Lo L

P

1\

o LN A D

In vivo studies fail to reveal a role for IL-4 or STAT6
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The expression of interleukin-4 (IL-4) is viewed as the hallmark of
a Th2 lymphocyte, whereas the subsequent action of IL-4 and IL-13,
mediated through the STAT6 signaling pathway, is seen as a
prerequisite for the full development of Th2 immune responses to
parasites and allergens. G4 mice, whose IL-4 gene locus contains
the fluorescent reporter eGFP, were used to quantify the number
of Th2 cells that develop during Nippostrongylus brasiliensis- or
allergen-induced immune responses under conditions where IL-4
or STAT6 was absent. Here, we show that deletion of IL-4 or STAT6
had little impact on the number or timing of appearance of
IL-4-producing Th2 cells. These data indicate that in vivo differen-
tiation of naive CD4 T cells to Th2 status often occurs indepen-
dently of IL-4 and STAT6 and that recently described pathways of
Th2 cell differentiation may explain how allergens and parasites
selectively induce Th2-mediated immunity.
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A n exquisite feature of the adaptive immune system is that the
specific properties of different infectious agents or their
toxins are effectively countered by the selective development of
appropriate effector immune responses. The key to this process
is the antigen-driven differentiation of naive CD4 lymphocytes
into distinct T helper (Th) cell subsets, each of which is able to
direct its own type of effector immune response through the
production of specific cytokines (1). One of most striking
examples of this selective process is the differentiation of Th2
cells, which mediate allergic diseases and control metazoan
parasites. A central paradigm of the Th2 immune response is that
Th2 differentiation is regulated by the cytokine IL-4 and its
signaling pathway STAT6 (2-4). However, the issue of how
relevant IL-4/STAT6 is to the development of in situ T cell
immune responses during natural infections or disease-relevant
immune responses is not fully resolved (5-8). The initial source
of IL-4 in this process has remained elusive, and although IL-4
and STAT6 have been firmly implicated in the production of
serum IgE and IL5-mediated eosinophilia (3, 4, 9-11), the
difficulties of measuring IL-4 in situ have hampered more direct
studies on the role of IL-4 in the development of IL-4-producing
Th2 cells. Finkelman et al. (12) have used an antibody capture
assay to measure serum IL-4 and showed that production of IL-4
is not entirely STAT6-dependent. However, the use of indirect
cytokine capture techniques could not exclude the contribution
of eosinophil- (13), NKT cell- (9), or basophil- (14) derived IL-4
to this response. In studies of Schistosoma mansoni-infected IL-4
receptor (IL-4R)- or STAT6-deficient mice, it was shown that
although IL-4-producing Th2 cells could be generated in the
absence of IL-4 or the STAT6 signaling pathway, the numbers of
IL-4-producing CD4 T cells were significantly reduced after ex
vivo culture and restimulation (15). Similarly, in studies using the
4get reporter mouse strain, it was reported that Th2 cells could
be generated in STAT6-deficient mice (16).

The development of G4 mice, which express GFP as a
surrogate for IL-4 expression, has made it possible to follow
directly the development of IL-4-producing immune cells in situ
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(14, 17). The replacement of the first exon and first intron of the
114 gene by the gene encoding enhanced GFP creates mice that
are IL-4-deficient when bred in the homozygous form and
IL-4-sufficient when maintained as a heterozygous strain. By
comparing immune responses in the two strains of mice, we took
the opportunity to study the role of IL-4 in the in vivo develop-
ment of Th2 cells. By using the greater sensitivity and longer
half-life of the eGFP reporter system, those CD4* Th2 lympho-
cytes that had expressed the 1l4 gene locus in vivo could be
detected directly, avoiding the use of in vitro reactivation culture
systems, which only provide an indirect measure of the reacti-
vation potential of Th2 cells.

Infection of mice with the nematode Nippostrongylus brasil-
iensis (Nb) is a well characterized experimental system for the
study of Th2 immune responses. Specific features of the Th2
response to Nb infection include the rapid (5-10 days) develop-
ment of highly polarized Th2 cells producing high levels of IL-4,
IL-5, IL-13, and the sequestration of these Th2 cells to lung and
gut tissues leading to the clearance of the worms from the gut
(18). A convenient feature of the Nb infection model is that the
infection is rapid and transient with no replication of worms.
Here, we used the G4 reporter system to follow the development
and fate of IL-4-producing Th2 cells after infection with Nb in
IL-4- and STAT6-deficient animals. Cells were harvested from
key lymphoid and nonlymphoid tissue sites, and the percentage
and number of GFP-positive CD4 T cells were determined.
Having established the in vivo pattern of induction of GFP/IL-
4-producing Th2 cells, we were able to address the question of
how the magnitude, timing, and character of the Th2 immune
response was affected by the absence of IL-4 or of the STAT6
signaling pathway. Our results show that deletion of IL-4 or
STAT6 had very little effect on the timing or magnitude of the
IL-4/GFP response. Furthermore, analysis of sorted GFP-
positive Th2 cells from either 1L-47/64 TL-4G4G4 or STAT6™/~
IL-4G4G4 Nb-infected mice revealed that all had similar highly
enriched levels of Th2 cytokines and GATA-3. Our results
clearly indicate that, contrary to the paradigm that has been
developed from previous in vitro and indirect in vivo studies, Th2
differentiation in vivo in response to Nb infection is independent
of IL-4 and STATG.

Results

In Vitro Requirements for Th2 Differentiation. As a first step, we
sought to confirm that in vitro T cell responses using cells from
G4 mice replicated the well established observations seen in
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Fig. 1. Th2 differentiation after «CD3/aCD28 stimulation requires IL-4 and STAT6 signaling. (A and B) FACS analysis of CD4" T cells from IL-4+/G4 (A) and IL-4+/G4
STAT6~/~ (B) mice after in vitro Th neutral (THO0), 1, and 2 differentiation and restimulation. Results shown are representative of three separate experiments.
(C) Real-time PCR analysis of IL-4, GFP, IL-13, and GATA-3 in sorted CD4*GFP~ (open bars) and CD4*GFP* lymphocytes (solid bars) after in vitro TH2 differentiation

with 6-h restimulation. N.D., not determined.

wild-type (WT) mice. As reported, IL-4 and STAT6 were
essential for in vitro «CD3/aCD28 culture-induced Th2 differ-
entiation using the G4 reporter assay (2, 4). After restimulation,
CD4 T cells derived from both IL-4*/G4* STAT6*/* (Fig. 14) and
IL-4+/G4 STAT6~/~ (Fig. 1B) mice failed to express IL-4 or GFP
when cultured in Th neutral or Thl conditions (Fig. 14).
However, CD4 T cells derived from IL-4+/6% STAT6"/* mice
and cultured under Th2 conditions expressed IL-4 (6%), GFP
(8%), and IL-4" GFP* (1%) as described in ref. 17. In com-
parison, IL-47/64 STAT6 /= CD4" cells failed to express IL-4 or
GFP after activation under Th2 conditions and instead produced
IFNvy (8%) (Fig. 1B). Therefore, using GFP as a surrogate
marker for IL-4 expression by CD4 T cells, we confirmed that
IL-4 signaling through STATG6 is required for expression of both
IL-4 and GFP. The expression of GFP mRNA by activated CD4
T cells was also found to correlate with the previously identified
“Th2 genes” IL-13, IL-5, IL-10, and GATA-3 (Fig. 1C), extend-
ing the evidence that GFP expression in the G4 model system is
a faithful indicator of differentiation to Th2 status.

In Vivo Requirements for Th2 Differentiation. To assess the role of
IL-4 and STATS® signaling in an in vivo context, WT, IL-4+/G4
STAT6H'*, IL-46%64 STAT6"/*, IL-47/6* STAT6/~, and IL-
46464 STAT6 '~ were infected with the nematode parasite Nb.
The numbers of lymphocytes, CD4 T cells, and CD4* GFP* Th2
cells appearing in the lung-draining mediastinal lymph node
(Md) (Fig. 2), mesenteric lymph node (Ms) [supporting infor-
mation (SI) Figs. S1-S5], and skin draining lymph nodes (d.Ln)
(Figs. S1-S5) were measured during the course of both the
primary and secondary infections. The CD4*GFP* Th2 re-
sponse peaked at day 9-12 after primary infection and day 5-7
after secondary infection. The deletion of IL-4 or STAT6 did not
affect the number of total lymphocytes, CD4* T cells, or
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CD4+*GFP™ T cells appearing at the peak of response, nor were
the kinetics of the expansion or contraction phases significantly
altered (Fig. 2 and Figs. S1-S4). Although previous reports have
indicated that STAT6-specific sites are integral for the estab-
lishment of a memory conformation at the Th2 locus (19), we
found that IL-4- and STATG6-deficient animals did not display
any evidence of a failure to induce a Nb-specific memory Th2
response (12). Furthermore, although it has been observed that
STAT6-deficient animals develop Th2 cells in response to Nb
(16), here we quantify the numbers of CD4*GFP* cells that
evolve during response to Nb, and we demonstrate that neither
IL-4 nor STAT®6 is required for a full Th2 response.

In Vivo-Derived CD4+GFP™* Cells Have a Th2 Gene Expression Pattern.
CD4*GFP* T cells were purified from the lymph nodes of
IL-47/G4 TL-4G%G4 JL-4+/G4 STAT67/~, and IL-4G4G4
STAT6™/~ mouse strains at the day 9 peak of their response to
Nb infection and analyzed for expression of the Th2-associated
genes IL-4, GFP, IL-13, and GATA-3 (Fig. 2E). GFP-expressing
CD4+ cells sorted from IL-4+/64 JL-464G4 11-4*/G4 STAT6~/~,
and IL-4G%G4 STAT6™/~ mouse strains expressed comparable
levels of GFP, IL-13, and GATA-3 mRNA (Fig. 2E). Most
importantly, CD4*GFP* cells from IL-4*/6* and IL-4+/G4
STAT6~/~ mice expressed comparable levels of IL-4, IL-13, and
GATA-3 mRNA, confirming that the CD4*GFP* T cells de-
rived from STAT67/~ mice were “bona fide” Th2 cells. In
particular, this finding implies that GATA-3, known to be
essential for the differentiation in response to Nb infection (20),
is induced in the absence of the engagement of the IL-4/STAT6
pathway.

A comparison of the surface marker phenotype of
CD4*GFP~ and CD4*GFP"* cells derived from Md lymph
nodes at the day 9 peak of infection found significant differences
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In vivo Th2 differentiation after Nb infection proceeds independently of IL-4/STAT6 signaling. Flow cytometric analysis of mediastinal lymph node

responses to primary and secondary intradermal Nb infection in IL-4/* (@), IL-4+/G% (m), and IL-45%G4 (A), IL-4*/* STAT6 /= (O), IL-4 /G4 STAT6~/~ (1), and IL-464/G4
STAT6~/~ (») mice is shown. (A) Kinetics of total live cell counts. (B) Live CD4* cell counts. (C) Percentage of CD4* cells expressing GFP. (D) Total number of
CD4*GFP* cells. Data points shown indicate mean =+ SE from three individual animals. Live infection was performed simultaneously on each strain with data
shown representing an independent experiment. (E) At day 9 after infection, mesenteric lymph node CD4*GFP~ and CD4*GFP™ cells were isolated and sorted
by flow cytometry. Total RNA was isolated from sorted cells and analyzed by real time-PCR for the presence of IL-4, GFP, IL-13, IL-5, and GATA-3 transcripts, as
indicated. For each real-time PCR analysis, data were normalized to 18S RNA, and total mRNA present was calculated by comparison with a serially diluted
standard. Results consistent with the data shown have been obtained in one repeat independent experiment.

in CD62L (Fig. 34), CD44 (Fig. 34), and CD69 (Fig. 3B)
expression consistent with the GFP* cells possessing an activa-
tion phenotype. Although the CD4*GFP™* T cells represent a
relatively minor (3-5%) subset of cells present in the lymph node
at the peak of response, they exhibit a highly activated phenotype
compared with the CD4"GFP~ population. In all three G4
strains analyzed, the CD4"GFP* populations recovered from
the lymph nodes comprised >80% CD44M cells and >50%
CD44Hi CD621" cells. These data indicate that acquisition of the
capacity to express GFP is coincident with a highly activated
surface marker phenotype. Importantly, a comparison of the
activation profiles for both CD4*GFP~ and CD4"GFP* cells
revealed no major difference between each of the mouse strains
analyzed. Taken together, CD4"GFP* cells that develop in
Nb-infected mice exhibit a highly activated phenotype according
to expression levels of CD62L, CD44, and CD69. The finding
that the activation phenotype was similar irrespective of whether
CD4 T cells were isolated from either 1L-47/64, 1L-454G4 or
IL-464G4 STAT6~/~ mice indicates that neither IL-4 nor its key
signaling intermediate STAT6 was needed for generation of fully
activated CD4*GFP* Th2 cells.

Effect of IL-4/STAT6 Deficiency on Th2 Effector Responses. The effect
of IL-4/STAT6 deficiency on Nb infection-induced airway eo-
sinophilia and B cell IgE class switching was found to depend on
IL-4 and STATG signaling, as reported (3, 4) (Fig. 4 A and B).
Furthermore, the recruitment of eosinophils to the airways was
decreased in the absence of IL-4 and almost abrogated in
animals lacking STAT6 (Fig. 4B). Interestingly the absence of
IL-4 did not significantly alter the kinetics of the diminished
eosinophil infiltration, with peak airway eosinophilia occurring
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at day 11 after primary and day 9 after secondary infection in
both models. Serum IgE was followed in the Nb-infected mice by
fluorometric bead assay (FBA) and was only detectable in
samples taken from IL-4-sufficient mice (Fig. 4C). Also, analysis
of the day 15 peak serum IgE response in the indicated mouse
strains confirmed that STAT6 signaling was required for IgE
production (Fig. 4D). These results demonstrate the absolute
requirement for IL-4/STAT6 signaling in the induction of an IgE
response (3, 4) and confirm that the 1L.-464G4 strain represents
a selective and complete inactivation of in vivo IL-4 activity.

Effect of IL-4 Deletion on Other Models of in Vivo TH2 Induction. The
Th2-priming models seen in allergic airway immunity using
keyhole limpet hemocyanin (KLH) sensitization (21), the algD
injection model (22), and the intradermal ear injection model
using dead Nb were also assessed in the G4 assay system (Fig. 5).
Flow cytometric analysis of the number of CD4*GFP* T cells in
the Md lymph node draining the airways of KLH-challenged
mice revealed that similar numbers of CD4"GFP* cells were
induced in both the presence and absence of IL-4/STAT6
signaling (Fig. 54). Similar results were obtained in mice that
were challenged with OVA by the intranasal route (data not
shown), although in all groups the numbers of CD4*GFP™ cells
were lower than those induced by KLH, as would be expected on
the basis of the lower antigenic complexity of OVA compared
with KLH. However, production of IgE was abrogated in the
IL-46%G4 TL-4*/*STAT6/~, and IL-46¥G* STAT6 '~ mice
(Fig. 5B), and levels of BAL eosinophilia were diminished in the
absence of IL-4 and almost fully inhibited in mice lacking STAT6
(Fig. 5C). Similarly, the numbers of CD4*GFP™* T cells induced
by injection of algD mAbs (250 ug of Héa/l and 250 ug of
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Fig.3. Phenotype of in vivo generated CD4"GFP* cells and CD4"GFP~ cells.
(A) Naive IL-4/*, IL-47/G4 |L-4G4G4, |L-4+/* STAT6 /-, and IL-494G4 STAT6 /'~
mice were infected with Nb. At day 9 after infection mediastinal lymph nodes
were harvested, and CD4"GFP* and CD4*GFP~ cells were analyzed for the
expression of CD44 and CD62LI by flow cytometry. (B) CD69 expression in
CD4*GFP~ (shaded) and CD4*GFP* (dashed line) populations was analyzed.
FACS plots are representative of three animals per group. Data shown repre-
sent one of multiple independent experiments.

FF1-4D5) were found to be similar in IL-4+/G4 JL-404G4
IL-4+*STAT6~/~, and IL-45%S* STAT6/~ mice (Fig. 5D).
However, IgE responses were abrogated in the absence of IL-4
or STATG6 as observed (Fig. 5E). Further, when dead Nb were
injected intradermally into the ears of IL-4G4G4 IL-4+/+
STAT69%S* mice (Fig. 5F), no detectable difference could be
detected in the numbers of CD45", CD4*, or CD4*GFP™ cells
present at the peak (day 7) of the ear-draining lymph node
response. Taken together, these data indicate that the IL-4/
STAT6-independent Th2 differentiation observed using the G4
reporter mice represents a genuinely distinct pathway of Th2
induction from that observed when using in vitro culture
conditions.

Discussion

The reigning dogma of Th2 biology remains that IL-4/STAT6
signaling is required for full Th2 differentiation in vivo, after
which Th2 cells orchestrate effector responses to parasitic in-
fections and mediate allergic disease (1, 19, 23-26). To quantify
more accurately the in vivo function of the IL-4/STAT6 signaling
pathway in Th2 immune responses, we used G4 mice to address
the question of how the magnitude, timing, and character of the
Th2 response were affected by the absence of IL-4 and/or STAT6
signaling. In using the G4 murine model system backcrossed to
STAT6~/~ mice, we found that in direct contrast to the obser-
vation that IL-4/STAT6 is absolutely required for in vitro Th2
differentiation, deletion of the Il4 gene or its STAT6-signaling
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*, IgE concentration below the limit of detection.

pathway had little impact on the magnitude or timing of Th2
differentiation in several in vivo settings. Furthermore, the
absence of IL-4 and/or STAT6 did not noticeably alter the
expansion or kinetics of CD4* cells during the memory response,
and in particular there was no discernable decrease in the total
numbers of Th2 cells evoked during the memory response,
further indicating the redundancy of the IL-4/STAT6 signaling
pathway in vivo.

Although IL-4/STATG6 signaling was demonstrated to be dis-
pensable for Th2 differentiation in the four models examined,
IL-4/STAT6 signaling was still found to be essential for key
effector arms of the type 2 response, such as the optimal
induction and migration of eosinophils and for B cell class
switching and production of IgE as shown in previous studies (3,
4, 10, 12, 27). Therefore, a major role for IL-4 is in promoting
and directing type 2 effector responses, whereas it is dispensable
for directing the fate of responding CD4" T cells in the exper-
imental models we have tested. Thus, IL-4 was not required for
robust Th2 induction, including up-regulation of GATA-3, in
responses to living or killed Nb, to induction of airway inflam-
mation to KLH, and in responses to anti-IgD injection. Whether
other in vivo Th2 differentiation processes require IL-4 is not
resolved. For example, Medzhitov and colleagues (28) have
argued that responses to the cysteine protease papain are at least
partially IL-4-dependent. In sum, our data, taken together with
previous results, indicate the existence of a robust pathway of
Th2 differentiation. Among the mechanisms proposed to un-
derlie this “IL-4-independent” Th2 differentiation are responses

van Panhuys et al.
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Effects of IL-4/STAT6 deficiency on CD4*GFP* induction and Th2 effector responses after KLH-induced airway inflammation, anti-IgD injection, or ear

model of Th2 induction. (A) Cytometric analysis of mediastinal lymph node CD4*GFP™* cell numbers. (B) FBA of serum IgE levels after KLH challenge. (C) BAL
eosinophilia after administration of KLH challenge. (D) Cytometric analysis of mediastinal lymph node CD4*GFP* cell numbers. (E) FBA of serum IgE levels at day
7 after administration of algD. Data points shown indicate mean = SE from three individual animals. (F) Cytometric analysis of ear-draining lymph node cell
numbers after injection of 600 dead L3 Nb. Naive mice (open bars), challenged mice (solid bars). Data were compiled from multiple independent experiments.
Statistical analysis was performed by one-way ANOVA with Turkey’s post hoc testing, P < 0.001 except where indicated by ns (no significant difference, P > 0.95).

driven by T cell costimulatory receptors including OX40 (29, 30),
ICOS (31), TIM-1 (32), and Notch Delta/Jagged (33). How these
molecules actually cause Th2 differentiation remains to be
established, and whether additional in vivo pathways exist needs
to be determined.

Methods

Mice. The generation of GFP/IL-4 knockin (G4) mice has been reported in ref.
17. Briefly, G4 mice were backcrossed to BALB/c mice for 10 generations; they
were obtained from the National Institute of Allergy and Infectious Diseases
(NIAID)/National Institutes of Health contract facility at Taconic Farms. BALB/c
and BALB/c STAT6/~ were also obtained from a NIAID/NIH facility. BALB/c
IL-4*/64 mice were obtained by crossing IL-464/G4 mice with BALB/c WT mice.
BALB/c IL-4G%G4 STAT6 '~ mice were obtained by crossing G4 mice with BALB/c
STAT6~/~. BALB/c IL-4G%G4 STAT6~/~ mice were obtained by crossing BALB/c
IL-4G%G4 STAT6 '~ mice with BALB/c STAT6/~. All experimental procedures
involving animals were approved by the Victoria University Animal Ethics
Committee and carried out in accordance with the guidelines set forth by the
Monash Institute of Medical Research and Victoria University. Mice aged 6-12
weeks were used for experimental work, and mice were age-matched for each
individual experiment.

Nb Infection. Nb life cycle was maintained as described. Mice were inoculated
with 600 third-stage larvae by either s.c. or intradermal injection (ear) as
specified. Secondary infection was initiated at day 30 after primary infection.
In experiments that examined responses to a secondary infection in STAT6~/~
mice, primary infections were cured by treating mice by oral gavage with 1 mg
of pyrantel pamoate (Strongid T; Pfizer) before secondary infection (34).
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algD Injection Model. Mice were injected s.c. with 250 g of Héa/1 and 250 ug
of FF1-4D5 Abs in 0.2 ml of PBS. At day 8 after infection animals were
euthanized, lymph nodes were removed, and CD4*GFP* expression was
analyzed by flow cytometry, as described in ref. 22.

KLH Airway Inflammation Model. Mice were primed by injection (i.p.) with 4 ug
of KLH (Calbiochem) in 200 ul of alum (20 pg/ml; Serva). Day 7 after prime
infection, animals were challenged by intranasal application of 100 g of KLH
in 50 ul of PBS (2 mg/ml). Animals were euthanized, and lymph nodes were
removed and analyzed for CD4" GFP expression by flow cytometry, as de-
scribed in ref. 21.

Ear Model of Th2 Induction. Mice were injected with 600 dead Nb L3 larvae
(killed by three freeze/thaw cycles) in the outer dermis of the ear. At indicated
time points, mice were euthanized. The ear draining lymph node was taken,
and single cell suspensions were prepared and analyzed by flow cytometry.

Tissue Preparation. At the time points indicated, mice were euthanized, and cells
were prepared from indicated tissues. Lymphocytes from the BAL were collected
by lavage of the airways (three times with 1 ml of cold PBS). Lymph nodes draining
thes.c. infection site (d.LN), mediastinal lymph nodes (Md), and mesenteric lymph
nodes (Ms) were harvested as indicated, and single-cell suspensions were pre-
pared by passing the organs through a nylon cell strainer. After centrifugation at
200 X g for 4 min, cells were collected, counted, and analyzed further by flow
cytometry. Serum was isolated from blood, which was removed from the inferior
vena cava and incubated at 4°C for 12 h before centrifugation at 3,000 X g and
removal of serum supernatant.

Flow Cytometry. Flow cytometry reagents were purchased from BD Bio-
sciences. All cell suspensions were first incubated with 2.4G2 to block nonspe-
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cific binding of antibodies to Fc receptors. The following mAbs were used:
CD45-PE, B220-biotin, CD4-APC, CD4-PerCp, IL-4APC, and IFNy-PE. Flow cy-
tometry data were acquired on a FACSCalibur (Becton Dickinson) flow cytom-
eter. Data were analyzed by using FlowJo (TreeStar) software. Cell sorting was
conducted by using a FACSVantage SE (Becton Dickinson).

Cell Culture. For Th2 culture Ms LN cells were isolated as previously outlined
and stimulated (3 X 108/ml) in tissue culture plates coated with «CD3 (5 ug/ml)
in Iscoves modified Dulbecco’s medium, 5% FCS with «CD28 (37:51, 1:50) inthe
presence of IL-2 (100 units/ml), IL-4 (1,000 units/ml), and IL-6 (2 ng/ml) for 5
days. Cells were then rested in Iscoves modified Dulbecco’s medium, 5% FCS
and IL-2 (100 units/ml) for 2 days. For restimulation, purified cells were
cultured on tissue culture plates coated with 10 ug/ml «CD3 cells for 6 h in the
presence of aCD28 (37:51, 1:50) and IL-2 (100 units/ml). For intracellular
staining, Monensin was added for the last 2 h; quantitative PCR cells were
taken at 6 h.

Quantitative RT-PCR. Total RNA was isolated using TRIzol (Invitrogen), and
cDNA was made using the SuperScript lll first-strand synthesis systems for
RT-PCR (Invitrogen), according to the manufacturer’s directions. Quantitative
real-time PCR analysis was performed on a 7500 Real Time PCR system (Applied
Biosystems). Primers and MGB and FAM MGB probe sets for the murine
cytokines IL-4, IL-5, IL-10, IL-13, GATA-3, and 18S ribosomal RNA (VIC MGB
probe) were purchased from Applied Biosystems.

Primers and MGB probes for eGFP were custom-made by Applied Biosys-
tems. Sequences for GFP primers and MGB probes are 5'-GCTACCCCGACCA-
CATGAAG-3’, 5'-CGGGCATGGCGGACTT-3’, and 5'-FAM-CAGCACGACT-
TCTTC-3'. Relative and absolute quantification were conducted as described
(35, 36). Briefly, cytokine-specific DNA was generated using the probe sets
outlined. The DNA generated were run on 2% agarose gel with low DNA mass
ladder (Invitrogen) to determine the concentration of DNA present. Serial
dilutions of specific DNA were run in parallel with samples being tested to
allow construction of a standard curve and calculation of specific cDNA
concentration in each sample.

FBA. A polylink coupling kit (Bangslab) was used to bind IgE (R1E4) to carboxy-
lated polystyrene beads (Bangslab) according to product protocol. Briefly, beads
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were washed [10 mM Tris (pH 8.0), 0.05% BSA, 0.05% ProClin 300] and resus-
pended in coupling buffer [50 mM Mes (pH 5.2), 0.05% ProClin 300) before the
addition of 200 mg/ml EDAC solution (carbodiimide 750) and 70 g of Ab per 5 X
107 beads. Beads were then incubated at room temperature with mixing for 1 h.
Beads were then washed again in wash buffer and stored at 4°C until required.
Samples for analysis were prepared for analysis in Costar V-bottomed 96-well
plates (Sigma-Aldrich). Ab-coated beads (1,000 per well) were added to wells
prewetted with FBA buffer (0.5% BSA, 0.01% NaAz, 0.05% Tween 20), and beads
were washed with PBS. Samples to be tested were diluted in FBA buffer and
added to wells. Purified IgE was serially diluted in FBA buffer and added to the
corresponding wells. Biotinylated detector reagents IgE (12.3) at 10 ug/mlin FBA
buffer were added to corresponding wells and incubated at room temperature
in the dark for 10 min. Wells were then washed twice with FBA buffer. Strepta-
vidin-FITC (BD PharMingen) was diluted 1:1,000 in FBA buffer and added to wells,
followed by incubation at room temperature in the dark for 10 min. Beads were
then washed as above and resuspended in FBA buffer for analysis. Sample
acquisition was conducted in a fluorescence-activated cell sorter (FACS) array
(Becton Dickinson), and data were analyzed using FlowJo; at least 50 beads per
sample were analyzed. Standard curves and regression analysis were calculated
with Prism (GraphPad).

Statistical Analysis. Statistical analysis for Fig. 5 was performed using one-way
ANOVA with Turkey’s post hoc testing to compare column variances. P> 0.001
except where indicated by ns (no significant difference detected). Day 0
IL-4+/G4 n = 15 and IL-4%4G4 STAT6~/~ n = 8, day 8 IL-4+/G4 n = 31 and IL-4G4/G4
STAT6~/~ n = 8. Data were compiled from multiple experiments (Fig. S5).
Statistical analysis was performed with Prism, using two-tailed Mann-
Whitney U testing (*, P < 0.95, n = 3), with 2 degrees of freedom.
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