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Summary

Using IL-4 reporter mice we identified eosinophils, ba-
sophils, and Th2 cells as the three IL-4-producing cell
types that appear in the lungs of mice infected with
the migrating intestinal helminth, Nippostrongylus
brasiliensis. Eosinophils were most prevalent, peaking
by ~1000-fold on day 9 after infection, with Th2 cells
and basophils at 3- and 10-fold lower numbers, re-
spectively. Eosinophil and basophil expansion in blood
in response to parasites and their capacity for IL-4
expression required neither Staté nor T cells. Th2 in-
duction and expansion in draining lymph nodes was
also Stat6 independent. In contrast, eosinophil (and
Th2 cell) recruitment to the lung was dependent on
Stat6 expression by abone marrow-derived tissue res-
ident cell, whereas basophil recruitment was Stat6 and
IL-4/IL-13 independent but T cell dependent. Primary
type 2 immune responses in the lung represent the
focal recruitment and activation of discrete cell popu-
lations from the blood that have previously committed
to express IL-4.

Introduction

Type 2 immunity is characteristic of host responses to
pathogen invasion at cutaneous or mucosal sites and
provides protection from intestinal helminths and biting
arthropods. When dysregulated, these responses con-
tribute to allergic diseases such as asthma and atopy.
Considerable progress over the past few years has been
made in cataloging the different cell types and effector
molecules that contribute to type 2 immunity. In general,
type 2 immunity is characterized by accumulation of
the Th2 subset of CD4 T cells and orchestrated by the
cytokines these cells produce, particularly IL-4, IL-13,
IL-5, and IL-9. Infiltration of blood eosinophils and baso-
phils, activation of tissue resident mast cells, and eleva-
tions of serum IgE contribute to alterations in the cutane-
ous or mucosal epithelial barrier that are thought to
mediate expulsion of parasitic worms or insects, but
also the pathology attributed to atopic diseases.
Current understanding of how these elements interact
to coordinate this complex host response remains in-
complete, in part due to interactions among rare cells
with overlapping functions. IL-4, produced mainly by
Th2 cells, can also be produced by NK T cells, y3 T cells,
eosinophils, basophils, and mast cells (Brown et al.,
1987; Howard et al., 1982; Moqbel et al., 1995; Seder et
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al., 1991; Tentori et al., 1988; Yoshimoto and Paul, 1994).
IL-13 is likely produced by most of these cells as well.
Both cytokines share interactions with the IL-4Ra chain
and transmit signals via Stat6, which translocates to the
nucleus and regulates expression of target genes. Mice
deficient in IL-4/IL-13, IL-4R«, or Stat6é develop ineffi-
cient type 2 immune responses against gastrointestinal
parasites (McKenzie et al., 1999; Urban et al., 1998) and
fail to display the pathologic features of experimental
asthma (Akimoto et al., 1998; Kuperman et al., 1998).

Type 2 immunity is characterized by inflammation me-
diated in part by the release of toxic constituents from
blood-borne myeloid cells recruited to the site of infec-
tion or allergen contact. The recruitment of eosinophils
and Th2 cells to the lung has been shown to be Stat6
dependent (Akimoto et al., 1998), although the cell type
that requires expression of Staté to mediate recruitment
to the site of inflammation has not been identified. Fur-
ther, control of basophil recruitment and activation re-
mains poorly characterized, in part due to the lack of
basophil-specific surface markers and their relatively
low numbers. These cells can play an important role as
an initial source of IL-4 and other factors that polarize
the early type 2 immune response (Genovese et al., 2003;
Luccioli et al., 2002; MacGlashan et al., 1994).

To examine the orchestration of type 2 immunity in
the lung, we used experimental infection of mice with
the gastrointestinal nematode, Nippostrongylus bra-
siliensis. After inoculation of larvae under the skin, or-
ganisms invade the venules, become trapped in the lung
capillaries, translocate into the alveoli, ascend the tra-
chea, are swallowed, and mature to adults in the small
intestines (Ogilvie and Hockley, 1968). Naturally a patho-
gen of rats, N. brasiliensis is expelled from the mouse
intestine after 10 days by a process dependent on CD4
T cells, IL-4/IL-13, the IL-4Ra chain, and Stat6 (Finkel-
man et al., 1997; Urban et al., 1998). IL-4-deficient mice
can expel worms, consistent with the critical role for IL-
13, although exogenous IL-4 can alone confer immunity
to infected SCID mice (Lawrence et al., 1996). We used
mice containing a bicistronic knock-in IL-4 gene linked
via an internal ribosomal entry site (IRES) with enhanced
green fluorescent protein (eGFP) (Mohrs et al., 2001) to
characterize IL-4-producing cells recruited to the lungs
of mice during infection with N. brasiliensis. In prior
experiments, we were able to show a major role for
eosinophils among innate IL-4-producing cells (Shinkai
et al., 2002). Here, we use flow cytometry, microarray,
and histologic analysis to identify, quantitate, and char-
acterize all IL-4-producing cells that accumulate during
a tissue type 2 immune response. We use this informa-
tion to define distinct requirements for assembling the
various cellular elements that comprise the host re-
sponse involved in mucosal defense and allergy.

Results

Three Populations of IL-4-Expressing Cells Are
Recruited to the Lung after N. brasiliensis Infection
Infection with N. brasiliensis results in potent type 2
immune responses during migration through the lung.
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Figure 1. Flow Cytometric Analysis of Sur-
face Markers on Eosinophils and Basophils
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To visualize IL-4-expressing cells, we used 4get mice,
which express IL-4 and eGFP from a bicistronic mRNA
and thus allow the detection of IL-4-expressing cells
directly by flow cytometry without the need for restimu-
lation ex vivo (Mohrs et al., 2001). Prior to infection,
very few cells, of which 90% were non-CD4 T cells,
expressed eGFP among dispersed lung cells. By 9 days
after infection, however, approximately half of the lung
CD4 T cells expressed eGFP (Figure 1A). Even larger
numbers of eGFP-positive cells were CD4-negative, en-
compassing the eosinophil population we have previously
described (Shinkai et al., 2002). Using forward- and side-
scatter (SSC) characteristics along with additional sur-
face markers, we could clearly delineate a population
distinct from the small numbers of SSC" eosinophils.
Eosinophils expressed the chemokine receptor CCR3
(Ponath et al., 1996), whereas the major SSC" population
did not (Figure 1B). In contrast, the high-affinity receptor
for IgE, which is expressed on basophils and mast cells
(Kinet, 1999), was expressed by the SSC°CCR3~, but
not the SSC"CCR3™, population. Other surface markers,
including CD24, CD11¢, CD11b, Gr-1, a4~ and B;-integ-
rin, were also expressed at high levels on the CCR3*
eosinophils, whereas only the CCR3~ population was
positive for IgE, CD69, DX-5, and Thy1.2 (Figure 1B).
Both populations were negative for CD3, v8 TCR, and
aff TCR (data not shown). Unlike mast cells, which ex-
press the high-affinity IgE receptor and are generally
FSC"/SSC" and c-kit", the eGFPTCCR3~ cells were

0
days after infection

. CD4 cells

and 9 days after (right) N. brasiliensis infection
were stained for CD4 and analyzed by flow
cytometry.

(B) Total lung cells from day 9 N. brasiliensis-
infected 4get mice were stained for CD4,
CCR3, and indicated surface markers. Dot
plots are gated on CD4-GFP* cells from R1
(indicated in [A]). Eosinophils (CCR3*IgE")
and basophils (CCR3IgE*) were sorted from
N. brasiliensis-infected lungs and stained
with DiffQuick.

S~ (C) Kinetics of IL-4-expressing cells in the
9 13 lung after N. brasiliensis infection. Total and
relative cell numbers of the indicated popula-
tions were determined by flow cytometry.
(D) IL-4 secretion was assessed by the IL-4
capture assay as described in Experimental
Procedures. Gated CD4 T cells were analyzed
for eGFP expression and surface bound IL-4
protein. The upper dot plot shows cells that
were stimulated with PMA/ionomycin and the
lower dot plot shows unstimulated cells. The
histograms on the right show IL-4 secretion
from stimulated (filled histogram) and unstim-
ulated (open histogram) total lung cells gated
on eosinophils (CD4-eGFP*SSC"; upper his-
togram) and basophils (CD4-eGFP*SSC";
lower histogram).
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largely FSC°/SSC" and c-kit~, consistent with their
identification as basophils. Cytospin preparations of
CCR37IgE" and CCR3*IgE™~ cells revealed cells with
histologic and morphologic criteria consistent with their
identification as basophils and eosinophils, respectively
(Figure 1B).

Approximately 1000 eosinophils and slightly fewer ba-
sophils could be recovered from the lung of uninfected
mice. These cells were spontaneously fluorescent, indi-
cating constitutive activation of the IL-4 gene (Figure
1A and data not shown). After infection, eosinophils in-
creased about 1000-fold (9.7 = 2.3 X 10° cells), and
remained the most prevalent eGFP* cells throughout
infection (Figure 1C). Each of the three eGFP* popula-
tions displayed similar kinetics, with Th2 cells and baso-
phils peaking at 3.2 = 0.6 X 10° and 0.9 + 0.18 X
10° cells, respectively (Figure 1C). Maximum recovery
occurred on day 9, by which time adult worms were
expelled from the intestines (data not shown), and
then declined.

To confirm that eGFP expression was accurately
marking cells with the capacity to secrete IL-4, we col-
lected lung cells at day 9 of infection during the peak
of the response and examined IL-4 protein production
using surface antibody capture (Figure 1D). Without
stimulation, none of the eGFP* populations showed sig-
nificant IL-4 secretion, indicating that cytokine secretion
is tightly regulated. The discordance between eGFP and
IL-4 protein production, despite translation from a single
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bicistronic mRNA, likely reflects the presence of the
IRES upstream of eGFP, which establishes permissive
translation otherwise constrained at the 5'-cap in resting
cells (Stetson et al., 2003). After stimulation with PMA/
ionomycin, however, essentially all of the eGFP* CD4
T cells secreted IL-4 protein in direct proportion to their
fluorescence intensity (Figure 1D). The majority of eGFP*
eosinophils and basophils also secreted IL-4 protein
after stimulation. Notably, very few eGFP~ CD4 T cells
(or other eGFP~ cells among dispersed lung cells)
stained with the IL-4 capture reagent after stimulation
(Figure 1D), indicating that secreted IL-4 did not contam-
inate neighboring cells. Thus, eGFP fluorescence reli-
ably identifies both innate and adaptive cells capable
of IL-4 expression and secretion during a type 2 immune
response in the lung.

NK T Cells, v T Cells, or Mast Cells Do Not Contribute
to the Primary Th2 Response in the Lung

NK T cells comprise a specialized population of CD1d-
restricted T cells poised for the rapid production of cyto-
kines, including IL-4 (Yoshimoto and Paul, 1994). Despite
their role in early cytokine production in other systems,
we could find no evidence for the activation of NK T cells
after N. brasiliensis infection. First, there was no in-
crease in the small numbers of cells that stained with
CD1d tetramers loaded with a-galactosylceramide in
the lung on day 9 after infection. Second, the numbers
and phenotypes of eGFP* cells were the same in 4get/
CD1d-deficient mice, in which canonical NK T cells are
absent (data not shown). In addition, v3 T cells were
present only at a low frequency (~1% of total cells on
day 9 after infection), but did not express eGFP (data
not shown). Thus, in this infection model, canonical Th2
cells comprise the only IL-4-producing T cells recruited
to the lung.

Mast cells comprise a second population of resident
tissue cells that can produce IL-4 in other systems
(Bradding et al., 1992). As resident tissue cells, mast
cells may not have been reliably dispersed from tissues
to allow their detection. Using histochemical methods
sufficient to detect mast cells in intestines, however, we
were unable to find significant numbers of mast cells in
the lung, either at rest or 9 days after infection with
N. brasiliensis (see Supplemental Figure S1 at http://www.
immunity.com/cgi/content/full/20/2/267/DC1). Similar
observations have been made previously in the mouse
lung, demonstrating that chronic antigenic stimulation
is required to induce mast cell populations in this tissue
(lkeda et al., 2003). Thus, in this infection model, eosino-
phils and basophils appear to be the only major innate
IL-4-producing cells and, like Th2 cells, are recruited to
the lung.

Microarray Analysis Supports the Identification

of Eosinophils and Basophils

Despite our characterization using multiple surface
markers and histochemistry, the identification of baso-
phils remains incomplete. Mast cell protease 8 is one
of few putative basophil-specific markers described in
the mouse (Lutzelschwab et al., 1998). To confirm their
identity and extend our ability to define eosinophils and
basophils, we isolated highly purified populations of

eGFP* eosinophils and basophils from the lungs of in-
fected 4get mice and analyzed their gene expression
profiles by microarray. Eosinophils were compared di-
rectly to basophils (E/B), eosinophils were compared
to a general reference pool (E/R), and basophils were
compared to the reference pool (R/B) (Figure 2). Hybrid-
ization in this way allowed the detection of transcripts
expressed differentially in eosinophils and basophils,
but also transcripts expressed at similar levels in eosino-
phils and basophils but at different levels compared to
the reference pool. The direct comparison of eosinophil
and basophil RNA revealed that 868 genes were more
than 2-fold, and 285 genes were more than 3-fold, differ-
entially expressed between these populations.

The group | (eosinophil) subset contained known eo-
sinophil-specific genes, including major basic protein,
eosinophil peroxidase, and eosinophil-associated ribo-
nuclease 11 (Figure 2). Expression of some of the genes
in this group, including CCRS3, FIRE, CD11c, and CD24,
was confirmed at the protein level using flow cytometry
(Figures 1 and 3). The transcription factor GATA-1, an
obligatory lineage-specific element in eosinophil devel-
opment (McNagny and Graf, 2002), was highly ex-
pressed, as were several inflammatory proteins associ-
ated with type 2 immune responses, such as the EBI3
component of IL-27 (Nieuwenhuis et al., 2002), IL-1 re-
ceptor antagonist (IL-1Ra), and resistin-like o/FIZZ1 (Ar-
end, 2002; Holcomb et al., 2000).

The group Il (basophil) subset contained the high-
affinity IgE receptor « chain and mast cell protease 8,
consistent with their identification as basophils. The
transcription factor GATA-2, required for mast cell pro-
genitors, was also expressed (Walsh et al., 2002). CCR2
appeared to be the only chemokine receptor that was
expressed highly in basophils but not in eosinophils or
the reference pool. The activating receptor 2B4 and the
H4 histamine receptor, shown to be expressed in human
basophils and mast cells (Hofstra et al., 2003; Nakajima
et al., 1999), were present in mouse basophils, as was
the IL-18 receptor, which can induce the release of IL-4
and histamine from basophils (Yoshimoto et al., 1999).
Although IL-4 expression was higher in basophils than
in eosinophils, IL-4 transcripts were readily apparent in
both populations, consistent with the functional studies
(Figures 1B and 1D).

Although basophils preferentially expressed the che-
mokines CCL3 (MIP1«) and CCL4 (MIP1B), which are
chemotactic for activated T cells (Taub et al., 1993),
both eosinophils and basophils expressed high levels
of CCL6 (C10) and CCL17 (TARC), which have been
associated previously with type 2 immune responses
(Hogaboam et al., 1999; Mathew et al., 2001) (Figure 2,
group lll). Taken together, the gene expression data
support identification of these innate IL-4-producing
cells as eosinophils and basophils, and extend informa-
tion regarding surface markers and transcripts present
in these cells during type 2 immune responses in vivo.

Eosinophils and Basophils Are Constitutively
Fluorescent in Blood of Uninfected 4get Mice

and Modulate Their Membrane Protein

Expression in Inflammatory Tissue

Prior analysis in 4get mice demonstrated that NK T cells
in spleen, in contrast to conventional naive T cells, con-
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Figure 2. Gene expression profile of purified eosinophils and basophils.

Eosinophils and basophils were sorted from the lung 9 days after N. brasiliensis infection. Total RNA was extracted, amplified, labeled and
hybridized to oligonucleotide-spotted microarray slides. Three hybridizations were performed: eosinophils vs. basophils (E/B), eosinophils vs.
reference (E/R) and reference vs. basophils (R/B). The entire data set can be retrieved from the GEO database at NCBI (GSM15485, GSM15486,
GSM15487). Due to space limitations, genes of known or potential immunological interest were selected that passed threshold levels for
signal intensity (A>9 in at least one of the three arrays) and signal ratio (M>1 in E/B and E/R for group I, M<1 in E/B and R/B for group II,
and M>1 in E/R and M<1 in R/B for group lll). The definitions for A and M values are given in Experimental Procedures. This resulted in a
set of genes that are relatively highly expressed in eosinophils (group I), in basophils (group Il), or in both (group lll). Orange, red, light green
and dark green colors indicate M values >1, >2, <-1 and <-2, respectively. Genes are shown in alphabetic order of the Unigene symbol names.

stitutively express IL-4 mRNA but not IL-4 protein, re- basophils, which can be distinguished by forward- and
vealing their capacity for rapid IL-4 secretion upon stim- side-scatter characteristics and expression of CCR3
ulation (Stetson et al., 2003). Similarly, eosinophils and and high-affinity FceR, respectively, were constitutively
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Figure 3. Activation Markers on Eosinophils and Basophils

(A) Total cells from the blood of noninfected 4get mice were analyzed
for expression of IgE and CCR3.

(B) Total cells from lung and blood samples of N. brasiliensis-
infected 4get mice were analyzed for surface expression of IgE
and CD23.

(C) Gated CD4~GFP™ cells from lung and blood of day 9 N. bra-
siliensis-infected mice were analyzed for surface expression of the
indicated markers.

fluorescent in the blood of uninfected 4get mice, com-
prising populations of ~2% and ~0.8% of total blood
cells (Figure 3A). At the peak of the tissue response on
day 9 after infection, eosinophils and basophils com-
prised up to 10% and 3%, respectively, of circulating
blood cells (Figure 3B). To distinguish whether surface
IgE on basophils was bound to the high-affinity or the
low-affinity (CD23) IgE receptor, cells from the blood
and lung of N. brasiliensis-infected mice were stained
with anti-IgE and anti-CD23. All of the IgE-positive cells
in both sites appeared to be eGFP-positive, whereas all
of the CD23-positive cells were eGFP-negative (Figure
3B). Thus, the detectable cell-surface IgE is bound to
the high-affinity IgE receptor and basophils are the pre-
dominant cells that express this receptor in the blood
in this infection model.

Comparison of eosinophils and basophils in the blood
and the lung on day 9 after infection revealed modulation
of surface markers consistent with either the local acti-
vation of these innate cells within inflammatory tissues
or the selective recruitment of activated cells to sites of
inflammation. Eosinophils in blood expressed high lev-
els of FIRE, an F4/80-like transmembrane receptor, but
apparently downregulated this receptor after recruit-
ment to the lung, similar to the downregulation of F4/
80 on activated macrophages (Figure 3C) (Caminschi et
al., 2001). CD62L (L-selectin) was similarly present on
eosinophils in the blood and downregulated in the lung.
In contrast, eosinophils expressed low levels of CD29
(integrin B1) in the blood but upregulated CD29 in the
lung; B2 and B7 integrin expression was not different

(data not shown). As compared to basophils in blood,
basophils in the lung upregulated CD69, consistent with
their local activation (Figure 3C). The apparent modula-
tion of the cell surface phenotypes suggests that activa-
tion of these innate effector cells is tightly restricted to
sites of inflammation.

Recruitment of Basophils and Eosinophils

to the Lung

The finding that eosinophils and basophils were poised
for IL-4 secretion, as revealed by their constitutive fluo-
rescence in 4get mice, suggested that recruitment of
these discrete cell types from blood might be the critical
step in orchestrating type 2 immunity. Efficient type 2
immunity does not develop in mice deficient in Stat6,
perhaps reflecting the role of Stat6 in mediating the
expression of chemokines, like CCL11 (eotaxin), CCL24
(eotaxin 2), and CCL17 (TARC), that have been associ-
ated with tissue recruitment of effector cells (Hoeck and
Woisetschlager, 2001; Mathew et al., 2001).

To analyze the role of Stat6 and the adaptive immune
system in the recruitment of eosinophils and basophils
to the lung, we infected 4get, 4get/Stat6~/~, and 4get/
Rag~’~ mice with N. brasiliensis and analyzed the blood
and lung on day 9 after infection. At this time, infected
4get mice, as noted previously, demonstrated marked
expansion of eosinophils and basophils in the blood and
lung, as identified primarily through discrimination of
SSC, CCR3, and high-affinity IgE receptor expression
among eGFP~ cells (Figure 4). In contrast, infected 4get/
Stat6 /- and 4get/Rag~’~ mice had greatly reduced
numbers of eosinophils in the lung, although expansion
of eosinophils in blood was comparable to wild-type
mice (Figures 4A and 4C). 4get/Stat6 '~ mice showed
no defect in basophil recruitment to the lung, which
indicates that eosinophil and basophil recruitment are
regulated differently. In these latter mice, basophils did
not stain for surface IgE, due to the defect in class
switch recombination in Stat6-deficient mice (Figure 4A)
(Shimoda et al., 1996; Takeda et al., 1996). Strikingly,
4get/Rag~’~ mice showed a complete block in basophil
recruitment. This was not due to a defect in mobilization
of basophils from the bone marrow, as these cells were
present in the blood at levels similar to infected wild-
type mice (Figure 4A). Thus, the recruitment of basophils
appears to be independent of Stat6 but requires the
adaptive immune system, whereas the efficient recruit-
ment of eosinophils requires both Stat6é and adaptive im-
munity.

Stat6 in the Recruitment of Type 2 Immune Cells

As shown previously, Stat6 deficiency has a greater
effect on the recruitment of IL-4-expressing Th2 cells
to the lung than on their induction in draining lymph
nodes (Mohrs et al., 2001). In agreement with these stud-
ies, infected 4get/Stat6~/~ mice had a 2-fold reduction
in numbers of Th2 cells in the tracheal lymph nodes,
but recruitment to the lungs was reduced over 80%
compared to wild-type 4get mice (Figure 4D). This was
not due to reduced proliferation of T cells from 4get/
Stat6 '~ mice, since T cells in the lung and lymph nodes
from both mice incorporated bromodeoxyuridine (BrdU)
with similar efficiency during an 18 hr pulse period be-
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tween day 6 and 7 after infection (Figure 4E). Thus, the
defect in type 2 immunity in Stat6-deficient mice is due
to a recruitment defect of Th2 cells and eosinophils
and not due to failure either to expand their precursor
numbers or to initiate IL-4 expression in any of the key
cells in the response —eosinophils, basophils, and Th2
cells—at least as assessed by surrogate expression
of eGFP.

The deficiency in Th2 and eosinophil recruitment in
the absence of Stat6 could be due to requirements for
Stat6 expression in either hematopoietic or nonhemato-
poietic cells, or both. To address this issue, we lethally
irradiated BALB/c or Stat6~~ mice and reconstituted
them with bone marrow cells from 4get or 4get/Stat6 "'~
mice. Ten weeks later, chimeric mice were infected with
N. brasiliensis and analyzed 9 days later for intestinal

Figure 4. Eosinophil and Basophil Recruit-
ment to the Lung of N. brasiliensis-Infected
Mice

(A) 4get, 4get/Stat6/~, and 4get/Rag '~ mice
were infected with N. brasiliensis 9 days be-
fore analysis of lung and blood samples. Cells
were stained for CD4, CCRS3, and IgE and
analyzed by flow cytometry. Plots in the first
row are gated on total live cells from the lung
and show expression of CD4 and eGFP. Plots
in the second row are gated on CD4 eGFP*
cells as indicated in the first row and show the
relative abundance of eosinophils (CCR3") and
basophils (CCR3") in this gate. Plots in the
third row are gated on CD4 eGFP* from
the blood.

(B) Bar graphs show the percentage among
total lung cells and absolute numbers of eo-
sinophils and basophils in the lung 9 days
after N. brasiliensis infection of the indicated
mice. 7-9 mice per group were analyzed and
results were pooled from independent experi-
ments. P < 0.001 for 4get versus 4get/
Stat6 '~ or 4get/Rag /- eosinophils and 4get
versus 4get/Rag~’~ basophils. P = 0.026 for
4get/Stat6 /~ versus 4get/Rag~’~ basophils.
(C) The dot plot shows a comparison of blood
and lung eosinophilia in naive versus infected
4get (filled circles) or 4get/Stat6 /'~ (open cir-
cles) mice.

(D and E) Recruitment of Th2 cells to the lung
depends on Stat6. 4get (filled circles) and
4get/Stat6 '~ (open circles) mice were in-
fected with N. brasiliensis. BrdU was injected
i.p. on day 6.5 and mice were analyzed on
day 7 after infection. (D) and (E) show the
percentage of GFP* and BrdU" cells among
total CD4 cells in the tracheal lymph node
(LN) and lung, respectively.

O A4get/State™
@ A4get

worms, serum IgE, and eosinophil and Th2 cell recruit-
ment to the lungs (Figure 5). Worm expulsion from the
small intestine was dependent on Stat6 expression in
nonhematopoietic cells, consistent with a previous re-
port showing the requirement for IL-4Ra on nonhemato-
poietic cells for worm expulsion (Urban et al., 2001). In
contrast, IgE responses and effector cell recruitment to
the lung were dependent on Stat6é expression in bone
marrow-derived cells.

The finding that tissue recruitment of Th2 cells and
eosinophils requires Stat6 expression by bone marrow-
derived cells suggested the possibility that T cells them-
selves might provide a Stat6-dependent signal required
for further recruitment. To assess whether Stat6- or IL-4/
IL-13-expressing Th2 cells were required for tissue re-
cruitment of eosinophils and basophils, 107 purified CD4
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Figure 5. Eosinophil and Th2 Cell Recruitment Depends on Stat6
from a Bone Marrow-Derived Cell

Four sets of bone marrow chimeras were generated. Bone marrow
from either wild-type 4get mice (circles) or 4get/Stat6~’~ mice
(squares) was transferred into lethally irradiated BALB/c mice (filled
symbols) or Stat6 '~ mice (open symbols). Ten weeks after reconsti-
tution mice were infected with N. brasiliensis and analyzed 10 days
later for worm burden in the intestine, serum IgE levels, and eosino-
phil and Th2 cell recruitment to the lung. ND = none detected. The
indicated p-values were calculated by Student’s t test.

T cells from either 4get, 4get/Stat6~/~, or IL-4/IL-137/~
mice were transferred into Rag '~ mice, which were then
infected with N. brasiliensis. Unexpectedly, neither the
recruitment of eosinophils nor basophils required ex-
pression of IL-4/IL-13 or of Staté by CD4 T cells (Figure
6). Thus, eosinophils and basophils are efficiently re-
cruited to inflammatory sites by activated T cells in the
absence of bona fide Th2 cells, but only if Stat6 is ex-
pressed in another hematopoietic cell.

Discussion

Using sensitive IL-4 reporter mice, we define the IL-4-
expressing cells recruited to the lung during activation
of a type 2 immune response to migrating intestinal
parasites. Eosinophils were the most prevalent cell type,
increasing up to 1000-fold, with Th2 cells and basophils
comprising 3- and 10-fold lower cell numbers, respec-
tively. Fluorescence consistent with IL-4 gene activation
occurred in each of these populations prior to tissue
recruitment, which was associated with modulation of
cell surface markers indicating local activation. Hierar-
chical requirements for tissue recruitment were evident,
with signals from activated T cells required for basophil
recruitment and tissue-generated Stat6-dependent sig-
nals required for eosinophil and Th2 recruitment. Finally,
and in agreement with prior observations, expression
of Stat6 in nonhematopoietic tissue cells was required
to transduce signals from the recruited type 2 immune
cells to mediate biologic effector function, as assessed
by worm expulsion. As revealed using this IL-4 reporter
system, type 2 immunity represents the focal recruit-
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Figure 6. Stat6- or IL-4/IL-13-Deficient CD4 T Cells Induce Eosino-
phil and Basophil Recruitment

(A) 107 purified CD4 T cells from 4get, 4get/Stat6 /~, or IL-4/IL-13 7/~
mice were transferred into Rag™~ recipients. Four days later mice
were infected with N. brasiliensis. Normal 4get mice or Rag™'~,
Stat6~/~, and IL-4/IL-13~/~ mice that had not received T cell transfers
were infected as controls. Lung eosinophils were quantitated 9 days
later by flow cytometry. 6-13 mice per group were analyzed and
results were pooled from different experiments. The p-values, calcu-
lated by Student’s t test, were p < 0.0001 for all transfers versus
Rag~’~ mice.

(B) 4get/Rag '~ mice were reconstituted with 107 purified CD4 cells
from IL-4/IL-13"/~ mice and analyzed 9 days after N. brasiliensis
infection for the total number of eosinophils and basophils in the
lung. Unreconstituted 4get/Rag~’~ mice and 4get mice were used
as controls.

ment and activation of discrete cell populations from
the blood that have been previously committed to ex-
press IL-4.

The identification of IL-4-expressing non-T, non-B
cells with high-affinity IgE receptors in the lung and
spleen of mice infected with N. brasiliensis was de-
scribed initially over 10 years ago (Conrad et al., 1990).
Eosinophils, however, were 10-fold more prevalent
among these innate IL-4-expressing cells. Small num-
bers of SSCP eosinophils, consistent with degranulated
cells, were present in tissues (Shinkai et al., 2002; Figure
1B), but the use of additional markers and rigorous
genetic screening allowed us to identify two major non-
lymphocyte IL-4-expressing populations. Morphologic
criteria, display of distinct surface receptors, and ex-
pression of lineage-marking transcripts provide inde-
pendently corroborating support for our identification of
eosinophils and basophils as the innate cells mediating
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type 2 immune responses, at least in the lung. Two
unexpected findings, confirmed by cell surface staining,
were the expression of CD11c, a prototypic dendritic
cell marker, by eosinophils, and the expression of Thy1,
previously believed restricted to T cells among mature
blood elements, by basophils. Despite their capacity for
rapid IL-4 secretion in other systems, NK T cells and
mast cells did not appear to contribute substantially to
tissue IL-4 production during type 2 immunity in the lung
in this system. The few eGFP*c-kit* cells in the lung
(Figure 1B), possibly represent a common basophil/
mast cell precursor as described in the human immune
system (Kirshenbaum et al., 1992).

The microarray data suggest overlapping but distinct
functions by eosinophils and basophils. This was sup-
ported by the demonstration of distinct requirements
for their recruitment. Basophil recruitment, while Stat6
independent, was entirely T cell dependent. Eosinophil
recruitment was greatly augmented by T cells, but re-
quired Stat6 expression by a bone marrow-derived cell
other than CD4 T cells. A prior study, which used in
vitro-generated Th2 cells transferred into Stat6-deficient
mice in the setting of experimental asthma, suggested
that Staté expression in lung fibroblasts might be re-
quired for Th2 recruitment (Mathew et al., 2001). By
using bone marrow chimeric mice that expressed Stat6
in either tissue or bone marrow-derived cells, we could
show that the recruitment of both Th2 cells and eosino-
phils was dependent on Stat6 expression by bone mar-
row-derived cells (Figure 6). We suspect that these cells
are the source of eosinophil- and Th2-attracting chemo-
kines (CCL11, CCL24, and CCL17) induced in wild-type
but not Stat6-deficient mice during type 2 immunity (Ma-
thew et al., 2001). Although we cannot exclude a popula-
tion of fibroblasts that may have been reconstituted from
bone marrow, we favor the hypothesis that a resident
hematopoietic cell in the lung, such as a dendritic cell or
alveolar macrophage, represents the Stat6-responsive
cell required to initiate the first steps of immune cell re-
cruitment.

Despite the role for Stat6 in the recruitment of type 2
immune cells and their capacity to mediate worm expul-
sion, Stat6 was not required for induction of IL-4 expres-
sion or for the expansion of IL-4-expressing cells in
blood in response to helminth migration. Activation of
IL-4 expression in naive T cells in lymph nodes draining
the lung was only marginally affected by Stat6 defi-
ciency. Surprisingly, eosinophils and basophils were
spontaneously fluorescent in uninfected 4get mice, and
this was unaffected by the absence of Stat6 (or IL-4Rq,
data not shown), revealing activation of the IL-4 gene
in both innate and adaptive immune cells to be a Stat6-
independent pathway. Signals from tissue that mediate
the induction of Th2 differentiation in lymphoid organs
and the production and release of eosinophils and baso-
phils from bone marrow remain the focus of further ex-
periments. Intriguingly, however, the spontaneous eGFP
fluorescence of eosinophils and basophils, as revealed
using 4get mice, resembled the spontaneous expres-
sion of IFN-y and IL-4/IFN-y mRNA by NK and NK T cells,
respectively. These cells reside in tissues poised with
constitutive cytokine mRNA transcripts that correlated
with their capacity for rapid activation and secretion of
cytokines (Stetson et al., 2003). By analogy, eosinophils
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Figure 7. Model of Basophil, Eosinophil, and Th2 Cell Recruitment
to the N. brasiliensis-Infected Lung

See text for details.
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and basophils developmentally activate IL-4 expression,
and this correlated with their capacity for rapid IL-4
secretion upon stimulation ex vivo. In contrast to NK and
NK T cells, which reside primarily in tissues, however,
eosinophils and basophils sustain a reservoir in blood
that requires a second step for recruitment into tissues.

Unexpectedly, CD4 T cells incapable of producing
IL-4 and IL-13, or CD4 T cells incapable of responding
to IL-4/IL-13 signaling via Stat6, induced normal tissue
recruitment of innate IL-4-producing cells (Figure 6).
Thus, bona fide Th2 cells are not required, and other
hematopoietic cells that produce IL-4 or IL-13 are in-
volved. Indeed, a small number of eosinophils and baso-
phils was already present in the lungs of uninfected
mice (Figure 1A), indicating that a small, but identifiable,
population of these innate cells exists in mucosal tissues
and might contribute to early IL-4 release in response
to worm migration. Indeed, secreted products from par-
asites or crosslinking of the IL-18 receptor can provoke
IL-4 release from basophils (Phillips et al., 2003; Yoshi-
moto et al., 1999). In turn, IL-4/IL-13 could stimulate a
resident bone marrow-derived cell, such as dendritic
cells or alveolar macrophages, to express a set of Stat6-
dependent products, including some with chemotactic
activity for eosinophils (Gordon, 2003). Integration of
these various observations into a model for induction
of type 2 tissue responses in the lung is presented in
Figure 7. Memory T cells, which reside in tissues, might
generate Stat6-independent basophil-specific chemo-
attractants upon activation. IL-4, produced by basophils
or other memory T cell populations, or IL-13 produced
by other resident cell population(s), could induce eosin-
ophil- and Th2-recruiting chemokines from a resident
hematopoietic cell. The nature and source of systemic
signals (apparently intact in rag-deficient mice) that me-
diate expansion of the blood reservoir of innate IL-4-



Recruitment of IL-4-Expressing Cells to the Lung
275

producing cells remain unknown. Identification of the
early steps in the expansion and recruitment of these
innate components of type 2 immunity will be important
in defining novel therapeutic interventions for allergy,
asthma, and atopic disease.

Experimental Procedures

Mice

BALB/c mice were purchased from Jackson Laboratories (Bar Har-
bor, ME). Interleukin 4 reporter mice, designated 4get (IL-4 green
fluorescent protein-enhanced transcript), were described (Mohrs et
al., 2001). These mice express an eGFP reporter gene under control
of an IRES element that has been inserted after the stop codon of
the IL-4 gene by homologous recombination. Stat6 /'~ mice (Kaplan
et al., 1996), Rag~’~ mice (Mombaerts et al., 1992), and 4get mice
were backcrossed at least 10 generations to BALB/c. IL-4/IL-13
double-knockout mice were used on the BALB/c background (Mc-
Kenzie et al., 1999). 4get/Rag~/~, 4get/Stat6 /-, and 4get/CD1d '~
mice (Mendiratta et al., 1997) were generated by intercrossing. Mice
were maintained in the specific pathogen-free animal facility at
UCSF according to institutional guidelines.

Nippostrongylus brasiliensis infection

Third-stage larvae (L3) of N. brasiliensis were recovered from the
cultured feces of infected rats, washed extensively, and injected
(500 organisms) into mice subcutaneously at the base of the tail.
Infected mice were placed on antibiotic-containing water (2 mg/I
neomycin sulfate, 100 mg/l chloramphenicol) for 5 days and killed
for analysis on the indicated days.

Cell Preparations

To analyze the recruitment of cells into the lung, mice were killed
and the lungs were perfused via the right cardiac ventricle with 10
ml cold PBS. Lungs were transferred into 5 ml cold RPMI 1640
supplemented with 10% heat-inactivated FCS, cut into small pieces,
and thoroughly minced through a 74 um nylon mesh (Netwell,
Corning Costar). The mesh was washed with another 5 ml cold RPMI
1640/10% FCS. Erythrocytes were lysed in hypotonic lysis buffer
and cells were washed once in RPMI 1640/10% FCS. No major
differences were observed between collagenase-digested or -undi-
gested samples (data not shown) and lung samples for these studies
were used without collagenase digestion. Lymph nodes were col-
lected in cold medium and minced as described for lung samples.
Blood from the lateral tail vein was collected in heparin-containing
FACS buffer (2% FCS, 1 mg/l NaN,).

Flow Cytometry

Cell suspensions were washed with FACS buffer (PBS, 2% FCS, 1
mg/l NaN;) and the resuspended cell pellets were incubated for 5
min with anti-CD16/CD32 mAb (2.4G2) before adding the appropriate
antibody combinations. Cells were stained with Cy5.5-anti-CD4 (L3T4),
PE-anti-CCR3 (R&D Systems, Minneapolis, MN), PE-anti-Ly6G/Gr-1
(Caltag, Burlingame, CA), the following biotinylated antibodies: anti-
CD3 (145-2C11), anti-IgE (R35-72), anti-CD24 (M1/69), anti-a, integrin
(R1-2), anti-B; integrin (M293), anti-B, integrin (Ha2/5), anti-CD11a
(2D7), anti-CD11b (M1/70), anti-CD11c¢ (HL3), anti-DX-5, anti-Thy1.2
(563-2.1), anti-CD69 (H1.2F3), anti-CD62L (MEL14), anti-FIRE (Cam-
inschi et al., 2001), anti-c-kit (2B8), anti-CD23 (B3B4), and streptavi-
din-APC (Molecular Probes, Eugene, OR). mAbs were purchased
from BD Pharmingen unless otherwise indicated. Samples were
analyzed on a FACS Calibur flow cytometer with CellQuest Il soft-
ware (Becton Dickinson).

IL-4 Secretion Assay

Leukocytes from the lung were purified by Ficoll gradient from day
9 N. brasiliensis infected mice. 10° cells were incubated for 2 hr at
37°C in RPMI 1640/10%FCS in the presence or absence of 40 ng/ml
PMA and 1 pg/ml ionomycin followed by IL-4 capture on the cell
surface using the Mouse IL-4 Secretion Assay according to the
manufacturer’s instructions (Miltenyi Biotec, Germany).

Bromodeoxyuridine Staining

Mice were given 1 mg Bromodeoxyuridine (BrdU) i.p. in 250 ul PBS
on day 6 after infection and killed after 18 hr. Single-cell suspensions
from total lung tissue and tracheal lymph nodes were stained for
surface CD4 and intracellular BrdU using the BrdU Flow Kit (BD
Pharmingen).

Bone Marrow Chimeras

Recipient mice were lethally irradiated with 600 rad administered
twice over 3 hr before animals were reconstituted intravenously with
2 X 10° bone marrow cells. Mice were kept on antibiotic-containing
water and SCID MD tablets (Bioserv, Frenchtown, NJ) in the UCSF
specific pathogen-free animal facility and used after 10 weeks.

Adoptive Transfers

CDA4 T cells from spleen and mesenteric lymph nodes of 4get, 4get/
Stat6 /-, or IL-4/IL-13~/~ mice were purified to >95% by negative
selection with MACS CD4 T cell isolation kit (Miltenyi Biotech, Ger-
many) and LS columns. 107 purified CD4 T cells were transferred
i.v. into Rag~/~ or 4get/Rag’~ recipient mice, which were infected
with N. brasiliensis 4 days later. Mice were analyzed after 9 days.

ELISA

Serum IgE levels were determined by ELISA using the monoclonal
antibody B1ES3 for coating and the biotinylated monoclonal antibody
EMO95 for detection.

Histology

Tissue from lung and small intestine was collected 9 days after
N. brasiliensis infection, frozen in OCT, cut into 8 um thick sections,
and stained with acidified Toluidine blue.

Microarrays

Ten male 4get mice were infected with N. brasiliensis and single-
cell suspensions of total lung tissue were prepared 9 days after
infection. Cells were stained for CD3, CD19, c-kit, and CCR3 and
sorted for CD3-CD19 c-kit"GFP*CCR3*SSC" (eosinophils) and
CD3 CD19 c-kit- GFP*CCR3 SSC" (basophils) using a MoFlo
high-speed cell sorter (Cytomation, Fort Collins, CO). Total RNA was
isolated from 2 X 10° eosinophils and 1.75 X 10° basophils using
the Total RNA Isolation Kit (Fluka, Buchs, Switzerland) and amplified
by two rounds of in vitro transcription using the Amino Allyl Mes-
sageAmp aRNA kit (Ambion, Austin, TX). Universal Mouse Reference
RNA (#740100; Stratagene, La Jolla, CA) was amplified in the same
way. Aminoallyl-UTP was incorporated during the second round of
amplification and 5 pg of amplified RNA was coupled to Cy3 and Cy5
fluorescent dyes (CyScribe dye labeling kit, Amersham Biosciences,
Peapack, NJ). Probes were hybridized to spotted glass oligonucleo-
tide (70-mer) arrays that cover just over 16,400 unique genes (Mouse
Genome Set Version 2.0, Qiagen, Germany). The arrays were prehy-
bridized in 1% BSA (Invitrogen), 5 X SSC, 0.1% SDS for 2 hr at
42°C, washed in water, and hybridized with the Cy3/Cy5-labeled
probes in 2.8 X SSC, 0.2% SDS, 0.6 mg/ml Cot-1 DNA (Invitrogen),
and 0.8 mg/ml yeast tRNA, at 63°C for 45 hr. Slides were washed
sequentially in 0.03%SDS/1 X SSC, 0.2 X SSC, and 0.05 X SSC,
dried, and scanned on an Axon 4000B scanner using Genepix 3.0
software (Axon Instruments, Inc.). Data were normalized using the
R package Bioconductor software and “lowess” normalization on
the pixel medians without background subtraction (lhaka and Gen-
tleman, 1996). Genes of interest were selected and grouped in Excel
software (Microsoft). The complete data set has been deposited in
the GEO database at NCBI (GSM15485, GSM15486, GSM15487).
“A” values indicate the total signal intensity of a given spot on the
microarray. This number is calculated as A = 1/2*log,(R*G), where
R and G give the intensity for the Cy5 and Cy3 channels, respectively.
“M” values indicate the difference in gene expression on a log,
scale. This value is calculated as M = log,(R/G) (e.g.: M=1 indicates
a 2-fold higher expression in the sample that was labeled with the
Cy5 dye compared to the sample that was labeled with the Cy3
dye, and M = 0 indicates equal expression in both samples).
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