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In allergic-type inflammation, basophil/eosinophil
and mast cell infiltration into tissues is pathogno-
monic. The mechanisms whereby eosinophils,
basophils, and mast cells reach tissue sites are
classically believed to involve chemotaxis, cell
adhesion, and infiltration of mature cells, as a
result of immune activation and the consequent
effects of proinflammatory and hemopoietic cyto-
kines. Our laboratory has been examining another
potential contributing mechanism to allergic
inflammation; i.e., the differentiation and matura-
tion of inflammatory effector cells and, thus, the
involvement of the bone marrow in the delivery of
inflammatory cells to the tissues. In this short
review, the biologic and clinical relevance of the
bone marrow, with its output of inflammatory cell
progenitors, will be discussed. Studies we have
done over the last decade specifically examining
the identification, differentiation, and kinetics of
eosinophil and basophil (Eo-Baso) progenitors in
allergic inflammatory diseases of the lung will be
highlighted.

A fundamental hypothesis is that the bone
marrow is skewed in atopic states to differentia-
tion of increased numbers or types of inflam-
matory cell (especially Eo-Baso) progenitors so
as to give rise to the characteristic allergic inflam-
matory reaction in airways in asthma and related
conditions.

General issues in hemopoiesis
Marker studies of progenitors

Until recently, progenitors for various hemo-
poietic lineages were identified and operationally
defined by colony-forming assays in semisolid media
such as agar or methylcellulose. Now, several hemo-
poietic progenitor cell-surface antigens which allow
marker analysis and cell sorting of varying stages
of progenitors in human and animal systems have
been defined. The most relevant of these markers
are CD34 (1-4), c-kit (the proto-oncogene cell
product which binds SCF [5-7]), CD33, CD38,
and CD45 (the common leukocyte antigen) (4).
The earliest progenitors bear CD34 and the flt3/flk-2
tyrosine kinase receptor on their surface (8) and
later acquire CD33, c-kit, CD38, and/or CD45 (4,
9, 10). The CD34 molecule is a 120-kDa, 0-sialated
glycoprotein (9-11) expressed on the surface of
progenitors, vascular endothelium (II , 12), and
tissue structural cells (13).

Relationships of markers to differentiation

The relationships among hemopoietic progenitor
cell antigens, cytokine receptors, and lineage com-
mitment are not yet clearly delineated. The CD34
gene is induced at an intermediate stage of embry-
onic stem cell development, after induction of the
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common P-subunit of the interleukin (IL)-3, IL-5,
and granulocyte/macrophage colony-stimulating
factor (GM-CSF) receptor (14, 15). CD34 may
play an important role in progenitor cell adhesion
and activation within the bone marrow stromal
compartment, in a process involving carbohydrate
interactions (16). From the practical point of view,
marker studies combined with cell sorting have
made large numbers of purified progenitor popula-
tions accessible for study in vitro and for replenish-
ment of bone marrow in vivo (1-4, 10, 17, 18).

Cytokine receptors on progenitors

Cytokine receptors which appear to overlap in
function or signaling may confer both "redund-
ancy" and "subtlety" on lineage commitment (19);
specificity may be achieved through mechanisms
such as synergy, transactivation (20), or costimula-
tion (19). Common receptor subunits such as
gp-130 for IL-6, leukemic inhibition factor (LIF),
tumor necrosis factor-alpha (TNF-a), and IL-11
(and partially, for IL-12 or granulocyte colony-
stimulating factor [G-CSF]), or the shared
P-subunit for IL-3, IL-5, and GM-CSF, may help
to determine the direction and amount of differen-
tiation, depending upon the availabihty of a given
combination of cytokines at tissue sites.

Specific lineage commitment and expression
for inflammatory effector cells
Basophil, eosinophil, and mast cell lineages

Basophil and eosinophil differentiation. In vitro, one
can distinguish neutrophil and monocyte-
macrophage ("GM" colonies) from eosinophil and
basophil ("Eo" colonies) differentiation; each is
derived from a committed progenitor (19, 21-27).
Eo-Baso differentiation can be directed solely by
IL-5 acting on a late-stage progenitor (28-30);
nonetheless, IL-3 and GM-CSF also can be shown
to play a role in commitment to this lineage (21,
22, 31). Binding studies reveal varying IL-3, IL-5,
GM-CSF, and stem cell factor (SCF) receptor
expression on mature basophils and mast cells (22,
31), but do not address the critical question of
receptor expression on their respective progenitors.
This is important, since the specific cytokine recep-
tor-phenotype of each of these cells may help in
understanding terminal differentiation events, as
well as in developing potential therapeutic strategies
for intervention in allergic diseases (see below).

Mast cell lineage. The human mast cell lineage is
probably distinct from Eo-Baso (31, 32), since it
can be stimulated uniquely by SCF both in vitro
and in vivo (31, 33, 34-37). However, the precise

stage at which the mast cell pathway diverges from
the Eo-Baso one is unknown. Progenitors in cultures
of human fetal liver cells, coî d blood, or bone
marrow differentiate into mast cells and basophils
by using combinations of SCF and IL-3 (31, 33-35,
38-42). The imniunophenotype of mast cells is
distinct from that of basophils and eosinophils (43).
Thus, the c-kit mediates only mast cell differenti-
ation (31, 32, 43, 44), with some exceptions of the
hybrid basophil-mast cells in human bone marrow
disorders (45-48). The uniqueness of the mast cell
lineage is underscored by recent experiments done
in the W/W rat suggesting a biologic dissociation
from the basophil lineage (49, 50). Mutations in
c-kit receptor domains at the W locus in mice and
rats determine mast cell differentiation and function
(51, 52).

Recently, the contribution of mast cell progen-
itors in the blood and lymph nodes to the develop-
ment of mast cell hyperplasia in the intestinal or
respiratory mueosa, after nematode infestation or
viral bronchiolitis, respectively, has been confirmed
(53, 54). These findings complement long-standing
observations that we and others had made on mast
cell progenitors in the rat Nippostrongylus brasili-
ensis model (55, 56) and on Eo-Baso progenitors
in allergic rhinitis (57, 58). What appears to be the
case for mast cell accumulation in response to a
parasitic antigen is thus probably the same for
Eo-Baso progenitors in human allergen-induced dis-
ease. The above studies have provided the concep-
tual and experimental framework for the bone
marrow hypothesis we have pursued in human
allergic reactions (below).

Cytokines and lineage specificity

Cytokine effects on mature cell phenotype. Lineage-
specific cytokine effects on differentiated cells, which
retain hemopoietic cytokine receptors on their sur-
face, result in "activation" or "phenotype switch-
ing": IL-3, IL-5, and GM-CSF can activate and
prevent apoptosis of basophils and eosinophils (42,
59); G-CSF and GM-CSF do the same for neutro-
phils (60). Autocrine stimulation by eosinophils,
basophils, or mast cells of their own differentiation
and/or activation is thus possible, since they pro-
duce a wide range of hemopoietic and proinflam-
matory cytokines, including IL-3, IL-4, IL-5, IL-6,
and GM-CSF (33, 61-69).

Effects of single cytokines. Sanderson et al. have
described IL-5 transgenic mice, in which massive
eosinophiha in the peripheral blood and tissues is
not accompanied by inflammatory disease unless
concomitant nematode infection is present (30).
This implies that eosinophil differentiation and
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activation (presumably induced by the IL-5 trans-
gene) are not sufficient to cause allergic-type
inflammation; however, upregulated eosinophil
difTerentiative processes may be necessary for this
to occur.

In any case, anti-IE-5 antibody treatment in vivo
by parenteral injection into guinea pigs, rats, or
primates abrogates tissue eosinophilia (in the bron-
choalveolar lavage) as well as bone marrow eosino-
phil increases after allergen challenge (70). In these
experiments, a single dose of humanized anti-IL-5
abolished eosinophilia for 3 months, consistent with
an effect on production of eosinophils by their
progenitors.

Likewise, SCE, when administered exogenously
to normal primates or rodents, causes a massive
mastocytosis without disease, probably by pre-
venting apoptosis of mature cells (33, 71, 72).
Subcutaneous administration of SCE to human
subjects causes a wheal-and-flare reaction and pig-
mentation, with increases in dermal mast cells loc-
ally and at distant sites (73). Whether anti-SCE
treatment can abrogate mast cell-dependent
inflammation in the same way that anti-TNE-a can
(72) is stifl unknown.

Molecular events in eosinophil/basophil
differentiation

HL-60 cells and pharmacologic modulation

Data from our laboratory suggest that several pro-
cesses are involved in the generation of functional
eosinophils and basophils from pluripotent progen-
itors. Several growth factors, including GM-CSE,
IL-5, and nerve growth factor (NGE) - the latter
as a synergistic cofactor (74, 75) - are potent
stimulators of basophil differentiation. During mye-
loid differentiation, bcl-2 expression is downregul-
ated, rendering the mature cell susceptible to the
process of programmed cell death, or apoptosis,
without preventing induced differentiation. Retinoic
acid (RA) and budesonide both inhibit Eo-Baso
differentiation, as assessed by histamine production
(76, 77). This suggests that the generation of
Eo-Baso progeny from progenitors occurs in dis-
crete steps that are inhibited by RA and cortico-
steroids. It will be of interest to examine which
stages of Eo-Baso differentiation are inhibited by
either of tfiese two different agents (Eig. f).

Eor example, RA inhibits early, but not later,
stages of Eo-Baso commitment (78), and there
appears to be a skewing toward Eo-Baso lineage in
RA receptor-dominant mutant HL-60 cells (79). It
is possible that this RA-induced inhibition of
Eo-Baso lineage may be accompanied by modula-
tion of surface expression of markers such as

CD34*
CD35-

IL-5

"Early"
Eo-Baso

Progenitor

Fig. J. Cortieosteroids (CS) and retinoie acid (RA) ean block
development of Eo-Baso progenitors, but precise stage (s) at
which this occurs is not known. Here we postulate that CS
affect both "early" (CD34"*) and "intermediate" (CD34")
Eo-Baso progenitors, while RA downregulates only fonner,
according to preliminary data we have gathered.

IL-5R-a, CD34, CD45, or CD35. Since expression
of the Eo-Baso granule protein genes for major
basic protein (MBP), eosinophil cationic protein
(ECP), and eosinophil-derived neurotoxin (EDN)
is inhibited by RA (78), we can now examine
whether expression of the earliest form of MBP,
pro-MBP (80), is also blocked by RA (Eig. 1).

Identification of human Eo-Baso progenitors

Erom data we have recently obtained, both in
HL-60 and methylcellulose culture systems, it
appears that the immunophenotype of an
intermediate-stage Eo-Baso progenitor is a
CD34-negative, CD35-positive cell (81). However,
the precise immunophenotype of either eosinophil
or basophil progenitor awaits further definition.
Recent work on cultured eosinophils has detected
a hybrid Eo-Baso cell (82) which we had identified
in several earlier studies of colonies and cord blood
(25, 26, 29, 77, 83). The terminal differentiation
events separating these two cells are unclear. If the
bone marrow is a key determinant of the aecumula-
tion of both these cell types in allergic tissues, one
might predict a specific upregulation of precisely
these progenitors in the marrow and blood of atopic
individuals.

Cytokines produced by differentiating progenitors

Recent experiments by us have shown not only that
peripheral blood Eo-Baso progenitors in atopic
patients are increased in quantity (25), but also
that their differentiating progeny (i.e., maturing
eosinophils and basophils in colonies) produce
increased GM-CSE compared with nonatopic pro-
genitors (77, 84). Since this reflects an ex vivo
expression of a presumably in vivo commitment, it
suggests that differentiation might be skewed in the
atopic individual, perhaps even at the bone marrow
stem cell level or at intermediate stages of progenitor
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differentiation. Indeed, studies of neonatal pre-
dictors of allergic diathesis suggest that, in addition
to IgE levels, basophil and eosinophil production
may be important (85). Taken together with our
and others' previous demonstration of GM-CSE
gene expression and production by eosinophils (65,
67), these findings suggest that eosinophils may
exert autocrine control of their own differentiation
in allergic states, amplifying their own numbers and
maturation.

In vivo relevance and correlates of
inflammatory cell progenitors
Allergic inflammation

In vivo models: allergic rhinitis and asthma. We have
extensive evidence of significant and relevant fluc-
tuations in peripheral blood Eo-Baso progenitors
in allergic airways disease (21-26, 57, 58, 86-88)
(Table 1). In general, allergic rhinitis and atopy
patients appear to liave constitutive increases in
these progenitors, observed mainly out-of-season
(57, 58). Eluctuations in blood Eo-Baso progenitors
occur during natural allergen exposure (57, 58, 89).
Eo-Baso progenitors not only rise in number
during seasonal allergen exposure, but also within
24 h of allergen provocation in a controlled setting
(86, 88). Inhaled corticosteroid therapy reverses the
rise in peripheral blood Eo-Baso progenitors
observed during asthma exacerbation (87). These
studies highlight the dynamic relationships that exist
among allergen provocation, airways inflammation,
corticosteroid therapy, and infiammatory cell
progenitors.

An important question is whether the effect of
allergen/topical corticosteroid on Eo-Baso progen-
itors in circulation in asthma is due to direct effects
on the bone marrow, or is an indirect consequence
of effects on airways tissue (and thus on production
of cytokines which can act on the bone marrow)
(Eig. 2). We have begun to address this key question
in a canine model we have developed.

In vivo models: canine allergen-induced airway hyper-
responsiveness. We have recently shown that airway
allergen provocation in Ascaris suum-sensitized

Table 1. Changes in Eo-Baso progenitors in atopy and asthma

• Increased number in atopic blood and bone marrow

• Fluctuations during seasonal allergen exposure in allergic rhinitis

• . Increases in blood 24 h after allergen challenge in atopic asthma

• Increases in blood during asthma exacerbation

• Increase in canine and human bone marrow within 24 h ot allergen

challenge in airway hyperresponders

• Inhibition of increases in blood and bone marrow by inhaled steroids in

asthma exacerbation or canine airway hyperresponse

Allergen
Steroid Tx

Fig. 2. Three potential mechanisms by which allergen exposure
results in progenitor stimulation are illustrated: 1) direet effeet
of allergen on progenitors (unlikely), 2) hemopoietic factor(s)
released from airway directly as result of allergen (possible, see
text), 3) hemopoietic factor(s) released indirectly, either from
inflammatory cells in airway or in circulation (to be studied).
Two potential sites of steroid action are illustrated: A) blocking
production/release of proinflammatory/prohemopoietie medi-
ators (proven in vitro), B) blocking hemopoietie effeet of these
mediators on bone marrow (proven in vitro). Tx: treatment.

dogs, with bronchial hyperreactivity and eosino-
phific infiltration, causes increases in bone marrow
myeloid progenitors; prior inhalation of the potent
corticosteroid, budesonide, abrogates this bone
marrow response (90). A serum hemopoietic activ-
ity is released, probably from the lung, after allergen
challenge, only in dogs that develop airway hyper-
responsiveness, but not in nonresponders; an endo-
crine effect by this factor is likely (91) (Eig. 2).
Together with the findings in human allergic rhinitis
and asthma exacerbation (57, 58, 87, 89), such
observations support the hypothesis that bone
marrow progenitors respond to changes (allergen
or steroids) in the airways during allergen-induced
inflammatory responses. This would be in keeping
with the knowledge we now have of cytokine
production by inflamed airways tissues.

In vitro models: production of hemopoietic cytokines
by allergic tissue structural cells. In the model of
allergic inflammation we have proposed, cytokines
released by inflamed airways tissue structural cells
can determine the pattern of accumulation of
inflammatory effector cells. The systemic release of
tissue-derived cytokines may provide communica-
tion between the allergic response and the bone
marrow-peripheral blood axis. We have evidence
that IL-3, IL-6, IL-8, G-CSE, M-CSE, GM-CSE,
TNE-a, TGE-p, and, recently, SCE are all expressed
or produced in increased amounts by the epithelial
cells and fibroblasts of chronically inflamed airways
in patients with nasal polyposis, allergic rhinitis,
asthma, and pulmonary fibrosis (76, 92-97). Since
some of these are cytokines involved in Eo-Baso
or mast cell differentiation, our hypothesis of
"endocrine" effects by tissue cytokines on the bone
marrow, potentially modulated by steroids, becomes
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even more attractive. It is still possible that low
systemic levels of corticosteroids achieved after
topieal therapy are sufficient to affect bone marrow
function directly; this effect may depend on a
process of active inflammation, since we did not
observe such effects in patients with allergic rhinitis
given inhaled (to the lung) steroids (88). Because
several of the above cytokines, such as TGE-P
and TNE-a, as well as some chemokines (98, 99),
may also specifically inhibit hemopoiesis (63,
100-103), the concept has emerged that the airways
tissue microenvironment provides a milieu which
can regulate (up or down) differentiation of
inflammatory cell progenitors in bone marrow and
blood (92).

Evidence from bone marrow transplantation

There is only one study of the contribution of
human bone marrow to the allergic diathesis: in
nine of 12 patients receiving bone marrow from
atopic donors, there was a change in skin test
responses to standard allergens and/or airway
hyperresponsiveness (109). An hypothesis derived
from these observations is that hemopoietic stem
cells are involved in the transfer of IgE and possibly
other responses (basophilia, mastocytosis, eosino-
philia) in allergic reactions. We must determine
whether all this is due to the transfer of a TH2 cell
(104), sets of progenitors for specific lineages, or
other factors which confer increased capacity to
produce the inflammatory effector cells of allergy.
Eurther study is also needed to determine whether
the bone marrow or the lung (105), or both, are
both necessary and sufficient for the development
of atopic asthma.

Application of progenitor markers and assays in
allergic airways disease: recent in VIMo findings

Atopic vs. nonatopic blood ctnd marrow: validity of
fluorescence-activated cell sorting (EACS) analysis
of progenitors. In a recent study of patients under-
going thoracotomy (106), we have found that
CD34/45-positive cells are increased in atopic blood
and bone marrow. Both EACS analysis of
CD34/45-positive cells and methylcellulose cultur-
ing have been performed on peripheral blood and
bone marrow samples from atopic and nonatopic
subjects. A significantly greater number of
CD34/45-positive cells are present in the peripheral
blood of atopic subjects than in normal nonatop-
ic subjects; bone marrow findings indicate a similar
trend (106). IL-5 responsiveness appears to be the
most significant correlate of the increased progen-
itor population in these atopic samples (106).

Our studies also indicate that EACS and magnet-
activated cell separation (MACS) estimation/puri-
fication of CD34/45-positive cells represents a valid
alternative for enumeration of Eo-Baso progenitors.
Clearly, further work is required to describe the
composite phenotype of Eo-Baso progenitors, in
order to quantify more accurately their presence in
various biologic samples.

Allergen-induced bone marrow progenitor responses.
As we have shown in the dog (above), we have
recently observed that human bone marrow
Eo-Baso progenitors increase 6-24 h after inhaled
allergen in atopic asthmatics; this can be substanti-
ated by both colony assays and by EACS analysis
of CD34/45-positive cells (107, 108).

Summary
The above studies have begun to address the funda-
mental question of the mechanisms of bone marrow
involvement and response to allergen challenge in
allergic asthmatics. Eurther studies in this area
should complement our investigations in fiuman
asthma - which suggest that a particular bias toward
differentiation of Eo-Baso progenitors characterizes
the atopic state - as well as our findings in the dog
model of allergen-induced airway hyperresponsive-
ness, which indicate that the bone marrow responds
to inhalation of allergen or corticosteroids. Taken
in the context of previous indications that IgE and
bronchial responsiveness may both be transferrable
through bone marrow transplantation (109), these
findings indicate a physiologic role for the bone
marrow in allergic inflammation. Likewise, these
concepts provide a basis for making certain predic-
tions regarding management and novel therapeutic
interventions in atopy and asthma.
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