
IL-3 is required for increases in blood basophils
in nematode infection in mice and can enhance
IgE-dependent IL-4 production by basophils
in vitro
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Basophils represent potential effector and immunoregulatory cells, as well as a potential source of IL-4, during the
immune response elicited by infection with the nematode Nippostrongylus brasiliensis (N.b.), and in other settings.
However, the factors which regulate the numbers of blood basophils in mice, or the ability of these cells to produce IL-4,
are not fully understood. We found that infection of mice with the nematodes N.b. or Strongyloides venezuelensis (S.v.)
induced substantial increases in the numbers of blood basophils (to as high as 18% of circulating blood leukocytes).
Experiments in IL-3�/� vs IL-3þ /þ mice, and in IL-3-treated IL-3�/� mice, showed that essentially all of the increases in
blood or bone marrow basophils during N.b. or S.v. infection were IL-3 dependent. Many of the blood, bone marrow or
liver-derived basophils from IL-3�/� or IL-3þ /þ mice expressed intracellular IL-4 upon stimulation with anti-IgE in vitro.
However, after incubation of the cells with exogenous IgE in vitro, blood- or liver-derived basophils from IL-3þ /þ mice
exhibited higher levels of intracellular IL-4 after stimulation with anti-IgE than did basophils derived from IL-3�/� mice.
Thus, IL-3 is a major regulator of the marked increases in blood basophil levels observed during infection of mice with N.b.
or S.v. and also can enhance levels of intracellular IL-4 upon activation of basophils with anti-IgE in vitro.
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Basophils have been characterized in the mouse, as well as in
several other species, as bone marrow-derived granulocytes
that circulate in the blood and can be recruited into tissues at
sites of inflammation.1–6 Recent work has identified potential
immunoregulatory functions of basophils as well.7–10 How-
ever, the factors that regulate the development and function
of mouse basophils are not fully understood.

Both basophils and mast cells express the high affinity IgE
receptor, FceRI, and can be activated to release IL-4 and other
mediators upon aggregation of their FceRI by IgE and spe-
cific antigen.11–13 Moreover, we previously reported that
nematode infections can substantially enhance the differ-
entiation and the production of basophils in mice, as assessed
by counting numbers of basophils in the bone marrow, as
well as increase certain populations of tissue mast cells, by

mechanisms that are largely or fully IL-3 dependent (for
basophils) or partially IL-3 dependent (for mast cells).4

Nevertheless, several lines of evidence indicate that mouse
basophils and mast cells represent distinct lineages4,5,14 and
can have distinct roles in parasite infections, allergic disorders
and other settings.4,5,7–10,14–18

During nematode infections2,5 and in models of allergic
inflammation,16,19 mouse basophils represent a potentially
significant source of IL-4, a cytokine that may help to sustain
the Th2 responses in these models, as well as mediate other
functions.15 Basophils also recently have been shown to be
important for the development of hapten-specific chronic
skin inflammation in transgenic mice, which express high
amounts of hapten-specific IgE.7,8 Notably, increased
amounts of IL-4 mRNA were detected in the skin lesions
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associated with such IgE-induced chronic inflammation.7

However, it is not clear to what extent this reflected IL-4
mRNA in the basophils, as opposed to other cell types,
present at these sites.

We previously showed that IL-3 is not necessary for the
development of baseline levels of bone marrow basophils (or
tissue mast cells) in the mouse, but that during nematode
infections IL-3 is required for the expansion of numbers of
bone marrow basophils, and contributes to the expansion of
spleen and small intestinal mast cell populations.4 In vitro,
IL-3 can significantly enhance FceRI-dependent production
of IL-4 by cell populations in which basophils represent the
most likely source of IL-4,20 as well as FceRI-dependent
activation and mediator secretion by mouse peritoneal mast
cells21 and human blood basophils.22–24 Thus, IL-3 produced
during nematode infections may both regulate the size of two
populations of effector cells that express FceRI (ie, basophils
and mast cells), and also regulate the FceRI-dependent
secretory function of these cells.

However, past studies of mouse basophils primarily
quantified these cells in the spleen,25,26 bone marrow,4,26

lung5,25,26 or liver,25,26 and used exogenous IL-3 to investigate
whether this cytokine influenced basophil IL-4 production
in vitro.20 This work indicated that infection with
Nippostrongylus brasiliensis (N.b.) can result in increases in
populations of basophils,4,5,25,26 including in the blood,5,25,26

and that exogenous IL-3 can increase levels of basophils in
wild-type mice.25,27 In the present study, we used IL-3�/�

and IL-3þ /þ mice, and IL-3-treated IL-3�/� mice, to
investigate the potential role of IL-3 in regulating blood
basophil levels in mice and assessed whether basophils from
IL-3�/� mice exhibited any impairment in their ability to
produce IL-4 upon stimulation by the FceRI in vitro.

MATERIALS AND METHODS
Mice and Nematode Infection
BALB/c and C57BL/6J mice, 8–13 weeks of age, were
obtained from Charles River Laboratory, Wilmington, MA,
USA, and the Jackson Laboratory, Bar Harbor, ME, USA for
experiments conducted at the Beth Israel Deaconess Medical
Center, from the Laboratory Animal Breeding Colony at
Stanford University for experiments conducted at Stanford,
and from the Jackson laboratory for the experiments con-
ducted at the Cleveland Clinic. IL-3�/� and their wild-type
littermates (IL-3þ /þ ) were backcrossed for at least nine
generations onto C57BL/6 or BALB/c mice.28 Some mice
were infected by subcutaneous inoculation with 500 or 800
N.b. larvae29 or 2000 Strongyloides venezuelensis (S.v.) larvae.4

The degree of infection of individual mice was monitored by
counting the numbers of eggs excreted daily (eggs per g feces)
and/or, at the time of killing, the numbers of adult intestinal
worms. S.v. and N.b. were maintained by serial passage in
male Wistar rats or female BALB/c mice, respectively. All
animal care and experimentation were conducted according
to guidelines of the National Institutes of Health and the

Beth Israel Deaconess Medical Center, Stanford University,
or Cleveland Clinic Institutional Animal Care and Use
Committees.

Identification and Quantification of Mouse Basophils
Mouse blood and bone marrow cells were isolated from the
orbital sinus and femurs, and RBCs were lysed with Tris-
buffered ammonium chloride. Cells were incubated with
B3B4 and 2.4G2 mAbs for 15 min to block low affinity
binding of IgE or other subsequent Abs to CD23 or FcgRII/
III, respectively, followed by sensitization with mouse IgE
mAb (Sigma Chemical Company, St Louis, MO, USA; clone
SPE-7) for 50 min. Cells were washed and stained with FITC
anti-IgE (clone R35-72) and PE anti-CD45R/B220 (clone
RA3-6B2) mAbs for 25 min. For detection of c-kit, cells were
incubated for 25 min with biotinylated anti-c-kit mAb (clone
2B8) followed by PE-streptavidin. Except for the SPE-7 IgE
mAb, all Abs listed above, including appropriate isotype-
matched controls, were obtained from Pharmingen, San
Diego, CA, USA, and used at 10 mg/ml on ice. In some ex-
periments, we sought to identify basophils without using
antibodies to IgE or FceRI. For these experiments, blood or
liver cells were obtained as described in detail in26 and
basophils in those populations were identified as described
in,26,30 by staining with FITC-labeled anti-CD16/32 (clone
93) and APC-labeled anti-CD45 (30-F11; these Abs, and
isotype-matched controls, were obtained from eBioscience,
San Diego, CA, USA, and used at 10 mg/ml on ice). In such
experiments, some cells were incubated ex vivo with an anti-
TNP IgE mAb (IgE-3) and/or stimulated with anti-IgE (R35-
72). Stained cells were analysed using a FACSCaliburs with
CellQuests (Becton Dickinson, San Jose, CA, USA) or
FlowJo (Ashland, OR, USA) software. The number of baso-
phils per mm3 blood was calculated by multiplying the per-
centage of basophils (as determined by flow cytometry) by
the total WBC count. For light microscopic examination,
cells were sorted using a FACSVantages (Becton Dickinson),
cytocentrifuged onto slides, and stained 6 h with 1.0% alcian
blue at pH 1.0 followed by safranin for 10 min.

Treatment with IL-3 In Vivo
Male S.v.-infected IL-3þ /þ and IL-3�/� mice received twice
daily i.p. injections of IL-3 (140 ng/day, from supernatants
conditioned by B16-F10 murine melanoma cells that were
genetically engineered to produce mouse IL-331) or vehicle
beginning on day 5 of infection. IL-3 concentration was
measured by ELISA (Endogen, Cambridge, MA, USA). Mice
were killed the day each cleared their individual infection
(Figure 3b and c) or, in a separate experiment, on day 13 of
infection (Figure 3a). To quantify mast cells, 4mm paraffin
sections of Carnoy’s-fixed tissues were stained with safranin
and 1.0% alcian blue at pH 0.3 (or pH 1.0 for spleen) and
mast cells were counted as the number per mm2 of spleen, or
for jejunum and ileum, as the number per villus crypt unit.
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Basophil Activation and Staining of Intracellular IL-4 for
Flow Cytometric Analysis

Two approaches were used for these experiments. In the
first method, blood and bone marrow cells from IL-3þ /þ

and IL-3�/� mice were depleted of RBCs, pooled according
to genotype, and sensitized with mouse IgE mAb for 50 min
on ice (without B3B4 and 2.4G2 mAbs). Cells were washed,
and incubated for 5 h at 371C in complete DMEM containing
Brefeldin A (Sigma; 10 mg/ml) and FITC anti-IgE (10 mg/ml).
This step served simultaneously to activate and fluorescently
stain FceRIþ basophils, and to allow IL-4 to accumulate
within the ER and/or Golgi complex. Cells were fixed for
10 min with 4% paraformaldehyde in PBS at 371C, permea-
bilized on ice for 15 min with PBS containing 0.1% saponin,
2.4G2 mAb (10 mg/ml), and 2% FCS, and stained for 25 min
on ice with PE anti-IL-4 mAb (clone 11B11, at 2 mg/ml) in
PBS containing 2% FCS. Many negative controls, all of which
yielded similar results, were used to establish flow cytometry
gates. As one control, IgE-sensitized cells were incubated with
FITC IgG1 (clone R3-34, as an FITC-labeled antibody of
irrelevant antigen specificity) for 5 h at 371C with Brefeldin A
followed by staining with FITC anti-IgE (10 mg/ml) mAb on

ice for 25 min. Specificity of IL-4 staining was demonstrated
both by preincubating cells with excess unlabeled anti-IL-4
mAb (60 mg/ml), and by staining cells with a PE isotype-
matched control mAb (clone R3-34). Except for IgE, all Abs
were purchased from Pharmingen.

A second approach was used to analyse basophils without
using FITC anti-IgE to identify the basophils by FACS. This
permitted us to avoid activating the basophils by the FceRI
except at the time we wished to stimulate some of these cells
in vitro. Groups of wild-type BALB/c (IL-3þ /þ ) and BALB/c
IL-3�/� mice were subcutaneously infected with 500 N.b.
larvae and mice were killed 10 days postinfection. Blood and
liver cells were incubated with or without 5 mg/ml of a mouse
IgE mAb (IgE-3, anti-TNP) for 50 min on ice and subse-
quently incubated with or without 1mg/ml anti-IgE (R35-72)
for an additional 4 h at 371C. Monensin (2mM) was added
during the last 2 h of incubation. Cells were harvested,
fixed, and stained for surface expression of FITC-labeled
anti-CD16/32 (clone 93), APC-labeled anti-CD45 (30-F11),
and PE-labeled anti-IL-4 (11B11) for 45 min. Cells were
acquired using a FACSCalilbur and analysed using FlowJo
software.

Figure 1 Blood basophils are markedly increased following infection with N.b. (800 larvae, subcutaneously). Blood cells from uninfected (a) and N.b.-

infected (b–e) female BALB/c mice were stained for FceRI and CD45R/B220 (a–c) or c-kit (d). Representative FACS plots from individual mice indicate the

percentage of blood basophils at baseline (a; basophils per mm3 blood¼ 47±3; n¼ 4), and at day 9 (b; basophils per mm3 blood¼ 284±35; n ¼ 5) and 12

(c, d; basophils per mm3 blood¼ 787±89; n ¼ 4) after infection. Few c-kitþ cells were detectable above background at day 12 (d) or at other time periods

examined (a–c, data not shown). The FceRIþ , CD45R/B220� cells in (c) were sorted, stained with alcian blue and safranin, and found microscopically to

consist predominantly (95%) of cells with a polylobed nucleus (e). Ninety seven percent of these cells contained small numbers of granules that stained

lightly with alcian blue (arrowheads). One mast cell (*) was observed among multiple slides examined. Similar results were obtained in two other

experiments using BALB/c mice.
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Statistics
Unless otherwise specified, all data are expressed as the
mean±s.e.m., and all differences between values were com-
pared using the unpaired two-tailed Student’s t-test.

RESULTS
Mouse Blood Basophil Levels are Markedly Increased
Following Infection with N.b.
Blood cells obtained from 8 to 13-week-old BALB/c mice
were stained for the expression of B220 and FceRI. The
percentage of B220�, FceRIþ cells identified as basophils by
flow cytometric analysis, as well as alcian blue/safranin
staining in the blood, showed a marked increase above
baseline (Figure 1a) in mice infected with N.b.; a 7-fold
increase 9 days after infection with 800 parasites (Figure 1b)
and an 18-fold increase 12 days after infection (Figure 1c).
Few or no c-kit-expressing mast cells were detected in the
blood at any time, including at 12 days after infection (Figure 1d).
The B220�, FceRIþ cell population was sorted and stained
with alcian blue/safranin. Ninety five percent of these cells
had a polylobed nucleus and 97% contained small granules
that stained lightly with alcian blue (Figure 1e). By contrast,
only a single cell with the morphological characteristics of
a mast cell was found in all of the slides of blood examined
(* in Figure 1e). Similar results were obtained in two other
experiments using BALB/c mice (data not shown).

IL-3 is Required for the Development of Increased
Numbers of Blood and Bone Marrow Basophils in
Parasite-Infected Mice
Basophils per mm3 of blood were approximately threefold
higher than baseline levels 9 days after S.v. infection and
more than fivefold higher 11 days after N.b. infection in
C57BL/6-IL-3þ /þ mice, whereas C57BL/6-IL-3�/� mice had
levels of blood basophils that were unchanged or even lower
than baseline following parasite infection (Figure 2a). The
percent of bone marrow basophils in mice of the two geno-
types showed an identical pattern of change following
infection with N.b. and S.v. larvae (Figure 2b); levels of bone
marrow basophils increased to two- and threefold baseline
levels 9 and 11 days after S.v. and N.b. infection, respectively,
in IL-3þ /þ mice although they remained unchanged or at
lower than baseline levels in the bone marrow of IL-3�/�

mice at those time points. Both IL-3þ /þ and IL-3�/�

N.b.-infected mice cleared their infection by day 11 and there
was no statistically significant difference between the num-
bers of adult S.v. worms 9 days after infection in IL-3þ /þ

and IL-3�/� mice (adult worms per small intestine: IL-3þ /þ ,
145±15 vs IL-3�/�, 230±68; P¼ 0.31). Thus, the IL-3
deficiency did not affect parasite clearance in N.b.-infected
mice or numbers of adult worms or egg production at day 9
in S.v.-infected mice, but IL-3 was required for the expansion
of blood basophils following parasite infection. By contrast,
IL-3 was not required for the maintenance of baseline levels
of bone marrow or blood basophils in naı̈ve mice.

Treatment of S.v.-Infected IL-3�/� Mice with Exogenous
IL-3 Restores Basophil and Tissue Mast Cell Numbers to
Levels That are Similar to Those Observed in
S.v.-Infected IL-3þ /þ Mice
Intraperitoneal injection twice daily of IL-3 (total of 140 ng/
day) into male IL-3�/� mice during infection with S.v.
restored blood and bone marrow basophil levels, as well as
mast cell numbers in the spleen and ileum, to values that
were statistically indistinguishable from those observed in
S.v.-infected IL-3þ /þ mice (Figure 3). IL-3 treatment also
markedly increased numbers of mast cells in the jejunum of
S.v.-infected IL-3�/� mice (Figure 3c). Although the effects

Figure 2 IL-3 is required for increased numbers of blood and bone marrow

basophils in parasite-infected mice. Levels of blood (a) and bone marrow

(b) basophils from C57BL/6-IL-3þ /þ and IL-3�/� mice were examined at

baseline, and after infection with S.v. (2000 larvae, subcutaneously) and N.b.

(800 larvae, subcutaneously) for 9 and 11 days, respectively. There was no

statistically significant difference between the number of adult S.v. worms

at day 9 of infection in IL-3þ /þ and IL-3�/� mice (see text). All N.b.-infected

mice cleared their infection by day 11. All values are mean±s.e.m. (n ¼ 3–5

mice per group). * indicates Po0.05; wPo0.001; zPo0.0001 vs

corresponding baseline values or (as indicated by the square brackets) vs

corresponding values for mice of the other genotype. Similar results were

obtained in three other experiments using C57BL/6- or BALB/c-IL-3þ /þ

and IL-3�/� mice infected with S.v. (one experiment, 2000 larvae,

subcutaneously) or N.b. (two experiments, 800 larvae, subcutaneously).
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were not statistically significant, injection of IL-3 in
S.v.-infected IL-3þ /þ animals may have resulted in slight
increases in levels of blood and bone marrow basophils, and
perhaps in some mast cell populations (Figure 3).

IL-3 is not Required for, but can Enhance, IL-4
Production by Blood or Bone Marrow Basophils
Following FceRI Cross-Linkage In Vitro
Although IL-3�/� mice did not exhibit increases in blood or
bone marrow basophils following infection with N.b. or S.v.,
we found that IL-3 was not required for production of in-
tracellular IL-4 following FceRI cross-linkage in vitro in blood
or bone marrow basophils derived from either normal or
N.b.-infected mice. As assessed by intracellular cytokine
staining, freshly isolated blood and bone marrow basophils
produced IL-4 after activation by FITC anti-IgE mAb in vitro,
whether the cells were derived from C57BL/6 IL-3þ /þ or
IL-3�/� mice (Figure 4). In uninfected IL-3�/� and IL-3þ /þ

mice, basophils represented B1.5% of total blood leukocytes
and B1.0% of total bone marrow cells. After incubation with

mouse IgE followed by challenge with FITC anti-IgE in vitro,
B45–52% of the blood basophils and B10% of the bone
marrow basophils were IL-4þ . The differences in the levels of
IL-4 producing cells within the bone marrow and blood
basophil populations may reflect, at least in part, the fact that
circulating basophils in the periphery are, as a population,
more mature developmentally than is the bone marrow
population, which includes multiple developmental stages.

In blood leukocytes that were obtained from N.b.-infected
C57BL/6 mice and then were incubated with IgE and FITC
anti-IgE in vitro, 80% of IL-3�/� and 95% of IL-3þ /þ blood
basophils were IL-4þ and 47% of IL-3�/� or IL-3þ /þ bone
marrow basophils were IL-4þ (Figure 4). As shown in
Figures 2 and 4, IL-3�/� mice had a significant defect in
nematode-induced basophil hyperplasia. In Figure 4, 10.7%
of total blood leukocytes in IL-3þ /þ mice were basophils vs
only 1.3% in the IL-3-deficient counterparts. For bone
marrow basophils, the corresponding values were 2.6% in
IL-3þ /þ mice vs 0.8% in IL-3�/� mice (Figure 4). Such
experiments showed that, under the conditions tested, a lack

Figure 3 Treatment of S.v.-infected (2000 larvae, subcutaneously) male C57BL/6 IL-3�/� mice with exogenous IL-3 restores basophil and tissue mast cell

numbers to levels that are similar to those observed in S.v.-infected (2000 larvae, subcutaneously) C57BL/6 IL-3þ /þ mice. Blood (a) and bone marrow (b)

basophil, and tissue mast cell (c) levels were examined in IL-3- or vehicle-treated S.v.-infected male IL-3þ /þ and IL-3�/� mice on the day of clearance of

infection (b, c; days 12–16) or, in a separate experiment (a), at the time the IL–3þ /þ mice cleared their infection (day 13). All values are mean±s.e.m.

(n¼ 3–6 mice per group). * indicates Po0.05; wPo0.001; zPo0.0001 vs corresponding values for mice of the other genotype or (as indicated by the square

brackets) vs values for mice of the same genotype.
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of IL-3 does not eliminate the IL-4 production capacity of
mouse basophils after anti-IgE stimulation in vitro.

We also examined intracellular IL-4 production in baso-
phils that were analysed by FACS without using antibodies to
IgE or FceRI to identify the cells.26 Blood cells were pooled
from BALB/c IL-3�/� and IL-3þ /þmice (n¼ 3–4 in each
group) on day 10 of N.b. infection. Duplicate aliquots of
these blood leukocytes were then incubated for 50 min on
ice±IgE and then stimulated for 4 h with anti-IgE, with
monensin added for the last 2 h; negative control cells were
incubated under the same conditions but without exogenous
IgE or anti-IgE.

Little intracellular IL-4 was detectable in basophils
incubated in vitro with neither exogenous IgE nor anti-IgE
(Figure 5). However, anti-IgE stimulation of cells which had
not been incubated with additional IgE in vitro induced
similar percentages of IL-3þ /þ or IL-3�/� basophils (41–54%)
to exhibit intracellular staining for IL-4 (Figure 5). By con-
trast, after incubation with exogenous IgE in vitro before
activation with anti-IgE, blood basophils from IL-3þ /þ mice
exhibited substantially higher levels of intracellular staining
for IL-4 than did the corresponding cells from IL-3�/� mice
(Figure 5). Similar results were obtained in a separate
experiment analyzing IL-3þ /þ vs IL-3�/� mouse blood
basophils that had been incubated with exogenous IgE before
stimulation with anti-IgE in vitro. Using data pooled from

the latter experiment and the experiment shown in Figure 5,
we analysed the percentage of IL-3þ /þ vs IL-3�/� blood
basophils that stained for intracellular IL-4, and the MFI of
IL-4 staining in blood basophils (Figure 6a). Incubation with
exogenous IgE before stimulation with anti-IgE resulted in a
significantly higher percentage of basophils that exhibited
intracellular staining with IL-4, and a significantly higher
MFI of such staining, in blood basophils derived from
IL-3þ /þ vs IL-3�/� mice.

We also analysed intracellular IL-4 production following ex
vivo stimulation in basophils isolated from the liver of N.b.
infected mice. As more basophils can be obtained from the
livers than the blood of such mice, we individually tested the
liver basophils obtained from IL-3þ /þ (n¼ 4) mice and
from IL-3�/� mice (n¼ 3). As shown in Figure 6b, the results
obtained with liver-derived basophils were very similar to
those obtained in tests of blood basophils (Figure 6a). Only
low levels of intracellular IL-4 were detected in basophils
incubated without exogenous IgE or anti-IgE
(MFI¼ 16.2±1.1 vs 18.8±1.6 for IL-4þ basophils derived
from IL-3þ /þ vs IL-3�/� mice (P40.05)), higher levels of
intracellular IL-4 were detected in anti-IgE stimulated baso-
phils, which had not been incubated with exogenous IgE
in vitro (MFI¼ 35.9±1.2 vs 30.9±2.5 for IL-4þ IL-3þ /þ vs
IL-3�/� cells (P40.05)), and, after incubation with exogen-
ous IgE in vitro, these responses were even stronger in

Figure 4 IL-3 is not required for blood or bone marrow basophils from uninfected or N.b.-infected C57BL/6-IL-3þ /þ or IL-3�/� mice to produce IL-4 after

FceRI cross-linkage in vitro. Freshly isolated blood and bone marrow cells from uninfected or N.b.-infected (800 larvae, subcutaneously) C57BL/6-IL-3þ /þ and

IL-3�/� mice (n ¼ 3–4 mice per group; day 11 of infection) were pooled, incubated on iceþ IgE for 50 min, followed by stimulation for 5 h at 371C with FITC-

labeled anti-IgE mAb in the presence of Brefeldin A. Basophils, identified as FceRIþ cells, were examined for intracellular IL-4 production by FACS. FceRIþ

basophils are located in either the upper right (IL-4þ ) or lower right (IL-4�) quadrants. The first number in each plot represents the percentage of IL-4þ

basophils. The number in parenthesis represents the percentage of basophils in the total cell population. Gates were established using negative controls

(see ‘Materials and methods’ section). Similar results were obtained in another experiment using IL-3þ /þ and IL-3�/� mice.
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anti-IgE stimulated basophils from IL-3þ /þ mice but not in
the identically treated basophils from IL-3�/� mice
(MFI¼ 47.9±1.9 vs 26.7±1.7 for IL-3þ /þ vs IL-3�/� cells
(Po0.005)).

Taken together, the data in Figures 4–6, obtained using
basophils derived from IL-3þ /þ vs IL-3�/� mice on either
the C57BL/6 (Figure 4) or BALB/c (Figures 5 and 6) back-
grounds, indicate that basophils derived from IL-3�/� mice
can produce intracellular IL-4 upon activation by IgE and
FceRI in vitro, but that such responses can be enhanced in
basophils derived from IL-3þ /þ mice.

DISCUSSION
Our findings show that IL-3 is required for the striking
increases in blood basophils that occur in C57BL/6 or BALB/c
mice during infection with either N.b. or S.v. in vivo. By
contrast, IL-3 appears to be largely dispensable for main-
taining the low levels of blood basophils observed in the
circulation of uninfected mice. These finding are in accord
with our observation that IL-3 is required for the increases in
bone marrow basophils associated with S.v. or N.b. infection
in mice, but is not required for maintaining low levels of

bone marrow basophils in uninfected animals.4 While the
present study was under review, Shen et al26 also found, using
BALB/c IL-3�/� vs IL-3þ /þ mice, that IL-3 was required for
the increases in numbers of basophils in the blood, bone
marrow, and liver in BALB/c mice infected with N.b., and
provided evidence that T cells represent an important source
of such IL-3 in this setting.

Khodoun et al27 showed that the administration of IL-3 to
IL-3 sufficient mice can result in expanded basophil popu-
lations in the spleen of naı̈ve wild-type mice.27 We found that
administration of recombinant IL-3 beginning on day 5 of
S.v. infection permitted IL-3�/� mice to exhibit numbers of
blood and bone marrow basophils, as well as mast cells in the
spleen and ileum, that were statistically indistinguishable
from those observed in S.v.-infected IL-3þ /þ mice. These
findings support the conclusion that the striking abnormal-
ities in basophil and mast cell numbers that occur during
nematode infection in IL-3�/� mice reflect the lack of IL-3 in
the adult animals, rather than the consequences of a devel-
opmental problem, related to the genetic deficiency in IL-3,
that irreversibly alters the responsiveness of the basophil or
mast cell lineages to IL-3.

Figure 5 IL-3 is not required for blood basophils from N.b.-infected BALB/c-IL-3þ /þ (a) or IL-3�/� (b) mice to produce IL-4 after FceRI cross-linkage in vitro.

Freshly isolated blood leukocytes from N.b.-infected (500 larvae, subcutaneously) BALB/c IL-3þ /þ and IL-3�/� mice (n ¼ 3–4 mice per group) were obtained

on day 10 of infection, pooled, and divided into two aliquots. The cells were then incubated on ice±IgE for 50 min, followed by stimulation for 4 h at 371C

with anti-IgE mAb, the last 2 h in the presence of monensin. Basophils, identified as FcgRþ , CD45þ cells, were examined for intracellular IL-4 production by

FACS. The number in each plot represents the percentage of IL-4þ basophils.
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When stimulated with anti-IgE in vitro in the presence of
Brefeldin A (Figure 4) or monensin (Figure 5), blood or liver-
derived basophils from IL-3�/� or IL-3þ /þ mice exhibited
substantial IL-4 production, as assessed by flow cytometric
analysis of intracellular IL-4. By contrast, few blood or liver
basophils derived from IL-3�/� or IL-3þ /þ mice exhibited
intracellular IL-4 after in vitro incubation for 4 h in the ab-
sence of anti-IgE stimulation (Figures 5 and 6). Similarly,
blood or liver basophils examined by flow cytometry in cells
freshly isolated from N.b.-infected IL-3�/� or IL-3þ /þ mice
exhibited little or no evidence of intracellular IL-4, nor did
such mice exhibit differences in levels of serum IgE (data not
shown).

These findings indicate that blood or liver basophils are
capable of upregulating IL-4 production upon stimulation by
IgE and anti-IgE, whether such basophils are derived from
wild-type mice or mice that lack IL-3. It should be empha-
sized that our experiments used flow cytometry to examine

intracellular IL-4 in basophils that had been stimulated by the
FceRI ex vivo, and this approach may not be sensitive enough
to detect what might be significant differences in the
amounts of cytokines produced by various basophil popu-
lations that exhibit similar levels of intracellular IL-4 (eg, as
in blood basophils derived from IL-3�/� vs IL-3þ /þ mice
that had been stimulated by anti-IgE in vitro in the absence of
prior incubation with exogenous IgE).

However, when populations of blood or liver cells were
incubated in vitro with exogenous IgE before their stimula-
tion with anti-IgE, we found that blood or liver-derived
basophils from IL-3þ /þ mice exhibited substantially greater
intracellular IL-4 responses than did identically treated
basophils from IL-3�/� mice (Figures 5 and 6). These data
are consistent with the conclusions of prior in vitro work
indicating that IL-3 can significantly enhance FceRI-dependent
production of IL-4 by cell populations in which basophils
represent the most likely source of IL-4,20 as well as

Figure 6 Enhanced production of intracellular IL-4 in blood basophils (a) or liver basophils (b) derived from BALB/c-IL-3þ /þ vs IL-3�/� mice after incubation

with exogenous IgE and anti-IgE activation in vitro. On day 10 of infection, freshly isolated blood leukocytes (a) or liver cells (b) from N.b.-infected (500

larvae, subcutaneously) BALB/c-IL-3þ /þ mice. Data in a are from two separate experiments, in each of which blood leukocytes were pooled from three to

four mice of each genotype. Aliquots of the pooled cells (in experiment 1) or of two separate aliquots of the pooled cells (in experiment 2) were analyzed

after treatment with or without exogenous IgE and with or without anti-IgE ex vivo (n ¼ 2–3 values per treatment group). Data in b are from one experiment,

which analysed liver cells from four IL-3þ /þ mice and from three IL-3�/� mice. Cells in a and b were incubated on ice±IgE for 50 min, followed by

stimulation for 4 h at 371C with anti-IgE mAb, the last 2 h in the presence of monensin. Basophils, identified as FcgRþ , CD45þ cells, were examined for

intracellular IL-4 production by FACS. The data are shown as % of basophils (mean±s.e.m.) that exhibit staining for intracellular IL-4 and MFI (mean±s.e.m.)

of such IL-4þ basophils. * indicates Po0.05; **Po0.001; and ***Po0.0001 vs corresponding values for vehicle controls of the same genotype. w indicates

Po0.05; wwPo0.001; wwwPo0.0001 vs the values indicated by the square brackets. NS, not significant (P40.05).
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FceRI-dependent activation and mediator secretion by mouse
peritoneal mast cells21 and human blood basophils.22–24

Thus, even though our studies show that IL-3 is not required
for basophil IL-4 production in response to challenge by the
FceRI ex vivo, they also suggest that, at least under some
circumstances, basophils derived from IL-3þ /þ mice can
exhibit higher levels of IgE- and FceRI-dependent IL-4
production that do basophils from IL-3�/� mice.
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