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Abstract

Using mice in which the eGfp gene replaced the first exon of the I/4 gene (G4 mice), we examined
production of interleukin (IL)-4 during infection by the intestinal nematode Nippostrongylus
brasiliensis (Nb). Nb infection induced green fluorescent protein (GFP)P* cells that were
FceRIP, CD49bbrishe c-kit"es, and Gr1"e. These cells had lobulated nuclei and granules char-
acteristic of basophils. They were found mainly in the liver and lung, to a lesser degree in the
spleen, but not in the lymph nodes. Although some liver basophils from naive mice express
GFP, Nb infection enhanced GFP expression and increased the number of tissue basophils.
Similar basophil GFP expression was found in infected Stat6™/~ mice. Basophils did not increase
in number in infected Rag2™/~ mice; Rag2™/~ mice reconstituted with CD4 T cells allowed
significant basophil accumulation, indicating that CD4 T cells can direct both tissue migration
of basophils and enhanced IL-4 production. IL-4 production was immunoglobulin independent
and only partially dependent on IL-3. Thus, infection with a parasite that induces a “Th2-type
response’” resulted in accumulation of tissue basophils, and these cells, stimulated by a non-FcR

cross-linking mechanism, are a principal source of in vivo IL-4 production.
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Introduction

IL-4 plays a crucial role in the development of Th2-type
immune responses and the regulation of immunoglobulin
isotype switching to IgE (1, 2). An analysis of the in vivo
role of IL-4 and its congener IL-13 has been particularly
important in understanding the pathogenesis of allergic dis-
eases and of parasitic infections (1-3). Nonetheless, such
experiments have been hampered by the difficulty of mea-
suring cytokine production in situ. Current techniques that
use in vitro stimulation (TCR dependent or independent)
to detect cytokine production measure cytokine producing
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potential rather than actual in situ cytokine production. In
an effort to overcome such limitations, mice that express
surrogates for cytokines have been generated. Among the
type I cytokines and the IFNs, mice that express GFP in
lieu of IL-2 and IL-4 have been described previously (4,5),
as have mice that make GFP in addition to IL-4 or yellow
fluorescent protein in addition to IFNvy (6, 7). We have
generated a mouse (the G4 mouse) in which the first exon
and a portion of the first intron of the Il4 gene have been
replaced by the gene encoding enhanced GFP. Cells from
G4 mice possessing a Gfp allele of 114 express GFP instead
of IL-4 from that allele (5). Because GFP is not secreted, it
is detectable by flow cytometry without need for restimula-

Abbreviation used in this paper: Nb, Nippostrongylus brasiliensis.
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tion; furthermore, GFP has a relatively long half-life and
Gfp mRNA is more stable than I/4 mRNA. These charac-
teristics make GFP a sensitive reporter of IL-4 production
and, thus, its expression should be representative of in situ
IL-4 production.

Infection of mice with the nematode Nippostrongylus bra-
siliensis (NDb) is a widely used experimental system to study
in vivo Th2 immune responses. Nb infection is associated
with a highly polarized Th2-type immune responses char-
acterized by high levels of IgE, IL-4, and IL-13 production
(3, 8-10). Differentiated Th2 cells producing those cyto-
kines play an important role in the development of host
protective immune responses (9, 10). Earlier studies have
also demonstrated that IL-4 could be produced from
splenic non—B, non—T cells and that such production was
increased as a result of Nb infection as well as in the anti-
IgD injection model (11). It was shown that FceRI™ cells
stimulated by FcR cross-linkage or by treatment with ion-
omycin produced IL-4 and that this IL-4 production was
enhanced by IL-3 (11-14). Phenotypic and electron micro-
scopic examination indicated that the IL-4—producing cell
population was enriched in basophils and purified FceRI™,
c-kit™ cells were shown to be excellent IL-4 producers
(15—17). Human basophils have also been demonstrated to
be IL-4 producers (18-22). Recent studies using 4gef re-
porter mice were interpreted to indicate that eosinophils
were the main IL-4 producers in the lungs of Nb-infected
mice (23). 4get mice, unlike G4 mice, were generated by
inserting the Gfp gene 3’ of the 14 gene behind a highly
efficient internal ribosomal entry sequence; therefore, the
resulting cells produce both IL-4 and GFP (6). Although
GFP expression in cells from these mice appears to Th2
specific, the frequency of GFP™ T cells is substantially
greater than that of IL-4 positive cells. In addition, NKT
cells express GFP constitutively, whereas in conventional
mice NKT cells only express substantial amounts of IL-4
mRNA and protein after stimulation with anti-CD3 or
aGalCer (24, 25). Thus, it is possible that GFP expression
in 4get mice may reflect basal transcription of the IL-4 locus
and may report the capacity of a cell to make IL-4 rather
than actual IL-4 production.

To clarity the identification of IL-4—producing nonlym-
phocytes in response to parasite infection, we investigated
IL-4 production using Nb-infected G4 mice. We observed
that the principal non—T cells that produce IL-4 were
FceRI*, CD49b*, c-kit™, and Grl~. Electron microscopic
analysis of these cells identified them as basophils, consis-
tent with the aforementioned set of markers. Basophils
were mainly found in tissues such as liver and lung, as well
as in spleen and blood, but not in the lymph nodes. Baso-
phil GFP expression was observed even in the liver in naive
mice, indicating constitutive 1L-4 expression by basophils.
The extent of IL-4 production and, more importantly,
their recruitment to the tissue was strikingly correlated
with Nb infection. Furthermore, basophil responses were
independent of IL-4, Stat6, and immunoglobulin, partially
dependent on IL-3, but highly dependent on the presence

of antigen-activated CD4 T cells. Our results demonstrate
that basophils are the primary IL-4—producing non—T cells
that accumulate in tissues such as liver and lung during par-
asitic infection, suggesting an immunoregulatory or eftector
function in Th2-related immune responses.

Materials and Methods

Mice. The generation of GFP/IL-4 knockin (G4) mice has
been reported previously (5). G4 mice were backcrossed to
BALB/c¢ mice and Rag2™~ 5C.C7 TCR transgenic mice for
>10 generations; they were obtained from the National Institute
of Allergy and Infectious Diseases contract facility at Taconic
Farms. BALB/c G4 Stat6 ™/~ mice were obtained by crossing G4
mice with BALB/c Stat6 '~ mice. BALB/c mice were purchased
from Division of Cancer Treatment, National Cancer Institute.
BALB/c Rag2™'~ mice were purchased from Taconic Farms. All
mice were maintained under pathogen-free conditions.

Nb Infection. Third stage infectious larvae (L3) of Nb were
inoculated by subcutaneous injection. Lymph nodes (draining or
nondraining), spleen, Peyer’s patches, lung, and liver cells were
harvested 10 d after infection, and GFP expression was measured
by flow cytometry. In some experiments, infected mice were
treated with 2 mg anti—IL-3 (8F8; reference 26) or control anti-
body (GL113) every 3 d after infection.

Liver and Lung Cell Preparation. Isolation of cells from liver
was performed as reported previously (27). Perfused lung was
minced and incubated for 1 h in culture media containing 2.4
mg/ml collagenase type I (Invitrogen) and 0.1% DNase I (Roche).
A single cell suspension was layered over a 30/70% Percoll gradi-
ent. Cells were spun at 2,000 revolutions/min for 20 min at
room temperature. Cells at the interface were recovered and
washed before counting. Processed cells were stained for surface
markers and analyzed by FACS® analysis, or stimulated with 10
ng/ml PMA plus 1 wM ionomycin for 4 h. 2 wM monensin was
added in the culture during the last 2 h of culture.

Flow Cytometry. FITC or PE-labeled anti-FceRI (MAR-1)
antibody was purchased from eBioscience. All the other antibod-
ies used in this work were purchased from BD Biosciences. Data
were acquired using a FACSCalibur™ (Becton Dickinson), and
analyzed with Flowjo Software (Treestar, Inc.). In the cell sorting
experiment, cells were sorted using a FACSVantage SE™ (Bec-
ton Dickinson).

Quantitative RT-PCR.  Total RNA was isolated using TRI-
zol (Invitrogen). First strand cDNAs were made using the Su-
perScript™ Preamplification System (Invitrogen). Quantitative
real-time PCR was performed on a 7900HT sequence detection sys-
tem (Applied Biosystems). The sequences of the primers and
MGB probe for GATA-3 are 5'-CAGAACCGGCCCCT-
TATCA-3', 5'-CATTAGCGTTCCTCCTCCAGA-3’, and 5'-
FAM-CGAAGGCTGTCGGCA-3', respectively. GFP was de-
tected by adding SYBR green to the PCR reaction. The primers
for GFP are 5'-TGAACCGCATCGAGCTGAAG-3" and 5'-
GATGTTGTGGCGGATCTTGAAG-3" (28). The primer and
probe set for detecting murine IL-4 (FAM MGB Probe) and
TagMan® Ribosomal RNA Control Reagents for detecting the
18S ribosomal RNA (VIC MGB Probe) were purchased from
Applied Biosystems.

Serum IL-4 Measurement. In vivo IL-4 production was mea-
sured by the in vivo cytokine capture assay as described previ-
ously (29). In brief, mice were injected i.v. with 10 pg of biotin-
BVD4-1D11 antibody 10 d after infection. Mice were bled the
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next day, and serum levels of IL-4-biotin-anti—IL-4 complexes
were determined by ELISA using microtiter plates coated with
BVD6-24G2.3.

Electron Microscopy. — Cells in suspension were fixed for 2 hin a
mixture of aldehydes containing 2.0% paraformaldehyde, 2.5%
gluteraldehyde, and 0.025% CaCl, in 0.1 M sodium cacodylate
bufter, pH 7.4. Cells were washed in the same buffer, embedded
in 2% agar, postfixed in 2% collidine-buffered osmium tetroxide
for 2 h at room temperature, and stained en bloc with uranyl ac-
etate for 2 h at room temperature. A graded series of alcohols was
used for dehydration before infiltration and embedding in
Eponate. Plastic 1-pum sections were stained with alkaline-Giemsa
and studied by light microscopy. Thin sections were stained with
lead citrate and examined by electron microscopy.

Online Supplemental Material. ~The frequency of GFP express-
ing CD4 T cells and non-CD4 T cells in each lymphoid or non-
lymphoid organ from Nb-infected G4 homozygous, heterozy-
gous, and wild-type mice is illustrated in Fig. S1. In Fig. S2,
kinetics of GFP expression from lung non-CD4 T cells after Nb
infection is compared between G4 homozygous and heterozy-
gous mice. Lung cells from Nb-infected G4 homozygous and
heterozygous mice were in vitro stimulated. GFP and IL-4 ex-
pression of granulated (SSCMeh) cells from homozygous, het-
erozygous, and wild-type mice were compared (Fig. S3). Adop-
tive transfer of wild-type CD4 T cells into G4 5C.C7 TCR
transgenic mice at the time of Nb infection induces basophil ac-
cumulation and GFP expression (Fig. S4). Online supplemental
material is available at http://www.jem.org/cgi/content/full/
jem.20040590/DC1.

Results

GEP Expression by Cells from G4 Mice Faithfully Represents
In Vitro and In Vivo IL-4 Production. To test if GFP ex-
pression by cells of G4 mice is a surrogate for IL-4 produc-
tion, CD4 T cells from G4 homozygous (G4/G4) and het-
erozygous (G4/114) mice were stimulated with plate-bound

anti-CD3 plus anti-CD28 antibodies. Appropriate antibod-
ies and cytokines were added in the culture to promote ei-
ther Th1 or Th2 differentiation. When restimulated with
immobilized anti-CD3/anti-CD28, both homozygous and
heterozygous cells that had been cultured under Th2 con-
ditions expressed GFP (5). In heterozygous cells, both IL-4
and GFP were produced as has been described previously
(5); cells produced both IL-4 and GFP (7%), IL-4 only
(14%), GFP only (11%), or neither (Fig. 1 A). Cells cul-
tured under Th1 conditions expressed IFNvy, but not GFP
or IL-4. Homozygous cells cultured under Th2 conditions
produced GFP only (~19%), consistent with these animals
being knockouts for 114, whereas those cultured under Th1
conditions produced only IFNvy (Fig. 1 A). Unlike 4get
mice, developed by others (6), GFP expression was not de-
tected until 48 h of Th2 priming of naive G4 CD4 T cells,
and GFP was essentially undetectable by ~36 h after re-
moval from anti-CD3/anti-CD28 (unpublished data).
Upon restimulation, these G4 Th2 cells reexpressed GFP
(Fig. 1 B). It is important to note that the kinetics of GFP
expression after restimulation is different from that of IL-4.
This can be accounted for by the lack of the mRINA insta-
bility element in the 3’ untranslated region of the GFP
gene and the stability of the GFP protein, which contrasts
with the instability of IL-4 mRNA and with the rapid se-
cretion of the IL-4 protein (30).

Very few (~5%) NKT (CD4*", NK1.1%) cells isolated
from untreated G4 mice were GFP*, but injection of 2 pg
anti-CD3 caused ~19% of these cells to be GFP positive
90 min later, without in vitro stimulation (Fig. 1 C). These
results differ from those reported with 4get mice in which
NKT cells were GFP" before stimulation, but accord with
the finding that NKT cells from untreated wild-type mice
do not express IL-4 mRNA, yet IL-4 mRNA peaks at 90
min after injection of anti-CD3 (24). Therefore, our results

Figure 1. GFP faithfully represents IL-4
expression in G4 knockin mice. (A) Lymph
node CD4 T cells were purified from either
G4 heterozygous (G4/114) or homozygous
(G4/G4) mice and stimulated with plate-
Th1 bound anti-CD3 plus anti-CD28 antibodies
for 72 h. IL-12 and anti—IL-4, or IL-4, anti—
IL-12, and anti-IFNvy were added in the

culture to promote Th1 or Th2 differentia-
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tion, respectively. At the end of culture,
cells were stimulated with plate-bound anti-
Th2 CD3 plus anti-CD28 for 6 h. The represen-
tative result of intracellular IL-4 and IFNvy
staining after stimulation is shown. (B) Resting

Th2 CD4 T cells (from G4 homozygous

GFP

B
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antibodies and harvested at indicated times;
GFP expresion was measured by flow cy-
tometry. (C) G4 homozygous mice were
injected intravenously with either PBS or 2
pg anti-CD3 antibody, and killed 90 min
later. GFP expression by splenic NKT cells
(NK1.1p CD4P%) was measured by flow
cytometry (bold line). GFP expression by
CD4 T cells (NK1.1%¢8) was used to deter-
mine background levels of GFP (shaded area).
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suggest that GFP expression in G4 homozygous and het-
erozygous mice is a faithful surrogate for both in vitro and
in vivo IL-4 production in contrast to 4get mice, in which
GFP expression appears to correlate not with the actual
production of IL-4 but with the capacity to make IL-4
upon subsequent stimulation.

Infection with Nb Induces GFP-expressing, non-CD4 T Cells
in Liver and Lung. To study in vivo Th2-type immune
responses using G4 mice, 600 Nb L3 were subcutaneously
injected into heterozygous or homozygous G4 mice, and
GEFP expression was measured ex vivo without restimula-
tion. The frequency of GFP-expressing cells in draining
lymph nodes and in the liver (Fig. 2 A) and lung (not de-
picted) peaked at ~vday 10 after infection. The majority of
GFP-expressing CD4 T cells were CD44"gh (Fig. 2 A). Al-
though the proportion of GFP* T cells in different tissues
varied, we did not find any differences between homozy-
gous and heterozygous mice, indicating that the induction
of the IL-4 surrogate (and thus presumably of IL-4) was
IL-4 independent as has been reported previously (refer-
ence 31 and Fig S1, available at http://www jem.org/cgi/
content/full/jem.20040590/DC1).

We noted that a substantial population of the non-CD4
T cells (~15%) expressed GFP, particularly in the liver
(Fig. 2 A) and the lung (Fig. S1). Such cells were also found
in the spleen (3—5%), but not in the lymph nodes (both
draining and nondraining) or Peyer’s patches (Fig. 2 A and
Fig. S1). GFP expression in liver non—T cells peaked 9 d
after infection, similar to that of CD4 T cells (Fig. 2 B).
Approximately 10* cells (~v1% of total non-CD4 T cells)
expressed low levels of GFP in the liver from naive G4 ho-
mozygous and heterozygous mice. The number of GFP*
liver non-CD#4 cells increased >50-fold at the peak of the
response. The infection also enhanced the intensity of
GFP, indicating increased IL-4 production on a per cell ba-

Non-CD4

GFP —»

BG4/114
WG4/G4

Days post infection

Liver

Figure 2. Induction of GFP* non-CD4 T cells in
response to Nb infection. G4/114 and G4/G4 mice were
subcutaneously inoculated with 600 Nb L3. (A) Nb-
infected mice were killed 10 d later, and GFP expression
from both CD4 and non-CD4 T cells was measured.
Representative results of GFP expression from the
draining lymph nodes and liver are shown. Indicated
percentages represent the proportion of GFP* cells
among CD44isht CD4 T cells or among total non-
CD4 T cells. Data are representative of more than
three independent experiments. (B) Total numbers of
non-CD4 GFP* cells from liver cells were counted.
The data were collected from three to four mice for
each time point. (C) The percentage of blood GFP*
non-CD4 T cells from individual mice on the indi-
cated date after infection is shown. The dotted line
represents blood GFP* non-CD4 T cells from unin-
fected mice.

[€-Uninfected

sis. A similar response (both in terms of kinetics and degree
of increase) was found in the lung after infection (Figs. S1
and S2, available at http://www jem.org/cgi/content/full/
jem.20040590/DC1). GFP* non-CD4 T cells were also
observed in the blood (Fig. 2 C). Similar to CD4 T cell re-
sponses, the level of GFP expression of non-CD4 T cells
was similar in heterozygous and homozygous mice, indi-
cating that the induction of GFP (IL-4) in these cells is also
independent of IL-4 (Fig. 2 and Figs. S1 and S2).

The GFPT Non-CD4 T Cells in Nb-infected Mice Are Ba-
sophils.  Non-B, non—T cells capable of producing IL-4
upon ex vivo stimulation have been reported previously
(11-15, 32, 33). However, identification of such cells was
difficult due to the lack of defined surface markers. Using
4get mice, Shinkai et al. have shown recently that Nb in-
fection is associated with the appearance of GFP* non-B,
non—T cells (23). Their GFP* population included cells
with the morphology of eosinophils as well as cells with
low side scatter, interpreted to be degranulated eosinophils.
To identify the GFP-expressing non-CD4 T cells from
Nb-infected G4 mice, we studied the cells by flow cytom-
etry using a panel of antibodies. As shown in Fig. 3 A,
GFP* non-CD4 T cells were negative for CD3, /8, and
VB8.1, implying that they were not conventional, y/8, or
NKT cells. In addition, they were negative for B220,
CD19, CD11c, CD80, CD14, Gr-1, CD23, CD122,
Ly49C, and c-kit. This indicates that they were not B cells,
dendritic cells, macrophages, neutrophils, eosinophils, or
NK cells. Virtually all the GFP™ cells show a low side scat-
ter pattern and expressed high levels of CD49b (also
known as DXS5; reference 34) and of the high affinity IgE
receptor, FceRI. Their expression of FceRI but not c-kit
strongly suggests they are basophils, not mast cells. When
cells were costained for CD49b and FceRI, most of double
positive cells were GFP positive (unpublished data). More
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Figure 3. GFPP* non-CD4 T
cells are basophils. (A) Non-CD4
T cells from liver cells from Nb-

infected mice were stained for var-
ious surface markers (y axis). (B)
GFPTCD49b" non-CD4 T cells
from Nb-infected liver were iso-
lated by cell sorting. A cytospin
preparation of sorted cells was
stained with  Wright-Giemsa

(100X). (C) An electron micro-
graph of a GPF' basophil reveals

a multilobed nucleus (N) and
characteristic granules (arrows;

25,000X). (D) Cell sorting pro-

100 1000} files for GFP*CD49b*CD4~ and
101 100} GFP > GFP~CD49b*CD4~ cells. (E)
Exp1 mRNA levels for [L-4, GFP, and
17 107 Gata3 were measured by real-time
1] F Non-infected Nb infected PCR from sorted populations of
100 1000 basophils (GFP*CD49b*CD4"),
4 0.55 145 of GFP~CD49b*CD4~ cells, and
Exp2 10 100 a ’. of GFP™ CD4 T cells from Nb-
1 10 ) infected mice. (F) The frequency
. E of GFP*CD49b* cells from bone
(@) marrow cells obtained from Nb-
I :gggz‘t ggfgegiizmm GATAS infected and noninfected G4 ho-
B GFPres GD49bbiant GD4nes — GFP —> mozygous mice was compared.

recently, the GFP" degranulated non—T cells in Nb-infected
4get mice have been also identified as basophils (35).

Cells expressing both GFP and CD49b were isolated by
cell sorting (Fig. 3 D), and subsequently analyzed by mi-
croscopy. As shown in Fig. 3 B, their nuclei were lobulated
and they had a limited amount cytoplasm and few granules
(36). Electron microscopic examination further confirmed
their identification as basophils based on their lobulated nu-
clei and characteristic granules (Fig. 3 C). These cells, as
well as purified GFP*CD4 T cells, contained mRNA for
both IL-4 and GFP measured by real-time PCR (Fig. 3 E).
However, unlike CD4 T cells, basophils were negative for
Gata3 (Fig. 3 E) and c-maf mRNA (not depicted), imply-
ing that different mechanisms regulate I1L-4 production in
basophils than in T cells. GFP~CD49b* cells, which are
presumably NK cells, were positive for Gata3 mRNA,
consistent with a previous paper (37). Electron microscopic
examination of those populations confirmed an NK cell-
like morphology (unpublished data).

The non-CD4 GFP* cells found in the blood of Nb-
infected mice exhibited similar characteristics (CD49b" and
FceRI*; unpublished data). A particularly interesting point
was the presence of GFP/CD49b double positive cells in
the bone marrow. These cells were ~0.6% of the nucleated
bone marrow cells. In Nb-infected mice, their frequency
rose to ~1.5% without any discernable change in GFP
mean fluorescence intensity (Fig. 3 F). This implies that
normal basophils are already producing IL-4 and that the
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major affect of Nb infection is to increase their numbers
and their accumulation in the tissues.

Together, our results indicate that Nb infection induces
accumulation of IL-4—producing basophils in tissues (liver
and lung). Because most of GFP* cells are CD49b* and
FceRI*, but c-kit™, it appears that basophils are the main
population of nonlymphocytes in G4 mice that express
GFP and that produce IL-4 in response to Nb infection.

Basophils Are Main IL-4 Producers after Restimulation. To
test if GFP expression by basophils from Nb-infected mice
and their possession of IL-4 mRNA indicate that they
have the capacity to produce IL-4 in vitro, liver cells from
Nb-infected G4 homozygous or heterozygous mice were
stimulated in vitro with PMA plus ionomycin, and tested
for IL-4 production by intracellular staining. As shown in
Fig. 4 A, essentially all GFP-expressing cells from het-
erozygous mice also were positive for intracellular 1L-4,
and there were a small portion of IL-4—producing non-
GFP cells. Most FceRI" cells produced IL-4 upon stimu-
lation (unpublished data). We did not detect cells contain-
ing cytosolic IL-5, IL-13, or IFNy in these populations
(unpublished data). The level of FceRI expressed on baso-
phils was slightly higher in GFP homozygous mice than in
heterozygous mice. Although it has been shown that IgE
regulates FceR1I expression on murine basophils (38), the
difference in levels of detected FceRI most likely repre-
sents competition by IgE bound to FceRI in heterozygous
G4 mice, which does not occur in homozygous G4 mice;
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Figure 4. Basophils are major IL-4 producers. (A) Liver cells from Nb-
infected G4 heterozygous and homozygous mice were stimulated in vitro
with PMA and ionomycin for 4 h. Cells were stained for intracellular IL-4.
The FACS® profile for GFP and IL-4 expression from non-CD4 T cells is
shown. (B) Liver cells from Nb-infected BALB/c (non-GFP) mice were
stimulated in vitro as mentioned previously. Cells were stained for FceR1I,
CD49b, IL-4, and CD4. The IL-4 staining from each gated population of
non-CD4 T cells is shown. Percentages of IL-4 positive cells are indi-
cated. Experiments were repeated three times with similar results.

the latter, being IL-4 knockout, would not be expected to
produce IgE.

Because the majority of basophils from G4 mice express
GFP ex vivo and can produce IL-4 after stimulation, we
tested normal BALB/¢ mice to see if a comparable situation
held for basophils from non-GFP mice. Liver cells from
BALB/c mice infected with Nb were stimulated with
PMA plus ionomycin and stained for CD49b, FceRI, and
IL-4. As shown in Fig. 4 B, 87% of basophils (cells express-
ing both CD49b and FceR1) are positive for IL-4. Among
CD49b*FceRI~, mainly NK-type cells, few (~2%) pro-
duce IL-4. Only 5% of FceRI~ CD49b™/~ (presumably in-
cluding eosinophils) produced IL-4 upon stimulation with
PMA and ionomycin. We also tested granulated cells
(SSChe") from lungs of Nb-infected G4 homozygous and
heterozygous mice and from wild-type mice to see if they
express GFP ex vivo and are capable of making IL-4 upon
stimulation. We did not detect any GFP expression ex vivo
(Fig. S3, available at http://www.jem.org/cgi/content/
full/jem.20040590/DC1) or IL-4 after stimulation with
PMA and ionomycin (unpublished data).

Basophil IL-4 (GFP) Expression Is Stat6 Independent. To
investigate the mechanisms involved in IL-4 production,
we tested whether basophil GFP expression is dependent
on Stat6. Stat6™’~ G4 homozygous mice (which are thus
both IL-4 and Stat6 deficient) were infected with Nb. Lit-
termate mice (Stat6™~, G4 homozygous) were used as
controls. At the peak of the response, GFP expression by
non-CD4 CD44b1sht Jiver or lung cells from Stat6™~ and
Stat6™~ mice was comparable (Fig. 5). These results indi-

Figure 5. Basophil GFP induc-
G4/G4 G4/G4 tion is independent of IL-4 and
Stat6 -/- Stat6 +/- Stat6. Liver cells from Nb-infected

G4 homozygous (IL-4 deficient)
Stat6™’~ or littermates Stat6™~
mice were stained for CD44 and
CD4. The GFP profile from
non-CD4 T cells is shown. Ex-
periments were repeated three
times with similar results.
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cate that in vivo IL-4 expression by basophils is indepen-
dent of both Stat6 and IL-4. It has been reported previously
that serum levels of IL-4 production were similar in wild-
type and Stat6 '~ Nb-infected mice (39).

CD4 T Cells Are Required for the Basophil Recruitment to
the Liver, but Basophil GFP Expression Is B Cell Independent.
To test if the presence of CD4 T cells affects IL-4 produc-
tion and/or recruitment of basophils, Rag2™~ mice were
infected with Nb; on the day of infection, some animals re-
ceived 5 X 106 purified CD4 T cells. At day 10, liver cells
were harvested and stimulated with PMA and ionomycin.
As shown in Fig. 6 A, <1% of non-CD4 CD49b" cells
from noninfected Rag2™/~ mice produced IL-4 upon stim-
ulation. Nb infection increased the frequency of IL-4—pro-
ducing cells to 2.7% and there was an ~10-fold increase in
the absolute number of liver basophils, measured by ex-
pression of both CD49b and FceRI among non-CD4 T
cells (Fig. 6 B). Transfer of purified CD4 T cells into
Rag2™'~ mice infected with Nb increased the proportion
of IL-4—producing non-CD4 CD49b* cells to 7-8%, and
the total number of basophils increased >10-fold compared
with infected nonreconstituted mice (Fig. 6 B). Further-
more, there was an increase in the mean fluorescence
intensity of IL-4 staining, after stimulation, in the T cell-
reconstituted infected group compared with the nonrecon-
stituted infected group, indicating that CD4 T cells both
recruit basophils to the tissues and increase IL-4—producing
capacity on a per cell level in infected mice. To test
whether T cell reconstitution also increased in situ IL-4
production, Rag2™~ mice were reconstituted with CD4 T
cells from G4 homozygous donors; some were infected
with Nb. On day 11, serum IL-4 levels were measured with
the in vivo cytokine capture assay. Reconstitution with
T cells increased IL-4 production in Nb-infected animals
>10-fold (Fig. 6 C). Because the only source of IL-4 in
these mice is non—T cells (the transferred T cells are 1L-4
deficient) and basophils are the dominant non—T cells pro-
ducing GFP in G4 mice without restimulation, this result
strongly argues that these cells are also producing IL-4 in
situ in response to Nb infection.

Basophil accumulation in the tissues was not observed
after Nb infection of 5C.C7 Rag2™~ G4 homozygous T
cell receptor transgenic mice, which express a TCR spe-
cific for cytochrome ¢ peptide presented on I-E* class 11
molecule. Their failure to support the mobilization of ba-
sophils in response to Nb infection suggests it is not simply
T cell number that is important, but the capacity of those T
cells to recognize Nb-associated antigens, indicating that
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Figure 6. CD4 T cell-dependent baso-
phil responses. Rag2™~ mice (non-GFP)
were infected with Nb. At the time of
infection, 5 X 10° purified CD4 T
cells from G4 homozygous mice (IL-4—
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antigen-driven T cell activation is necessary for the optimal
function of CD4 T cells in recruiting basophils (Fig. S4, avail-
able at http://www jem.org/cgi/content/full/jem.20040590/
DCT1). IL-4 is not critical for this recruitment because the G4
homozygotes are IL-4 knockouts. When 5C.C7 Rag2 ™/~
G4 homozygous T cell receptor transgenic mice were re-
constituted with CD4 T cells from normal B10.A mice at
the time of infection, there was an ~10-fold increase in
liver basophils and essentially all those cells expressed GFP
(Fig. S4). Because these mice lack B cells and, thus, cannot
produce immunoglobulins, including IgE, their in situ pro-
duction of GFP, as an IL-4 surrogate, implies that FceR1
cross-linkage through antigen-specific interaction with bound
IgE (or other Igs) is not required for the production of the
cytokine.

Is IL-3 Production the Mechanism through which T Cells
Control Basophil Accumulation and IL-4 Production? Both in
vitro and in vivo evidence indicated that IL-3, presumably
derived from T cells, plays a crucial role of regulating baso-
phil responses (12—14, 33). Studies in IL-3—deficient mice
further demonstrate impaired basophil development after
parasite infection (40). To test whether IL-3 is important in
the IL-4/Stat6/IgE-independent accumulation of baso-
phils, Rag2™~ mice were infected with Nb and IL-3 was
administered using a mini-osmotic pump. The frequency
of basophils rose from 2 to 13%; their absolute number in-
creased >100-fold (unpublished data).

To test whether IL-3 production by activated CD4 T
cells was responsible for basophil mobilization in Nb infec-
tion, CD4 T cells from G4 homozygous or heterozygous
mice were transferred into Rag2™~ mice at the time of in-
fection. A neutralizing anti-IL-3 mAb (MP2-8F8) or an
isotype-matched control antibody (GL113) was injected
throughout the period. The presence of CD4 T cells (ei-
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results. (C) Rag2™/~ mice were infected
with Nb, and CD4 T cells were simulta-
neously administered as mentioned pre-
viously. 10 pg of biotin anti—IL-4 anti-
body was injected intravenously 10 d
after infection. The next day, serum was
collected from the mice, and serum IL-4
was measured by ELISA as described in
Materials and Methods. Each circle rep-
resents an individual mouse.
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ther from G4 homozygous or heterozygous) significantly
enhanced basophil recruitment on day 10 (Fig. 7). This re-
cruitment was only partially inhibited by anti-IL-3 mAb
(Fig. 7); serum IL-4 levels showed a similar pattern: 385 =
284 pg from control antibody treated group and 169 * 143
pg from anti-IL-3 mAb treated group. However, the
p-values for these inhibitions were 0.06 and 0.1, respec-
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Figure 7. Neutralization of IL-3 partially inhibits basophil responses.

5 X 10° CD4 T cells (from either G4 heterozygous or homozygous mice)
were transferred into Rag2™~ mice infected with Nb. The infected mice
were treated with 2 mg anti-IL-3 (MP2-8F8) or control (GL113) anti-
body every 3 d. On day 11, liver cells were harvested and analyzed for
basophil frequency. The left panel represents flow cytometric data for one
individual mouse in each group. The right panel presents data from each
mouse with a circle representing results from an individual mouse.



tively, suggesting that if IL-3 was important in this process,
it was not the only factor that played a role or that the anti-
body-mediated inhibition was incomplete.

Discussion

Here, we have examined IL-4 production during the
course of infection with the intestinal nematode Nb using
G4 mice. Nb infection induced a substantial population of
GFP* cells displaying the phenotypic and morphologic
characteristics of basophils. Basophil responses reached a
peak at ~~day 10 after infection. They were found mainly
in the liver and lung, to a lesser extent in spleen and blood,
but not in lymph nodes. Approximately 90% of the baso-
phils found in liver and lung of Nb-infected mice expressed
GFP. If these cells were obtained from G4 heterozygous
mice, the majority of the basophils produced IL-4 upon in
vitro stimulation with PMA and ionomycin. In situ GFP
expression by basophils from Nb-infected mice did not re-
quire IL-4 or Ig-mediated FcR cross-linkage. Recruitment
of basophils into the tissues failed to occur in Nb-infected
Rag2 ™'~ mice; reconstituting these mice with CD4 T cells
resulted in appearance of basophils in the tissues, implying
that T cells were critical to this accumulation. Voehringer
et al. have also observed that basophil accumulation in the
lung of Nb-infected animals was CD4 T cell dependent, as
was eosinophil accumulation (35). Using a sensitive cyto-
kine capture assay, we detected significant amounts of se-
rum [L-4 in Nb-infected Rag2™/~ mice that had been re-
constituted with G4 homozygous CD4 T cells. Because the
T cells in this model are incapable of producing IL-4, these
results indicate that basophils from Nb-infected mice pro-
duce IL-4 in vivo.

Nonlymphocyte populations that are capable of producing
IL-4 were initially reported almost 15 yr ago (12). These ex-
periments relied on ex vivo stimulation with either ionomy-
cin or by cross-linkage of FceRI or an FcyR. Conrad et al.
demonstrated that injection of anti-IgD antibodies or Nb in-
fection increased the production of IL-4 by splenic non—B,
non—T cells upon in vitro stimulation (11). Injection of IL-3
also increased IL-4 production by such cells (13). Subsequent
studies identified these cells as basophils (15).

Mouse basophils have been difficult to study due to lack
of specific surface markers; now they can be detected by
their unique expression of CD49b and FceRI and their
failure to express c-kit, clearly distinguishing them from
mast cells and eosinophils. Basophils from normal naive G4
mice constitutively express GFP, as do basophils from 4get
mice (35). Approximately 1% of non-CD4 liver cells from
naive G4 heterozygous and homozygous mice display the
phenotype of basophils, are GFP*, and produce IL-4 upon
in vitro stimulation, indicating that IL-4 expression in rest-
ing basophils is constitutive and does not require IL-4 (un-
published data). Indeed, comparable levels of basophils that
are capable of producing IL-4 after in vitro stimulation
were observed in Nb-infected IL-4Ra ™/~ mice (unpub-

lished data).

The frequency of CD49b/FceRI double positive non-
CD4 T cells in G4 homozygous or heterozygous mice is
similar to that in normal mice, indicating that the presence
of GFP does not alter the development of these cells.
Moreover, 60-80% of basophils from livers of naive G4
heterozygotes or wild-type mice express IL-4 upon stimu-
lation with PMA and ionomycin, as detected by intracellu-
lar staining, further supporting the concept that the expres-
sion of GFP does not distort the biology of the basophils.
Nb infection increased the numbers of basophils in the
liver or lung ~50-fold, the proportion of basophils that are
GFP*, and the mean fluorescence intensity of GFP in posi-
tive cells. Similar basophil responses were found after infec-
tion of G4 mice with Schistosoma mansoni or Heligosomoides
polygyrus, but not with Toxoplasma gondii (reference 41 and
unpublished data), suggesting that basophil response appear
in other helminth induced Th2 type immune responses.
Human basophils have been reported to produce IL-4 after
stimulation with S. mansoni egg antigen (18).

How is IL-4 induced in basophils in vivo? Stimulation of
basophil IL-4 production in vitro can occur as a result of
FcR cross-linkage by aggregation of bound IgE or IgG (12,
14). A correlation has been reported between the frequency
of human basophils that release IL-4 in response to challenge
with a parasite antigen and the concentration of specific IgE
in those individuals (19). However, other basophil stimu-
lants, including C5a (42), have been reported to cause 1L-4
secretion. Whether such stimulants are responsible for in situ
GFP expression in the immunoglobulin-independent baso-
phil IL-4 production in G4 mice needs further investigation.
However, the finding that the majority of liver basophils in
naive G4 homozygous and heterozygous mice are GFP* and
that a substantial proportion of bone marrow basophils are
GFP™ raises the possibility that a “noninflammatory” stimu-
lant may exist. Although it has already been reported that
4get non-CD4 T cells are GFP* in noninfected mice (23), it
must be pointed out that the expression of GFP in that sys-
tem correlates well with the potential to produce high levels
of IL-4 rather than with actual production of IL-4. Thus,
our results are the first to demonstrate that basophils are very
likely to produce IL-4 without overt antigenic stimulation.

Cytokines are important factors in basophil activation.
IL-3 has been shown to enhance histamine release from
and IL-4 production by basophils (12, 13, 16, 22, 33).
However, IL-3 is not essential for basophil generation, but
it does contribute to enhanced basophil accumulation upon
parasite infection (40). The fact that neutralization of IL-3
only partially inhibits basophil recruitment and IL-4 pro-
duction in Nb-infected animals suggests either than anti—
IL-3 did not fully inhibit the IL-3 or that other factors are
involved in basophil responses that may be lost in mice
chronically deprived of IL-3.

IL-3 and IL-18, used together, have been shown to stim-
ulate IL-4 production by bone marrow—generated murine
basophils in vitro without a requirement for FcR cross-
linkage (16). However, treatment with anti—IL-18 anti-
body did not reduce frequency of or degree of GFP expres-
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sion in basophils from Nb-infected mice (unpublished
data). Similarly, it has been observed that caspase-1 knock-
out mice, which are severely deficient in IL-18, normally
recruit basophils when Nb infected (unpublished data). It
may very well be that cytokines other than IL-18 play a
role in basophil IL-4 responses in response to Nb infection.
Alternatively, those Nb-associated molecules that act as
Th2-driving adjuvants may directly activate and trigger ba-
sophil responses (43, 44). We are currently investigating
whether such mechanisms could induce basophil responses.

What is particularly striking is that CD4 T cells are nec-
essary for optimal migration of, and IL-4 production by,
basophils. The fact that Nb-infected 5C.C7 TCR trans-
genic CD4 T cells failed to induce basophil responses
strongly suggests that T cell activation by Nb antigen is re-
quired. How the help from CD4 T cells is linked to baso-
phil recruitment is not yet clear at this moment. IL-3 pro-
duced by T cells may enhance basophil production/
responses (33), but it is not absolutely required for IL-4
production (unpublished data). How, then, could T cells
induce basophil responses? CD4 T cells responsive to para-
site antigens could produce other cytokines or chemokines
that recruit and/or activate basophils (43, 45).

What is the role of IL-4 made by basophils? Basophil
IL-4, or alternatively IL-13, could have important effector
functions. Particularly in the lung where Th2 responses are
associated with airway hyperresponsiveness, endothelial meta-
plasia, and mucus production, which are mediated largely
by IL-13, the rich source of this cytokine provided by
basophils could be of particular pathogenic significance.

Because tissue basophils in Nb-infected mice are GFP*
without overt stimulation and these cells contain IL-4
mRNA, they appear to provide a source of IL-4 even
without antigen-driven stimulation. However, upon stim-
ulation, they very likely increase their production. Indeed,
basophils may produce more total IL-4 in the tissues in re-
sponse to antigenic challenge than any other cell type, in-
cluding CD4 T cells (19, 32, 40).

Although in Nb infection, the mobilization of IL-4—pro-
ducing basophils may well be too slow for them to act suffi-
ciently early in the response to bias the first cohort of re-
sponding CD4 T cells in the Th2 direction, they may have
a very important role in propagating Th2 responses by pro-
viding a source of IL-4 to prime newly emerging or newly
recruited naive CD4 T cells to become IL-4 producers (46).

Earlier studies have shown basophil and eosinophil mi-
gration to sites of inflammation in tick infection and that
depleting basophils diminished eosinophil recruitment, sug-
gesting that secretion of IL-4 or other type 2 cytokines at
these sites may be important as immune modulators (47).
Other examples of basophil responses include increased
blood basophil levels in Nb-infected rat (48), basophils in
skin reactions after infestation with Dermacentor varibilis
(49), and, more recently, basophil IL-4 production in a
mouse model of allergic pulmonary inflammation (50).

In vitro—cultured basophils have been reported to induce
IgE synthesis by B cells (51, 52). Thus, basophils might
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promote and/or amplify antibody responses associated with
parasite infection, but the degree to which basophils can act
as class-specific helper cells for IgE production in vivo has
still to be determined.

In summary, our results using G4 mice reveal evidence
that murine basophils are the primary, if not sole, IL-4—
producing nonlymphocytes during parasitic infection. Con-
stitutive production of IL-4 by these cells and their tissue
localization patterns implies that they play important roles
in the development of adaptive immune responses and/or
in host effector function.
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