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Abstract: Eosinophils are innate immune leuko-
cytes implicated in the initiation and maintenance
of type 2 immune responses, including asthma and
allergy. The ability to store and rapidly secrete
preformed cytokines distinguishes eosinophils
from most lymphocytes, which must synthesize cy-
tokine proteins prior to secretion and may be a
factor in the apparent Th2 bias of eosinophils.
Multiple studies confirm that human eosinophils
from atopic or hypereosinophilic donors can se-
crete over 30 cytokines with a varying and often
opposing immune-polarizing potential. However, it
remains unclear whether all of these cytokines are
constitutively preformed and available for rapid
secretion from eosinophils in the circulation of
healthy individuals or are restricted to eosinophils
from atopic donors. Likewise, the relative concen-
trations of cytokines stored within eosinophils have
not been studied. Here, we demonstrate that hu-
man blood eosinophils are not singularly outfitted
with Th2-associated cytokines but rather, constitu-
tively store a cache of cytokines with nominal Th1,
Th2, and regulatory capacities, including IL-4, IL-
13, IL-6, IL-10, IL-12, IFN-�, and TNF-�. We
demonstrate further rapid and differential release
of each cytokine in response to specific stimuli. As
agonists, strong Th1 and inflammatory cytokines
elicited release of Th2-promoting IL-4 but not
Th1-inducing IL-12. Moreover, a large quantity of
IFN-� was secreted in response to Th1, Th2, and
inflammatory stimuli. Delineation of the multifari-
ous nature of preformed eosinophil cytokines and
the varied stimulus-dependent profiles of rapid cy-
tokine secretion provides insights into the func-
tions of human eosinophils in mediating inflamma-
tion and initiation of specific immunity. J. Leukoc.
Biol. 85: 000–000; 2009.
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INTRODUCTION

Eosinophils are innate immune leukocytes classically associ-
ated with type 2 immune responses, evoked by parasitic hel-

minths and atopic diseases (e.g., asthma and allergy). Eosino-
phils participate in allergic diseases and helminthic infections
as early initiators of polarized type 2 immunity and as effector
cells in ensuing tissue responses. IL-4-producing eosinophils
and basophils are rapidly recruited to tissues and contribute to
type 2 responses following infection of wild-type and immuno-
deficient mice with the helminth Nippostrongylus brasiliensis
[1–3]. Th2 cell IL-13 production is inhibited in the absence of
eosinophils in OVA-sensitized mice [4], and murine eosino-
phils trafficking to draining lymph nodes function as APCs to
preferentially promote Th2 differentiation [5–8]. In established
allergic and anthelminthic responses, eosinophil-derived pro-
tein and lipid mediators act on tissue cells to exacerbate type
2 effector processes. These functions may at least partially
reflect a Th2-favored cytokine potential of eosinophils, as
suggested by observations of constitutive IL-4 and IL-13
mRNA expression early in eosinophil ontogeny and early IL-4
and IL-13 protein production by mature eosinophils [2].

Eosinophils are distinguished from most lymphocytes in
their capacity for rapid cytokine secretion. The capability for
immediate release of specific cytokines from eosinophils de-
rives from the existence of intracellular stores of preformed
cytokines [9], secreted through a regulated, vesicular-based
process, termed piecemeal degranulation (PMD) [10, 11]. In
addition to IL-4 and IL-13, human eosinophils can produce,
store, and secrete over 30 cytokines, including Th1-associated
IL-12 [12] and IFN-� [13]. Whether all of these cytokines are
constitutively stored in preformed caches within circulating
human eosinophils from normal individuals and whether im-
mune-polarizing cytokine stimulation might elicit rapid differ-
ential eosinophil cytokine secretion have not been studied.
Here, we asked whether the purported Th2 bias of eosinophils
might be associated with a predilection toward storage of
preformed Th2 over Th1 cytokines within human circulating
eosinophils or with a tendency favoring Th2-associated cyto-
kine secretion. Toward this end, we investigated the relative
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abundance of seven cytokines [IL-4, IL-13, IL-6, IL-10, IFN-�,
IL-12(p70), TNF-�], all produced by human eosinophils and
associated with Th1, Th2 (allergic and inflammatory subsets),
and T regulatory responses. Our findings demonstrate that
human blood eosinophils constitutively store all seven cyto-
kines intracellularly, with IL-13, TNF-�, and IFN-� detected
in greatest abundance. Thus, eosinophils in the circulation are
not armed solely with Th2-related mediators but rather, main-
tain an arsenal of cytokines with nominal Th1, Th2, and
regulatory capacities. As agonists, strong Th1 and inflamma-
tory cytokines elicited differential patterns of cytokine release
from eosinophils, which consistently included IL-4, and the
hallmark inducer of Th1 differentiation, IL-12, was not de-
tected in response to Th1, Th2, or inflammatory stimuli, sug-
gesting that under these conditions, secretion of Th2-promoting
IL-4 is favored in immune-polarized microenvironments over
Th1-inducing IL-12. However, all seven cytokines could be
secreted rapidly from eosinophils in response to at least one of
the stimuli analyzed, including IL-12, which was released in
response to stimulation with the regulatory cytokine IL-10.
These findings demonstrate preferential Th2 cytokine secretion
by eosinophils in response to immune-polarizing cytokine sig-
nals and provide insights into the immunomodulatory potential
of circulating human eosinophils. Moreover, we document a
large overlay of IFN-� secretion, paralleling IL-4 release from
eosinophils in response to Th1, Th2, and inflammatory signals,
highlighting an ill-appreciated identification of IFN-� as a
major product of human eosinophils.

MATERIALS AND METHODS

Eosinophil isolation

The Committee on Clinical Investigation approved the experiments, and in-
formed consent was obtained from all subjects, which included normal donors
(nine) and those with histories of mild atopy (nine). Total eosinophil recoveries
and atopic status of individual donors are detailed online in Supplemental
Table 1. The current study was not designed to evaluate the relationship of
atopy status to cytokine content or release. Differences in eosinophil cytokine
content or secretion could not be correlated with the atopic history of the
donors (as a result of insufficient sample sizes of normal and atopic popula-
tions, making appropriate power analysis impossible). Granulocytes were iso-
lated from blood of donors as described [14], with the exception that RBC lysis
was omitted. Eosinophils were purified by negative selection, and contaminat-
ing RBCs were eliminated by antiglycophorin antibodies included in the
negative selection eosinophil enrichment antibody cocktail (StemSep, Stem-
Cell Technologies, Vancouver, Canada). Eosinophil purity was �99%.

Subcellular fractionation

Freshly isolated eosinophils were lysed using nitrogen cavitation, and post-
nuclear supernatants were centrifuged over a density gradient (OptiprepTM,
Axis-Shield PoC, Norton, MA, USA), as described previously [15]. Fractions
were collected from the bottom (heaviest) and frozen at –80°C until analysis.
Thus, cytosolic components excluded from the gradient medium were found
within the lightest fraction(s). We have previously localized cellular constitu-
ents within these subcellular fractions through quantification of eosinophil
granule major basic protein (MBP) and �-hexosaminidase to identify granule-
enriched fractions and analyses of arylsulfatase B and lactate dehydrogenase
to localize small vesicles and cytosol, respectively (data not shown). Localiza-
tions of granule- and vesicle-enriched fractions were validated further through
quantification of eosinophil peroxidase (EPO; see Fig. 1) and immunoblotting
for detection of lysosome-assocaited membrane protein 2 (LAMP-2) and ves-
icle-associated membrane protein 2 (VAMP-2; Supplemental Fig. 1). Quanti-

fication of EPO was achieved by oxidation of O-phenylenediamine (OPD) in the
presence of H2O2. Briefly, subcellular fractions were mixed 1:2 with a 2-mM
OPD solution containing 0.1% Triton X-100, 1 mM H2O2, and 50 mM Tris and
incubated in the dark. Reactions were stopped after 30 min by addition of 4 M
sulfuric acid and OD measured at 492 nm. Antibody clone H-207 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and anti-VAMP-2 rabbit antiserum
(Stressgen, Canada) were used in immunoblotting experiments to detect
LAMP-2 and VAMP-2, respectively.

Lysate preparation

Eosinophil lysates were prepared by resuspending freshly isolated eosinophils
in lysis buffer containing 1% Triton X-100 to a final concentration of 5 � 107

cells/mL and rocking for 20 min at 4°C. Cleared supernatants were collected
after centrifuging at 15,500 g for 20 min at 4°C and stored at –80°C until
analysis.

Cell stimulation

Eosinophils were resuspended in 200 �L RPMI without phenol red (BioWhit-
taker, Walkersville, MD, USA), supplemented with 0.1% OVA (Sigma Chem-
ical Co., St. Louis, MO, USA) at a final concentration of 3 � 106 cells/mL and
incubated at 37°C � recombinant (r)IL-12, rTNF-�, rIL-27, rIL-4, and rIL-13
(R&D Systems, Minneapolis, MN, USA) or rIFN-� (BioSource, Camarillo, CA,
USA) for the indicated times. Following stimulation, cell viability was con-
firmed by Trypan blue exclusion, and cell-free supernatants were collected and
stored at –80°C until analysis.

ELISA and multiplex analyses

IFN-� concentrations were determined from serial dilutions of eosinophil
lysates using a standard sandwich ELISA protocol with anti-IFN-� clone
NIB42 (BD PharMingen, San Diego, CA, USA) to capture and biotinylated
anti-IFN-� clone 4S.B3 (BD PharMingen) to detect soluble IFN-�. Multiplex
analyses were performed on serial dilutions of whole eosinophil lysates using
custom-designed BioPlex assays (BioRad, Hercules, CA, USA) for the simul-
taneous quantification of IFN-�, IL-4, IL-6, IL-10, TNF-�, IL-13, and IL-
12(p70). IL-5 was also included in initial multiplex analyses. However, only
low quantities (�3 pg/mL), close to the lower limits of assay sensitivity, were
detected (n	4, data not shown). IL-12 (p40) concentrations were quantified
from whole eosinophil lysates using a Beadlyte assay kit (Upstate, Charlottes-
ville, VA, USA). Cell supernatants and subcellular fractions were assayed as
undiluted samples using BioPlex assay kits. All multiplex data were acquired
using the BioPlex System (BioRad). All samples were assayed in duplicate or
triplicate wells.

Statistical analysis

Data are presented as the mean (�SD). The significances of differences
between groups were analyzed using Student’s t-test. P values 
0.05 were
considered statistically significant.

RESULTS

Freshly isolated human eosinophils constitutively
contain preformed Th1, Th2, and
immunoregulatory cytokines

Human eosinophils are known to produce and secrete over 30
cytokines, chemokines, and growth factors with varying immu-
nomodulatory and inflammatory potentials [9]. No studies have
yet investigated the relative quantities of these various pre-
formed cytokines within eosinophils or confirmed their avail-
ability in nonstimulated, circulating eosinophils. We investi-
gated by multiplex analyses the abundance of seven preformed
cytokine proteins [IL-4, IL-6, IL-10, IL-12(p70), IFN-�, IL-13,
and TNF-�], resident within whole cell lysates of freshly
isolated eosinophils from normal and moderately atopic donors.
As depicted in Table 1, IL-13 was the most abundant cytokine
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measured in eosinophils from every donor tested. Surprisingly,
the cytokines second in abundance were Th1-associated IFN-�
and proinflammatory TNF-�. IFN-�-specific ELISA assays of
lysates from several donors confirmed the high levels of pre-
formed IFN-� content detected by multiplex analyses (data not
shown). Levels of preformed TNF-� demonstrated the greatest
range of variability between donors (nearly 100-fold), and
concentrations of IL-4, IFN-�, and IL-12(p70) remained the
most consistent (less than or equal to threefold variance).
Notably, antibodies used for the detection of the Th1 initiator
IL-12 recognize only the p70 heterodimer, formed through the
covalent interaction between p35 and p40 subunits. Hence,
IL-12 is stored in its biologically active form within blood
eosinophils. Intracellular IL-4 levels were consistently lower
than all other cytokines detected, although this may reflect
inefficiencies in IL-4 detection, as IL-4 has proven notoriously
difficult to quantify [16].

Intracellular localization of preformed cytokines

Under physiological conditions, the most relevant mechanism
of storage and secretion of preformed mediators from human
eosinophils is a vesicular-based process, PMD, whereby a
granule-stored cytokine is mobilized into budding vesicles,
which travel to the plasma membrane for extracellular release
[17–19]. Preformed stores of several cytokines, including IL-4
[20], IL-6 [21], IL-13 [22], and TNF-� [23], have been local-
ized to intracellular granules within human eosinophils. How-
ever, specific intracellular localizations of IFN-�, IL-12(p70),
and IL-10 have not been confirmed. To verify that each of the
intracellular cytokines that we detected in blood eosinophil
lysates were stored within intragranular pools, subcellular frac-
tionation was performed by layering eosinophil cavitates over
an isotonic gradient to optimally preserve vesicular compart-
ments. Cytokine concentrations were determined by multiplex
analysis from the isolated fractions. As seen in Figure 1, the
bulk of all seven cytokines colocalized to granule-enriched
fractions [as identified by colocalization of EPO, MBP, and
LAMP-2 and by electron microscopy analysis of isolated frac-
tions (Fig. 1 and Supplemental Fig. 1, and data not shown)]. In
addition to intragranular stores, EPO [24] and several cyto-
kines, including IL-4 [18] and TGF-� [25], have been reported
to reside within vesicles, suggestive of a putative “secretory-
ready” mediator pool. Intriguingly, although the majority of
IFN-� signals colocalized to granule-enriched fractions
(�70%), a second peak of IFN-� (�20%) appeared within
lighter fractions, corresponding to small vesicles and cytosolic
proteins (Supplemental Fig. 1), presumably representing a pool

of vesicle-contained cytokines (Fig. 1). Thus, IFN-� resides in
granular and vesicular compartments within circulating eosin-
ophils.

Th1, Th2, and inflammatory and regulatory
cytokines are secreted rapidly and differentially
from eosinophils following specific cytokine
stimulation

Upon identifying preformed, intracellular pools of Th1- and
Th2-related cytokines within circulating eosinophils, we inves-
tigated the relative potential for rapid secretion (within 30–60
min) of these cytokines in response to immune-polarizing cy-
tokine stimuli and found that all seven cytokines analyzed
could be rapidly secreted from eosinophils in response to
specific stimulation (Fig. 2). The following stimuli were used

TABLE 1. Abundance of Preformed Cytokines within Human Eosinophil Lysates

Donor # IFN-� IL-4 IL-6 TNF-� IL-10 IL-12 (p70) IL-13

1 565(49) 88(25) 135(44) 1135(290) 172(6) 251(11) 3970(368)

2 810(0) 85(7) 65(7) 40(0) 120(14) 160(0) 1670(439)

3 810(0) 70(28) 45(7) 20(0) 160(21) 130(14) 1330(99)

4 1455(106) 70(42) 165(64) 1815(870) 80(42) 160(71) 5557(2515)

5 1200(170) 115(21) 495(21) 525(403) 105(35) 140(14) 997(361)

6 1140(552) 160(99) 1230(594) 1920(467) 2095(841) 275(21) 14,050(2461)

Values (pg/mL) represent the means (SD).

Fig.1. Preformed cytokines are stored within intracellular granules. Eosino-
phil subcellular fractions, prepared and evaluated per Materials and Methods,
were analyzed by multiplex analysis for cytokine content. Fractions containing
granules and small, less-dense vesicles and cytosol are indicated. Data are
from eosinophils from one donor and are representative of studies of eosino-
phils from three donors.
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to represent Th1 (IL-12, IL-27, IFN-�), Th2 (IL-4, IL-13), and
inflammatory (TNF-�) and regulatory (IL-10) microenviron-
ments. Supernatants collected after 30, 60, or 90 min of
stimulation yielded secreted cytokine values within compara-
ble ranges, as demonstrated in Supplemental Figure 2 for the
most robust stimuli, IL-12 and TNF-�. Neither IL-27, an IL-12
family member implicated in the differentiation of Th1 [26] and
IL-10-producing T regulatory type 1 cells [27] and in the
inhibition of Th17 development [28, 29], nor IL-13, a major
factor in Th2 immunity, elicited detectable release within 60
min of any cytokine measured (data not shown). As exemplified
by meager secretion of TNF-�, despite its intracellular abun-

dance, rapid secretion of cytokines from eosinophils did not
merely reflect relative intracellular concentrations. Notably, as
demonstrated in Supplemental Figure 3, profiles of cytokines
secreted in response to specific cytokine stimulation were
remarkably similar between donors.

In support of an inherent disposition toward Th2 immunity,
IL-4 was readily secreted in response to Th1 and inflammatory
stimuli at stimulus concentrations of 10–100 ng/mL (Fig. 2A
and Supplemental Fig. 2). Despite some overlapping functions,
release of IL-4 was not coupled to IL-13 secretion (compare
Fig. 2, A and B). Unexpectedly, the Th1 product IFN-� was
also detected in eosinophil supernatants in response to Th1,
inflammatory, and Th2 stimuli (Fig. 2D). Stimulations of IL-4,
IL-6, and IFN-� secretions were similar in a hierarchical
pattern (TNF-��IL-12�IFN/IL-4�IL-10) and in minimum
stimulus concentration required, with the exception that IFN-�
secretion could be detected in response to a tenfold lower
concentration of TNF-� (compare Fig. 2, A, C, and D).

Although IFN-� may augment IL-12-induced Th1 differen-
tiation, this cytokine is not a direct inducer of Th1 T cell
polarization [30]. Of note, secretion of the Th1 initiatory cyto-
kine IL-12 was not observed in response to Th1, Th2, or
inflammatory stimuli (Fig. 2E), although preformed IL-12(p70)
was detected within eosinophil lysates (Table 1). IL-12 secre-
tion was detected in response to stimulation with anti-inflam-
matory IL-10 (Fig. 2E). Notably, IL-12 was the only cytokine
detected in eosinophil supernatants following stimulation with
IL-10 at 1 ng/mL. Reciprocally, IL-12 stimulation elicited the
most robust IL-10 secretion (Fig. 2F).

IL-10 is recognized for its inhibition of Th1 immunity,
including targeted impairment of T cell IFN-� [31] and mono-
cyte TNF-� [32] production and inhibition of Staphylococcus
aureus- or LPS-induced IL-12 production from human PBMC
[33]. Thus, we investigated whether IL-10 pretreatment might
dampen subsequent secretion of IFN-� from human eosino-
phils. As shown in Figure 3A, IL-10 pretreatment did not
affect TNF-�-induced secretion of IFN-� from eosinophils.
Moreover, in light of our unexpected finding of IL-10-induced
IL-12(p70) secretion, we analyzed this response further to
determine if IL-10 pretreatment might alter the type 2 bias of
eosinophils upon subsequent cytokine stimulation. Notably,
secretions of IL-4, IL-6, and IL-13 from eosinophils, elicited
by IFN-� or TNF-�, remained intact following pretreatment
with IL-10 (Fig. 3B).

Eosinophils recruited to tissue sites in vivo may concur-
rently encounter myriad signals. Thus, to determine whether
patterns of cytokine secretion observed in response to single
stimuli are relevant to more complex in vivo responses, super-
natants were recovered from eosinophils following incubation
with IL-12, IFN-�, and TNF-�, alone or in combination, and
assayed for the secretion of IFN-�, IL-4, TNF-�, IL-13, IL-6,
IL-10, and IL-12(p70). Secreted cytokine concentrations in
each case fell within the anticipated range for additive stimulus
effects (Fig. 4), suggesting that synergy between cytokine
stimuli does not influence rapid eosinophil cytokine release
and demonstrating that eosinophils may respond simulta-
neously to multiple cytokine stimuli.

Fig. 2. Dose-dependent release of cytokines from eosinophils in response to
cytokine stimuli. Eosinophils (3�106/mL) were incubated for 30 min at 37°C
with increasing doses of indicated cytokine stimuli. Following stimulation,
cell-free supernatants were analyzed by multiplex analysis for the presence of
IL-4 (A), IL-13 (B), IL-6 (C), IFN-� (D), IL-12(p70) (E), IL-10 (F), and TNF-�
(G). Data are presented as means (�SD) of duplicate or triplicate wells of one
experiment representative of greater than or equal to three independent ex-
periments. *, P � 0.05, versus nonstimulated controls.
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DISCUSSION

Eosinophils can participate in the initiation and maintenance
of type 2 immune responses. One attribute of their immunobi-
ology in preparing eosinophils for these tasks is the ability to
store preformed cytokines, available for immediate secretion.
Although eosinophils are known to produce and secrete over 30
cytokines, the majority of these cytokines was identified within
eosinophils isolated from tissues or from atopic or hypereosi-
nophilic patients. In the present study, we queried whether
human eosinophils, isolated directly from blood of normal or
mildly atopic donors, might be predisposed toward the storage
of Th2-associated cytokines, thus favoring early secretion of
type 2 immune-polarizing signals upon entry into tissue sites.
Moreover, we questioned whether rapid secretion of eosino-
phil-derived cytokines in response to immune-polarizing cyto-
kine agonists might favor Th2-associated proteins.

Despite the association of eosinophils with Th2 immunity,
we demonstrate that preformed cytokine stores within circulat-
ing human eosinophils are not restricted to Th2-related cyto-
kines but rather, include cytokines with nominal Th1, Th2, and
inflammatory and regulatory capacities, including the Th1 ini-
tiator, IL-12; the prime product of a Th1 response, IFN-�; and
proinflammatory TNF-�. In the case of the first, stored IL-12
was detectable in the biologically active p70 form. Moreover,
we demonstrate that appropriate stimulation of human blood
eosinophils can lead to the rapid, differential release of all
seven cytokines examined. Importantly, eosinophil cytokine
secretion was stimulus- and dose-dependent and revealed con-
sistent patterns of cytokine release remarkably comparable
among donors. Concentrations of cytokines secreted by eosin-
ophils within 30 min of stimulation were relatively low (com-
pared, for example, with T lymphocyte cytokine production),
consistent with local functions of innate immune leukocytes

Fig. 3. Pretreatment with IL-10 does not affect eosinophil cytokine secretion.
Eosinophils (3�106/mL) were preincubated for 20 min at 37°C � 100 ng/mL
rIL-10 (P) prior to addition of 100 ng/mL rTNF-� or rIFN-� for a subsequent
20 min stimulation (S). Cell-free supernatants were analyzed as above. Data are
the means (�SD) of duplicate wells from one experiment, representative of
three independent experiments.

Fig. 4. Simultaneous stimulation with multiple cytokines elicits additive
effects on eosinophil cytokine secretion. Eosinophils (3�106 per mL) were
stimulated with 100 ng/mL IFN-�, IL-12, and TNF-�, alone or in various
combinations, for 30 min at 37°C. Cell-free supernatants were analyzed as

above for the presence of IL-4 (A), IL-6 (B), IL-10 (C), IL-13 (D), TNF-� (E), IL-12 (F), and IFN-� (G). Means (�SD) of stimulation with individual cytokines are
stacked and plotted beside results from the appropriate dual stimulation.
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within sequestered microenvironments, as opposed to systemic
effects mediated by T cell cytokine secretion.

Notably, secretion of cytokines was stimulus-specific, dem-
onstrating the differential nature of early cytokine release from
human eosinophils. Mechanisms governing transduction of ex-
ogenous stimulatory signals and the differential sorting, pack-
aging, and secretion of granule-stored cytokines from within
eosinophils remain to be fully elucidated. However, toward this
end, our lab has previously demonstrated participation of in-
tracellular lipid signals in specific cytokine secretion from
eosinophils [34] and implicated cognate receptor-mediated ve-
sicular transport as a means of sorting and mobilizing specific
granule-stored cytokine targets [15]. A series of studies by
Moqbel and Coughlin [11] reveals that appropriate trafficking
of cargo-loaded secretory vesicles is likely mediated through
specific Rab-soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor (SNARE)-mediated vesicle movement,
specifically involving the eosinophil secretory vesicle-ex-
pressed SNARE VAMP-2.

Despite preformed, intragranular stores of IL-12(p70) and
IL-4, human blood eosinophils responded to Th1 and proin-
flammatory cytokine stimuli dose-dependently with secretion of
IL-4 but not IL-12. In the same hierarchical order, these
cytokine stimuli also elicited IL-6 secretion from eosinophils.
In addition to proinflammatory effects, IL-6 has been shown to
inhibit Th1 and encourage Th2 differentiation through induc-
tion of naı̈ve T cell IL-4 production [35]. Thus, eosinophils
trafficking to cytokine-rich T cell zones of lymph nodes (as
observed for endobronchial eosinophils [5]) may inherently
encourage Th2 differentiation, even in the presence of IL-12,
by converting type 1-inducing IL-12 signals into Th2-promot-
ing IL-4 and IL-6. Intracellular, preformed levels of IL-12,
available for rapid secretion, are likely not the limiting factor
in our analyses of rapid release, as in addition to stored
IL-12(p70), intracellular concentrations of IL-12(p40) subunits
within eosinophils from four donors ranged from 70 to 1000
pg/mL, and rIL-10 stimulation induced rapid release of IL-
12(p70) heterodimers (Fig. 2E). Indeed, we previously demon-
strated IL-12 secretion within 1 h of cross-linking membrane
CD9 or leukocyte Ig-like receptor 7 receptors [36]. Grewe et al.
[12] demonstrated release of biologically active IL-12 from
human eosinophils, preceded by IL-12(p40) and p35 mRNA
induction, following 24 h of stimulation with IL-4, suggesting
newly formed IL-12 may be released at later time-points and
highlighting the likelihood for time-dependent alteration of
eosinophil cytokine secretion profiles that may reflect com-
pound functions of eosinophil-derived cytokines early in initi-
ating an immune response as opposed to during established
tissue responses.

Notably, TNF-� proved a potent stimulus, eliciting secretion
of IL-4, IL-6, and IFN-� from eosinophils. TNF-� was shown
recently to be essential for IFN-�-induced secretion of Th1-
type chemokines and to enhance IL-4-induced secretion of
Th2-type chemokines by human eosinophils [37].

Unexpectedly, in parallel to IL-4, a large quantity of IFN-�,
the classic product of Th1 cells, was released from eosinophils
in response to cytokine stimulation. Early secretion of IFN-�
may at least partially reflect its presence within an extragranu-
lar, vesicular compartment (Fig. 1), as was established previ-

ously for IL-4. Rapid secretion of IFN-� from eosinophils may
be especially intriguing in light of the emerging, paradoxical
view of IFN-� as a master regulator of inflammation, implicated
as a pro- and anti-inflammatory mediator (reviewed in ref.
[38]), and suggests eosinophil secretion of IFN-� may be more
prominent than anticipated previously.

Quite unanticipated was the finding of IL-10-induced secre-
tion of IL-12 from human eosinophils, as IL-10 is typically
antagonistic to Th1 responses [31–33, 39]. It is plausible that
eosinophil-derived IL-12 may function primarily as an auto-
crine factor, inducing the release of IL-4 and IL-13 from
eosinophils through a feedback loop (see Fig. 2, A and B). The
extent and significance of autocrine recapture of eosinophil-
derived cytokines remain important subjects yet to be delin-
eated.

These results establish the multifarious-preformed cytokine
potential of circulating human eosinophils and document
rapid, differential cytokine release from human blood eosino-
phils elicited by exogenous cytokine stimuli. The strong elic-
itation of eosinophil-derived cytokines in response to inflam-
matory TNF-�, IL-12, and IFN-� alone or in combination
suggests that eosinophils infiltrating inflamed tissues contrib-
ute rapidly to the cytokine milieu. Moreover, preferential se-
cretion of IL-4 and IL-6 over IL-12 in response to Th1 and
inflammatory stimuli suggests eosinophils recruited into tissues
and lymph nodes may help to balance early type 1 immune-
inducing signals to promote Th2 immunity. These findings
provide insights into the functions of human eosinophils per-
tinent to an evolving understanding of the critical contributions
of eosinophilic leukocytes to inflammatory processes and to
initiation of type 2 immunity.
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