINSIC AND EXTRINSIC FACTORS
In both humans and mice, the lifelong production of 
blood cells (definitive hemopoiesis[1,2]; takes place in 
the bone-marrow of long bones, and encompasses 
the production, from a pool of hemopoietic stem cells 
(HSC), of both lymphoid (B cells, Natural Killer cells) 
and myeloid (erythroid, megakaryocytic, mononuclear 
phagocyte and granulocyte) lineages, through a series of 
increasingly committed (specialized, or developmentally 
restricted) stages, recognizable as morphologically, 
cytochemically and/or immunophenotypically distinct cell 
types[1,3-5]. Mature cells may then be exported to the 
circulation and remain there, until they are removed 
during their passage through the spleen (a typical fate for 
erythrocytes and platelets[6]) or emigrate to the tissues, 
ultimately undergoing apoptosis and clearance by resident 
phagocytes[7]. Emigration occurs either when inflammation 
follows injury (thereby allowing neutrophil granulocytes 
to exert short-term protective functions, in the absence 
or presence of infection[8]; or when chemoattractants 
selectively expressed in some sites attract leukocytes from 
a particular lineage (for instance, in the case of eosinophil 
granulocytes, enabling them to enter the mucosa of the 
digestive, respiratory and reproductive tracts to become 
long-term resident effector and regulatory cells[9]. 

Usually, peripheral clearance of senescent or apoptotic 
cells of bone-marrow origin is coupled to replenishment by 
a variety of mechanisms[10]. This is no small achievement, 
because specialized hemopoietic cell lineages, though 
ultimately derived from the same pool of pluripotent, 
self-renewing stem cells, differ largely in their numbers, 
requirements and properties[1-5]; accordingly, no single 
mechanism can account for the maintenance of their 
proportions across different compartments, nor for their 
lineage-selective increases or decreases often observed in 

immune reactions and disease[4,5,11,12].
Multiple factors intrinsic to the adult bone-marrow 

contribute to the maintenance of a steady output of these 
different cell types in very disparate proportions and 
rates. A major intrinsic factor is the differential expansion 
of hemopoietic lineages, driven by intense proliferation 
of lineage-committed progenitors (quantifiable in vitro 
as colony-forming units, or CFU), specified by unique 
profiles of gene expression under the control of master 
genes and transcription factors, in response to different 
hemopoietic growth factors or combinations thereof[1]. 
Progenitor expansion is adjusted to the turnover rate 
of the respective circulating forms of each lineage, so 
that relatively stable numbers of red cells, platelets 
and leukocyte subpopulations are replaced every day, 
enabling us to determine a range of “normal” blood cell 
counts, which may widely differ from one lineage to the 
other[1,3]. 

The original in vitro studies, which led to the puri-
fication and ultimately to cloning of a variety of colony-
stimulating factors (CSF) of various nonlymphoid sources, 
endowed with selectivity for macrophage (M-CSF, or 
CSF-1), granulocyte (G-CSF), or granulocyte-macrophage 
(GM-CSF) progenitors, had suggested that hemopoiesis 
in steady-state conditions was driven by CSF-like mole-
cules[3]. From this assumption one would predict that 
disruption of signaling by CSF-like molecules would entail 
profound deficiency in circulating leukocytes. This view 
must now be qualified, however, in view of the persistence 
of normal granulopoiesis in mice lacking the functions of 
GM-CSF and IL-3, two major CSF species[13]. Not all CSF, 
however, are irrelevant to steady-state granulopoiesis, 
as IL-5 seems necessary for normal production of 
eosinophils[9,13-15], G-CSF for that of neutrophils and M-CSF 
for that of macrophages[1]. Thrombopoietin and G-CSF, 
originally identified as CSF with lineage-selectivity for 
megakaryocytes/platelets and neutrophils, respectively, 
have been further characterized as multilineage regulators 
with complex actions, thereby overstepping the original 
boundaries of their function[1,3]. Therefore, while much 
remains to be learned about the intrinsic processes that 
drive definitive hemopoiesis in steady-state, it is likely that 
at least some CSF cytokines contribute to hemopoiesis 
in exceptionally demanding conditions, by mediating 
the actions of extrinsic factors linked to homeostatic 
disturbances or environmental changes on bone-marrow.

Increased demand on the bone-marrow imposed by 
systemic challenges, unlike regeneration of the entire 
hemopoietic environment[16], elicits lineage-selective 
responses, which may be short- or long-lived: For in-
stance, hemorrhage and chronic hypoxemia are met with 
compensatory production of erythrocytes[17]; in other 
examples, bacterial infection elicits adaptive increases 
in neutrophil leukocytes[4,5,11], and helminth infection or 
allergic disease induce eosinophilia[9,14,18-20]. 

Importantly, the critical elements in these adaptations 
of bone-marrow to a transient stress are lineage-com-
mitted progenitors, rather than the HSC endowed with 
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self-renewing and long-term repopulating potential. 
This makes biological sense, since progenitors are closer 
than stem cells to terminally differentiated, functional 
blood cells, and the physiologically relevant increase in 
circulating blood cells will be faster, because it will require 
less rounds of cell division. By contrast, HSC, as a rule, 
are protected from such transient challenges for a good 
reason, since infection at least may severely impair their 
function[11].

GM-CSF and interleukin (IL)-3 may be more relevant 
to the stress (or emergency) myelopoiesis in systemic 
microbial infection[4,5,15], and, in the more restricted con-
text of helminth infection and allergic disease, IL-5 plays 
an important role for its selectivity to the eosinophil 
lineage[9,14,19].

Importantly, however, in the case of neutrophil or 
eosinophil granulocytes, proliferative and maturation-
promoting effects of these CSF on production are only 
part of their contribution to the adaptive hematological 
responses, since they also have important mobilizing 
effects on the reserve pool associated with bone-marrow 
and other sites, and they further extend the lifespan of 
selected hemopoietic lineages outside bone-marrow, 
thereby increasing the total number of cells belonging 
to these lineages in the periphery, and decreasing their 
turnover by a lineage-selective reduction in cell death 
rates[7]. The consistently positive action of the same 
CSF at multiple steps in the life cycle of granulocytes 
highlights the integration of these proliferative and non-
proliferative cytokine effects, which translates in phy-
siologically meaningful outcomes. 

It is important that these granulopoietic/mobilizing/
antiapoptotic cytokines are not restricted to the bone-
marrow compartment, but are often produced by multiple 
cell types in the context of specific adaptive (specific) 
as well as innate (nonspecific) immune responses at 
distant sites. Nevertheless, cytokines acting on bone-
marrow targets act early in this sequence, and due to the 
amplification of their effects through multiple rounds of cell 
division, they have long-lasting effects. 

In the context of allergic disease or helminth in-
fection, IL-5, the lineage-specific cytokine required for 
both constitutive and stress eosinopoiesis, is secreted 
in different contexts by different cells, especially by 
activated, allergen-specific, Th2 lymphocytes[1,9,14,15], and 
could contribute in various ways to the effects of allergen 
challenge. Recognition of allergen at the challenge site 
by TH2 lymphocytes, which subsequently secrete IL-5, is 
one way to couple allergen recognition in the peripheral 
sites to generation of a stimulus within the bone-marrow. 
Other possibilities include production of IL-5 by mast cells 
following recognition of allergen by specific IgE bound to 
FcεRI in the mast cell surfaces[15,20]. Secretion of IL-5 inside 
bone-marrow by lymphocyte populations[21]  might also 
contribute, although it is unclear at present whether these 
would necessarily be conventional T lymphocytes, requiring 
MHC restricted allergen presentation by dendritic or B cells. 

THE MODES OF OPERATION OF 
CYTOKINES AND OTHER EXTRINSIC 
REGULATORS OF BONE-MARROW 
FUNCTION
Cytokines can transduce the effects of immune reactions 
on the bone-marrow, by one of two ways: (1) systemic 
diffusion of the cytokine itself, from the inflammatory 
site to bone-marrow through the circulation; and (2) 
selective homing of cytokine-producing cells to the bone-
marrow, followed by local cytokine production. 

In the first case, the cytokine stimulus is widespread, 
but the response remains restricted because the relevant 
target cells are concentrated in bone-marrow or, if 
present elsewhere, are presumably absent or dormant. 
In the second case, such a systemically diffusible sti-
mulus is not necessary or even relevant, since the effect 
of immunity on granulopoiesis is elicited through a local 
accumulation of cytokine-producing leukocytes inside 
the bone-marrow, which only activate the relevant target 
cells in their neighborhood. Both mechanisms depend on 
the stimulus not being constitutively present, or effective, 
but becoming so in the wake of allergen challenge. 

These alternatives have clearly distinct counterparts in 
an experimental setting: In the first case, bone-marrow 
effects can be elicited by intravenous transfer of plasma 
from the appropriate donors to naive recipients[22], and 
effects of this transfer will be restricted to the bone-
marrow as long as there are no responsive targets 
elsewhere; in the second, transfer of leukocyte populations 
capable of homing to the bone-marrow compartment 
will be sufficient, and responses will both be limited to 
the bone-marrow compartment, and associated with the 
physical presence of the transferred leukocytes in this 
compartment[23]. 

It should be noted that these various possibilities 
are not mutually exclusive, but may better describe 
events at different time points. This is probably relevant 
to the sequence of events elicited by allergen exposure 
of sensitized mice (“challenge”), thought to represent 
chronic processes that underlie allergic diseases, especially 
asthma[12,24], as discussed below in the context of 
eosinophil production, which is the prime target of IL-5 
actions.

It is also important that CSF-like molecules are just a 
small fraction of the cytokines that might be influencing 
bone-marrow responses, which is defined by its ability to 
directly stimulate hemopoiesis. A much larger number of 
cytokines may be unable to act as primary hemopoietic 
stimulus, but remain quite effective in modifying the 
actions of primary stimuli to achieve particular eff-
ects. In the case of the eosinophil lineage, IL-5 is the 
best characterized (and highly selective) primary sti-
mulus[9,15,20]; however, a number of cytokines discussed 
below, including eotaxin/CCL11, IL-13 and IL-17, do not 
stimulate directly eosinopoiesis, but interact with IL-5 to 
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achieve quite different outcomes[25,26].
Another important feature of cytokine-coordinated 

processes is the potential for interactions involving multiple 
partners. These are, in some cases, other cytokines as 
mentioned above; however, they may also include noncytokine 
mediators of inflammation such as proinflammatory or 
antiinflammatory lipid mediators, hormones, or vitamins. In 
the context of therapy, drugs or immunoregulatory leukocyte 
subpopulations may become partners for novel interactions. 
Generally speaking, the actions of a given cytokine may 
be only understood in context, which encompasses 
immunoendocrine and immunopharmacological interactions, 
in addition to cytokine network interactions.

THE EXPERIMENTAL ANALYSIS OF 
ALLERGEN-INDUCED EOSINOPHILIA
Eosinophils, a minor subset of circulating leukocytes, 
remain better understood in their contributions to tissue 
injury in allergic disease such as asthma[27,28], than in 
their presumably beneficial actions in host defense and 
tissue repair[9,14,15,29,30]. Nevertheless, eosinophils are 
very interesting cells, which produce a large number 
of specialized (mostly cationic, or “basic”) proteins, a 
complex mixture of lipid mediators, and an impressive 
number of cytokines, which overstep the boundaries of 
the conventional TH1 and TH2 “profiles”. In addition, 
eosinophils aided by antibody are capable of killing some 
tumor cell targets, and, at high effector/target ratios, some 
larval stages of worms[19]. It is both biologically puzzling 
and therapeutically serendipitous that eosinophil-depleting 
interventions in experimental models as well as in chronic 
treatments have no consistent adverse effects. Hence, 
the damage they could cause in people with a variety of 
diseases is prevented by such treatments, but no obvious 
function for eosinophils in an otherwise healthy subject 
is unveiled through eosinophil depletion[29]. This does not 
necessarily prove that eosinophils have become obsolete 
in the course of evolution; it nevertheless suggests that 
beneficial functions for eosinophils might be relevant 
in very specific conditions which have not yet been 
addressed in these previous studies. Two such examples 
in the recent literature are a beneficial role for eosinophils 
in liver regeneration[31]  and a role for eosinophils in the 
recruitment of other leukocyte classes in response to 
CCL11[32].

Eosinophils are very suitable for the experimental 
analysis of stress granulopoiesis in mice, for a number of 
reasons.

Reliable identification and efficient detection of 
eosinophils
In mice and humans, eosinophils are easy to recognize 
and to detect in tissues, by a combination of surface 
marker expression and morphological criteria, including 
cytochemical reactions. Although nuclear morphology is 
not identical between human and mouse eosinophils, they 
are polymorphonuclear leukocytes presenting segmented, 

thick bands of chromatin when mature[9,14,15,33]. In both 
species, they contain numerous cytoplasmic granules of 
various sizes, and in the mouse a coarse type of granule, 
displaying the characteristic affinity for the acidic dye 
eosin, also stains positive in the cytochemical reaction 
for eosinophil peroxidase (EPO), which yields a brown 
color because of precipitated diaminobenzidine product 
formed in the presence of exogenous H2O2

[34]. Murine 
EPO, unlike its homologues in other species, including 
humans[35], is resistant to cyanide, which makes this 
reaction a very useful marker for mouse eosinophils, 
as distinct from mouse neutrophils. Experimentally, the 
expression of a characteristic array of surface markers, 
including the receptor for the lineage-selective chemokine, 
CCL11 (or eotaxin-1), CCR3[36], as well as the cell surface 
lectin Siglec-F or Siglec-8[9], makes it easier to monitor 
the presence of eosinophils in cell suspensions by flow 
cytometry. 

Quantitative changes can be accurately induced and 
monitored
The numbers and even the presence of eosinophils in 
individual animals can be manipulated conveniently in 
various murine models. Allergic sensitization and chal-
lenge, helminth infection, IL-5 overexpression and/or 
administration, IL-9[37] and more recently IL-33 infusion[38], 
have all been reported to induce eosinophilia in mice[9,14,22,39]. 
Eosinopenia, the opposite state, can be induced in variable 
degrees by a variety of neutralizing antibodies to IL-5[22,40] 
or by induced mutations, including selective deletion of an 
internal autoamplification site in the promoter of the GATA-1 
transcription factor, through which the coding regions of the 
GATA-1 gene remain functionally intact and sufficient for 
differentiation of erythrocytes and platelets, while eosinophil 
production, which requires an early autoamplification step, 
fails on a permanent basis[41]. Even more conveniently for 
the experimenter, this model is suitable for reconstitution, 
since mature eosinophils can be transferred from wild 
type (BALB/c) control donors in high purity[32]. Alternative 
models, based on selective and conditional elimination of 
eosinophils by genetic engineering, have provided important 
insights in other experimental models[27,28,42]. It is reassuring 
that no obvious damage to the organism is associated with 
eosinophilia or eosinopenia per se, as documented even 
in IL-5 transgenic models. By contrast, damage to heart 
and nervous tissue, and extremely high eosinophilia, not 
induced by an external agent, coexist in humans with the 
so-called hypereosinophilic syndromes; there is, however, 
extensive evidence that, in these conditions, eosinophils 
are functionally activated and possibly abnormal[9,20]. In 
murine models[39], by contrast, no damage secondary 
to the induction of eosinophilia is likely to confound the 
interpretation of results.

Stimuli and procedures have a high degree of selectivity
Usually, marked changes in eosinophil counts occur 
in bone-marrow, spleen or blood without significant 
changes in total cell counts. This apparent selectivity is 
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due to eosinophils being a minority[9,14], amounting to 3% 
or less of circulating leukocytes in noninfected, nonallergic 
humans, for instance, while most other leukocyte po-
pulations are much larger (compare with up to 70% 
neutrophils in human blood). To reach significance, a 
much larger change in other leukocyte populations would 
be needed, because random fluctuation is larger in this 
case. Eosinophils have a specialized growth factor (IL-5), 
and differ from other leukocyte types in responses to 
other cytokines and mediators of inflammation, including 
rather selective chemoattractants, such as CCL11[33] 

and the cysteinyl-leukotrienes (CysLT)[43]. All of these 
differences contribute to the relative selectivity of the 
effects observed. Nevertheless, some stimuli, such as 
GM-CSF, elicit major responses in several hemopoietic 
lineages at once, including eosinophils and neutrophils[44]. 
It is relevant, in this context, that GM-CSF and IL-5 
receptors, although distinct in their composition, share 
an essential signaling component, the common β chain 
(βc[13,44]). This subunit is also found in IL-3 receptors, 
although in mice there is evidence for a separate IL-3 
receptor lacking βc[13]. Eosinophils and neutrophils 
present GM-CSF and IL-3 receptors bearing βc, while 
eosinophils (and basophils[42]) have IL-5 receptors, unlike 
neutrophils[8,13]. This implies that even though GM-CSF, 
IL-3 and IL-5 can stimulate eosinophil production through 
similar signaling pathways (mediated by βc), IL-5, unlike 
GM-CSF and IL-3, should not directly induce neutrophil 
production. 

THE SPECTRUM OF CHALLENGE 
EFFECTS ON THE EOSINOPHIL LINEAGE 
INSIDE BONE-MARROW
We have first described the upregulation of eosinophil 
production in murine bone-marrow in mice sensitized and 
challenged with allergen in the airways. In this murine 
model of allergic eosinophilia, the critical stimulus is specific 
allergen challenge in the airways[22] or in alternative 
sites[45], and the major outcome is an increase in bone-
marrow eosinophil-lineage cells (eosinophil peroxidase 
positive, or EPO+, cells) in bone-marrow harvested 24 
h after challenge, which is taken as direct evidence of 
allergen-induced eosinophilia of the bone-marrow in vivo. 
To keep a focus on bone-marrow events, we will not 
discuss here extramedullary effects of allergen challenge, 
such as the accumulation of eosinophil progenitors in 
the lungs[46] and the large increase in eosinophils in 
the spleen[47]. Nevertheless, these are interesting in 
themselves and share important mechanisms with events 
in bone-marrow[47]. 

Challenge-induced bone-marrow eosinophilia can be 
fully prevented in mice made specifically tolerant to the 
allergen before sensitization and challenge, as well in 
recipients of splenic T cells from these tolerized donors[48]. 
It is important, however, that the tolerance induction 
oversteps the boundaries of the original phenomenon, as 
tolerance-induced changes also affect neutropoiesis and 

therefore extends to another lineage[48]. 
This sensitization/challenge experimental setting 

provides a wealth of experimental opportunities, which 
have been explored in recent years. Because of the 
rapidity with which events in the airways translate into 
distant consequences in the bone-marrow, we hypo-
thesized that a mediator released in the circulation 
would account for communication between the sites 
of challenge and of eosinopoiesis. Plasma transfer 
experiments from sensitized/challenged donors to naive 
recipients did support this view[22]. 

While in vivo observations suggest the relevance of 
the phenomenon, important information was provided 
by ex vivo protocols, defined as the in vitro analysis of 
changes induced by previous interventions in vivo. The 
outcome of in vivo interventions and the associated ex 
vivo observations is summarized in Table 1. In addition 
to rapidly inducing eosinophilia of bone-marrow in vivo 
(24 h), challenge also increases the magnitude of the 
responses of bone-marrow cells to IL-5. This effect was 
described as “priming” because it takes place in vivo, 
during the 24 h that follow challenge, but it remains 
undetected until cells are exposed to IL-5 in culture for 
several days - hence it corresponds to a silent change in 
developmental potential that is unveiled by subsequent 
IL-5 exposure[22,45]. It is analogous, but not identical, to 
priming for other cellular responses by exposure to IL-5 
itself[49], since it distinguishes between in vivo allergen-
challenged and -unchallenged sensitized mice, which do 
not necessarily differ in their circulating IL-5 levels[22]. The 
endpoint that defines priming is in vitro differentiation of 
precursors that had been exposed in vivo to allergen and 
presumably to newly released IL-5 as well. Nevertheless, 
these precursors are not IL-5-autonomous, since they do 
not complete differentiation in culture if exogenous IL-5 is 
not added[22]. This apparent paradox suggests that even 
though endogenous IL-5 has been shown be present 
in vivo in the bone-marrow after challenge[21], it is not 
sufficient to sustain eosinophil production over a week’s 
culture. 

Importantly, priming is a positive phenomenon: It 
rapidly increases the magnitude of the responses to IL-5 
as well as to other eosinopoietic stimuli, such as IL-3[22]. 
Therefore, it is assumed to contribute to the eosinophilia 
of allergic disease, rather than to oppose it. It is detectable 
as early as 24 h and as long as one week after challenge 
of sensitized mice. 

Priming, however, is paralleled by a distinct ex vivo 
effect[50], which we call immunoregulation of pharma-
cological responses, because it reduces the magnitude of 
the subsequent responses of cultured bone-marrow to 
some drugs, as well as to exogenously provided mediators 
and cytokines. In contrast to priming, which changes the 
response to the primary stimulus (IL-5), immunoregulation 
of pharmacological responses attenuates the response to 
secondary stimuli, such as nonsteroidal antiinflammatory 
drugs (NSAID) and proallergic cytokines, all of which require 
IL-5 to be effective. Hence, priming upregulates a core 
response to IL-5; by contrast, immunoregulation restricts 
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a peripheral response to modifiers of IL-5 activity. While 
priming is assumed to promote an eosinophilic response, 
immunoregulation should, in principle, restrict further 
expansion of eosinophil numbers by exposure to other 
stimuli. These two effects do not cancel each other, but may 
interact, depending on the precise stimulation context and 
on their relative timing.

Indomethacin and aspirin, two NSAID with biochemically 
distinct mechanisms of action, proved stimulatory not only 
for IL-5-driven eosinopoiesis in bone-marrow culture, but for 
colony formation by myeloid progenitors of several lineages 
as well[50]. Unexpectedly, however, when bone-marrow 
from sensitized and challenged mice was studied, the ability 
of both NSAID to enhance eosinopoiesis was lost[50], and, 
depending on the experimental conditions, NSAID can even 
become inhibitory in this assay (manuscript in preparation). 
Therefore, immunoregulation of pharmacological responses 
comprises two aspects: (1) attenuation of the effectiveness 
of NSAID as enhancers of eosinopoiesis; and (2) inversion 
of its effects, leading to active suppression of eosinopoiesis 
when NSAID are present. Because pharmacological 
responses are usually not assumed to depend on the 
immune status of the organism, this apparently paradoxical 
observation has theoretical interest in itself. In its original 
description[50], no physiological relevance was ascribed 
to it. More recent results, as detailed below, substantially 
increased the scope of this effect and highlighted its 
potential to modulate eosinophilia in a biologically more 
relevant context.

The twin phenomena of priming and pharmacological 
immunoregulation highlight two important features of 
extrinsic control of bone-marrow: (1) changes can be both 
silent and durable, as in priming, thereby accounting for 
effects that may become visible only in the long-term; and 
(2) the apparent paradox of a drug response that depends 
on the immune status of the organism - challenged vs 
unchallenged mice - reflects the mechanism of action of 
the drug as well as the inflammatory events elicited by 
challenge. Both priming and immunoregulation remain 
silent effects, until they are unveiled by the appropriate 
stimuli (exposure to IL-5, in the first case; or to NSAID 
in the presence of IL-5, in the second). In both cases, 
challenge changes the properties of the target cell.

THE CENTRAL ROLE OF 

GLUCOCORTICOIDS IN EXTRINSIC 

REGULATION OF BONE-MARROW 

EOSINOPOIESIS
A central contribution of glucocorticoids (GC) to ex-
trinsic bone-marrow regulation was first reported in a 
pharmacological setting, following exposure to dexa-
methasone, both in vivo and in vitro[51]. Subsequent 
experiments in a sterile trauma model indicated that 
stress-induced GC (corticosterone, in mice) selectively 
induced bone-marrow eosinophilia in the absence of 

Table 1  The spectrum of GC-dependent effects on bone-marrow eosinopoiesis

In vivo  treatment Bone-marrow effects Systemic factors    Ref. 

In vivo  bone-
marrow 
Eosinophilia

Ex vivo  effects on response 
to GM-CSF (CFU counts) in 
bone-marrow culture

Ex vivo  effects of challenge on 
responses to IL-5 or CysLT in bone-
marrow culture

GC measurements and 
interventions targeting GC

Total Eosinophil Priming Maturation of 
eosinophils in 
culture

Regulation 
of CysLT 
responses 

Blockade by 
GC targeting

Plasma 
corticosterone

None Baseline NA NA NA Complete NA No effect Baseline [36,52]
Dexamethasone
(5-20 mg/kg)

Baseline
(BALB/c)

Increase Increase Primed 
by 24 h of 
injection

Incomplete, 
rescued by 
PGE2, anti-a4 
integrin 
antibody

NE RU486 NA [51,36]

Increased 
(C57BL/6)

Increase NE NE NE NE RU486 N. A. [53]

Surgical trauma Increased 
(BALB/c) by 
24 h of trauma

NE NE Primed 
by 24 h of 
trauma

Complete NE RU486
Metirapone

Stress level
by 24 h of 
trauma

[52]

Sensitization and 
challenge

Increased 
(BALB/c, B6, 
BP-2) by 24 h 
of challenge

No significant 
increase

Increased 
by 24 h of 
challenge

Primed 
by 24 h of 
challenge

Complete Attenuated 
by 24 h of 
challenge

RU486
Metirapone 
(eosinophilia, 
priming)

Stress level 
by 24 h of 
challenge 
(BALB/c), TNF-
 induced

[22,25,45,
47,50,54,70]

Oral tolerance 
induction, 
sensitization and 
challenge

Increase 
prevented 
(BALB/c, 
BP-2) by 24 h 
of challenge

Increased 
by 24 h of 
challenge

Increased 
by 24 of 
challenge

Priming 
prevented 
(BP-2) by 
24 h of 
challenge

Complete NE NA NE [48]

CFU: Colony-forming unit; NE: Not examined in the study; NA: Not applicable to the study.
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specific immune responses[52]. Finally, an essential role 
for corticosterone in allergen-induced bone-marrow 
eosinophilia was also demonstrated in a sensitization/
challenge model[45], which necessarily involves specific 
immunity. Hence, evidence of a link between GC and 
bone-marrow eosinophilia was consistently provided 
by experiments ranging from pharmacological through 
physiological to immunological settings, which are also 
summarized in Table 1. This coherence of effects is to 
be expected from the well-established fact that GCs, 
synthetic or natural, act through the same receptor, 
which is blocked by RU486 (mifepristone[45,51-53]).

Dexamethasone did not induce bone-marrow eosino-
philia in vivo in our original study, which used mice of 
the BALB/c background; however, it did prime bone-
marrow for strongly enhanced responses to IL-5 ex 
vivo over a period of from 24 h[51] up to 4 wk after 
injection (manuscript in preparation); more recently, 
however, an important difference between strains 
of distinct backgrounds was observed for this drug 
effect, since bone-marrow eosinophilia was observed 
in C57BL/6 mice injected with dexamethasone, 24 
h after injection, unlike BALB/c controls[53]. In both 
BALB/c and C57BL/6 mice, dexamethasone primed 
bone-marrow for increased eosinophil production in IL-
5-stimulated cultures; dexamethasone did not replace 
IL-5 as a primary eosinopoietic stimulus, but greatly 
enhanced its effectiveness. However, dexamethasone 
significantly modified IL-5 effects, since a large fraction 
of the eosinophils produced in dexamethasone-exposed 
BALB/c cultures were cytologically immature and formed 
extensive homotypic aggregates[36,51], none of which 
had been observed in preceding studies of BALB/c[22,45] 
or C57BL/6[54] sensitized/challenged mice. Further 
studies[36] demonstrated the ability of PGE2 to synergize 
with dexamethasone in promoting terminal cytological 
maturation of these eosinophils in BALB/c bone-marrow 
cultures. Because neutralizing antibodies to VLA-4 (CD49; 
a4β1 integrin) were able to dissociate the homotypic 
aggregates formed in dexamethasone-exposed cultures, 
leading to an increased recovery of fully mature eosinophils, 
we hypothesized that homotypic aggregation interfered 
with terminal maturation, and that release from aggregates 
allowed terminal maturation to proceed. Accordingly, PGE2 
was shown to dissociate the same aggregates, through an 
effect on a4β1 integrin expression[36].

By contrast, in the trauma model[52], the physiologically 
relevant GC, corticosterone, was elevated to stress levels 
24 h after surgery and selectively induced eosinophilia in 
the bone-marrow, as well as primed for increased IL-5-
dependent eosinopoiesis. These effects of trauma-induced 
GC were long-lasting, and significant at least for two weeks 
after surgery[52]. The direct contribution of glucocorticoids 
in this model was documented by blocking with RU486, 
as had been previously done with dexamethasone[51], 
and confirmed by two other independent approaches 
(metirapone treatment and adrenalectomy followed by 
trauma after a recovery period). 

Unlike the response to dexamethasone injection, 
it is likely that the response to trauma adds to the GC 

surge other variables related to cell injury and innate 
immunity. One important such variable, is tumor necrosis 
factor-a (TNF-a), which may interact with corticosterone 
so as to modify its actions, in a way consistent with 
the differences observed between the pharmacological 
(dexamethasone) and the physiological (trauma) models, 
especially in the induction of bone-marrow eosinophilia 
and on cytological maturity of the eosinophils. 

Finally, we recently demonstrated that the eosinophilia 
induced by challenge in sensitized mice involves 
endogenous GC[45], which are induced by a product of 
immune cell activation, TNF-a, because: (1) eosinophilia 
is abolished with equal effectiveness by RU486 or by anti-
TNF-a neutralizing antibody; and (2) a corticosterone 
surge, reaching stress levels, is observed in wild-type 
controls, with or without RU486-pretreatment, but not in 
TNF-a type Ⅰ receptor-deficient (TNFRI-KO) mice. 

Challenge-induced eosinophilia is sustained by 
IL-5 acting in vivo[21,22]; by contrast, priming requires 
endogenous GC to act in vivo to prime for an increased ex 
vivo response to IL-5 upon subsequent culture[45]. Although 
IL-5 has usually been considered the target of changes 
initiated by challenge, there is evidence that responses 
to IL-5 are self-limiting themselves, since exposure to 
IL-5, IL-3 or GM-CSF, presumably acting through βc, 
was shown to down-regulate IL-5Ra chain expression[55], 
thereby reducing IL-5 binding and strength of stimulation. 
Similar observations were reported with other extrinsic 
regulators, such as all-trans retinoic acid, which suppresses 
expression of IL-5Ra in culture of human hemopoietic 
cells[56]; in murine eosinopoiesis, the effects of all trans 
retinoic acid are effectively blocked by GC (Xavier-Elsas et 
al, submitted). 

Together, these observations, summarized in Table 1, 
are consistent with the reported ability of TNF-a as well 
as IL-1β, both major inflammatory cytokines, to mediate, 
in animal models, an immunoendocrine response to 
tissue damage with stress-levels of adrenal GC[57]. They 
are equally consistent with the reported link between 
elevated levels of cortisol in humans subjected to stress 
and an increase in the frequency and severity of allergic 
reactions[58,59]. Against this background information, the 
extrinsic upregulation of bone-marrow eosinophilia by 
dexamethasone, trauma and allergy in our own studies 
is better explained as a paradoxical stimulatory effect 
of GC on progenitors and precursors of the eosinophil 
lineage. While this may go against the predominant view 
of GC effects in allergy[57,60-62], it is a reproducible effect 
with pathophysiological implications[58,59,63-65], which may 
appear less paradoxical as a result of its interaction with 
the 5-lipoxygenase (5-LO) pathway of arachidonate 
metabolism, as detailed below. 

THE MULTIPLE ROLES OF 5-LO IN BONE-
MARROW: SOLVED, UNSOLVED AND 
NOVEL QUESTIONS
The 5-LO pathway, which produces leukotrienes (LT), 
has been intensively studied over three decades in the 
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context of allergic disease[66,67]. While its involvement in 
the functional abnormalities of the airways in asthma is 
well-established, its roles in extrinsic regulation of bone-
marrow remain incompletely explored, even though bone-
marrow is believed to be central to chronic inflammation in 
asthma[12,24]. LT, especially CysLT (a class comprising LTC4, 
LTD4 and LTE4), besides making important contributions to 
asthma pathophysiology, have significant pharmacological 
effects on hemopoietic cells[68,69]. Such effects are of special 
interest in the case of eosinophils, which both produce 
and respond to LT[43], and play important roles in allergic 
disease. Type 1 CysLT receptors (CysLT1R) play important 
roles in the pathophysiology of human and experimental 
asthma, and CysLT1R antagonists, such as pranlukast, 
zafirlukast and montelukast, are currently approved for 
the treatment of asthma[47,66,67]. CysLT1R are expressed in 
several cell populations in the bone-marrow[68], and CysLT 
were shown to enhance colony formation by progenitors 
of different myeloid lineages in addition to eosinophils[69]. 

The stimulatory effect of NSAID on eosinopoiesis 
is of special interest not only because it is subject to 
immunoregulation of pharmacological responses, but 
because of what it tells us about the roles of COX and 5-LO 
in bone-marrow regulation. 

NSAID, which block the cyclooxygenase (COX) path-
way, were originally tested in the context of the effects of 
prostaglandin E2 (PGE2), a COX product, in murine bone-
marrow culture. Eosinopoiesis is significantly suppressed 
by exogenously added PGE2 in bone-marrow cultures 
established from allergen-challenged mice, as well as 
from unchallenged controls. This suppressive effect of 
PGE2, which is unaffected by allergen challenge, is not 
surprising in itself, because nonselective inhibitory effects 
of PGE2 on hemopoiesis in vitro have long been known[36], 
and suppression of eosinopoiesis would seem to be just 
one particular example of this general phenomenon. On 
the other hand, if NSAID were working solely as COX 
inhibitors, they should be ineffective against exogenously 
added PGE2, which bypasses the COX pathway to act 
directly on PGE2 receptors. However, we showed that 
NSAID prevent the suppressive effects of PGE2 on 
eosinopoiesis, and further stimulate eosinophil production 
strongly (in this case, the eosinophils are cytologically 
mature)[70]. This rules out a mechanism involving only COX 
inhibition, which cannot protect against preformed COX 
products. Furthermore, blockade of the 5-LO pathway 
by genetical or pharmacological approaches abolishes 
the effectiveness of NSAID in promoting eosinopoiesis, 
which implies a 5-LO-mediated mechanism, quite distinct 
from simple COX inhibition. This alternative mechanism 
was shown to depend on CysLT, endogenously produced 
in bone-marrow culture, as evidenced by its absence in 
LTC4 synthase-deficient mice, and by its blockade by 
CysLT1R antagonists and CysLT1R deletion. In support 
of this view, exogenously added CysLT strongly stimulate 
eosinopoiesis, even in the absence of functional 5-LO or 
LTC4 synthase[70].

Importantly, this same CysLT-mediated mechanism 
was subsequently shown to underlie the stimulatory 

effects of eotaxin/CCL11 and IL-13, two cytokines 
central to allergic inflammation, on eosinopoiesis in naive 
bone-marrow culture[25]. Again, both depend strictly 
on functional 5-LO and CysLT1R to enhance eosinophil 
production, and both lose effectiveness when bone-
marrow from sensitized-challenged mice is used. 

It is clear, therefore, that extrinsic regulators of 
bone-marrow eosinopoiesis may be subject to immuno-
regulation (NSAID, proallergic cytokines) or not (PGE2), 
depending on their mechanism of action. 

Since IL-13 and eotaxin are produced during allergic 
episodes and present systemic effects[15,33,40], this suggests 
that CysLT in bone-marrow are proximal elements in a 
chain of events started by a distant allergic reaction, and 
therefore might play a role in the strong upregulation of 
eosinophil production following challenge. Consequently, 
one might predict that targeting CysLT production or 
signaling with drugs currently in use (respectively zileuton 
for production and montelukast and its analogues for 
signaling), would not only be beneficial in attenuating 
local allergic symptoms, but also in preventing increased 
eosinophil production. Such an effect of pranlukast has 
been previously reported in humans[71].

In ovalbumin-sensitized mice, we have observed the 
complete blockade of challenge-induced eosinophilia of 
the bone-marrow using both the leukotriene synthesis 
inhibitor diethylcarbamazine (DEC)[54] and 5-LO-activating 
protein inhibitor MK-886[47], which prevent production of 
CysLT; the same effect was observed with montelukast, 
which blocks CysLT1R[47]. Consistently with this 
hypothesis, DEC had no effect in mice lacking functional 
5-LO. Together, this evidence supports an essential role 
for CysLT in challenge-induced eosinophilia, similar but 
distinct from that previously attributed to endogenous 
GC.

Further insight on the underlying cellular mechanisms is 
provided by the effects of DEC. Interestingly, DEC requires 
not only 5-LO to be effective[47] but inducible NO synthase 
(iNOS) as well[54]. This enzyme, which produces large 
amounts of NO in the course of cellular immune responses 
to a number of intracellular pathogens, had already been 
shown to be required for the suppressive effects of PGE2 
on bone-marrow eosinopoiesis[72]; more recently, it was 
shown to account for similar effects of a-galactosylceramide 
(a-GalCer; an anticancer agent and immunomodulator)[23] 
and IL-17 (a powerful proinflammatory cytokine)[26] on 
bone-marrow. These observations, therefore, establish 
DEC as a pharmacological link between 5-LO and iNOS 
in bone-marrow, as discussed below. It should be noted 
that GC powerfully suppress iNOS expression[72], and 
this underlies their ability to block the suppressive effect 
of PGE2: In vitro, when iNOS expression is blocked by 
dexamethasone, this GC interacts with PGE2 to increase 
the production of mature eosinophils in culture[36], a 
somewhat unexpected interaction between an anti-
inflammatory drug and a proinflammatory mediator. 

It is therefore important that CysLT can counteract the 
effects of both IL-17[26] and a-GalCer[23] on eosinopoiesis, 
just as CysLT counteract those of PGE2[70]. Like GC, 
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therefore, CysLT target the iNOS-CD95-dependent 
proapoptotic mechanism that suppresses eosinopoiesis, 
as part of their eosinophilia-promoting actions. 

Together, the available evidence suggests that 
challenge-induced eosinophilia in the bone-marrow is 
associated with both iNOS suppression (by GC) and 5-LO-
mediated mechanisms; by contrast, its prevention is 
associated with iNOS-mediated mechanisms and blockade 
of 5-LO. It is therefore important to understand how these 
regulatory and effector elements (GC, 5-LO, iNOS) relate 
to each other.

If immunoregulation of responses to NSAID involved 
modulation of the COX pathway as opposed to the 5-LO 
pathway, responses to exogenously added CysLT in the 
bone-marrow would not depend on the immune status 
of the mouse. However, just like for NSAID, responses 
to LTD4 are strongly immunoregulated in murine bone-
marrow (manuscript in preparation). This suggests 
that challenge not only requires CysLT to increase 
eosinophil production, it also profoundly attenuates the 
effectiveness of CysLT, thereby limiting the magnitude of 
responses to drugs and cytokines which are mediated by 
endogenous CysLT.

Because the effects of challenge on bone-marrow are 
counteracted with similar effectiveness by blockade of 
endogenous GC signaling, and by blockade of CysLT1R 
signaling, this raises the issue of the relationship of 
endogenous GC to CysLT in the context of sensitization 
and challenge.

While the similar actions of endogenous GC and 
CysLT might seem unrelated or even incompatible, recent 
studies point to a critical partnership of these mediators 
in vivo. This prompted us to address in the following 
section how these quite dissimilar classes of extrinsic 
regulators might work together to induce eosinophilia in 
murine bone-marrow, and to further limit the magnitude 
of this response to challenge through subtle regulatory 
mechanisms. 

MAKING SENSE OF AN UNLIKELY 
PARTNERSHIP: CHALLENGE-INDUCED 
EOSINOPHILIA AS A SELF-LIMITING 
PROCESS STARTED BY GC AND 
AMPLIFIED BY CYSLT
The observations summarized above may appear para-
doxical in several respects: (1) GC are usually thought of 
as antiallergic agents, not as promoting allergy; (2) GC 
are believed to suppress the generation of lipid mediators 
from arachidonate metabolism (eicosanoids) and should 
accordingly prevent the generation of CysLT; (3) even 
though GC are essential to the effects of challenge on the 
bone-marrow, dexamethasone alone cannot reproduce all 
of these effects; (4) GC (anti-allergic agents) and CysLT 
(proallergic agents) seem to elicit the same outcome - 
increased eosinophil production - and therefore constitute 
a highly unlikely couple; and (5) the effects of CysLT, 

furthermore, are attenuated after challenge, and may 
even become suppressive, in a clear inversion of the 
original signal provided by these mediators. 

GC and CysLT form indeed an odd couple: GC are 
widely used as anti-inflammatory agents and for the long-
term maintenance in asthma control; by contrast, CysLT 
account for some of the most visible manifestations of 
asthma and allergy, and CysLT antagonists are useful 
for asthma control. So GC and CysLT would be expected 
to be natural antagonists, not partners. However, the 
eosinopoiesis-enhancing effects of dexamethasone 
are observed at lower concentrations that its anti-
inflammatory and anti-allergic effects[51], and are 
compatible, in terms of glucocorticoid activity, with the 
GC surges associated with acute stress[45,52]. So, GC 
promotion of eosinopoiesis by dexamethasone might be 
dose-dependent and self-limiting over time. 

This priming effect of GC is reproduced by surgical 
trauma in the absence of allergen sensitization[52], and is 
therefore independent of underlying allergic processes. 
When the relevant GC, corticosterone, is released by 
challenge of sensitized mice, this release depends on TNF-a 
type 1 receptors, and is therefore part of the nonspecific 
host response to aggression, mediated by proinflammatory 
cytokines[45]. The effect of challenge seems to last about 
one week[54], although surgical trauma has a longer-lasting 
impact on bone-marrow[52], and dexamethasone may have 
a priming effect demonstrable in bone-marrow culture 
as long as one month after a single injection (manuscript 
in preparation). Our interpretation is that the duration of 
GC effects is significantly curtailed by factors operating in 
vivo during trauma or allergic challenge, and, in a sense, 
this makes the extrinsic regulation of bone-marrow 
eosinopoiesis by allergen challenge a self-limiting process. 

On the other hand, the results of complete prevention 
of challenge-induced eosinophilia by a variety of inter-
ventions that target CysLT production or signaling (DEC, 
MK886, 5-LO deficiency; montelukast) can only be 
understood if one assumes that despite the elevation in 
endogenous GC levels induced by challenge[45], the 5-LO 
pathway is operative and CysLT are produced. Resistance 
of CysLT to GC even at therapeutic levels has been 
reported in human studies[67] and underlies the rationale 
for using antileukotrienes as complementary to GCin 
asthma control[62,66,67].

If both endogenous GC and CysLT are present in vivo 
after challenge, what is their relationship? They might 
be present simultaneously, but at different, unconnected 
sites and therefore act independently of each other; 
alternatively, they might be coupled. Prevention of 
challenge-induced eosinophilia by GC or by CysLT blockade 
to the same extent might seem to argue against either 
having an independent effect on bone-marrow, since one 
would logically expect an additive effect of blocking both 
targets, which is not observed. However, bone-marrow 
of naive mice[70], or from sensitized mice pretreated with 
RU486 before challenge (manuscript in preparation), does 
respond to CysLT in culture in the absence of exogenously 
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added GC. Also, bone-marrow from unsensitized C57BL/6 
mice shows eosinophilia in vivo after dexamethasone 
administration[53], in the absence of any known CysLT 
inducer, just as dexamethasone enhances eosinopoiesis in 
culture without addition of CysLT. The effectiveness of both 
partners in the absence of the other is thus established, 
showing that they have independent pharmacological 
effects outside the framework of sensitization/challenge. 
Nevertheless, blocking either inside this framework 
achieves full prevention of the effects of challenge. This 
suggests that during challenge they become functionally 
coupled in vivo, which does not necessarily occur 
following dexamethasone administration. Coupling is here 
characterized by continuity in time (one event follows 
the other) and by dependence of the latter event on the 
former (blockade of the former event prevents the latter). 
However, it is not synonimous with causality in the usual 
sense: The first event might be just permissive for the 
second, not necessarily its immediate cause. Coupling is 
a term applicable to events that take place at separate 
moments in separate sites, just as it is to events that take 
place at separate moments in very close sites or even 
at exactly the same site, provided the second event is 
reproducibly prevented by blockade of the first. These 

distinct possibilities are illustrated by the two modes of 
cytokine action discussed in section 2. 

Our hypothesis (coupling of GC and 5-LO in response 
to challenge) is consistent with the observed difference 
between the effects of challenge and of in vivo exposure 
to dexamethasone in the BALB/c strain. Challenge induces 
eosinophilia and primes for better responses to IL-5. 
Dexamethasone does not induce eosinophilia, but does 
good priming. Challenge effects are GC-dependent, with 
both eosinophilia and priming being abolished by RU486. 
Hence, even though GC are central to challenge, there is a 
hitherto unidentified factor present in vivo during challenge 
in addition to elevated GC, which modifies the ultimate 
effects of GC on bone-marrow, by coupling GC to CysLT. 
Below we develop the hypothesis that this unidentified 
factor is TNF-a, also produced in the course of challenge, 
and capable of inducing both GC[45] and CysLT[73,74]. 

Further insight can be provided by a comparison of 
dexamethasone and challenge: Dexamethasone-exposed 
eosinophils are cytologically immature and show no 
resemblance to circulating eosinophils[36,51]; challenge-
induced eosinophils[22], as well as those induced by CysLT 
in vitro[70], are fully mature. In a sense, dexamethasone is 
an incomplete enhancer of eosinopoiesis, for it increases 
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Figure 1  Events outside and inside bone-marrow following allergen challenge. The sequence of critical events in the lungs, endocrine system and bone-marrow 
is outlined on the left as a flow chart, and their impact on the establishment of bone-marrow eosinophilia is depicted on the right as a timeline. On the left, we outline 
the contributions of cytokines (IL-5, TNF-a), adrenal GC hormones, and CysLT at early, intermediate and late phases after challenge, as have been characterized by 
genetical, immunological and pharmacological tools in bone-marrow culture (i.e., ex vivo; refs. provided in Table 1). Events promoting allergic inflammation are shown 
in pink boxes; interventions opposing allergic inflammation are shown in light blue boxes. Systemic events preceding the local bone-marrow response (left side, lungs; 
right side, endocrine system) are shown in red boxes. RU486 (mifepristone) is a blocker of GC receptor; metirapone is an inhibitor of adrenal GC biosynthesis. The 
combination of IL-5, TNF-a and adrenal GC is considered to be critical for the entire sequence of events in the bone-marrow, due to long-lasting effects of exposure 
during the initial 48 h of culture[51]. CysLT act downstream from GC[45,47] in the same sequence of events. Challenge promotes expansion of eosinophil precursors and 
their maturation in the presence of CysLT in vivo, but also attenuates responses to CysLT during subsequent exposure ex vivo, thereby limiting the magnitude of the 
resulting eosinophilia (represented in shades of orange at the right). TNF-a: Tumor necrosis factor-a; IL: Interleukin; CysLT: Cysteinyl-leukotrienes.
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the number of eosinophil-lineage cells but prevents their 
full maturation. The maturation sequence, which involves 
downregulation of α4 integrin in dexamethasone-exposed 
immature eosinophils, can be completed in the presence 
of PGE2[36] or IL-17[26]  in vitro, just as it is completed in the 
presence of CysLT in vivo[47].

To reconcile all of these apparent paradoxes, we 
propose a model in flow chart format (Figure 1) which has 
the following essential tenets: (1) GC and CysLT become 
functionally coupled in vivo as a consequence of allergen 
challenge, so that TNF-a-dependent GC signaling makes 
it possible for CysLT generated locally in the context of 
allergic challenge to induce bone-marrow eosinophilia; 
(2) because the upstream permissive element (GC) and 
the downstream effector element (CysLT) are coupled, 
blocking the former will prevent the actions of the 
latter; (3) as a result of this coupling, full maturation of 
the eosinophils produced can be achieved in vivo after 
challenge; and (4) nevertheless, this mechanism is not 
operating unchecked in vivo, for its operation makes it less 
effective in subsequent rounds of allergen challenge, as 
shown by the attenuation of the proallergic effects of CysLT 
ex vivo, and by the observation that the positive effects of 
GC on the eosinophil lineage tend to less marked following 
chronic (repeated challenge) than acute (single challenge) 

exposures. Attenuation of CysLT effects ex vivo in murine 
bone-marrow would be consistent with observations 
that allergen challenge leads to a large increase in 
CysLT production in humans, and that a mechanism of 
desensitization to CysLT effects may limit the untoward 
effects of these potent bronchoconstrictors[75], although 
at present it is unclear whether and how this applies to 
hemopoietic effects. 

In our model, we propose a role for TNF-a, not only in 
inducing GC production through HPA axis activation, but in 
coupling GC surge to CysLT production. The hypothesis of 
a complex relationship of TNF-a produced after challenge 
to actions of GC and CysLT is illustrated in Figure 2, which 
provides a graphical abstract of the essential biochemical 
events identified so far in the extrinsic regulation of bone-
marrow eosinopoiesis by allergen challenge, drugs and 
cytokines. Coupling of GC to CysLT is portrayed, based 
on the available evidence, as a transient relationship 
between events taking place within a single cell target 
(eosinophil precursor inside the bone-marrow), since 
these events all impinge upon a signaling sequence that 
begins at surface receptors and ends at apoptotic cell 
death[72,73] which is limited to immature eosinophils and 
their immediate precursos[36]. In this continuous sequence 
of signaling events, GC and CysLT act as suppressors 
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Figure 2  A graphical abstract of the main events identified in extrinsic regulation of bone-marrow eosinopoiesis, and of the hypothetical interactions of 
tumor necrosis factor-a with the underlying mechanisms. Colored boxes and arrows identify different classes of agents and their actions as follows: Orange, 
extrinsic suppressors of murine bone-marrow eosinopoiesis both in vitro[23,26,72,73] and in vivo[47,54]; light blue, extrinsic enhancers of eosinopoiesis in vitro[25,36,51,70] and in 
vivo[45,47,52,53]; yellow, essential components of a proapototic sequence (iNOS-CD95L-dependent pathway[54,72,73]) which is susceptible to activation by the first (orange-
labeled) and blockade by the second (light blue-labeled) sets of extrinsic regulators; lavender, TNF-a, presenting both constitutive (continuous arrow) and challenge-
induced (discontinous arrow) effects, inside the bone-marrow, besides its extramedullary actions[45] as activator of the HPA axis (not shown). TNF-a: Tumor necrosis 
factor-a. 
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of apoptosis (indicated in light blue colored boxes and 
arrows) by blocking distinct signaling steps upstream 
from iNOS; conversely, inhibitors of CysLT production or 
action, including DEC, promote apoptosis (indicated in 
orange-colored boxes and arrows, for DEC as well as a 
wide panel of pharmacological agents which act at CysLT-
unrelated steps) by acting on targets upstream from 
iNOS[23,26,45,47,54,70,72,73]. In addition to its systemic effects on 
adrenal release of GC during allergen challenge, which are 
not shown in the picture, TNF-a is hypothesized to have 
separate effects on GC and CysLT-mediated responses: A 
constitutive effect permissive for GC action on eosinophil 
precursors (solid lavender line), and an adaptive (coupling) 
effect permissive for GC control of CysLT responses in the 
same cell target (discontinuous lavender line). TNF-a has 
been reported by others to induce CysLT production and 
the expression of critical enzymes in CysLT biosynthesis; 
in addition, LTD4 duplicates these effects, providing a 
mechanism for amplification of TNF-a actions[74]. It at 
present is unclear whether these observations from other 
groups apply to bone-marrow, and, if so, how TNF-α 
induction of CysLT might be dependent on GC signaling.

To test the validity of these models, some points are 
critical, foremost the definition of the site, timing and 
mechanism of coupling of GC to CysLT, and of the role 
played by TNF-a therein. To define the mechanisms 
of attenuation of CysLT-dependent response is equally 
essential, including the roles played by GC hormones 
themselves and by changes in CysLT receptor types, 
expression or intracellular signaling. These steps should 
help us put in proper perspective the paradoxical enhance-
ment of eosinophil production by GC, which, despite being 
at odds with the prevailing views of the contributions of 
GC and eosinophils to immune responses, is likely to shed 
some light on the puzzle of stress-related mechanisms in 
allergic disease.
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