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Background: Both basophilsand T cells are known to secrete
IL-4 and |L-13 after activation with either nonspecific stimuli
or specific antigen, but the relative contribution of these 2 cell
types to overall cytokine production isunclear.

Objectives: To further characterize basophil cytokine produc-
tion and compareit with that of T cells, we examined the fre-
quency of I1L-4—and |L-13—producing basophilsand T cellsin
human PBM Cs by means of flow cytometry after activation in
allergic asthmatic and normal subjects.

Methods: PBM Cs obtained from whole blood after Percoll
gradient were activated with specific antigen or ionomycin and
fixed. PBM Cs were made permeable; stained with antibodies
to IgE, CD3, and either I1L-4 or IL-13; and analyzed by means
of flow cytometry.

Results: Preformed cytokines were not detected in unactivated
basophils. After ionomycin activation, 60% to 90% of
basophils from both control and allergic asthmatic subjects
expressed IL-4 and |L-13. Specific antigen induced cytokine
expression by 10% to 20% of basophils from the asthmatic
group only. After specific antigen activation, basophils
accounted for 4 times more IL-4—producing cellsthan did T
cells. IL-4 and IL-13 production at 2 hours was exclusively
from basophils. After allergen activation, CD40 ligand was
upregulated on a subset of peripheral blood basophils.
Conclusions: These data demonstrate that basophils are the
predominant peripheral blood cellsthat express|L-4and IL-
13 in thefirst 6 hours after antigen activation and strengthen
the putative role of basophils both in IgE production and in
the generation of allergic inflammation. (J Allergy Clin
Immunol 1999;104:811-9.)
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Basophils have been implicated in acute allergic
reactions, including asthma, by their release of immedi-
ate mediators, such as histamines, leukotrienes, and
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prostaglandins. Additionally, because basophils secrete
both IL-41 and IL-1323 after high-affinity IgE receptor
(FceRI) cross-linking, it has been suggested that
basophils may contribute to CD40-dependent Ig class
switching,5 the upregulation of costimulatory mole-
cules on B cells,#6.7 and the upregulation of vascular cell
adhesion molecule-1 on endothelium.89 IL-4 is also
required for T-cell differentiation to the T,,, phenotype.10
As such, basophils, in addition to T cells, may thus help
to orchestrate alergic inflammation.

To further explore the hypothesis that basophils con-
tribute to IL-4 and 1L-13 production in alergic inflam-
mation, we examined the frequency of basophils produc-
ing these cytokines after nonspecific stimuli and after
antigen exposure and compared it with that of T cells
producing the same cytokines. Because basophil
cytokine expression has been examined on the protein
and messenger (m)RNA levels by using bulk assays,
such as ELISAL northern blot analysis,12 and reverse
transcriptase PCR,13 and because the surface phenotype
of basophils has been effectively determined,14-18 we
elected to examine basophil cytokine expression at the
single cell level by using flow cytometry. To use this
technology, we first identified basophils among the
FceRI-bearing cells in periphera blood. We then com-
pared cytokine expression by basophils from allergic
asthmatic and control subjects and determined the rela-
tive contribution of basophil and T-cell fractions of
PBMCs to total cytokine expression. Finally, because
both CD40 ligation and IL-4 production are required for
IgE synthesis, we investigated the modulation of CD40
ligand (CD40L) expression on T cells and basophils after
in vitro alergen stimulation. As will be shown, the data
clearly support the hypothesis that basophils are a major
source of IL-4 and IL-13 when compared with the pro-
duction of these cytokines by T cells and that strategies
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TABLE |. Baseline characteristics of allergic asthmatic patients

Antigens eliciting positive

Methacholine Corticosteroid

Patient Age (y) skin test responses* PCyo (Mg/mL) treatment

1 25 Cat, rye, em 0.25 Yes (inhaled)
2 42 Cat, D pteronyssinus, D farinae 25 No

3 25 Cat, rye, ragweed 0.25 No

4 28 Cat, elm, oak, D pteronyssinus, D farinae, rye 0.25 No

5 35 Cat, rye, ragweed 25 No

6 a2 Cat, ragweed, rye, D pteronyssinus, D farinae 10 No

7 51 Cat, D pteronyssinus, D farinae NP Yes (inhaled)

NP, Not performed (FEV; less than 70% of the predicted value).
*A positive skin test response was defined as 5 mm or greater induration.

to interrupt basophil cytokine synthesis may be impor-
tant in the successful treatment of allergic diseases.

METHODS
Reagents

lonomycin and DNAse | (Calbiochem, La Jolla, Calif);
brefeldin A, paraformaldehyde, Percoll, Ficoll-Diatrizoate 1.077
g/ml, and dimethyl sulfoxide (Sigma Chemical Co, St Louis, Mo);
saponin (Fluka Biochemika, Ronkonkoma, NY'); and standardized
cat hair (10,000 AU/mL) and Dermatophagoides pteronyssinus
(30,000 AU/mL) allergenic extracts (Bayer Co, Elkhart, Ind) were
purchased. The recombinant major cat allergen of Felis domesti-
cus (rFel d 1) was a gift of ImmuLogic Corporation (Waltham,
Mass).

Monoclonal antibodies

FITC-conjugated anti-CD3 and anti-IL-2 (clone 5322.111; Bec-
ton Dickinson Immunocytochemistry Systems, San Jose, Calif);
mouse anti-IgE FITC, anti-CD2, CD19 phycoerythrin/cyanin 5
(PE/Cy5), anti-HLA-DR PE/Cy5, anti-IL-3Ra PE (CD123), anti-
CD40L PE, anti-IL-4 PE (clones MP4-25D2 and 8D4), IL-5 PE
(clone 5A10), and IL-13 PE (clone 5A2); alophycocyanin-conju-
gated streptavidin, PE- and FITC-conjugated mouse 1gG1, PE-con-
jugated rat 1gG1, biotinylated goat |gG, purified anti-1L-4, and anti-
IL-13 (Pharmingen); PE/Cy5-conjugated mouse anti-human CD14
and CD16 (Caltag Laboratories, Burlingame, Calif); and biotin-
conjugated goat anti-human IgE (Biosource, Camarillo, Calif) were
obtained commercialy. Anti-FceRlI (clone 15.1) was a gift of Dr J.
P. Kinet and was FITC labeled.

Subjects

After informed consent, peripheral blood was obtained from nor-
mal volunteers (n = 3) and from asthmatic subjects (n = 7) with cat
or house dust mite allergy without pets in the home. Allergic asth-
matic subjects had a greater than 1-year history of symptoms con-
sistent with asthma, a methacholine PC,, of 25 mg/mL or less, and
3 or more positive skin test responses (=5 mm induration) to a panel
of 7 tested allergens (cat, elm, ragweed, Bermuda grass, D farinae,
D pteronyssinus, and rye) (Table ). Nonatopic control subjects were
defined by having a negative history of alergic disease, negative
skin test responses, and a methacholine PC,, of greater than 25
mg/mL. The clinical protocol was approved by the National Insti-
tute of Allergy and Infectious Disease Institutional Review Board.

Culture conditions

For basophil stimulations, PBMCs were obtained from EDTA-
anticoagulated whole blood after of Percoll gradient (Sigma Chem-
ica Co) at a density of 1.08 g/mL.1® PBMCs were suspended in

RPMI-1640 complete media (10% FCS, 2 mmol/L L-glutamine,
100 U/mL penicillin, 100 U/mL streptomycin, 25 pg/mL gentam-
icin, 50 pumol/L 2-mercaptoethanol, 1 mmol/L pyruvate, and
nonessential amino acids [Biofluids, Rockville, Md]). Cells were
incubated at 2 x 106 PBMCS/mL in 24-well plates (Costar, Cam-
bridge, Mass) at 37°C. Basophil stimulations were performed by
using either 1 umol/L ionomycin or allergen extracts (1:1000 dilu-
tion). Brefeldin A (10 pg/ml) was added at the start of the culture to
inhibit cytokine release. Cytokine staining was not detectable in
basophils activated in the absence of brefeldin A (data not shown).
After the noted time, 50 pg/mL DNAse | was added to each well,
and cells were incubated for 5 minutes, washed in cold PBS, and
fixed in 4% paraformaldehyde at room temperature for 5 minutes.
Arrest of fixation was obtained by washing cells in ice-cold PBS
0.1% BSA, with centrifugation at 1500g for 10 minutes. The cell
pellets were then resuspended in 1 mL of PBS with 10% dimethyl
sulfoxide, placed in aliquots, and stored at —80°C for subsequent
anaysis.

Basophil-T cell comparative cultures were performed on Ficoll-
Diatrizoate-isolated PBMCs. Cells were activated at 37°C with
either Fel d 1 (2 pg/mL) or no antigen in RPMI-1640 complete
media supplemented with anti-CD28 ascites 1:1000 (clone CK 248,
generously provided by L. Moretta, Genova, Italy) at a density of 4
x 106 cells/2 mL in 16 x 125-mm tissue culture-treated round-bot-
tom tubes (Corning Glass, Corning, NY). After 2 hours, brefeldin A
(10 pg/mL) was added, and the cells were incubated for an addi-
tional 4 hours and then fixed as above. Cultures examining CD40L
were analyzed at 2 hours, without the addition of brefeldin A.

Flow cytometry

Cryopreserved fixed cells were thawed at 37°C, washed, and
stained for cell surface markers and intracellular cytokines, as pre-
viously described.20 Briefly, the cell pellets were resuspended in
PBS with 0.1% saponin (PBS-S) and 5% nonfat dry milk for 1 hour
to block nonspecific binding and then stained with mAbs at 4°C for
30 minutes. The cells were washed twice in PBS-S and stained with
allophycocyanin-conjugated streptavidin for an additional 30 min-
utes at 4°C. Finally, the samples were washed in PBS-S and resus-
pended in 300 pL of PBS-BSA for analysis. Blocking with unla-
beled anticytokine mAb was performed in the same manner, with
the addition of 100 pug/mL of either unlabeled anticytokine mAb or
isotype control, for 1 hour before the addition of labeled anticy-
tokine mAb.

Acquisition and analysis

Data were acquired on a 2-laser FACSCALIBUR (Becton Dick-
inson Immunocytometry Systems) flow cytometer, which allowed
the simultaneous detection of 4 fluorescent parameters. Typically,
100,000 to 400,000 total events were acquired, depending on the
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FIG 1. Identification of basophils and determination of their cytokine expression by flow cytometry. PBMCs
were fixed, permeabilized, and stained with antibodies to IgE, lineage markers (CD2, CD14, CD16, and CD19),
FceRl, IL3Ra, and CD45. Dot plots of IgE versus lineage (A), FceRI (B), and IL-3Ra (C) were generated. The IgE-
high_ lineage- population (A, open arrow) defined a population of FceRINigh and IL-3Rahigh cells (B and C), as
noted by the open arrow. Additionally, an IgEint, lineagei"t monocyte population was noted (A, B, and C; filled
arrows). After isolation, PBMCs were fixed either immediately (D and E) or 2 hours after activation with ion-
omycin (F and G). Cells were then permeabilized and stained for IgE and lineage and either IL-4 (D and F) or
IL-13 (E and G). Cytokine staining is shown as a bold line and open histogram. Staining controls (gray his-
tograms) consisted of an isotype-matched control mAb (D and E) or blocking of the mAb with an excess of
unlabeled anticytokine (F and G). These data are representative of 3 independent experiments.

cytokine and the cell fraction being studied. List mode files were
analyzed by using CELLQUEST (Becton Dickinson Immunocy-
tometry Systems) software.

Statistical analysis

Final data were expressed as means + SD. The paired t test was
performed to compare intrasubject differences of cytokine and
CD40L expression between T cells and basophils. A P value of less
than .05 was considered as significant.

RESULTS
Identification of basophils

The determination of basophil cytokine expression by
flow cytometry requires an unambiguous staining
approach to identify and gate on basophils. To achieve
this goal, we used a combination of inclusion and exclu-
sion markers, anti-IgE, and a panel of lineage-specific
mAbs (CD2, CD14, CD16, and CD19), as previously
described,14.15 which alowed the unambiguous identifi-
cation of the basophil population (Fig 1, A, open arrow).
To verify that this IgENigh lineage population consisted of
basophils, we performed multiparameter flow cytometry
with antibodies to IgE, the lineage panel, and either
FceRI, CD123/IL-3Ra, or CD45. As expected, this IgE-

high popul ation (open arrows) expressed high levels of IL-
3Ra and FceRI (Fig 1, B and C) and intermediate CD45
staining (data not shown), which is consistent with a
basophil population (mean, 1.7% PBMCs; range, 1.4% to
3.7% PBMCs, n=7). Some cellswith larger scatter (data
not shown) demonstrated intermediate levels of IgE,
FceRlI, and lineages but expressed low levels of I1L-3Ra,
which is consistent with a monocyte population (filled
arrows). Additionally, small numbers of the IgEhigh lin-
eage cells expressed high levels of HLA-DR, which is
consistent with a dendritic cell lineage.21.22 These cells
accounted for amean of 0.3% (range, 0.08%-0.6%; n = 6)
of the IgENigh lineage population. For subsequent experi-
ments, PBM Cs were simultaneously stained with a battery
of lineage markers (anti-CD2, ani-CD14, anti-CD16, and
anti-CD19) and anti-IgE. Cytokine-producing basophils
were assessed with PE-conjugated anticytokine mAbs by
gating on IgENigh lineage cells.

Quantitative expression of IL.-4 and IL-13 by
basophils

Preformed 1L-4 has been reported in basophils.23.24
We then first examined unstimulated basophils from
nonatopic subjects (n = 3) for the presence of IL-4. To
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FIG 2. Basophil cytokine expression after antigen (Ag) activation. PBMCs were activated in vitro with no anti-
gen (A and D), cat antigen (B and E), or D pteronyssinus antigen (C and F) for 2 hours (A-C) or 6 hours (D-F).
Cells were then fixed, permeabilized, and stained for IgE, lineage, and either IL-4 (A-C) or IL-13 (D-F). After gat-
ing on IgEhigh lineage- basophils, a cytokine versus IgE dot plot was generated. Statistical markers were
placed on the basis of isotype-matched control staining. Similar data were obtained in 3 independent exper-
iments. The percentages given in each panel represent the percentage of basophils producing cytokines.

address the possibility of unequa recognition of preformed
IL-4 by individual anti-IL-4 clones,24 we used 2 anti-IL-4
mAbs (25D2 and 8D4) known to recognize different epi-
topes on the IL-4 molecule. Clone 25D2 clearly showed an
absence of IL-4 staining (Fig 1, D), whereas clone 8D4
demonstrated a small but distinct number of 1L-4—positive
basophils (0.03%; data not shown). In parallel experiments
IL-13 was not detected in unstimulated basophils (Fig 1,
E). Similar results were obtained for unstimulated
basophils from atopic patients (data not shown).

To examine maximal expression of IL-4 and IL-13,
PBM Cs from nonatopic patients (n = 3) were stimulated
with ionomycin (1 pmol/L). We analyzed IL-4 expres-
sion by using both the 25D2 and 8D4 clones, which
yielded an average of 71.7% + 1.5% (Fig 1, F) and
91.5% + 2.1% positive cells, respectively (data not
shown). In parallel experiments IL-13 was expressed by
63.1% + 2.8% of cells (Fig 1, G). Basophils from atopic
asthmatic subjects (n = 3) showed a similar result (data
not shown). To provide a more rigorous proof of the
specificity of antibody staining, cells were incubated
with an excess of unconjugated anticytokine mAb before
staining with PE-labeled anticytokine mAb.20.25 By
using such an approach, cytokine staining was blocked to
baseline levels (Fig 1, F and G, shaded histograms).

Effects of in vitro antigen stimulation on
cytokine expression

Experiments were next performed to examine the
effects of specific allergen (cat or house dust mite anti-

gen extract) on cytokine expression by basophils from
asthmatic (n = 3) and control subjects (n = 3). To this
end, we analyzed in vitro allergen-stimulated PBMCs
from allergic asthmatic patients for basophil IL-4 and
IL-13 expression. When basophils were cultured with-
out antigen, no cytokine expression was seen, regard-
less of the allergic status of these patients (Fig 2, A and
D). In contrast, in the atopic asthmatic donors, the addi-
tion of allergen induced the expression of both IL-4 and
IL-13. Similar frequencies of I1L-4— and IL-13—positive
cells were found, ranging from 10% to 20% of
basophils, in response to either cat or mite antigen (Fig
2, B, C, E, and F).

Kinetic profiles of cytokine expression

The kinetics of antigen-induced IL-4 and IL-13
expression by basophils were examined by incubating
PBMCs with or without cat antigen extract for O to 8
hours. Antigen-dependent IL-4 expression from asthmat-
ic patients peaked at 2 hours and declined significantly
thereafter (P < .01; Fig 3, A). Additional experiments
showed that little if any IL-4 was expressed 1 hour after
activation (data not shown). In contrast, 1L-13 showed
delayed kinetics, although significant 1L-13 expression
was observed after 2 hours of incubation (P < .05; Fig 3,
B). In contrast, antigen-activated basophils from
nonatopic control subjects did not express either cytokine.
Consistently, basophils from both asthmatic and control
subjects cultured without antigen failed to express IL-4
and IL-13.
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FIG 3. Kinetics of cytokine expression by antigen-stimulated basophils. PBMCs from asthmatic subjects with
cat allergy (circles, n = 3) or nonatopic control subjects (triangle, n = 3) were stimulated in vitro with either cat
antigen (closed symbols) or no antigen (open symbols). Cells were then stained for IgE, lineage, and either
IL-4 (A) or IL-13 (B). After gating on IgEhigh, lineage- cells, the frequency of cytokine-producing basophils was
determined. The percentage of cytokine-producing basophils is shown, and values represent the mean + SD
of 3 independent experiments. Statistically significant differences are noted by a single asterisk (P < .05) and

double asterisks (P < .01). NS, Not significant.

Relative frequency of cytokine-positive
basophils and T cells

Both IL-4 and IL-13 influence IgE production and the
generation of late-phase allergic inflammation.26-29 |n
addition to T cells, basophils may be found within sites
of alergic inflammation,30:3 raising the possibility that
basophil secretion of IL-4 and IL-13 may play arolein
the generation or maintenance of the inflammatory
response. To determine the relative contribution of
basophils and T cells to antigen-induced cytokine pro-
duction, PBMCs from allergic asthmatic patients were
cultured with or without the recombinant major cat anti-
gen Fel d 1 for 6 hours. Basophils and T cells were
defined as being IgE*, lineage- and CD3* cells, respec-
tively, and the frequency of each cell type was calcul ated
as a function of the total number of PBMCs analyzed
(Fig 4, A). Both basophils and lymphocytes cultured
without antigen failed to express IL-4 (Fig 4, B) or I1L-13
(data not shown). After antigen stimulation, basophils
accounted for a much larger number of |L-4—producing
cellsthan did T cdlls (Fig 4, C). When the frequency of
cytokine-producing cells was calculated out of the total
number of basophils, rather than PBMCs, similar results
were obtained to those noted in Fig 2. Similar results
were seen for IL-13 (Fig 4, D). Only T cells were found
to expressIL-2 and IL-5 (Fig 4, E and F), which is con-
sistent with the know spectrum of basophil cytokine pro-
duction.128

Contribution of basophils and T cells to
cytokine expression

To quantify the relative contributions of the 2 cell
types, rFel d 1-stimulated PBMCs were similarly ana-
lyzed for IL-4 (7 donors) and IL-13 (5 donors). IL-4—pro-
ducing basophils comprised 0.2% + 0.1% (mean + SD)
of PBMCs, whereas T cells accounted for 0.05% +
0.03% of PBMCs (P < .001). The frequency of IL-
13—positive basophils (0.09% + 0.05%) was greater than
that of T cells (0.04% + 0.03%), but the difference was
not statistically significant (P = .12; Fig 5, A).

Contribution of basophils and T cells to
CD40L expression

The interaction between CD40 and its ligand
(CDA40L) is an additional requisite for IgE switching.5
Previous reports using immunohistochemistry have
shown that CD40L is constitutively expressed on puri-
fied peripheral blood basophils32:33 and is weakly
upregulated after phorbol myristate acetate-ionomycin
activation.33 To determine whether basophil CD40L is
upregulated under physiologic conditions, we examined
basophil CD40L expression after antigen stimulation.
CD40L was constitutively and similarly expressed at
low levels on both resting basophilsand T cells. In con-
trast, we found that 2 hours after antigen exposure,
CD40L was upregulated on basophils (P < .05) but not
onT cells (Fig 5, B).
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FIG 4. Simultaneous identification of basophil and T cell cytokine production. PBMCs from an asthmatic sub-
ject with cat allergy were stimulated in vitro with either no antigen (Ag) (A and B) or rFel d 1 (C-F) for 6 hours
and fixed. Cells were then stained for IgE, lineage, CD3, and either IL-4 (B and C), IL-13 (D), IL-2 (E), or IL-5 (F).
A, IgEhigh, lineage- basophils and CD3* T cells were combined within a single gate. B-F, This additive gate was
then used to determine the frequency of cytokine-expressing PBMCs that could be attributed to basophils
(IgEhigh) or T cells (IgE'°w). This figure is representative of 5 independent experiments. The frequencies given
in each panel represent the cytokine-producing T cells or basophils as a percentage of the total number of

PBMCs.

DISCUSSION

By using flow cytometry, we were able to unambigu-
ously define the basophil population and to demonstrate
coexpression of high levels of FceRI and IL-3Ra (Fig 1).
However, FceRl is not specific for basophils but is also
expressed by monocytes,34 dendritic cells,?22 and
eosinophils.3 We noted an IgEin, FceRIint, lineagen pop-
ulation consistent with a monocyte lineage as further
demonstrated by their characteristic scatter and low IL-
3Ra expression. Neither the monocytic nor dendritic
cell (IgEhigh and HLA-DRMg") populations expressed
cytokines after allergen activation (data not shown).
Eosinophils were excluded by the use of 1.080 Percoll
gradient, characteristic scatter,3¢ and the expression of
cytoplasmic CD16.37

We examined IL-4 in unstimulated basophils by using
2 noncompeting anti-1L-4 mAbs (clones 25D2 and 8D4),
which demonstrated little if any preformed cytokine
(Figs 1, 2, and 3). It isunclear whether the minimal IL-4
that was detected with the 8D4 clone is significant
because our resultsin T cells suggest this mAb has lower
specificity than the 25D2 clone (data not shown). Fur-
thermore, the frequency of cells detected containing pre-
formed IL-4 is very low and close to the limits of detec-
tion of the technique. This amount was equivaent to 1%

to 2% of that detected in subsequent experiments exam-
ining antigen-activated basophils. Preformed 1L-13 was
not found within unstimulated basophils, which isin
agreement with previous reports,23.32

Two previous studies have demonstrated IL-4 im-
munoreactivity in unstimulated basophils by using
immunocytochemistry24 and flow cytometry.38 The for-
mer study examined basophils after 18 hours of priming
with IL-3, which may have activated the basophils and
produced the low level of IL-4 expression observed. The
latter study examined basophils immediately after isola-
tion and detected IL-4 in 40% to 70% of basophils. These
results, obtained by using one of the same clones we have
used in our study, are difficult to reconcile with our own
findings. Singularly, we have rigorously demonstrated
the specificity of our antibody by blocking IL-4 staining
with unlabeled anti-IL-4 mAb (Fig 1, F and G).20

Previoudly, it has been shown by immunocytochem-
istry that 10% of basophils express IL-4 after ionomycin
stimulation,24 suggesting a restricted expression of 1L-4
within a subset of basophils, which is reminiscent of the
situation found in T cells20:39 and mast cells.40 In contrast,
we found that the vast mgjority of basophils were capable
of IL-4 and IL-13 expression (Fig 1). Thisleads usto con-
clude that, unlike T cdlls, dl or nearly al basophils have
the capacity for IL-4 and IL-13 expression. The similari-
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FIG 5. Cytokine and CD40L expression by basophils and T cells after Fel d 1 activation. PBMCs from donors
with cat allergy were activated with Fel d 1 and analyzed as per Fig 4. A, The frequencies of IL-4 (circles, 7
donors) and IL-13 (triangles, 5 donors) expressing basophils (filled symbols) and T cells (open symbols) were
determined as a function of the total number of PBMCs. B, The frequency of basophils (diamonds) and T cells
(squares) expressing CD40L after media (open symbols) or Fel d 1 (filled symbols) activation were determined
as a function of the total number of basophils and T cells, respectively (n = 6). Statistically significant differ-
ences are noted by a single asterisk (P < .05) and double asterisks (P < .01).

ty between atopic and control basophil responses reflects
the universal capacity of basophils to produce both IL-4
and IL- 13 independent of disease status.

In sensitive individuals antigen activation yielded 10%
to 20% of basophils immunostaining for cytokine,
despite careful titrations of antigen dose and duration of
activation (Fig 2). This may represent a kinetic effect in
which antigen activation yields more transient I1L-4
expression, resulting in only a fraction of cytokine-
expressing cells staining at any one time point. Although
brefeldin A has been demonstrated to have no effect on
cytokine mRNA expression or overal protein synthesis
in basophilic cell lines,4! its effect on fresh ex vivo
basophils has not been studied.

We have shown that after antigen activation, IL-4 and
IL-13 expression by basophils have different kinetics
(Fig 3). Thisrapid de novo expression of IL-4, as detect-
ed by intracellular staining, is earlier than previous
reports that used ELISA32342 and suggests that this
unique feature of basophil cytokine release may con-
tribute to the initiation and amplification of allergic
inflammation. Conversely, the delayed expression of IL-
13 by basophils may suggest arole in the maintenance of
alergic inflammation. In contrast to these results, after

antigen stimulation we have not been able to detect T cell
IL-4 expression until 6 hours (data not shown).

The production of IL-4 after primary antigen stimula-
tion of PBMCs has generally been taken as a measure
of T-cell activation.#3 Our results graphically demon-
strate the flaw in attributing PBMC IL-4 production sole-
ly to T, cells (Figs 3 to 5). The intracellular cytokine
detection by our flow cytometric method provides a
direct and specific assessment of cytokine expression
from basophils, in which the relative proportions of T
cells and basophils remain intact. Despite the fact that
T cells outnumber basophils 30:1 in PBMCs, basophils
were consistently responsible for 80% or more of the IL-
4—producing cells. This divergent result is due to the fact
that 10% to 20% of basophils express IL-4 after antigen
activation, whereas only 1:1000 to 5000 T cells are anti-
gen specific. These results underscore a fundamental dif-
ference between activation by the clonaly distributed T-
cell receptor and that of FceRI. Cells activated by means
of the latter mechanism, such as mast cells and basophils,
despite their numerical scarcity may contribute signifi-
cantly to local cytokine production. IL-13 expression
was 2-fold more common in basophilsthanin T cells, but
this difference was not statistically significant.
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The basophil-T cell comparative cultures quantitate
cytokine production almost directly ex vivo, thereby
bypassing artifacts of in vitro clonal expansion and T,»
cell differentiation that may be a consequence of longer
term cell cultures. Such short-term T-cell stimulations
have proven to be a sensitive method to measure antigen-
specific memory T-cell cytokine production4344 and
compare favorably with tetramer staining.4> A limitation
of these comparative cultures is that the optimal condi-
tions for activation of basophil cytokine production is
different from that of T cells. In specific, basophil IL-4
production was optimal at lower Fel d 1 concentrations
(0.1 pg/mL vs 22 pg/mL for T cells) and earlier time
points (2 hours vs 6 hours for T cells; data not shown).
Despite the fact that conditions optimal for T cell, but not
basophil, activation were used in these comparative cul-
tures, basophils still accounted for 4 times as many IL-
4—producing cells, suggesting that these results may
underestimate the contribution of basophils.

CDA40L has been shown to be constitutively expressed
by both the KU812 basophilic cell line and by freshly
isolated blood basophils.46 However, the techniques used
did not alow for quantitation of CD40L expression on
the latter population. Our results, obtained by using flow
cytometry, allow the quantitative assessment of CD40L
expression and confirm the constitutive low level of
CD40L expression on unstimulated blood basophils.
CD40L expression is upregulated on KU812 cells after
activation with phorbol myristate acetate-ionomycin.32
Our results (Fig 5, B) extend these findings by demon-
strating a uniquely rapid upregulation of basophil
CDA40L detectable 2 hours after antigen activation. These
results strengthen the putative role of basophilsin Ig
switching and IgE synthesis.

In summary, the data presented in this article demon-
strate that most, if not all, basophils are capable of pro-
ducing IL-4 and IL-13. This production is observed as
early as 2 hours and can be induced by antigen. Basophils
were responsible for the overwhelming mgjority of early
IL-4-producing cells in PBMCs. These data combined
with the demonstration of CD40L expression by basophils
add weight to the conclusion that human basophils play a
major rolein the regulation of alergic inflammation.
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