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Background: In allergic inflammation and asthma, eosinophils
are major effector cells. They have been shown to synthesize at
least 23 cytokines, some of which are stored intracellularly in
their unique crystalloid granules together with cationic gran-
ule protein. Little is known about the synthesis and storage of
cytokines relative to cationic granule proteins in maturing
eosinophils during eosinophilopoiesis.
Objective: Our purpose was to analyze the expression of
eosinophil-derived mediators, major basic protein (MBP),
eosinophil cationic protein (ECP), IL-6, and RANTES, during
early stages of eosinophil maturation in CD34+ cell-derived
colonies.
Methods: Purified human cord blood CD34+ cells were grown
in methylcellulose cultures in the presence of recombinant
human IL-3 and IL-5. By confocal laser scanning microscopy,
the coexpression of eosinophil granular proteins MBP and ECP
was determined concurrently with IL-6 and RANTES during
eosinophil maturation on days 16, 19, 23, and 28 of culture.
Results: Immunoreactivity against MBP, ECP, IL-6, and
RANTES was not detectable in freshly purified CD34+ cells.
Maturing eosinophils (>95%) exhibited positive immunostain-
ing for all these proteins between days 16 and 28 of culture. At
early stages of culture, discrete immunostaining was observed
around the periphery but not in the center of granular struc-
tures. By day 28 cultured eosinophil-like cells showed evidence
of the acquisition of crystalloid granule-like structures, analo-
gous to those observed in mature peripheral blood eosinophils.
Conclusions: Eosinophils express and store cytokines simulta-

neously with cationic granule proteins during the process of
maturation. We propose that the storage of cytokines during
the development of eosinophils is an early event and it may be
integral to inflammatory responses involving these cells. The
results of this study suggest a potential immunoregulatory
function for maturing eosinophils. (J Allergy Clin Immunol
2000;105:1178-84.)
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Eosinophils are prominent cells in allergic inflamma-
tion, asthma, and host defense against parasitic diseases.1-4

These inflammatory leukocytes are apparently derived
from myelocytic progenitors in the bone marrow,5,6 which
have been shown to be CD34+.7,8 Eosinophils store and
release, on appropriate activation, a wide spectrum of
proinflammatory mediators including cationic granule
proteins, major basic protein (MBP), eosinophil cationic
protein (ECP), eosinophil peroxidase (EPO), and
eosinophil-derived neurotoxin (EDN).1,2 They have also
been shown to synthesize up to 23 cytokines, chemokines,
and growth factors, many of which are stored in their
crystalloid granules.9,10 Ultrastructurally, the crystalloid
granule is composed of two compartments, namely, an
electron-dense crystalline core (internum) and an elec-
tron-lucent matrix. Mediators have been shown to be dif-
ferentially stored within these two compartments; thus,
although MBP,11,12 GM-CSF,13 and IL-2,14 have been
detected in the internum, ECP, EDN, EPO,1,11 together
with a number of other cytokines and chemokines includ-
ing IL-5,15 IL-6,16 RANTES,17 and TNF-α18 appear to be
stored within the granule matrix.

Recombinant human (rh) IL-3 and rhIL-5 are known
to induce the differentiation of maturing eosinophils
from isolated progenitors in in vitro culture systems.19,20

Indeed, the morphologic characteristics of eosino-
philopoiesis and the ontogeny of the formation of crys-
talloid granule have been partially investigated by analy-
sis of eosinophil progenitors with use of electron
microscopy and in vitro culture systems.21 This included
the description of early commitment to the eosinophil
phenotype by the appearance of numerous large imma-
ture granules in the cytoplasm.21 The observation that
immature granules appear during early eosinophil devel-
opment was confirmed in later studies showing pro-MBP
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messenger RNA and protein expression in developing
eosinophils in vitro, which localized to large immature
granules containing “hollow” electron-lucent cores.22

None of these studies, however, has examined the expres-
sion and pattern of granule storage of cytokines, in par-
allel with cationic proteins, in differentiating eosinophils.

We have recently demonstrated the transcription of
cytokines (IL-4 and RANTES) in maturing eosinophils
cultured from CD34+ progenitors (Velazquez et al,
unpublished data). In this study, with an in vitro culture
system and confocal laser scanning microscopy (CLSM),
we aimed to investigate the production of IL-6 and
RANTES at the protein level during rhIL-3– and rhIL-
5–induced eosinophil maturation from CD34+ progeni-
tors and their ultimate storage in crystalloid granule-like
structures. Our previous studies have shown that CLSM
is a powerful technique in detecting cytokine expression
and storage in peripheral blood eosinophils.16,17 MBP
and ECP were chosen as markers of eosinophil crystal-
loid granules, whereas IL-6 and RANTES were repre-
sentative of eosinophil-derived cytokines and chemo-
kines, respectively.

Our data describe the relationship between the storage
patterns of cytokines juxtaposed with cationic granule
proteins during the course of eosinophil maturation. This
study provides new insights on mediator expression dur-
ing in vitro eosinophilopoiesis. In addition, for the first
time our study shows that cytokine storage is an early
event in the natural history of the eosinophil and is not
only confined to mature or activated cells.

METHODS

Isolation and purification of CD34+ cells from

cord blood 

Human cord blood samples were provided by Dr B. H.
Mitchell, Prenatal Research Center, Royal Alexandra Hospital,
Edmonton, Alberta, Canada. A total of 25 mL of cord blood was
diluted 1:4 in PBS and loaded onto a 45-mL Ficoll-Paque (Phar-
macia Biotech, Inc, Uppsala, Sweden) followed by centrifugation
at 400g at room temperature for 25 minutes. The upper layer con-
taining mononuclear cells was collected and washed twice in 5
mmol/L PBS EDTA. The isolated mononuclear layer was incubat-
ed with micromagnetic beads coupled to anti-CD34 mAb
(QBEND-10) (Miltenyi Biotec, Bergisch Gladbach, Germany) for
30 minutes and subjected to positive selection by loading the cell
suspension on a Mini-MACS separation column (Miltenyi
Biotec). CD34+ cells were eluted by positive selection after
removing the column from the magnetic field. The purity of iso-
lated cells (>95%) was determined with use of immunofluorescent

labeling with phycoerythrin-conjugated antibody (anti-HPCA-2,
Becton Dickinson, Mississauga, Ontario, Canada) and fluores-
cence-activated cell sorter analysis. The number and viability
(>99%) of purified CD34+ cells was determined by trypan blue
exclusion.

Semisolid culture of CD34+ cells 

Purified CD34+ cells were cultured in 35-mm Petri dishes (Fal-
con Plastic, Oxnard, Calif) at a concentration of 4 × 104 cells per
milliliter in RPMI supplemented with Iscove’s modified Dulbecco’s
medium (BioWhittaker, Walkersville, Md), β-mercaptoethanol (1 ×
10–5 mol/L), penicillin (10,000 units/mL), streptomycin (10
mg/mL), 0.3% sodium bicarbonate, 20% heat-inactivated FCS
(Gibco BRL Life Technologies, Burlington, Ontario, Canada), 5
ng/mL rhIL-3 (Genzyme, Markham, Ontario, Canada), 2 ng/mL
rhIL-5 (Pharmingen, Mississauga, Ontario, Canada), and 0.84%
methylcellulose (StemCell Technologies, Vancouver, British
Columbia, Canada). Cultured cells were maintained at 37°C in 5%
carbon dioxide and examined at weekly intervals and the cytokine
concentrations adjusted.

Cell collection and cytospin preparation

Cytospins of freshly purified CD34+ cells and in vitro cultured
cells at days 16, 19, 23, and 28 were prepared by spinning 2 × 104

cells suspended in 100 µL of 20% FCS in RPMI 1640 in a Cytospin
2 centrifuge (Shandon, Runcorn, UK) at 800 revolutions/min for 2
minutes. Cytospins were air dried and stored at –20°C until used.

Immunofluorescent labeling (CD34, MBP, ECP,

IL-6, and RANTES)

Slides of purified CD34+ and cultured cells (days 16, 19, 23, 28)
were fixed for 8 minutes in 2% paraformaldehyde in PBS (room
temperature) and washed five times in TRIS-buffered saline solu-
tion (TBS, pH 7.4). After fixation, cells were blocked with 3% FCS
in a humidified container for 30 minutes. After a second washing
step, slides were incubated overnight with TBS containing 1%
mouse monoclonal antihuman MBP (BMK-13, generated inhouse)
at 4°C. Immunoreactivity to MBP was detected by incubating slides
with 15 µg/mL Rhodamine (TRITC)-labeled goat antimouse anti-
body (Jackson ImmunoResearch Laboratories, West Grove, Pa) for
2 hours. After another washing step, slides were blocked again for
2 hours with 50 µg/mL goat antimouse IgG Fab fragment (Molecu-
lar Probes, Eugene, Ore) and double-labeled with one of the fol-
lowing: primary mouse monoclonal antihuman ECP (EG2) (2
µg/mL, Kabi Pharmacia, Newington, NH), antihuman IL-6 (2
µg/mL, R&D Systems, Minneapolis, Minn), antihuman RANTES
(5 µg/mL, R&D Systems) overnight at 4°C. Immunoreactivity
against ECP, IL-6, and RANTES was visualized with use of 20
µg/mL BODIPY FL-conjugated goat antimouse antibody (Molecu-
lar Probes). In double immunofluorescent staining of cytospins of
purified CD34+ cells, phycoerythrin-conjugated anti-CD34 (10
µg/mL) (Becton Dickinson) was used to detect CD34 expression,
and BODIPY-FL conjugated secondary antibody (20 µg/mL) was
used to detect immunoreactivity for MBP, ECP, IL-6, and RANTES.
Mouse IgG1 (R&D Systems) at equivalent concentrations was used
as the isotype control. After a final washing step, 10 µL of the
antibleaching agent, 0.4% n-propyl gallate (Sigma, Oakville,
Ontario, Canada) in 3:1 glycerol/10 × TBS) was applied to the
slides before coverslip attachment.

CLSM

Immunofluorescent staining of freshly purified CD34+ and
developing eosinophils was examined with a Leica CLSM as indi-
cated in earlier reports.16,17

Abbreviations used
CLSM: Confocal laser scanning microscopy

ECP: Eosinophil cationic protein
EDN: Eosinophil-derived neurotoxin
EPO: Eosinophil peroxidase
MBP: Major basic protein 

rh: Recombinant human
TBS: TRIS-buffered saline solution
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RESULTS

Immunofluorescence of cytokines in purified

cord blood–derived CD34+ cells

We examined the immunoreactivity of freshly pre-
pared CD34+ cells purified from human cord blood with-
in 12 hours of collection. Immunofluorescence studies in

double-labeled cells showed that no MBP immunoreac-
tivity was detected in cells positive for CD34 (Fig 1, T
[inset]). Similar results were obtained for ECP, IL-6, and
RANTES (results not shown). Interestingly, although our
earlier study (Velazquez et al, unpublished data) indicat-
ed that cord blood–derived CD34+ cells express messen-

FIG 1. CLSM images of single and double immunofluorescent staining of maturing eosinophils with anti-
bodies for MBP and ECP, freshly isolated cord blood–derived CD34+ progenitor, magnified images of gran-
ules and isotype control. The BODIPY-FL channel (green) corresponded to ECP immunoreactivity of devel-
oping eosinophils at days 16 (A), 19 (E), 23 (I), and 28 (M) of culture. The rhodamine (TRITC) staining (red)
corresponded to MBP at days 16 (B), 19 (F), 23 (J), and 28 (N). Combined images of the same cells are
shown to the right (C, G, K, O) and yellow color in these images indicates the colocalization of cationic gran-
ule proteins. Isotype control images for ECP, MBP, combined (day 19 of culture), and purified CD34+ are
shown in Q through T, respectively. Maturing eosinophils from day 16 and after, unlike freshly isolated cord-
blood CD34+ progenitors, exhibited positive immunoreactivity to MBP and ECP. The inset in T shows a
freshly isolated CD34+ cell, double-labeled with antibodies for MBP (green) and CD34 (red). Right, Magni-
fied images of granules at day 16 (D), 19 (H), 23 (L), and 28 (P). (Original magnification ×100.) Bar (A) indi-
cates 10 µm.
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ger RNA for RANTES, our immunofluorescent staining
suggested that the translated protein for RANTES was
undetectable. This was in contrast to CD34+-derived
maturing eosinophils produced in culture from day 16
onward, which exhibited positive immunoreactivity to
MBP, ECP, IL-6, and RANTES.

Immunofluorescent staining characteristics

of maturing eosinophils

To examine the expression and storage of granule cation-
ic proteins (MBP, ECP) together with cytokines (IL-6,
RANTES) and to characterize the immunostaining pattern
of colonies collected from selected time points, cytospins of
cultured cells on days 16, 19, 23, and 28 were prepared and
double-labeled with BMK-13 followed by EG2, antihuman
IL-6, or antihuman RANTES. Images taken from isotype
controls (Fig 1, Q to T) demonstrate that there was negligi-
ble autofluorescence or nonspecific binding in these sam-
ples. In these figures isotype control images were visualized
by artificial enhancement of the images.

Immunofluorescent staining of developing

eosinophils with anti-MBP and anti-ECP

Analysis of the developing eosinophil immunoreactivi-
ty for MBP and ECP at day 16 indicated that most of the
cells were mononuclear in appearance with a large nucle-
us and diffuse immunostaining. As shown in Fig 1, the pat-
tern of immunoreactivity to MBP and ECP displayed a
number of large granule-like structures, suggesting that
these may localize to immature granules. The majority of
these granule-like structures was spherical and exhibited
intense immunoreactivity against MBP and ECP, which
mostly localized to the periphery of these structures (Fig 1,
A to D). At this stage of culture, ECP predominantly colo-
calized with MBP, which resulted in the appearance of yel-
low color in the combined image (Fig 1, C and D). At day
19 maturing eosinophils were mononuclear in appearance
and contained a heterogeneous population of granule-like
structures with various sizes (Fig 1, E to H). These struc-
tures showed heterogeneous immunostaining with intense
immunoreactivity against MBP and ECP localizing to
their periphery and negligible immunoreactivity in the
core regions (Fig 1, H). On day 19 MBP and ECP colo-
calization was not as evident as day 16, and sites of
immunoreactivity were observed that roughly coincided
with either ECP (green regions in Fig 1, E) or MBP (red
regions in Fig 1, F), indicating distinct localization sites
for either of the granule cationic proteins (shown in com-
bined images in Fig 1, G and H). At day 23 the immuno-
staining pattern of the developing eosinophils began to
approach the immunofluorescent characteristics of mature
peripheral blood eosinophils. Developing cells from day
23, immunostained for granular cationic proteins, showed
signs of lobular formation in their nuclei (large dark shape)
(Fig 1, I to K). Developing eosinophils on day 23 showed
strong immunoreactivity for MBP and ECP; however, the
large granular structures, which were previously seen at
earlier stages of culture, were less visible because
immunoreactivity against MBP and ECP appeared to

localize to distinct intracellular sites with very little over-
lap (Fig 1, L). At day 28, the immunoreactivity pattern of
cultured cells resembled that of mature peripheral blood
eosinophils in that they exhibited bilobed nuclei and high-
ly focused regions of immunoreactivity to MBP and ECP.
Interestingly, the immunostaining pattern of some granu-
lar structures was similar to that previously described in
mature peripheral blood crystalloid granules.17 Immunore-
activity to ECP appeared to localize to the periphery of
granular structures, whereas immunoreactivity to MBP
localized to the core of these structures (Fig 1, P). Never-
theless, unlike mature peripheral blood eosinophils, which
contain a large number of crystalloid granules homoge-
neously distributed in cytoplasm, the number of granular
structures observed in cultured cells was substantially less.
The reduced number of granular structures in day 28 cul-
tured cells may be due to the release of the granules under
these culture conditions because of increased fragility and
cell activation (Fig 1, M to P).

Immunoreactivity of developing eosinophils

to anti-IL-6 and RANTES

Developing eosinophils at day 16 of culture coexpressed
MBP and IL-6 as well as MBP and RANTES. The
immunostaining pattern of day 16 cells with IL-6 and MBP
along with RANTES and MBP was comparable to that of
MBP and ECP. Immunoreactivity for both IL-6 (Fig 2) and
RANTES (Fig 3) predominantly colocalized with granule
proteins, indicating a similar storage pattern for these medi-
ators at early stages of development. At day 19 of culture,
immunoreactivity against IL-6 and RANTES was observed
to be localized to the granular structures similar to those
observed with ECP. However, unlike ECP and MBP, which
were distributed in distinct compartments, IL-6 and
RANTES colocalized strongly with MBP as indicated by
yellow color in the combined images (Figs 2 and 3, C, F, I,
and L). By day 23 of culture, immunoreactivity to IL-6 and
RANTES in developing eosinophils localized to a popula-
tion of smaller granular structures. On day 28, immunore-
activity to IL-6 and MBP in addition to RANTES and MBP
showed immunostaining patterns in developing eosinophils
that approached that of mature peripheral blood eosinophils.
Immunoreactivity to IL-6 and RANTES in day 28 cells
localized to a population of granular structures, which
exhibited an immunostaining pattern suggestive of the
appearance of crystalloid granules. Although immunoreac-
tivity to IL-6 and RANTES localized to the periphery of the
granular structures, MBP staining localized to the core
regions of these structures (Figs 2 and 3, J to L). 

DISCUSSION

The main objective of our study was to investigate the
expression and storage of eosinophil-derived cytokines/
chemokines in comparison with granule cationic proteins
in cord blood CD34+ cell–derived maturing eosinophils.
In vitro culture of CD34+ cells in the presence of appro-
priate cytokines has provided an excellent tool for
researchers in the field of hemopoiesis to study leukocyte
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maturation and differentiation. We have combined this
method with double immunofluorescent staining togeth-
er with CLSM to examine the evolution of the expression
pattern of cytokines/chemokines and granule cationic
proteins during maturation and differentiation.

We chose to examine the expression and storage pat-
tern of four eosinophil-derived mediators, namely, MBP,
ECP, IL-6, and RANTES. The intracellular storage pat-
terns of MBP and ECP are well known in circulating and
tissue eosinophils.1,11,12

Although EG223 was originally described as immuno-
reactive for the extracted form of ECP in activated
eosinophils, our studies have shown that it is also
immunoreactive with the granular stored form of ECP, sim-
ilarly to a recent study by Nakajima et al.24 In addition, we
chose to investigate the protein expression for IL-6 and
RANTES as representatives of eosinophil-derived cytokines
and chemokines, respectively. IL-625,26 and RANTES27,28

are thought to be important in the development and mainte-
nance of the inflammatory response in the airways.

FIG 2. CLSM images of developing eosinophils immunostained for MBP and IL-6. Developing eosinophils
were labeled with BODIPY FL (green) representing IL-6 staining at days 16 (A), 19 (D), 23 (G), 28 (J), and TRITC
(red) demonstrating MBP staining at days 16 (B), 19 (E), 23 (H), and 28 (K). Right, Combined MBP and
RANTES immunoreactivity in developing eosinophils at days 16 (C), 19 (F), 23 (I), and 28 (L).
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Our observations suggest that MBP, ECP, IL-6, and
RANTES are not expressed at detectable levels in fresh-
ly purified CD34+ cells. However, in our hands, they
appeared to be fully expressed at the protein level in
maturing cells at day 16 of culture. At this stage, all
eosinophil-derived mediators included in this study
appeared to be associated with large, hollow-cored gran-
ules, an observation in agreement with earlier study by
Scott and Horn.21 and Popken-Harris et al.22 Interesting-
ly, on day 16, only a few granules showed exclusive

immunostaining for MBP. This may be due to a differen-
tial mediator storage pattern among immature granules.
At later stages of maturation (day 19), granules appeared
more condensed with intensely colocalizing immunore-
activity for MBP and all other mediators studied.

It is tempting to speculate that the large granules pres-
ent at day 19 in developing eosinophils may have formed
by condensation of numerous hollow-cored granules ob-
served at day 16. Interestingly, at days 19 and 23 of cul-
ture, ECP showed a slightly distinct pattern of immuno-

FIG 3. Images of developing eosinophils immunostained for MBP and RANTES. Green color represents
RANTES immunostaining in developing eosinophils at days 16 (A), 19 (D), 23 (G), and 28 (L), whereas red
color is associated with MBP immunostaining at days 16 (B), 19 (E), 23 (H), and 28 (K). Combined images for
each row are shown in (C, F, I, and L).
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staining from that of MBP, IL-6, and RANTES. Yet at
more advanced stages of maturation (day 28 of culture),
the distribution of immunoreactivity for ECP largely
resembled those of IL-6 and RANTES. This may well
indicate differential mediator packaging throughout
eosinophil maturation under these culture conditions.

A large proportion of immunoreactivity to these medi-
ators in early stages of culture appeared to localize to
cytoplasmic regions in these cells. It is important to
emphasize that these mediators may also be stored in
small secretory vesicles, which may result in an
immunostaining pattern resembling that of “cytoplas-
mic” distribution. This has been demonstrated for
RANTES immunoreactivity, which appeared to localize
to a population of small secretory vesicles in mature
peripheral blood eosinophils.17

Although the morphologic and biosynthetic properties of
maturing human eosinophils have been partially investigated
by a number of laboratories,19-22,29,30 our work is the first to
examine the differential expression and storage of
cytokines/chemokines during eosinophil development. The
early expression of these mediators is potentially important
because it may indicate that maturing eosinophils have the
potential to exhibit local immunoeffector and immunoregu-
latory function during differentiation and maturation in the
bone marrow as well as local tissues. Indeed, maturing
eosinophils generated from bone marrow–derived CD34+

cells are capable of mediator release at early stages of their
development.31 It will be of interest to quantify these media-
tors, although in the current study this could not be pursued
because of practical considerations, such as limited cell num-
bers and the high viscosity of the methylcellulose used to
grow these cells. However, we emphasize that, in this respect
at least, cord blood–derived eosinophils in vitro are likely to
be phenotypically distinct from those produced within the
bone marrow in vivo. The findings of this study should con-
tribute to our understanding of cytokine synthesis in early
progenitor cells as well as developing eosinophils.

We thank Dr Vera Chlumecky (Department of Cell Biology, Uni-
versity of Alberta) for her help with CLSM.

REFERENCES

1. Gleich GJ, Adolphson CR, Leiferman KM. The biology of the
eosinophilic leukocyte. Annu Rev Med 1993;44:85-101.

2. Wardlaw AJ, Moqbel R, Kay AB. Eosinophils: biology and role in dis-
ease. Adv Immunol 1995;60:151-266. 

3. Weller P. The immunobiology of eosinophils. N Engl J Med 1991;
324:1110-8.

4. Flavahan N, Slifman N, Gleich G, Vanhoutte P. Human eosinophil major
basic protein causes hyperreactivity of respiratory smooth muscles: role
of the epithelium. Am Rev Respir Dis 1998;138:685-8.

5. Nakahata T, Gross A, Ogawa M. A stochastic model of self-renewal and
commitment to differentiation of the primitive hemopoietic stem cells in
culture. J Cell Physiol 1982;113:455-8.

6. Nakahata T, Ogawa M. Identification in culture of a class of hemopoiet-
ic colony-forming units with extensive capability to self-renew and gen-
erate multipotential colonies. Proc Natl Acad Sci U S A 1982;79:3843-7.

7. Shalit M. Growth and differentiation of eosinophils from human periph-
eral blood CD34+ cells. Allergy Immunol 1997;29:7-10.

8. Shalit M, Sekhsaria S, Malech HL. Modulation of growth and differenti-
ation of eosinophils from human peripheral blood CD34+ cells by IL-5
and other growth factors. Cell Immunol 1995;160:50-7.

9. Moqbel R, Levi-Schaffer F, Kay AB. Cytokine generation by eosinophils.
J Allergy Clin Immunol 1994;94:1183-8.

10. Lacy P, Moqbel R. Eosinophil cytokines. Chem Immunol 2000;76:134-55.
11. Ackerman SJ, Loegering DA, Venge P, Olsson I, Harley JB, Fauci AS, et

al. Distinctive cationic proteins of the human eosinophil granule: major
basic protein, eosinophil cationic protein, and eosinophil-derived neuro-
toxin. J Immunol 1983;131:2977-82.

12. Lewis D, Lewis J, Loegering D, Gleich G. Localization of guinea pig
eosinophil major basic protein to the core of the granule. J Cell Biol
1978;77:702-13.

13. Levi-Schaffer F, Lacy P, Severs NJ, Newman TM, North J, Gomperts B, et
al. Association of granulocyte-macrophage colony-stimulating factor with
the crystalloid granules of human eosinophils. Blood 1995;85:2579-86.

14. Levi-Schaffer F, Barkans J, Newman TM, Ying S, Wakelin M, Hohen-
stein R, et al. Identification of interleukin-2 in human peripheral blood
eosinophils. Immunology 1996;87:155-61.

15. Dubucquoi S, Desreumaux P, Janin A, Klein O, Goldman M, Tavernier J,
et al. Interleukin 5 synthesis by eosinophils: association with granules
and immunoglobulin-dependent secretion. J Exp Med 1994;179:703-8.

16. Lacy P, Levi-Schaffer F, Mahmudi-Azer S, Bablitz B, Hagen SC,
Velazquez J, et al. Intracellular localization of interleukin-6 in eosinophils
from atopic asthmatics and effects of interferon γ. Blood 1998;91:2508-16.

17. Lacy P, Mahmudi-Azer S, Bablitz B, Hagen S, Velazquez J, Man P, et al.
Rapid mobilization and release of intracellularly stored RANTES in
response to interferon-γ in human eosinophils. Blood 1999;94:23-32.

18. Beil WJ, Weller PF, Tizizik DM, Galli SJ, Dvorak AM. Ultrastructural
immunogold localization of tumor necrosis factor-α to the matrix com-
partment of eosinophil secondary granules in patients with idiopathic
hypereosinophilic syndrome. J Histochem Cytochem 1993;41:1611-5.

19. Saito H, Kiyohiko H, Dvorak HM, Leiferman KM, Donnenberg AD, Arai
N, et al. Selective differentiation and proliferation of hematopoietic cells
induced by recombinant human interleukins. Proc Natl Acad Sci U S A
1988;85:2288-92.

20. Dvorak A, Saito H, Estrella P, Kissell S, Arai N, Ishizaka T. Ultrastruc-
ture of eosinophils and basophils stimulated to develop in human cord
blood mononuclear cell cultures containing recombinant human inter-
leukin-5 or interleukin-3. Lab Invest 1989;61:116-32.

21. Scott RE, Horn RG. Fine structural features of eosinophilic granulocyte
development in human bone marrow. J Ultrastruct Res 1970;33:16-28.

22. Popken-Harris P, Checkel J, Loegering D, Madden B, Springett M,
Kephart G, et al. Regulation and processing of a precursor form of
eosinophil granule major basic protein (ProMBP) in differentiating
eosinophils. Blood 1998;92:623-31. 

23. Tai P, Spry C, Peterson C, Venge P, Olsson I. Monoclonal antibodies dis-
tinguish between storage and secreted forms of eosinophil cationic pro-
tein. Nature 1984;309:182-4.

24. Nakajima H, Loegering DA, Kita H, Kephart GM, Gleich GJ. Reactivity
of monoclonal antibodies EG1 and EG2 with eosinophils and their gran-
ule proteins. J Leukoc Biol 1999;66:447-54.

25. Yokoyama A, Kohno N, Fujino S, Hamada H, Inoue Y, Fujioka S, et al.
Circulating interleukin-6 levels in patients with bronchial asthma. Am J
Respir Crit Care Med 1995;151:1354-8.

26. Deetz DC, Jagielo PJ, Quinn TJ, Thorne PS, Bleuer SA, Schwartz DA.
The kinetics of grain dust-induced inflammation of the lower respiratory
tract. Am J Respir Crit Care Med 1997;155:254-9.

27. Baggiolini M, Dahinden CA. CC chemokines in allergic inflammation.
Immunol Today 1994;15:127-33.

28. Schall TJ, Bacon K, Toy KJ, Goeddel DV. Selective attraction of mono-
cytes and T lymphocytes of the memory phenotype by cytokine
RANTES. Nature 1990;347:669-71.

29. Weller P, Dvorak A. Human eosinophils: development, maturation and
functional morphology. In: Busse W, Holgate S, editors. Mechanisms in
asthma and rhinitis: implications for diagnosis and treatment. Cambridge
(MA): Blackwell Scientific Publication; 1994. p 255-75.

30. Dvorak A, Ishizaka T, Weller P, Ackerman S. Ultrastructural contribution
to the understanding of the cell biology of human eosinophils: mecha-
nisms of growth factor–induced development, secretion, and resolution
of released constituents from the microenvironment. In: Makino S, Fuku-
ka T, editors. Eosinophils: biological and clinical aspects. Boca Raton
(FL): CRC Press; 1993. p 13-22.

31. Scepek S, Lindau M. Exocytotic competence and intergranular fusion in
cord-blood–derived eosinophils during differentiation. Blood 1997;89:510-8.


