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Abstract
IL-4 promotes Th2 differentiation and provides immunity to helminth infections but is also
associated with allergy and asthma. This suggests that precise adjustment of IL-4 responsiveness
is needed to correctly balance immune responses. The IL-4Rα chain is an essential component of
the IL-4 receptor and signals via STAT6. In this study, we show that infection with a helminth
pathogen elicited broad upregulation of IL-4Rα on bystander CD4+ T cells in the draining lymph
node, while simultaneously resulting in the loss of IL-4Rα expression on activated Th2 cells.
IL-4Rα upregulation was restricted to the reactive lymph node, occurred within 4 d of infection,
and was driven by an IL-4– and STAT6–dependent mechanism. Mice heterozygous for Stat6
exhibited reduced IL-4Rα upregulation and a correspondingly attenuated Th2 response. Indeed,
the enhanced IL-4Rα upregulation in BALB/c mice, compared with that in C57BL6 mice,
predicted their stronger Th2 response. The selective downregulation of IL-4Rα on highly activated
Th cells was triggered by antigenic stimulation, was accompanied by loss of IL-7Rα, and rendered
the cells unresponsive to IL-4. Together these data reveal a tightly controlled program of changing
IL-4 responsiveness that characterizes the initiation, amplification, and restriction of a Th2
response in vivo.

Helminth parasites elicit Th2 responses in their hosts, defined by cytokines such as IL-4,
IL-5, and IL-13 and high levels of IgE and IgG1 (1–3). IL-4 has a particular importance in
orchestrating Th2 responses. Of the canonical Th2 cytokines, IL-4 alone can promote the
priming of Th2 cells in vitro (4,5), is critical for the Th2 cytokine response to helminth
infection (6), and instructs B cells to class switch to IgG1 and IgE (7,8). Effective Th2
polarization contributes to host survival during helminth infection (9) and is required for
lasting immunity against reinfection (10). However, Th2 differentiation also is associated
with allergy and asthma (11), suggesting that control of IL-4 responsiveness is key.

IL-4 signals through either the type I IL-4 receptor, which comprises IL-4Rα and the
common γ (γc) chain, or the type II IL-4 receptor in which IL-4Rα is paired with IL-13Rα1
(12). In both cases, signal transduction is mediated by the phosphorylation of STAT6 (12–
15). Expression of each of the IL-4 receptor subunits is restricted to specific cell
populations: naive T lymphocytes possess only the type I receptor, whereas
nonhematopoeitic cells predominantly use only the type II receptor, and monocytes and
macrophages are unusual in their expression of both (12). The precise expression pattern of
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the IL-4 receptors determines the contrasting cytokine sensitivities of different cell types
(16).

In vitro, IL-4 stimulation of naive CD4+ T cells results in rapid upregulation of surface
IL-4Rα (17), a process that involves increased transcription of the Il4ra gene and de novo
protein synthesis (18,19). A recent study by Leonard and colleagues (20) reported that
IL-4Rα expression is enhanced by IL-2 signaling, thereby facilitating Th2 differentiation in
vitro. However, the in vivo significance of these observations remains unclear.

In this study, we use both in vitro cocultures of naive, responder, and bystander CD4+ T
cells and infection with a murine helminth parasite to examine the regulation of IL-4Rα
expression and IL-4 responsiveness during the development of the Th2 response. We show
that IL-4Rα is upregulated on nonactivated, bystander CD4+ T cells by cytokine stimulation
but is profoundly downregulated on highly activated Th cells in response to Ag encounter.
Thus, changes in IL-4Rα expression and the different sensitivities to IL-4 that they confer
define distinct stages of initiation, amplification, and termination during Th2 progression in
vivo.

Materials and Methods
Mice

4get (C.129-Il4tm1Lky/J) (21) and KN2 (22) IL-4 reporter mice and IL-4−/− (KN2
homozygotes), IL-4Rα−/− (23), STAT6−/− (C.129S2-Stat6tm1Gru/J) (24), TCRα−/− (25), and
Yeti IFN-γ reporter mice (26) were on a BALB/c CD90.2 or CD90.1 genetic background.
4get mice on a C57BL/6 CD90.2 background were backcrossed for >10 generations. TCR
transgenic mice specific for the Salmonella typhimurium flagellin427–441 epitope (SM1) (27)
were used on a C57BL/6 RAG2−/−, CD90.1+ background; TCR transgenic mice specific for
I-Ad–restricted epitopes of OVA (DO11.10) (28) and influenza virus hemagglutinin (HNT)
(29) were used on BALB/c CD90.2+ and BALB/c CD90.1+ backgrounds, respectively.
Animals were kept under specific pathogen-free conditions in filter-top cages at the animal
facility of the Trudeau Institute and were used at 8–12 wk old. All of the experimental
procedures involving mice were approved by the Institutional Animal Care and Use
Committee.

Infections and immunizations
Mice were inoculated by gavage with 200 Heligmosomoides polygyrus infective third-stage
larvae, as described (22). Two hundred H. polygyrus larvae were used for s.c. immunization.
In Toxoplasma gondii infections, mice were given 10 cysts ME49 by gavage as described
(30).

Flow cytometry and cell sorting
The following mAbs against mouse Ags were used as biotin, FITC, PE, allophycocyanin,
Alexa Fluor 750, or Pacific Blue conjugates: CD4 (RM4–5), CD25 (7D4), CD44 (IM7),
CD90.1 (CD90.1; OX-7), CD124 (IL-4Rα, M1), CD127 (IL-7Rα; A7R34), and CD132
(IL-2Rγc; 4G3). Additional reagents included anti-human CD2 (RPA-2.10), streptavidin-PE,
and streptavidin-allophycocyanin. Dead cells were discriminated by the addition of
propidium iodide (0.5 µg/ml; Sigma-Aldrich, St. Louis, MO) and excluded from the
analyses. Surface staining with mAb was performed as described (22). Phosphorylation of
STAT6 at tyrosine 641 (pY641) and total STAT6 were detected by intracellular staining
with the Phosflow kit (BD Biosciences, San Jose, CA) according to the manufacturer’s
instructions. Samples were acquired on a FACSCalibur or Canto II flow cytometer (BD
Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR) software. Cell sorting
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was performed on a FACSVantage flow cytometer (BD Biosciences) equipped with DiVa
electronics.

Cell cultures
For 24-h activation, naive (CD44lo) CD4+ T cells were sorted from pooled lymph node cells
from either DO11.10 or HNT TCR transgenic mice and cocultured (5 × 105 cells per
milliliter) with irradiated APCs (5 × 106 cells per milliliter), using either TCRαβ−/−

splenocytes or IL-4−/− splenocytes depleted of CD4+ and CD8+ cells by MACS.
Recombinant IL-4 (0.5 ng/ml), OVA323–339 peptide (2 µM), and neutralizing Abs against
IL-2 (S4B6, 20 µg/ml) or IL-2Rα (PC61, 20 µg/ml) were included as indicated. For 8-d
cultures, naive CD4+ T cells were likewise sorted from 4get mice and stimulated with plate-
bound anti-CD3 (145-2C11, 10 µg/ml) and anti-CD28 (37.51, 5 µg/ml) in the presence of
IL-2 alone (10 U/ml; “neutral” conditions); IL-2, IL-4, and anti-IFNγ (10 U/ml, 50 ng/ml,
and 20 µg/ml, clone XMG1.2; “Th2”); or IL-2, IL-12, and anti–IL-4 (10 U/ml, 5 ng/ml, and
20 µg/ml, clone 11B11; “Th1”). Cells were recovered on day 3, rested in IL-2 alone, and
restimulated with anti-CD3 on day 7. Flow cytometric analysis was performed 24 h later. To
test the IL-4 responsiveness of CD4+ T cells, mesenteric lymph node (mesLN) cells from
14-d H. polygyrus infected 4get mice were first incubated with anti–IL-4 (11B11, 20µg/ml)
for 1 h, washed extensively, and then cultured in the absence or presence of IL-4 (50 ng/ml)
for 15 min. Subsequent flow cytometric analysis was gated on CD4+ T cells.

Quantitative RT-PCR
RNA was extracted from sorted cell populations using the RNAqueous-4PCR kit (Ambion,
Austin, TX) and reverse transcribed with Superscript II RNase H (Invitrogen, Carlsbad, CA)
with oligo(dT)18 priming. Quantitative real-time RT-PCR with specific primers and probes
(22) was performed using an ABI Prism 7700 Sequence BioDetector according to the
manufacturer’s instructions (TaqMan; PE Applied Biosystems, Foster City, CA).
Additionally, we designed primers and probes to discriminate the alternative splice variants
of the IL-4Rα mRNA (31,32):

membrane IL-4R (mIL-4R) forward, 5′-CTACTATACGGCGCGTGTGAT-3′ (exon 7);

mIL-4R reverse, 5′-GCAGCTGGAAGTGGTTGTACCA-3′ (exon 9);

mIL-4R probe, 5′-TCCCAGATACTCACTGGCACCTGGA-3′;

soluble IL-4R (sIL-4R), forward 5′-CTACTATACGGCGCGTGTGAT-3′ (exon 7);

sIL-4R reverse, 5′-CCGTGAGCTCTCCTCACC-3′ (exon 8);

sIL-4R probe, 5′-TCCCAGATACTCACTGGCACCTGGA-3′.

Control experiments established a >95% efficiency of serial 10-fold dilutions, and no
amplification was detected within 40 cycles with mRNA isolated from IL-4Rα−/−

lymphocytes. Cycle threshold values for GAPDH were routinely between 17 and 20 cycles.

Adoptive transfers
To assess the Ag specificity of IL-4Rα upregulation, 1 × 107 lymphocytes from pooled
spleen and lymph nodes of naive SM1 × RAG2−/− × CD90.1+ TCR transgenic mice were
transferred i.v. into naive or 14d H. polygyrus infected C57BL/6 CD90.2+ 4get mice, and
recipient mesLNs were taken 18 h later. To assess the longevity of IL-4Rα upregulation, 2 ×
107 mesLN cells from 4get CD90.1+ mice infected with H. polygyrus 14 d earlier were
transferred i.v. into naive or 14d H. polygyrus infected 4get CD90.2+ recipients. Twenty-
four hours later, mesLN cells were harvested from the recipient mice and analyzed by flow
cytometry.
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Mixed bone marrow chimeras
To compare wild-type (WT) and gene-deficient cells in the same animal, 4get CD90.1+ cells
were lethally irradiated (950 rad) and reconstituted with a total of 1 × 107 donor bone
marrow (BM) cells from WT 4get CD90.1+ mice mixed in equal parts with either STAT6−/−

4get CD90.2+ or IL-4−/− CD90.2+ BM cells.

To generate chimeras with a defined population of TCR transgenic cells, C57BL/6 4get
CD90.2+ mice were lethally irradiated and reconstituted with 10% SM1 × RAG2−/− ×
CD90.1+-derived and 90% WT C57BL/6 4get CD90.2+ BM. Mice were allowed to
reconstitute for 6–8 wk before infection.

Statistical analysis
The differences between two data sets were assessed using Student t test. Significant values
are denoted by the following symbols: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.

Results
Opposite effects of cytokine and antigenic stimulation on IL-4Rα expression

To investigate changes in the surface expression of the IL-4Rα chain during Th2
development, we first used a highly defined in vitro system. To mimic the presence of Ag-
specific and nonspecific populations in a reactive lymph node, we sort purified naive
(CD44lo) CD4+ T cells from DO11.10 and HNT TCR transgenic mice, which have distinct
Ag specificities, and cocultured them in the presence of irradiated APCs (Fig. 1A). In the
absence of stimulation, DO11.10 (CD90.1−) and HNT (CD90.1+) T cells expressed identical
levels of IL-4Rα. As predicted (12,17), the addition of IL-4 resulted in the upregulation of
IL-4Rα on both populations within 24 h. When DO11.10 cells (CD90.1−) were selectively
stimulated with OVA peptide, IL-4Rα expression was substantially reduced on the Ag-
specific population but increased on the bystander HNT cells (CD90.1+) present in the same
culture. Reciprocal results were obtained when the HNT population was selectively
stimulated with the hemagglutinin peptide: Ag-responsive cells lost receptor expression,
whereas cocultured and nonspecific cells instead upregulated IL-4Rα. Although only ~50%
of the HNT donor CD4+ T cells reacted to the hemagglutinin peptide, as described (29),
costaining confirmed that the loss of IL-4Rα was restricted to activated, CD25+ cells,
whereas the nonactivated, CD25− cells upregulated IL-4Rα like the defined bystander
DO11.10 cells (Fig. 1B). Of note, the increase in IL-4Rα expression on bystander cells
elicited by either recombinant IL-4 or the activation of specific T cells occurred despite the
absence of CD25, the high-affinity IL-2Rα chain, on these cells (Fig. 1). Moreover, neither
the addition of a neutralizing anti–IL-2 nor a blocking IL-2RmAb caused any inhibition of
the upregulation of IL-4Rα (data not shown), and activated DO11.10 cells downregulated
IL-4Rα despite robust CD25 expression (Fig. 1A). IL-2 signals therefore appear to be
dispensable for the induction of IL-4Rα on naive CD4+ T cells in vitro.

Together these data indicate that IL-4Rα expression on CD4+ T cells can be differentially
regulated by antigenic stimulation and IL-4 signals and that the primary activation of naive
CD4+ T cells by their cognate Ag is sufficient to alter receptor expression on bystander
CD4+ T cells.

Regulation of IL-4Rα expression during helminth infection
To assess whether a similar modulation of IL-4Rα also occurs during Th2 development in
vivo, we infected WT and IL-4Rα−/− 4get IL-4 reporter mice with the enteric helminth
parasite H. polygyrus and analyzed CD4+ T cells in the draining mesLNs 2 wk later. In 4get
mice, GFP fluorescence marks IL-4 expression and indicates prior Ag encounter (21,33).
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Consistent with our in vitro observations (Fig. 1), IL-4Rα expression was increased on the
majority of CD4+ T cells in infected animals (Fig. 2A). These cells appeared to represent
pathogen nonspecific bystanders, as denoted by their high frequency, their lack of GFP
expression, and their predominantly CD44lo CD25− phenotype (Fig. 2B). A small subset of
CD4+ T cells, with a GFP+ and CD44hi phenotype suggestive of Ag experience, instead
displayed a profound downregulation of the IL-4Rα to a level equivalent to that of
IL-4Rα−/− cells (Fig. 2A, 2B). Expression of the γc chain, which pairs with IL-4Rα to form
the type I IL-4R, was not changed in response to infection (data not shown and Fig. 6A).

To formally confirm that the enhanced IL-4Rα expression seen in the bulk population of
mesLN CD4+ T cells after H. polygyrus inoculation (Fig. 2A) was a feature of cells with
TCR specificities irrelevant to the current infection, we transferred CD4+ T cells from SM1
TCR transgenic mice into naive or H. polygyrus infected C57BL/6 hosts and analyzed
IL-4Rα expression 18 h later (Fig. 2C). SM1 cells recognize the flagellin427–441 epitope of
S. typhimurium (27), a bacterium phylogenetically distant from the helminth parasite H.
polygyrus. We used SM1mice on a RAG2−/− background to exclude the possibility of
confounding endogenous TCR rearrangements. As shown in Fig. 2C, Salmonella-specific
SM1 CD4+ T cells upregulated IL-4Rα expression within 18 h to a level equivalent to that of
the endogenous cells of the infected host.

Our in vitro data suggested that this heightened IL-4Rα expression on bystander cells could
be triggered as a consequence of antigenic stimulation of naive CD4+ T cells. To test
whether the activation of Ag-specific T cells is also required for increased IL-4R expression
on CD4+ T cells in vivo, we infected intact DO11.10TCR transgenic mice and WT controls
with H. polygyrus and analyzed IL-4Rα expression 2 wk later (Fig. 2D). In DO11.10
animals, all of the cells, including CD4+ T cells, are competent to make IL-4. However, their
TCR specificity is restricted to the OVA323–339 epitope, and consequently, very little or no
Ag-mediated activation of CD4+ cells can occur during H. polygyrus infection. Basal
IL-4Rα expression was identical on CD4+ T cells from naive mice of both groups, but those
of DO11.10 animals failed to increase IL-4Rα expression upon H. polygyrus infection. This
suggests that antigenic stimulation of CD4+ T cells is required for IL-4R upregulation in
vivo.

IL-4Rα upregulation is restricted to the draining lymph node
To determine whether the IL-4Rα upregulation in H. polygyrus infected animals is driven by
local signals or represents a systemic event, CD4+ T cells in the draining mesLNs and
nondraining lymph nodes were analyzed in WT mice that were infected orally with H.
polygyrus 2 wk earlier. In naive mice, CD4+ cells from mesLNs and peripheral lymph nodes
displayed equivalent basal levels of IL-4Rα. However, 2 wk after H. polygyrus infection,
IL-4Rα expression was higher in the mesLNs than in nondraining lymph nodes (Fig. 3A).
Similarly, the s.c. injection of live H. polygyrus larvae, which are known to elicit local Th2
responses in the absence of patient infection [(34) and data not shown], into one footpad
triggered IL-4Rα upregulation in the draining popliteal lymph node but not in the
contralateral popliteal lymph node, the mesLN, or any other nondraining lymph node (Fig.
3B and data not shown).

The presence of IL-4Rαhi cells in only the draining lymph nodes suggested that IL-4Rα
expression is increased in response to local stimuli. To test this, we transferred IL-4Rαhi

CD4+ T cells from the mesLNs of 2-wk H. polygyrus infected mice into either naive or H.
polygyrus infected congenic hosts. The IL-4Rα expression on donor cells adjusted within 24
h to a level equivalent to that of CD4+ host T cells in the local environment: transferred cells
recovered from the mesLNs of naive hosts had downregulated IL-4Rα expression to basal
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levels, whereas those isolated from infected hosts maintained an IL-4Rαhi phenotype (Fig.
3C).

Increased IL-4Rα expression is dependent on IL-4 and direct STAT6 signaling
On the basis of our in vitro data (Fig. 1) and published observations (14,17,23), we
hypothesized that the local signal driving the upregulation of IL-4Rα in vivo is IL-4. To
examine this, we infected WT, IL-4−/−, and STAT6−/− mice with H. polygyrus and analyzed
IL-4Rα expression 2 wk later. Indeed, both IL-4−/− and STAT6−/− animals failed to increase
IL-4Rα expression on CD4+ cells upon infection (Fig. 4A).

To determine whether the upregulation of IL-4Rα expression in vivo requires direct IL-4
and STAT6 signaling, we generated mixed BM chimeras by reconstituting lethally
irradiated, WT recipients (CD90.1) with BM from WT mice (CD90.1) mixed 1:1 with either
CD90.2 IL-4−/− or CD90.2STAT6−/− BM. This approach allowed us to compare the gene-
deficient populations with WT control cells in the same animal. As shown in Fig. 4B, WT
and STAT6−/− or IL-4−/− cells in naive BM chimeras expressed identical levels of IL-4Rα.
However, 2 wk after infection with H. polygyrus, STAT6−/− cells failed to upregulate the
IL-4Rα, whereas IL-4−/− cells increased expression equivalently with their WT counterparts.
These data show that CD4+ T cell-intrinsic STAT6 signals are required for IL-4Rα
upregulation, whereas paracrine sources of IL-4 are sufficient.

Stat6 heterozygous animals have been reported to exhibit reduced IL-4 responsiveness
compared with that of WT littermates (35). Because STAT6 is required for IL-4Rα
upregulation in H. polygyrus infected mice, we reasoned that the phenotype observed in
Stat6 heterozygous animals might be at least in part due to impaired IL-4Rα upregulation.
As shown in Fig. 4C, in H. polygyrus infected Stat6+/− animals, the haplosufficiency
translated directly into decreased STAT6 protein abundance and, importantly, into reduced
upregulation of IL-4Rα surface expression on the bystander population of GFP− CD4+ cells
in the mesLNs. Using Stat6+/− and Stat6−/− mice crossed onto the 4get IL-4 reporter
background, we analyzed the magnitude of the Th2 response. Infection of Stat6
heterozygous animals with H. polygyrus elicited a frequency of GFP+ Th2 cells that was
intermediate between those of WT and STAT6−/− controls (Fig. 4C). The total number of
GFP+ cells followed the same trend but did not reach statistical significance (Fig. 4C).
Together these data show that IL-4Rα expression is increased on CD4+ T cells during
helminth infection by an IL-4- and STAT6-dependent mechanism. Paracrine sources of IL-4
are sufficient, but cell-intrinsic STAT6 signals are indispensable.

Early IL-4Rα expression predicts the size of the ensuing Th2 response
IL-4 drives both IL-4Rα upregulation and Th2 differentiation, which suggests that the two
effects might comprise a positive feedback amplification loop. To investigate this, we
performed kinetic studies in WT 4get IL-4 reporter mice to identify the temporal relation
between IL-4Rα induction and Th2 differentiation during the onset of an H. polygyrus
infection. Surface expression of IL-4Rα on bystander, GFP− CD4+ T cells increased
markedly between 3 and 4 d after infection, a time point coincident with the earliest
indication of Th2 development (Fig. 5A). Indeed, the first IL-4 production by T cells,
revealed by huCD2 expression in 4get/KN2 IL-4 dual-reporter mice (22), also was detected
at this time (Fig. 5A). Together with previous data (Fig. 4), this suggested that IL-4Rα
upregulation occurs rapidly, initiated by early IL-4 expression.

To explore whether the extent of early IL-4R upregulation influences the magnitude of the
subsequent Th2 response, we compared 4get IL-4 reporter mice on BALB/c and C57BL/6
genetic backgrounds. BALB/c mice characteristically show sustained and enhanced Th2
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development, relative to that of C57BL/6 animals (36). Although basal IL-4Rα expression
was similar on mesLN CD4+ T cells from both strains, by 4 d after H. polygyrus infection,
cells from BALB/c mice expressed markedly higher levels of IL-4Rα than those from
C57BL/6 animals (Fig. 5B). This was consistent with an enhanced, earliest detectable IL-4
expression in BALB/c versus C57BL/6 mice (data not shown). Importantly, subsequent Th2
expansion was correspondingly stronger in BALB/c mice than that in C57BL/6 mice (Fig.
5B).

Loss of IL-4Rα expression occurs in highly activated Th2 cells
Although IL-4Rα expression was generally increased on CD4+ cells in the mesLNs of H.
polygyrus infected animals, GFPhi cells downregulated IL-4Rα to levels equivalent to those
of IL-4Rα−/− cells (Fig. 2). To analyze the loss of IL-4Rα expression in relation to Th2
differentiation, we infected 4get IL-4 reporter mice with H. polygyrus and examined mesLN
cells 14 d later. Downregulation of IL-4R was specific for the IL-4Rα component of the type
I IL-4R complex because expression of its partner subunit, the γc chain, was not altered
(Fig. 6A). Interestingly, the IL-7Rα chain, which also depends on the γc chain for signal
transduction, was also markedly downregulated in GFPhi cells (Fig. 6A).

We have previously shown that in 4get mice enhanced GFP fluorescence correlates with
increased IL-4 transcript levels and the production of IL-4 protein in GFPhi cells (22). To
test whether the loss of IL-4Rα expression was associated with IL-4 production in vivo, we
analyzed CD4+ T cells in the mesLNs of H. polygyrus infected 4get/KN2 IL-4 dual-reporter
mice (Fig. 6B). Indeed, although IL-4Rα expression on GFPlohuCD2− cells was reduced
compared with that on the GFP− population, essentially all of the GFPhihuCD2+ cells had
lost IL-4Rα expression [Fig. 6B and (22)].

The absence of surface IL-4Rα on IL-4–producing Th2 cells could indicate either globally
reduced expression of the full-length mIL-4Rα mRNA or alternative splicing to sIL-4Rα
RNA (31,32). To distinguish these possibilities, CD4+ T cells with GFP−huCD2−,
GFPlohuCD2−, and GFPhihuCD2+ phenotypes were sorted from the mesLNs of H.
polygyrus infected 4get/KN2 mice and analyzed by quantitative PCR for the expression of
the respective IL-4Rα mRNA species. The abundance of both IL-4Rα mRNA species was
substantially decreased in all of the GFP+ cells as compared with that of the GFP− cells, and
there was no apparent skewing toward the alternatively spliced sIL-4Rα mRNA in either
GFP+ population (Fig. 6C). The sort purity was internally confirmed by the direct
correlation between the abundance of IL-4 transcripts and the intensity of GFP fluorescence
(Fig. 6C) (22).

IL-4Rα downregulation in vivo is induced by TCR engagement and renders the cell
unresponsive to IL-4

The data above indicated that the loss of IL-4Rα expression in GFPhi CD4+ T cells is
associated with highly polarized Th2 cells. From our in vitro data (Fig. 1) and because acute
TCR activation results in increased IL-4 mRNA expression, the production of IL-4 (22), and
a substantial downregulation of IL-7Rα expression (37), we reasoned that antigenic
stimulation could be responsible for the IL-4Rα downregulation that occurs in vivo. To test
this, we sought an experimental approach in which an identifiable population of CD4+ T
cells is present throughout the course of a H. polygyrus infection but cannot receive TCR
stimulation by H. polygyrus Ags. Because it is difficult to track adoptively transferred naive
CD4+ T cells for extended periods of time, particularly in the presence of an ongoing,
irrelevant immune response, we devised a BM chimeric approach. Lethally irradiated
CD90.2 C57BL/6 4get mice were reconstituted with BM comprising 10% SM1 × RAG2−/−

× CD90.1 (27) and 90% WT cells. The TCR transgenic BM provided an internal source of
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CD4+ T cells unable to recognize H. polygyrus derived Ags. Eight weeks after
reconstitution, the CD4+ T cell compartment contained a stable population of 6–14% SM1
TCR transgenic cells that expressed IL-4Rα levels identical to those of the polyclonal
nontransgenic population. As expected from Fig. 3, H. polygyrus infection caused increased
IL-4Rα expression on both the polyclonal WT and the Salmonella-specific SM1 CD4+ T
cells (Fig. 7A). However, unlike cells within the WT population, none of the SM1 cells
displayed reduced IL-4Rα expression, despite their presence throughout the 2-wk course of
infection. These data show that Ag nonspecific cells do not downregulate IL-4Rα expression
despite their presence in the reactive lymph node, suggesting that TCR engagement is
required for this process.

To assess the functional consequence of the loss of IL-4Rα on activated Th2 cells, we tested
their ability to phosphorylate STAT6 in response to IL-4 stimulation. Lymphocytes from
mesLNs of H. polygyrus infected 4get or 4get × IL-4Rα−/− mice were cultured for 15 min in
the absence or presence of IL-4, and CD4+ T cells were analyzed for the presence of
phosphorylated STAT6 (Fig. 7B). In contrast to GFP− and GFPlo cells, the GFPhi cells,
which show pronounced IL-4Rα downregulation (Fig. 6B), did not phosphorylate STAT6 in
response to IL-4 stimulation; instead, they behaved equivalently to the IL-4Rα−/− cells that
served as negative controls. These findings were corroborated in similarly infected and
analyzed 4get/KN2 dual-reporter mice in which IL-4–producing GFPhi huCD2+ cells that
have lost surface expression of IL-4Rα [Fig. 6B and (22)] failed to phosphorylate STAT6
upon IL-4 stimulation (Fig. 7C). Importantly, the absence of STAT6 phosphorylation in
GFPhi cells was not due to the loss of STAT6 protein per se (Fig. 7D). These experiments
illustrate that the selective downregulation of IL-4Rα on IL-4–producing GFPhi Th2 cells
renders them unresponsive to IL-4.

To explore whether the loss of IL-4Rα and IL-4 responsiveness is limited to activated Th2
cells or is elicited by TCR signals regardless of the Th subset, we first polarized naive, 4get
CD4+ cells in vitro. The cultures were rested and restimulated by TCR ligation. All of the
cells, whether polarized under Th2, Th0, or Th1 conditions, displayed pronounced
downregulation of IL-4Rα upon TCR stimulation (Fig. 7E). To confirm this observation in
vivo, we analyzed IL-4Rα expression on highly polarized Th1 cells induced by acute
infection with the protozoan parasite T. gondii. Using both Yeti IFN-γ reporter (26) and 4get
IL-4 reporter mice, we assessed IL-4Rα expression on CD4+ T cells 7 d after T. gondii
infection (Fig. 7F). Indeed, CD4+ T cells that expressed high levels of the yellow fluorescent
protein (YFP) IFN-γ reporter selectively lost IL-4Rα expression. As expected, T. gondii did
not induce any expression of IL-4, illustrated by the absence of GFP in infected 4get mice,
and consequently, IL-4Rα expression was not increased on YFP− or GFP− bystander cells
(Fig. 7F). These data suggest that TCR engagement triggers a reduction in IL-4Rα
expression on CD4+ T cells irrespective of their Th polarization.

Discussion
IL-4 plays a key role in governing Th2 development (4–6,8). IL-4 expression is tightly
regulated (21,22,38,39), but its impact also depends on the ability of target cells to bind the
cytokine and transmit IL-4 signals. In this study, we demonstrate that the Th2 response to a
murine helminth pathogen involves a series of precise adjustments in IL-4R expression.
Infection triggers both a rapid upregulation of the IL-4Rα chain on the bystander majority of
CD4+ T cells in the draining mesLN and a profound downregulation on the Ag-activated
population. Increased IL-4Rα expression is elicited by IL-4, and its loss occurs in response
to TCR engagement. We propose that the different effects of cytokine and Ag on IL-4R
expression result in a series of changes in IL-4 sensitivity that guide the initiation,
expansion, and restriction of Th2 development.
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Many studies have examined the sources and kinetics of IL-4 production during infection
(21,22,38,40), but only recently has attention focused on the regulation of IL-4
responsiveness (16,41,42). There is precedence for the differential expression of cytokine
receptors rather than cytokine production playing a decisive role in vivo. In acute
lymphocytic choriomeningitis virus infection, the transition from an effector phenotype into
a long-lasting memory CD8+ cell correlates with persistent IL-7Rα expression (43); cells
lacking a functional receptor unit are eliminated during immune contraction (44). In a Th2
context, myeloid cells determine their response to IL-3, IL-5, and GM-CSF, which signal
through a common receptor β-chain, by selective expression of the cytokine-specific α-
subunits (45). Indeed, it has recently been proposed that the contrasting regulatory and
effector functions of IL-4 and IL-13, respectively, are the consequence of differential
receptor expression on specific target cells, conferring distinct patterns of cytokine
sensitivity (16).

In this study, we show that a single cell type, the CD4+ T lymphocyte, modulates its
expression of the IL-4 receptor during Th2 differentiation in vivo. STAT6 signaling
mediates IL-4 function, and although IL-4 expression can be STAT6-independent (39),
STAT6−/− cells, like IL-4Rα−/− cells, do not respond to IL-4 stimulation (12–15,23,46).
Targeted deletions of both Il4ra and Stat6 have revealed gene dosage effects in
heterozygous mice, indicating that a 2-fold alteration in IL-4Rα/STAT6 signaling has
functional significance: heterozygous Il4ra animals display an intermediate disease
phenotype in situations of Th2-mediated pulmonary and pancreatic inflammation compared
with those of WT and IL-4Rα-deficient controls (47,48). Similarly, the reduced IL-4R
signaling capacity of Stat6 heterozygotes causes sufficiently impaired Th2 development
such that, in contrast to WT littermates, these mice are as resistant to Leishmania major
infection as STAT6−/− animals (35).

Our observation that IL-4 alone is sufficient for the upregulation of IL-4Rα is in contrast to a
recent study that proposed a critical role for IL-2 signals in the same process in vitro (20).
The discrepancy may reflect the different culture regimes employed in the two studies: we
analyzed naive TCR transgenic CD4+ T cells within the first 24 h of peptide stimulation,
whereas Liao et al. (20) examined cells that were preactivated with anti-CD3 and anti-CD28
for 2 d and then rested overnight prior to their exposure to IL-2. We and others have
previously shown that naive CD4+ T cells undergo substantial cell division within the first 3
d of stimulation and are then compromised in the plasticity of their cytokine repertoire (49–
52). Importantly, we extend our studies in vivo and show that in H. polygyrus infected mice,
IL-4Rα upregulation on CD4+ T cells is strictly dependent on direct IL-4 signals and occurs
independently of CD25 expression, the high-affinity IL-2R (Figs. 2,4). In mixed BM
chimeras, IL-4Rα induction is selectively abrogated in STAT6−/− CD4+ cells compared with
that in WT equivalents in the same animal, despite the equal availability of IL-2 for both
populations (Fig. 4). Nonetheless, IL-2 has been shown to support the Th2 response to
helminth infections (53,54), and its influence may occur later in Th2 development,
stabilizing the open Il4 locus in previously activated cells (55) rather than enhancing IL-4Rα
expression early during Th differentiation.

The ability of IL-4 alone to elicit IL-4Rα upregulation implies that the effect is not restricted
to T cells of a particular Ag specificity. Indeed, with the exception of activated Th2 cells, all
of the CD4+ T cells within the draining lymph node show an increase in IL-4Rα expression
during H. polygyrus infection (Figs. 2, 3). Heightened IL-4Rα expression might be expected
to predispose naive CD4+ T cells toward Th2 differentiation. Bottomly and colleagues
(56,57) have reported a similar effect, termed “collateral priming,” in which IL-4 promotes
Th2 development by conditioning both dendritic cells and T cells to circumvent the need for
TLR signals to activate the APCs. In the context of helminth infection, during which the
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parasite undergoes a series of developmental molts that likely result in a succession of
distinct Ags, the ability of IL-4 to facilitate Th2 polarization in bystander cells could be
beneficial, ensuring that Ag presentation occurring after the initiation of the Th2 response
will also result in a supportive Th2 bias in newly activated T cells. Conversely, it may also
have deleterious consequences: patients with allergies of a single specificity are more likely
to become allergic to other, unrelated Ags than are healthy controls (58,59).

The loss of IL-4Rα expression on acutely activated Th cells renders them unable to respond
to IL-4 (Fig. 7). The absence of IL-4Rα on activated Th cells is unusual among
lymphocytes, because the IL-4Rα chain is generally believed to be ubiquitously expressed
on hematopoietic cells (12). IL-4 is a growth factor for T cells (60,61), and consequently the
downregulation of IL-4Rα may serve to limit the extent of a Th2 response by depriving
activated effector cells from the survival signals provided by IL-4. Such a mechanism of
immune regulation would mirror that of IL-7Rα, which is downregulated on activated Th
cells and thus disconnects them from essential survival signals, curtailing their response
(62). This hypothesis would predict that a failure to extinguish IL-4Rα expression would
result in uncontrolled Th2 proliferation. Intriguingly, Tanaka and colleagues (41) recently
demonstrated that Dock2−/− mice, which show impaired downregulation of IL-4Rα on
CD4+ T cells, develop exaggerated Th2 responses and consequent allergic disease. The
disease phenotype was prevented when Dock2−/− mice were either treated with anti-CD4 or
bred to the IL-4Rα−/− background, which demonstrates a direct role for CD4+ T cells and
IL-4Rα (41). In the context of a Th1 response, the same consequence of IL-4Rα
downregulation on highly activated cells may not serve to curtail Th2 differentiation but
instead to reinforce correct Th1 polarization.

Another hypothesis, not exclusive to that above, is that the loss of IL-4Rα expression on
acutely activated T cells enables them to provide effective help to B cells. In the lymph
node, activated, IL-4–producing CD4+ T cells are restricted to B cell areas and display the
phenotype of follicular Th helper cells (63–65). The dialogue between these cells and the B
cells that they support is mediated in part by CD40–CD40L interaction, yet IL-4 signaling
attenuates CD40L expression on activated CD4+ T cells (66). Downregulation of IL-4Rα
could allow IL-4–producing Th cells to maintain CD40L expression, thus promoting the B
cell response. Moreover, because IL-4 has been proposed to be a limiting factor for B cell
maturation (63), the absence of IL-4Rα on IL-4–producing Th2 cells may also serve an
altruistic purpose, preventing the consumption of IL-4 by follicular Th cells and thereby
maximizing the local concentration available to B cells. A similar mechanism of regulating
cytokine availability by modulating receptor expression on T cells has been suggested for
IL-7 (67).

We have shown that, during helminth infection, IL-4 stimulation alone drives IL-4Rα
upregulation on the bulk population of CD4+ T cells in the lymph node and Ag encounter
causes its profound downregulation on highly activated Th cells. These changes in IL-4Rα
expression, and the different sensitivities to IL-4 that they confer, characterize distinct stages
of Th2 progression in vivo.
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Abbreviations used in this paper

γc common γ

BM bone marrow

HNT, TCR transgenic mice specific for influenza virus hemagglutinin

mesLN mesenteric lymph node

mIL-4R membrane IL-4R

sIL-4R soluble IL-4R

SM1 TCR transgenic mice specific for the Salmonella typhimurium
flagellin427–441 epitope

YFP yellow fluorescent protein

WT wild-type
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FIGURE 1.
IL-4Rα expression is oppositely influenced by cytokine-mediated and antigenic stimulation.
A, CD4+ CD44lo cells sorted from naive DO11.10 animals (CD90.1−, specific for the OVA
peptide 323–339 [pOVA]) were mixed 1:1 with equivalent cells from HNT mice (CD90.1+,
specific for the hemagglutinin peptide 126–138 [pHA]) and cultured in the presence of
irradiated APCs. Medium was supplemented with recombinant IL-4 or peptide Ag as
indicated. Cells were recovered 24 h later and analyzed by flow cytometry for expression of
IL-4Rα and CD25. B, Identical cocultures were established, and pHA-stimulated cells were
analyzed for dual expression of IL-4Rα and CD25, gating on each transgenic population as
shown. In both cases, data are representative of five independent experiments.
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FIGURE 2.
Modulation of IL-4Rα expression upon infection with a helminth parasite. A, WT and
IL-4Rα−/− 4get reporter mice, in which GFP fluorescence denotes IL-4 expression, were
infected with H. polygyrus for 14 d. mesLN cells were analyzed by flow cytometry. Data
shown are gated on CD4+ cells. B, WT mice were infected and analyzed as in A. C, CD4+

cells from SM1 TCR transgenic mice on a RAG−/− background, which are specific for an
irrelevant Salmonella Ag, were transferred into congenically distinct, WT recipients 13 d
after H. polygyrus infection. Twenty-four hours later, mesLN CD4+ cells of donor and
recipient origins were analyzed for their expression of IL-4Rα by flow cytometry. D, WT
BALB/c or DO11.10 TCR transgenic mice, in which T cells recognize only OVA were

Perona-Wright et al. Page 16

J Immunol. Author manuscript; available in PMC 2011 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



infected with H. polygyrus, and 14 d later, CD4+ cells from mesLNs were analyzed by flow
cytometry. Data in all of the panels are representative of two or more independent
experiments.
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FIGURE 3.
Increased expression of IL-4Rα is determined by the local environment. A, IL-4Rα
expression on CD4+ cells from mesLNs or pooled nondraining lymph nodes (cervical, axial,
brachial, inguinal, and popliteal) was compared 14 d after oral H. polygyrus infection and
(B) from draining and contralateral popliteal lymph nodes 7 d after s.c. immunization in the
footpad with H. polygyrus larvae.C, CD4+ IL-4Rαhi cells were isolated from mesLNs 14 d
after H. polygyrus infection and transferred into either 14 d infected or naive recipients.
CD4+ cells in the recipient mesLNs were analyzed 24 h later by flow cytometry. Data are
representative of three or more independent experiments.
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FIGURE 4.
IL-4Rα upregulation in vivo is driven by IL-4 and STAT6 signaling. A, WT, STAT6−/−, and
IL-4−/− mice were infected with H. polygyrus, and CD4+ cells from mesLNs were analyzed
14 d later by flow cytometry. Filled histograms indicate the staining of cells from naive mice
of each genotype; solid line, H. polygyrus day 14; dashed line, cells from infected IL-4Rα−/−

mice as a negative control. B, Mixed BM chimeras were generated by reconstituting
CD90.1+ recipients with equal parts of CD90.1+ WT and either CD90.2+ IL-4−/− or
CD90.2+ STAT6−/− BM. Reconstituted mice were infected with H. polygyrus and CD4+

cells from mesLNs analyzed 14 d later by flow cytometry. C, WT, STAT6+/−, and
STAT6−/− 4get mice were infected with H. polygyrus and analyzed by flow cytometry 14 d
later. The mean fluorescence of intracellular total Stat6 and surface IL-4Rα staining on
bystander CD4+ GFP− cells from the mesLNs is shown, together with the total number of
CD4+ GFP+ cells in the mesLNs. Error bars indicate the SD of five mice per group. Data in
all of the panels are representative of two independent experiments.
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FIGURE 5.
Early IL-4Rα upregulation predicts subsequent Th2 differentiation. A,WT 4get or 4get/Kn2
dual-reporter mice, in which GFP and huCD2 indicate IL-4 transcription and translation,
respectively, were infected with H. polygyrus, and their mesLN CD4+ cells analyzed by
flow cytometry at the indicated time points. B, 4get mice were bred on a BALB/c or C57BL/
6 background, infected with H. polygyrus, and their mesLN cells analyzed 4 and 14 d later.
In both panels, IL-4Rα expression is shown as the mean fluorescence of staining on CD4+

GFP− cells. Error bars indicate the SD of 3–5 mice per group, and data are representative of
two independent experiments.
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FIGURE 6.
Highly activated Th2 cells lose IL-4Rα expression. A, WT 4get mice were infected with H.
polygyrus, and 14 d later, CD4+ cells from mesLNs were analyzed for their expression of
IL-4Rα, IL-2Rγc, and IL-7Rα. B, 4get/Kn2 dual-reporter mice were also infected, and on
day 14, mesLN CD4+ cells were sorted into three populations as shown (GFP− huCD2−,
filled histogram; GFP+ huCD2−, dashed line; GFP+ huCD2+, solid line). IL-4Rα expression
on each population was measured by flow cytometry. C, Populations sorted as in B were
lysed, their RNA was purified and reverse-transcribed, and their expression of the
membrane-associated and soluble alternative splice variants of the IL-4Rα transcript and of
IL-4 was assessed by quantitative PCR. Data are shown as a fold change in expression
relative to that of GFP− huCD2− cells. In all of the panels, data are representative of at least
two independent experiments.
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FIGURE 7.
IL-4Rα downregulation is triggered by Ag encounter and terminates IL-4R signaling. A,
Mixed BM chimeras were generated by reconstituting WT CD90.2+ C57BL/6 recipients
with a 90:10 mix of WT CD90.2+ and SM1 TCR transgenic CD90.1+ BM. Chimeras were
infected with H. polygyrus, and 14 d later, CD4+ cells from mesLNs were analyzed for
IL-4Rα expression by flow cytometry. Data shown are gated on CD4+ cells, and the
numbers indicate the percentage of IL-4Rαlo cells within each population. B, WT and
IL-4Rα−/− 4get mice were infected with H. polygyrus, and mesLN cells were isolated on day
14. Cells were first incubated with anti–IL-4 to remove endogenous STAT6 phosphorylation
and then either incubated in medium alone or stimulated with IL-4 for 15 min. Resulting
STAT6 phosphorylation was assessed by intracellular staining and flow cytometry. C, WT
4get/Kn2 dual-reporter mice were infected with H. polygyrus, and mesLN cells were
harvested, stimulated, and stained as in B. D, WT and STAT6−/− 4get mice were infected
with H. polygyrus, and mesLN cells were isolated on day 14. Total STAT6 expression was
assessed by intracellular staining and flow cytometry. E, Naive CD4+ cells from 4get mice
were activated with αCD3 + αCD28 in Th2, neutral, or Th1 conditions. Cells were washed,
rested, and on day 7 either cultured in medium alone or restimulated with αCD3. IL-4Rα
expression was measured 24 h later by flow cytometry. F, Yeti IFN-γ and 4get IL-4 reporter
mice were infected with the Th1-inducing protozoan T. gondii, and 7 d later, CD4+ cells
from mesLNs were analyzed for their expression of YFP or GFP and IL-4Rα. Data in all of
the panels are representative of at least two independent experiments.
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