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Abstract

Neonatal immunity exhibits weak Th1 but excessive Th2 responses and the underlying
mechanisms remain elusive. Here, we show that neonatal basophils readily produce IL-4, a
cytokine that proved to be pivotal in shaping the programs of both lymphocyte subsets. Besides
promoting Th2 programs, IL-4 is captured by the IL-4 heteroreceptor (IL-4Ra/IL-13Ral)
expressed on dendritic cells and instigates 1L-12 down-regulation. Under these circumstances,
differentiating Th1 cells up-regulate IL-13Ral leading to an unusual expression of the
heteroreceptor which will serve as a death marker for these Th1 cells during re-challenge with
antigen (Ag). The resulting Th1/Th2 imbalance impacts childhood immunity culminating in
sensitivity to allergic reactions, susceptibility to microbial infection and perhaps poor efficacy of
pediatric vaccines.

Introduction

The earliest studies of the newborn’s immune system suggested that neonatal exposure to
Ag is more suited for induction of tolerance rather than immunity (1-3). While this notion
bodes well with poor childhood immunity and the susceptibility of neonates to microbial
infections (4, 5), it faces a dilemma as to the overwhelming sensitivity of newborns to
immune-mediated allergic reactions (6). Over the years, we have begun to untangle this
puzzle and evidence has arisen linking poor neonatal defenses against microbes to paucity in
Th1 cells and the prevalence of pediatric allergies to excess in Th2 lymphocytes (6, 7).
These conclusions, however, were drawn from studies that were focused only on secondary
neonatal responses as technical limitations did not allow otherwise. Lately, models have
been developed which facilitate analysis of the primary neonatal immune response (8-10).
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We used ovalbumin (OVA)2 323-339 peptide (OVAp)-specific T cell receptor (TCR)
transgenic DO11.10 T cells to increase the frequency of responder cells and 1g-OVA, an Ig
molecule genetically engineered to carry OVAp, to optimize Ag presentation (10). With
these tools, we devised a neonate-to-neonate T cell transfer system that was adapted to trace
T cells in vivo and analyze their primary neonatal responses (10). Surprisingly, the findings
indicated that both Th1 and Th2 cells develop in the primary neonatal response (11).
However, a rechallenge with Ag leads to apoptosis of Th1l cells, hence, the bias of secondary
neonatal immunity towards Th2 cells (11). Furthermore, Th1 apoptosis was dependent on
IL-4 as neutralization of this cytokine restores Th1 secondary immunity (11). This was
intriguing because Thl cells usually express the conventional IL-4 receptor (IL-4Ra/
common v) through which IL-4 does not signal (12). Subsequently, it was discovered that
Th1 cells up-regulate IL-13Ral and this chain associates with IL-4Ra to form an IL-4Ra/
IL-13Ral heteroreceptor (HR) (11, 13). Although the HR has been shown to affect immune
responses in a different manner relative to the conventional 1L-4 receptor (14), in neonates
the HR marks Th1 cells for apoptosis (11, 13) and sustains bias of secondary immunity
towards Th2 cells (7, 15). Poor Th1 immunity in neonates stems from the up-regulation of
IL-13Ral which correlates with a paucity in environmental 1L-12, a cytokine produced by
neonatal dendritic cells (DCs) during Ag presentation (13, 16). In fact, exogenous IL-12 as
well as enrichment with DCs from adult mice prevent IL-13Ral up-regulation and HR
expression on primary Th1 cells (13, 16). How the function of neonatal DCs and their IL-12
are constrained, resulting in poor neonatal immunity, remains obscure. Because gene
disruption of IL-13Ral preserves the conventional IL-4R but alters HR expression, we
opted to utilize 1L-13Ral1-deficient mice (17) to elucidate the physiological mechanism
underlying IL-12 cytokine malfunction associated with neonatal DCs. Herein, it is shown
that IL-13Ral-deficient newborn mice dampen Th2 cells yet gain the ability to develop both
primary and secondary Th1 immunity. This was due to increased IL-12 production by
neonatal DCs but minimal secretion of I1L-4 by basophils. Consequently, Th2 differentiation
was curtailed whereas Th1 development was potentiated, leading to a Thl instead of Th2
skewing of newborn immunity. Evidence is provided indicating that the HR on neonatal
DCs captures IL-4 from basophils and limits IL-12 production granting IL-13Ral up-
regulation and HR expression on Th1l cells. This reveals yet another paradigm by which the
HR underpins neonatal immunity.

Materials and Methods

Mice

Balb/c mice (H-2d) were purchased from Harlan Sprague Dawley (Indianapolis, IN).
DO11.10/Rag2~/~ transgenic mice (H-29) expressing OV A-specific TCR have been
previously described (18). IL-13Ral-deficient mice in which IL-13Ral gene expression
was disrupted by deletion of exon 7, 8, and 9 were generated in our lab and have been
previously described (17). IL-13Ral1™~D011.10/Rag2~/~ mice have been generated by
crossing 1L-13Ra17~/~ Balb/c mice with DO11.10/Rag2~'~ mice. MHC 11/~ Balb/c mice

2 Abbreviations: BAP, basophil progenitors; BMCP, basophil/mast cell common progenitors; HA, hemagglutinin; OVAp, OVA
323-339 peptide; PB, peripheral blood ; PGN, peptidoglycan; SP, spleen. LN, lymph nodes; HR, IL-4Ra/IL-13Ral heteroreceptor.
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(cAN 129 S6 [B6] li tm1 Liz —/-H-2d) were purchased from Jackson Laboratory (Bar
Harbor, ME). All mice were bred and maintained in our animal care facility for the duration
of the experiments. All experimental procedures were performed according to the guidelines
of the University of Missouri Animal Care and Use Committee.

OVAp (ISQAVHAAHAEINEAGR) encompasses aa residues 323-339 of OVA and is
immunogenic in Balb/c (H-2%) mice. Influenza virus hemagglutinin (HA) peptide aa
residues 110-120 (SFERFEIFPKE) was used as negative control. Both peptides were
purchased from EZBiolab (Carmel, IN). Ig-W, a Balb/c 1gG2b Ig molecule generated by
transfection of the 91A3 anti-arsonate antibody heavy and light chain genes into the non-Ig-
secreting myeloma B cell line SP2/0, has been previously described (11). 1g-OVA,
expressing OVAp within the heavy chain variable region of Ig-W, was also previously
described (10).

Isolation of CD4 T cells, dendritic cells, basophils, and basophil/mast cell common
progenitors (BMCP)

CD4 T cells—Splenic cells were first depleted of DCs using anti-CD11c microbeads
(Miltenyi Biotech) and the T cells were purified by positive selection on anti-CD4
microbead columns.

Dendritic cells—DCs were purified from the spleen of neonatal 1L-13Ra17~ and
IL-13Ral1** Balb/c mice by positive selection on anti-CD11c microbead columns (Miltenyi
Biotec).

Bone marrow derived basophils—Bone marrow cells (1x107 /ml) from neonatal and
adult IL-13Ra1™/~ and IL-13Ral1*"* Balb/c mice were incubated with rIL-3 (20ng/mL) for 3
days. The non-adherent cells were collected and re-cultured with rIL-3 for 3 days at a
density of 1x108/ml. Re-culture of the non-adherent cells with rlL-3 in fresh media was
repeated one more time and the cells were then depleted of CD11c* and CD11b™ cells by
magnetic bead activated cell sorting (MACS) (Miltenyi Biotec). Subsequently, c-kit™
FceR1la* BAs were sorted on a MoFloTM XDP cell sorter (Beckman Coulter).

Basophil mast cell common progenitor (BMCP)—Bone marrow cells from neonatal
IL-13Ra17~ and IL-13Ra1*/* Balb/c mice were cultured for 5 days with rlL-3 and then
labeled with anti c-kit, anti-FcyRII/111 and anti-B7 antibodies. The c-kit"p7M FcyRII/11N
cells were sorted on a MoFIoTM XDP cell sorter (Beckman Coulter).

Adoptive transfer of T cells and APCs

Transfer of neonatal T cells—Total splenic cells (3 x 106) from 1-day-old IL-13Ral~/~
or IL-13Ra1** DO11.10/Rag2~/~ mice were transferred into 1-day old IL-13Ra1~/~ or
IL-13Ra1*/* Balb/c mice by i.v. injection through the facial vein using a 30-gauge needle as
described previously (10).
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Transfer of neonatal BMCP—Purified BMCP from neonatal I1L-13Ra1*/* or
IL-13Ra1 ™~ mice were transferred (5x10% cells per mouse) into 1 day old MHC-117~ or
IL-13Ra1~/~ mice by i.v. injection through the facial vein.

Transfer of neonatal DCs—Purified DCs from neonatal IL-13Ra1*/* or IL-13Ral™/~
mice were transferred (3x104 cells per mouse) into neonatal MHC-117/~ mice by i.v.
injection through the facial vein.

Combined transfer of neonatal DC, Basophils and CD4 T cells—Purified basophil
progenitors (BMCP, 5x10* cells/mouse), neonatal DCs (3x10% cells/ mouse) from
IL-13Ral1*™* or IL-13Ral™/~ mice were transferred with purified DO11.10 CD4 T cells
(5%x10% cells per mouse) into neonatal MHC-117~ mice by i.v. injection through the facial
vein.

In vitro stimulation of DCs and basophils

DCs—Purified neonatal (3x10° cells/well) and adult (5x10° cells /well) DCs were
stimulated with LPS (10ug/mL) or LPS+IL-4 (100ng/ml) for 24 hours and IL-12 in culture
supernatant was measured by ELISA.

Basophils—The cells (1x10° cells/well) were stimulated with peptidoglycan (PGN) (10
pg/ml) for 24 hours and 1L-4 and IL-13 cytokines in the culture supernatant were measured
by ELISA.

Flow Cytometry

Antibodies—The antibodies used in this study were purchased from BD Pharmingen or
eBioscience and these are: Anti-CD3 (500A2), anti-CD4 (RM4-5), anti-CD8 (53-6.7),
F4/80 (BMS8), anti-c-Kit (CD117; 2B8), anti-CD11b (M1/70), anti-CD19 (1D3), anti-
CD16/32 (2.4G2), anti-CD11c (HL3), anti-IL-4Ra (mIL4R-M1), anti-FceRI1l (B3B4), anti-
Ly-6G (RB6-8C5), anti-Ly6-C (HK1.4), SiglecF (E50-24440), anti-1-AP (NIMR-4), anti-
CD80 (16-10A1), anti-CD86 (P03.1), anti-FceR1a (MAR-1), anti-TCRoya (KJ1-26), anti-
B7 integrin (FIB27), anti-IL-4, anti-IFNy, anti-CD34 (RAM34), anti-CD40 (3/23).

Detection of basophils and their progenitors—For detection of basophils and their
progenitors in the BM, PB, and SP, single cell suspensions were prepared from these organs
and stained with a cocktail of antibodies against common lineage (CD4, CD8, CD19,
CD11b and CD11c) and cell specific markers. Basophils are identified as Lin~c-kit™
FceR1a*basophil progenitors (BAP) Lin"CD34*FceRla*c-kit" BMCP as Lin~c-kit™
B7MiFcyRI/INicommon myeloid progenitors (CMP) as Lin~IL-7Ra1~Scal c-kit"FcyRII/
1110 and granulocyte macrophage progenitors (GMP) as Lin~IL-7Ra1~Scal c-
kit*FcyRI/ITIN,

Basophil expansion in neonates

Newborn mice were given one injection of rIL-3 (400 ng/mouse) on day 1 alongside Ig-
OVA. Another injection of rIL-3 alone was given on day 2 and 3. Basophil frequency in SP
and blood was analyzed by flow cytometry.
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Depletion of basophils in neonates

Newborn mice were given i.p. 0.5ug of MAR-1 anti-FceR1a antibody on day 1, 2 and 3
after birth and basophil frequency in SP and PB were analyzed by flow cytometry on day 5.

Analysis of T cell responses

Ex vivo responses—Two weeks after T cell transfer and exposure to 1g-OVA (100 pg/
mouse) the SP cells containing both T cells and APCs were stimulated for a short period of
time (4 hours) with 10 uM OVAp to enhance cytokine accumulation in the cytoplasm and
facilitate intracellular detection. The CD4 T cells were labeled for surface CD4 and
TCRoya by staining with anti-CD4 and KJ1-26 antibody, respectively. Subsequently, the
cells were permeabelized with 0.2% saponin and stained for intracellular IFNy and IL-4 with
cytokine specific antibodies. Cytokine production was analyzed by flow cytometry.

Recall Responses—Two weeks after T cell transfer and exposure to 1g-OVA (100 ug/
mouse), the splenic cells containing both T cells and APCs were stimulated with 10uM
OVAp for 24 hours and the frequency of cytokine producing cells was determined by
ELISPOT while the quantity of cytokine secreted in the supernatant was determined by
ELISA. In some experiments involving MHC 117/~ mice, the splenic culture was
supplemented with OVAp-loaded MHC 11*/* Balb/c APCs (2x10° cells/well, for 24 hours)
to carry out peptide presentation as the residual APCs (from the transfer) would not be
sufficient for the task. In other experiments the culture is stimulated with phorbol myristic
acid (PMA) (50ng/mL) and ionomycin (500ng/mL) for 4 hours.

Secondary responses—Two months after T cell transfer and exposure to Ig-OVA (100
pg/mouse) the mice were challenged with 125 pg OVAp in CFA. Ten days later, the SP
(1x108 cells/well) and LN (5x10° cells/well) containing both T cells and APCs were
stimulated with 10 uM OVAp for 24 h and the frequency of cytokine producing cells was
determined by ELISPOT while the quantity of cytokine secreted in the supernatant was
determined by ELISA.

In vitro T cell responses—Splenocytes from IL-13Ra1*/* and or IL-13Ra1™/~
DO011.10/Rag2~~ mice were depleted of CD11c* and CD11b* cells and OVAp-specific
CD4*T cells were purified by positive selection on anti-CD4 antibody coupled microbeads
(Miltenyi Biotech). The CD4*T cells (3x10° cell per well) were stimulated with purified
basophils (3x104 cells/well) or DCs (3x10* cells/well) in presence of 10uM OVA or HA
peptide for 24 hours. The CD4 T cells were labeled for surface CD4 and TCRoya by
staining with anti-CD4 and KJ1-26 antibody, respectively. Subsequently, the cells were
permeabilized with 0.2% Saponin and stained for intracellular IFNy and IL-4 with cytokine
specific antibodies. Cytokine production was analyzed by flow cytometry and ELISA.

Cytokine detection assays

ELISA—IL-4, IL-12, IL-13, and IFN-y were detected in culture supernatant using standard
protocol as described (11, 13). The OD450 was read on a SpectraMax 190 counter
(Molecular Devices, Sunnyvale, CA) and analyzed using SOFTmax PRO 3.1.1 software.
Graded amounts of recombinant cytokine were included for construction of a standard
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curve. Cytokine concentrations were extrapolated from the linear portion of the standard
curve.

ELISPOT—Detection of IFNy and IL-4 by ELISPOT was carried out as described (11, 13,
16). Briefly, HA multiscreen plates (Millipore, Bedford, MA) were coated with capture
antibody and free sites were saturated with DMEM culture media containing 10% fetal calf
serum. Subsequently, 1x106 SP cells per well were added and the culture was stimulated
with 10uM OV Ap. Biotinylated anti-1IFN-y antibody (1ug/mL) and anti-1L-4 (2ug/mL) was
added and bound antibody was revealed with avidin-peroxidase. Spots were counted using
Immunospot software (Cellular Technology Ltd, Cleveland, OH).

Antigen presentation assay

Splenocytes from I1L-13Ral1*/* and or IL-13Ral™/~ DO11.10/Rag2~/~ mice were depleted
of CD11c* and CD11b™* cells and OVAp-specific CD4*T cells were purified by positive
selection on anti-CD4 antibody coupled microbeads (Miltenyi Biotech). The CD4*T cells
(3%10° cell per well) were then labeled with CFSE and stimulated with purified basophils
(3x10% cells/well) in presence of 10uM OVA or HA peptide or 1 uM Ig-OVA or Ig-W
chimera. After 72 hours, T cell proliferation was determined by measurement of CFSE
dilution as described (19).

Statistical Analysis

Unpaired two-tailed Student t test was used to analyze data in all figures except panel 8a
which utilized ANOVA with a Bonferroni post-test to compare more than 2 groups. Prism
Software v4.0c (Graphpad) was used in all statistical analyses. Data significance is denoted
by one asterisk for p<0.05 and two asterisks for p<0.01.

Online supplemental material

Results

Fig. S1 shows in vivo restoration of Th2 responses by exogenous IL-4 in IL-13Ral-deficent
mice. Fig. S2 shows a comparison of the frequency of various innate and lymphoid cells in
IL-13Ral-deficient versus IL-13Ral-sufficient mice.

Newborns lacking functional IL-13Ra.1 develop Thl skewed secondary immune responses

Neonatal exposure to Ag usually gives rise to poor secondary Th1l immunity but an excess
of Th2 cells (3, 9, 20). However, neutralization of IL-13Ral restores neonatal Thl
secondary responses (11). Similarly, Th1l secondary responses develop in newborn mice in
which the IL-13Ral gene is disrupted and HR expression is compromised (Fig. 1). Indeed,
IL-13Ra1~/~ mice that were given Ig-OVA on the day of birth and challenged with OVAp
in CFA (OVAp/CFA) at 7 weeks of age mounted strong IFNy (Th1) responses both in the
spleen (SP) and lymph nodes (LN) as compared to IL-13Ral1*"* mice (Fig. 1A). To gain
insight on the mechanism by which non-functional HR restores Th1 secondary responses,
we adapted the IL-13Ral-deficiency to the neonate-to-neonate TCR transgenic transfer
system (10, 11, 13, 16) and performed fine analysis of the responses. Accordingly, when
neonatal 1L-13Ral1™~ DO11.10 T cells were transferred to either IL-13Ral~~ or
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IL-13Ral1*"* newborn Balb/c mice and the hosts were given 1g-OVA and later challenged
with OVAp/CFA, the DO11.10 T cell responses were skewed towards Th1l cells (Fig. 1B).
Indeed, when the T cell donors had intact IL-13Ral, the SP and LN IFNy responses were
minimal while IL-4 responses were normal in the mice exposed to 1g-OVA relative to 1g-W
whether the hosts were IL-13Ral-deficient or sufficient (Fig. 1B). In contrast, when the T
cell donors had non-functional IL-13Ral, the SP and LN IFNy responses were restored
while IL-4 responses were minimal in the mice exposed to 1g-OVA relative to 1g-W,
whether the hosts were IL-13Ral-deficient or sufficient (Fig. 1B). In fact, compiled results
from different experiments confirm the data from the representative experiments and again
show that when the donor T cells are deficient for IL-13Ral, exposure to Ig-OVA and
challenge with OVA/CFA vyields SP and LN secondary responses that display greater Thl
but lower Th2 cells in a significant manner relative to donor T cells from IL-13Ra1*/* mice
whether the host is IL-13Ral-sufficient or deficient (Fig. 1C). Overall, HR deficiency
restores Thl secondary immunity but nullifies Th2 responses.

Ablation of IL-13Ra.1 unbalances primary neonatal responses towards Thl cells

In the newborn mouse both Th1 and Th2 cells develop in the primary response (11, 13, 16).
However, the former express IL-13Ral which associates with IL-4Ra to form a HR that
marks the cells for death during re-challenge with Ag, hence the bias of secondary neonatal
immunity towards Th2 cells (11). When the expression of IL-13Ral is nullified by gene
deletion one would expect to preserve Th2 alongside the restored Th1 cells in the secondary
response. This, however, was not the case, and the findings indicate that while Th1 cells
arise in the secondary response of IL-13Ra1~/~ mice, the Th2 counterparts were
significantly diminished. This prompted us to delineate the mechanism underlying the loss
of secondary neonatal Th2 responses in the IL-13Ral-deficient mice. To this end, we began
by determining whether the Th2 cells develop in the primary responses and if so whether
they respond to a recall with Ag. The findings were even more intriguing as the

IL-13Ra 1™~ newborns could not develop primary Th2 cells and the responses were biased
toward Thi cells (Fig. 2). Indeed, IL-13Ra1** DO11.10 T cells developed balanced Thl
and Th2 ex vivo primary responses when exposed to Ag in either IL-13Ral*/* or
IL-13Ral17™/~ hosts (Fig. 2A). However, the IL-13Ral1™~ DO11.10 T cells yielded responses
that were skewed towards Th1l cells (14.0%) with very little Th2 cells (3.3%) in the
IL-13Ral~~ hosts but balanced Th1 and Th2 cells in the IL-13Ral1** hosts (Fig. 2A).
Compiled results from 3 experiments confirm the observation that ablation of IL-13Ral
enables naive DO11.10 T cells to differentiate into Thl cells but hinders generation of
primary Th2 cells when the host mice also lack functional IL-13Ral (Fig. 2B). Analysis of
the recall responses of the primary cells upon stimulation in vitro with OVAp again
indicates that the balanced Th1/Th2 primary immunity shifts into Th2-biased recall
responses when the donor T cells and/or the host mice are sufficient for IL-13Ral whether
the cytokines are measured by ELISA or ELISPOT (Fig. 2C). However, when both the
donor T cells and the host mice were deficient for IL-13Ral there was greater Th1 but
diminished Th2 recall responses by either cytokine measurement assay (Fig. 2C). These
results are Ag-specific because none of the responses developed when the exposure was
carried out with the backbone control Ig-W instead of 1g-OVA. Compiled results from 3 to 5
different experiments confirm the observation that when both the donor T cells and the host
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mice are deficient for IL-13Ral, the recall responses are significantly biased towards Thl
cells (Fig. 2D). Overall, the results indicate that shifting of the primary responses towards
Th1 with minimal Th2 cells requires deficiency in IL-13Ral in host APCs, in addition to
donor T cells.

Thl-biased primary neonatal immunity in IL-13Ra1-deficient mice parallels with reduced
frequency of basophils and basophil progenitors

Given that Th2 cells fail to develop in IL-13Ra17/~ neonatal mice, we envisioned that
during priming with Ag, there is paucity in environmental IL-4, which is essential for
differentiation of naive T cells towards the Th2 phenotype (21). To test this hypothesis,
exogenous IL-4 was provided during neonatal exposure to Ag and primary, ex vivoas well as
recall Th2 responses were analyzed. Accordingly, 1-day-old IL-13Ral~~ Balb/c mice
recipient of IL-13Ra1~/~ neonatal DO11.10 T cells were given Ig-OVA and one injection of
IL-4 per day for 3 consecutive days. Th2 cells were then analyzed on day 14 after exposure
to 1g-OVA. The results clearly indicate that the DO11.10 T cells become able to
differentiate into Th2 cells when Ag exposure is carried out in the presence of exogenous
IL-4 (Fig. S1). In fact, the frequency of IL-4-producing Th2 cells increased in a cytokine
dose-dependent manner as the percentage of IL-4-positive cells went up from a 2.3%
background level in the absence of 1L-4 to 8.5% and 23.6% with 200 and 400 ng exogenous
IL-4, respectively (Fig. S1A). Furthermore, when the cells were stimulated in vitro with Ag
there was no IL-4 production in the culture from mice which did not receive exogenous IL-4
during priming whether the stimulation was carried out with OVAp or the negative control,
HA peptide (Fig. S1B). Though, IFNy secretion was observed with OVAp but not with HA
peptide stimulation. In contrast, there was IL-4 production in the cultures from mice
recipient of exogenous IL-4 upon stimulation with OVAp but not HA peptide and this was
similar to IFNy indicating that both Th1 and Th2 responses develop during priming with Ag
in the presence of exogenous IL-4. Overall, these observations indicate that there is paucity
in environmental IL-4 in IL-13Ra1~/~ neonates which limits Th2 differentiation unless
exogenous cytokine is provided.

Since IL-4 is critical for Th2 differentiation and restores Th2 responses in IL-13Ral™/~
neonates, it is possible that IL-13Ral plays a role in the development and/or function of
IL-4-producing cells of the innate immune system. To address this issue we began by
determining the frequency of cells known to serve as a source of IL-4 in IL-13Ral1™" in
comparison to 1L-13Ra1*/* neonates. The findings indicate that IL-13Ra1*/* and
IL-13Ral17™/~ neonates have comparable frequencies of T cells (CD4 and CD8), B cells
(B220), macrophages (CD11b), conventional DCs (CD11c), eosinophils (Siglec F), and
neutrophils (Gr-1) (Fig. S2A-S2F). However, there was a significant decrease in the
frequency of bone marrow (BM) basophils in IL-13Ral1~~ relative to IL-13Ra1*/* neonates
(Fig. 3A). Furthermore, there was also a diminished frequency of basophil, and basophil/
mast cell common progenitors (BAP and BMCP, respectively) that was not observed with
the common myeloid (CMP) and granulocyte macrophage (GMP) progenitors (Fig. 3A).
Compiled results from 5 experiments indicate that the decrease in the frequency of basophils
and their progenitors in IL-13Ra1~/~ neonates are statistically significant relative to
IL-13Ral1** newborns (Fig. 3A). This likely resulted in the reduced frequency of basophils
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in peripheral blood (PB BAs) (Fig. 3B). Since mast cells (c-kit*FceR1a*) were not
detectable in either strain (Fig. 3B) and basophils are known to serve as a source of 1L-4 (22,
23), the diminished basophil frequency in I1L-13Ra1~~ mice may be responsible for the
paucity of the cytokine in these animals. Further investigation of this issue indicated that
BM-derived basophils from both neonatal and adult IL-13Ra1~/~ mice produced
significantly less IL-4 but more 1L-13 cytokine than their IL-13Ra1*/* counterparts upon in
vitro stimulation with the TLR-2 ligand, peptidoglycan (PGN) (Fig. 3C). Moreover, both
neonatal and adult IL-13Ra1~/~ mice had lower levels of serum IgE relative to IL-13Ra1*/*
mice (Fig. 3D). Since B cells require IL-4 to undergo switching to IgE, it is likely that the
diminished production of this isotype in IL-13Ra1~/~ mice is related to the environmental
paucity of 1L-4 in these animals.

Basophils regulate Th2 immunity in neonates

IL-13Ra1™~ mice have a lower frequency of mature basophils and BAP (Fig. 3). Given that
basophils serve as a source of IL-4 for Th2 differentiation (22, 24) the diminished number of
basophils may be responsible for paucity of environmental IL-4 and the consequent poor
Th2 differentiation in the 1L-13Ral17/~ mice. To test this premise we sought to stimulate the
generation of basophils in vivo and test for restoration of Th2 differentiation. Initial analysis
for stimulation of basophil differentiation by administration of rIL-3 into IL-13Ra1™~ mice
indicated an increase of basophil frequency in the blood from 2.1% + 0.56% (or absolute
cell number of 33,000 + 2,500 per ml) in untreated mice to 9.09% = 1.26% (or absolute cell
number of 157,000 + 24,000 per ml) in mice given rIL-3 (Fig. 4A). Compiled results from 3
experiments indicated that such an increase is significant and parallels with previous reports
on in vivo expansion of basophils (25). Furthermore, when IL-13Ra1~/~ newborns recipient
of neonatal T cells from IL-13Ra1*/* DO11.10 donor mice were given Ig-OVA
accompanied with rIL-3, primary ex vivo and recall Th2 responses were restored (Fig. 4B—
4D). Indeed, the percentage of ex vivo Th2 cells went up from 2% in the mice without riL-3
to 7.8% in those recipients of rIL-3 (Fig. 4B). The percentages of Thl cells were similar in
both groups of mice. Furthermore, upon in vitro stimulation with OVAp the recall Th2
cytokine responses of rIL-3 recipient mice increased significantly as measured by both
intracellular staining and ELISA (Fig. 4C and D). We then attempted to enrich with mature
IL-13Ra1*"* basophils to restore IL-4 production and neonatal differentiation of Th2 cells
but this caused instant death of the newborn mice perhaps due to degranulation of basophils
and excess serotonin and histamine release. The alternative then was to enrich with BMCP
from IL-13Ra1*/* mice instead of mature basophils and test for restoration of neonatal Th2
differentiation. The results indicated an increase of the frequency of basophils in the blood,
which was higher than in mice without BMCP transfer (Fig. 4E). Compiled results from 3
experiments indicated that such an increase is statistically significant. When I1L-13Ra17/~
newborns recipient of neonatal T cells from IL-13Ra1~/~ DO11.10 donors were also given a
transfer of BMCP and exposed to 1g-OVA both ex vivo and recall Th2 responses were
restored (Fig. 4F). Indeed, the percentage of ex vivo Th2 cells went up from 3.6% in the
mice without BMCP transfer to 8.1% in those recipients of BMCP transfer (Fig. 4F). The
percentages of Thl cells were similar in both groups of mice. Furthermore, upon invitro
stimulation with OVAp the recall Th2 cytokine responses of mice recipient of BMCP
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transfer increased significantly (Fig. 4F). Overall, basophil expansion driven by IL-3 or
IL-13Ra1*"* BMCP restores Th2 differentiation in 1L-13Ral17/~ mice.

Since IL-13Ral seems to regulate Th2 differentiation in neonatal mice by controlling the
frequency of basophils and their ability to produce I1L-4, one would envision that depletion
of these cells in 1L-13Ra1** mice would limit the development of Th2 cells and skew
neonatal immunity towards Th1 cells. To test this premise, basophils were depleted by intra-
peritoneal injection of anti-FceR1a antibody (clone MAR-1) and the neonates were tested
for ex vivo and recall Th2 responses. The findings show that the depletion regimen reduces
the frequency of basophils from 1.0% in isotype control treated (hlg) mice to 0.03% in the
mice recipient of MAR-1 antibody (Fig. 4G). The consequence of this effective basophil
depletion translates into diminished ex vivo and recall primary Th2 responses (Fig. 4H).
Indeed, while the percentage of Th2 cells was nearly equal to that of Th1 cells in the mice
given the isotype control hlg, the frequency of Th2 cells was significantly reduced relative
to that of Th1 cells in the mice recipient of MAR-1 antibody (Fig. 4H). In addition, while
the recall response was dominated by IL-4 in the mice recipient of the isotype control, a
skewing towards IFNvy (Th1) was observed in the basophil-depleted mice (Fig. 4I).
Although, MAR-1 antibody is known to deplete mast cells alongside basophils (26), this
would not affect the outcome because mast cells are not known to present Ag and would not
have been triggered to produce IL-4 in this system. This indicates that basophil depletion
interferes with Th2 differentiation and skews neonatal immunity towards Th1 cells.

Overall, the findings indicate that IL-13Ral utilizes basophils and their 1L-4 to control Th2
neonatal immunity.

Neonatal basophils are able to present Ag and support Th2 differentiation in an IL-13Ra.1-
dependent manner

The data presented so far indicates that basophils are required to produce IL-4 in order for
neonatal Th2 cells to develop. However, it is not clear whether such a contribution requires
the basophils to present Ag, especially that in adult mice this feature remains debatable (27—
31). To address this question in the neonatal system, we examined the basophils for
expression of MHC and co-stimulatory molecules, and then, for Ag presentation to T cells
of both OVAp and Ig-OVA. The results show that basophils derived from BM or peripheral
blood cells of IL-13Ra1*/* and IL-13Ra1~/~ mice express comparable levels of CD8O,
CD86, CD40 and MHC class Il molecules (Fig. 5A and B).

Moreover, when BM-derived basophils were loaded with OVAp or 1g-OVA and incubated
with CFSE-labeled naive DO11.10 CD4 T cells, they were able to induce division of the T
cells (Fig. 5C and D). Furthermore, while CFSE-dilution was similar whether the basophils
were from IL-13Ra1*/* or IL-13Ral1~/~ mice, more T cells have undergone division with
OVAp relative to 1Ig-OVA stimulation. This likely reflects the fact that free peptide does not
require internalization and processing while 1g-OVA requires binding and internalization
through Fcy receptor and processing within endosomes (32). Nevertheless, the findings
indicate that basophils from neonatal mice, like those from adult animals (27-30), are
equipped with functional processing and presentation machinery as are professional APCs
such as DCs. Moreover, when basophils were loaded with OVAp and incubated with naive
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DO11.10 T cells, there was IL-4 but not IFNvy production by the T cells which suggests that
the basophils support Th2 but not Thl differentiation as they are not able to produce I1L-12
(Fig. 6A). Note that basophils from IL-13Ra1~/~ mice were much less efficient in driving
Th2 differentiation perhaps because they produce less IL-4 (Fig. 3C). The presentation
machinery of basophils is also functional in vivo as transfer of MHC-sufficient basophils
alongside neonatal DO11.10 T cells into MHC-deficient newborn mice restores antigen
presentation and the animals were able to develop primary Th2 responses upon exposure to
Ig-OVA (Fig. 6B). More importantly, IL-13Ra1~/~ basophils were less efficient than
IL-13Ra1*"* basophils in inducing Th2 responses because IL-13Ra1-deficiency interferes
with the ability of the cells to produce the IL-4 required to support Th2 differentiation. The
findings are significant because compiled results from 3 experiments confirm the lack of
IFNY responses and the diminished efficacy of 1L-13Ra17/~ basophils in driving Th2
differentiation. Overall, neonatal basophils are able to present Ig-OVA in vivo which is
likely facilitated through Fcy receptor (29), produce IL-4, and support differentiation of
naive T cells into Th2 cells, and 1L-13Ral is crucially involved in this function.

IL-13Ral controls IL-12 production by DCs and plays a critical role in Th1 differentiation

The results presented in Figure 1 and 2 indicate that the primary neonatal response is skewed
towards Thl instead of Th2 when IL-13Ral is non-functional in APCs. Since differentiation
of naive T cells into Th1 cells requires IL-12 production by APCs, we envisioned that
IL-13Ral may play a role in IL-12 production in order to control T cell differentiation. To
test this premise we began by comparing the production of 1L-12 by DCs from IL-13Ra17/~
versus 1L-13Ral** mice. The results indicate that upon stimulation with LPS, a TLR-4-
ligand, the DCs from IL-13Ra1~/~ mice produce much higher IL-12 relative to those from
IL-13Ral1** mice and this is true for DCs from neonatal and adult mice (Fig. 6C).
Moreover, when the DCs were loaded with OVAp and used for activation and
differentiation of naive DO11.10 T cells, the DCs from IL-13Ra1~/~ mice yielded a greater
Th1 response relative to DCs from IL-13Ra1*/* mice whether the animals were adults or
neonates (Fig. 6D and E). This led to an increase of IFNy in the cultures stimulated with
IL-13Ral17/~ relative to IL-13Ral1*/* DCs (Fig. 6D and E). Taken together, these results
indicate that DCs in which IL-13Ral is non-functional produce higher amounts of IL-12
and drive superior Th1 differentiation in comparison to DCs with intact IL-13Ral.

Upon transfer into MHCII™~ mice IL-13Ra17~ DCs shift primary neonatal immunity towards
Th1 while IL-13Ra17/~ basophils nullify development of Th2 responses

In vitrolL-13Ra1~/~ neonatal basophils were able to process and present Ag to the same
extent as IL-13Ra1*/* basophils, but due to diminished ability in IL-4 production, they were
much less efficient in driving Th2 differentiation (Fig. 3 and Fig. 6). However, IL-13Ra17/~
neonatal DCs produce higher amounts of IL-12 than IL-13Ra1*/* DCs and sustain better
Th1 differentiation (Fig. 6C-E). We then sought to investigate the effects of IL-13Ral on
the function of these non-lymphoid cells in vivo and determine the type of neonatal
immunity that ensues when IL-13Ra1~/~ DCs and basophils are serving as APCs in neonatal
MHCII~/~ mice. The results show that newborn mice recipient of IL-13Ra1*/* neonatal DCs
alongside IL-13Ral1** DO11.10 T cells and given 1g-OVA develop similar frequencies of
Th1 and Th2 cells ex vivo (3.6% versus 3.4%) but upon stimulation with OVAp, the recall
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responses become biased towards Th2 cells because their IL-4 drives apoptosis of
IL-13Ral-positive Thi cells (Fig. 7A). In contrast, transfer of IL-13Ral1~/~ neonatal DCs
yielded a higher frequency of Th1 relative to Th2 cells ex vivo (6.8% versus 4%) and the
recall response was skewed towards Th1 cells (Fig. 7A). The basophils, however, had more
effects on Th2 cells and did not support the development of Th1 cells as they do not produce
IL-12 (Fig. 7B). Indeed, IL-13Ra17/~ basophils, which produce diminished levels of IL-4,
yielded a lower frequency of Th2 cells ex vivo that responded poorly to OVAp stimulation
relative to 1L-13Ral1*/* basophils (Fig. 7B). Overall, IL-13Ra1 shapes neonatal immunity
by controlling the production of I1L-4 by basophils and IL-12 by DCs.

IL-4 from neonatal basophils utilizes the HR to regulate IL-12 production by DCs and
controls primary Thl cells

The results in Fig. 7 indicate that basophils produce IL-4 to support differentiation of Th2
cells while DCs secrete IL-12 to sustain Th1 programs. These observations explain the
balance between Th1 and Th2 cells in the primary response of the newborn but do not
resolve developmental expression of the HR on the Th1l cells. We have previously shown
that neonatal DCs produce IL-12 sufficient to drive Th1l differentiation but not abundant
enough to counter HR up-regulation on these cells (13, 16). Because neonatal DCs express
the HR (33) and basophils produce IL-4 it is thus logical to envision that the diminished
IL-12 production by DCs is the outcome of a negative regulation by IL-4 from basophils. To
test this postulate we performed DC and basophil co-transfer experiments and found that
when neonatal DCs do not express the HR (HR™DC), significant (as analyzed by ANOVA
with Bonferroni post-test) primary Th1l responses develop regardless of the amount of IL-4
produced by HR-negative (HR™BA) or HR-positive (HR*BA) basophils (Fig. 8A, left
panel). In contrast, when the DCs are HR-positive (HR*DC), even a low amount of 1L-4
produced by HR™BA has a profound effect on the development of Th1 responses similar to
HR*BA, which produce higher amounts of IL-4 (Fig. 8A, left panel). Thus, IL-4 from
basophils efficiently utilizes the HR to counter DC function and IL-12 production. On the
other hand the primary neonatal Th2 responses have shown direct correlation with the
amount of IL-4 produced by basophils when the DCs were HR-negative (HR™DC). Indeed,
the Th2 primary response was higher when the basophils were HR-positive (compare HR*
BA:HR™DC versus HR™ BA:HR™DC) (Fig. 8A, right panel). However, when the DCs had
the HR, the primary Th2 response was similar whether the basophils were HR-positive or
HR-negative (compare HR* BA:HR*DC to HR™ BA:HR*DC) despite the fact that HR*BA
produce higher IL-4. This is perhaps related to absorption of IL-4 by HR*DC, otherwise the
response should be at levels comparable to HR*BA:HR™DC. This suggests that HR
expression on DCs may limit IL-4 availability for Th2 programing. Overall, IL-4 from
basophils utilizes the HR on DCs to control programing of primary Th1 cells. This statement
is further supported by the findings that addition of IL-4 during stimulation of DCs with LPS
(TLR-4 ligand) diminishes IL-12 production by HR-positive DCs relative to HR-negative
DCs (Fig. 8B, left panel). In fact, there was about 5-fold decrease in IL-12 production when
the HR is functional. Thus, it seems that when the DCs are lacking the HR they produce
more IL-12 in the presence of IL-4 perhaps due to signaling through the conventional IL-4R.
However, when the HR is present such increase in 1L-12 production is nullified indicating
that IL-4 utilizes the HR to counter the function of the conventional IL-4R. In all, the HR
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stages a stepwise negative regulation against Thl programs by inciting basophils against the
function of DCs during early life and then taking over as a death marker for primary Thl
cells upon a later encounter with Ag.

Discussion

Th1 cells usually express the conventional IL-4R (IL-Ra/common v) which does not support
signaling by IL-4 cytokine (12, 34). In earlier studies, while interrogating IL-4 for death of
neonatal Thl cells, we discovered that IL-13Ral is developmentally up-regulated during
Ag-induced cell differentiation and associates with IL-4Ra providing a HR that sustains
signaling by IL-4 and drives apoptosis of neonatal Th1 cells upon re-encounter with Ag (11,
13, 16). Thus, IL-13Ral serves as a death marker for primary neonatal Thl cells (7, 15).
While these findings explained the Th2 bias of secondary neonatal immunity, the
developmental up-regulation of IL-13Ral remained obscure. Further studies indicated that
delayed maturation of dendritic cells in the newborn and the consequent Ag presentation
under limited environmental IL-12 is responsible for IL-13Ral up-regulation and HR
expression on neonatal Th1 cells (13). In fact, IL-12 which was shown to restore neonatal
Th1 responsiveness (11), was found not only to support differentiation of Th1 cells but also
to counter the up-regulation of IL-13Ral (16). In this report, we uncovered yet another facet
whereby IL-13Ral instigates basophils to impede the function of DCs setting the stage for
HR expression on Th1l cells (Fig. 9). Indeed, it is shown that early life basophils function as
APCs, produce IL-4 cytokine, and promote the programs of Th2 cells as was reported for
adult basophils (22, 27-29). In the neonatal setting though, IL-4 is further tasked to engage
the HR on DCs and dampen their function and IL-12 production (Fig. 9). This is supported
by the findings that DCs sufficient for IL-13Ral, where IL-4 can carry out signaling
through the HR, support primary responses devoid of Th1 cells which is in sharp contrast
with the significant Th1 cells observed with IL-13Ral-deficient DCs. Moreover, the HR
appears to intrinsically maintain a safeguard mechanism to preserve this inverse regulation
of neonatal Th1 and Th2 programs. Indeed, when the HR is functional, DCs produce less
IL-12 while basophils secrete more IL-4. Furthermore, given that the HR has high affinity to
IL-4 (35, 36) even modest amounts of the cytokine produced by HR-negative basophils
sustain diminished Th1 responses as long as the DCs express the HR. While the findings
support the functional diversity attributed to the HR (14, 37) and explain the mechanism
underlying early-life paucity in Th1 cells, the resolve of the HR to undermine inflammatory
T cells in neonates may have been established during early gestation. In fact, it has been
suggested that in order to preserve fetal engraftment in uterothe maternal-fetal interface has
to be conditioned to restrict the presence of pro-inflammatory lymphocytes (38). Indeed,
macrophages and trophoblasts within the decidua produce indoleamine 2,3-dioxygenase
(IDO) that selectively induces tryptophan starvation of inflammatory Th1l cells (39).
Moreover, trophoblasts produce IL-13 which induces IL-13Ral expression on neighboring
maternal APCs and promotes the development of anti-inflammatory Th2 cells but restricts
Th1 responses (40). While it is not clear how IL-13Ral sustains this lymphocyte imbalance
at the fetal interface, on a speculative basis it is possible that the chain associates with
IL-4Ra leading to HR expression on APCs. Thus, one would envision that I1L-4 of the Th2
cells may then utilize the HR to limit IL-12 production by fetal APCs and restrict
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differentiation of Th1 cells. Given that neonatal APCs express IL-13Ral on the day of birth
(33), itis likely that trophoblast-driven IL-13Ral expression spills over to fetal APCs. The
latter transit to the neonatal immune system during birth and uphold the Th1/Th2 imbalance
during early life through IL-4 from basophils. This is probably supported by the gradual
process of neonatal colonization with commensals in two ways. On one hand, there is
delayed maturation of DCs and thus limited accumulation of environmental I1L-12 (13, 16).
On the other hand, marginal commensal colonization results in elevated serum Ig-E which in
turn activates basophils to produce IL-4 (41) and further promotes down-regulation of IL-12
production by DCs. Also, it remains to be determined whether innate lymphoid cells (ILCs)
(42) such as nuocytes (43), innate helper 2 cells (44), and natural helper cells (45), which
have been shown to produce Th2 cytokines such IL-13, contribute to the maintenance of
neonatal Th1/Th2 imbalance through a similar process.

Overall, IL-13Ral seems to instigate basophils to stifle the function of DCs and impacts
childhood immunity leading to sensitivity to allergic reactions and susceptibility to
microbial infection and perhaps poor efficacy of pediatric vaccines.
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Figure 1.

Aglation of IL-13Ral leads to skewing of neonatal secondary immunity towards Th1 cells.
(A) Newborn 1L-13Ral™~ or IL-13Ral1** Balb/c mice were given 1g-OVA in saline, and 2
months later challenged with OVAp/CFA. The SP and LN cells pooled from 3 to 6 mice
were stimulated with OVAp and IFNy was measured by ELISA 24 hours later. Each bar
represents the mean + SD of triplicate wells from a representative of 3 experiments. (B)
Newborn IL-13Ra1~~ or IL-13Ra1*/* Balb/c hosts recipient of neonatal T cells from
IL-13Ral™~ or IL-13Ra1*’* DO11.10 donors were given Ig-OVA (closed bars) or Ig-W
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(open bars) and later challenged with OVAp/CFA. The SP and LN cells were harvested on
day 10 after challenge and stimulated with OVAp invitro. IFNy (left column) and IL-4
(right column) production by SP and LN cells were analyzed by ELISA. Each bar represents
the mean + SD of triplicate wells. This is representative of 5 experiments. (C) Shows
compiled results from the 5 experiments carried out as described in (B). The bars represent
the mean + SE of the 5 experiments. The statistical analysis used student’s t test to compare
results between donor T cells from IL-13Ra1~/~ versus IL-13Ra1** mice within both
IL-13Ral1™~ and IL-13Ral*/* hosts.
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Ablation of IL-13Ral unbalances primary neonatal immunity and skews the responses
towards Th1 cells. (A-D) IL-13Ra1*/* and IL-13Ra1~/~ neonatal Balb/c mice recipient of
IL-13Ra1™" or IL-13Ral*/* T cells from 1 day old DO11.10 donors were given 1g-OVA or
the control 1g-W in saline and 14 days later their splenic primary ex vivo and recall
responses were analyzed. (A) Shows a representative ex vivo intracellular IFNy and I1L-4
production by CD4*KJ1-26* DO11.10 T cells. (B) Shows compiled ex vivo intracellular
IFNy and IL-4 production by CD4*KJ1-26" DO11.10 T cells from 3 experiments. Each bar
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represents the mean + SE. (C) Shows recall IFNy and IL-4 responses after in vitro
stimulation with OVAp as measured by ELISA (top panels) and ELISPOT (bottom panels).
Each bar represents the mean + SD of triplicate wells. (D) Shows compiled results from 5
experiments carried out as described in (C). The bars represent the mean + SE of the 5
experiments. The statistical analysis used student’s t test to compare results between donor T
cells from IL-13Ral™"~ versus IL-13Ra1*/* mice within both IL-13Ral™/~ and

IL-13Ral1*/* hosts.
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Figure 3.
IL-13Ral ablation reduces the frequency of neonatal basophils and interferes with the

production of IL-4 cytokine and serum IgE. (A) The top panel shows the frequency of
basophils (BAs), basophil progenitor (BAP), basophil/mast cell common progenitors
(BMCP), common myeloid progenitors (CMP), and granulocyte monocyte progenitors
(GMP) in the bone marrow of IL-13Ra1~/~ and IL-13Ra1*/* neonates. The bar graphs in
the bottom panel show the mean £ SD of compiled cell frequencies from 3-5 neonates. (B)
The top panel shows the frequency of basophils in peripheral blood (PB BAs) and the
bottom panel shows the mean = SD of compiled cell frequencies from 3-5 neonates. (C)
Shows IL-4 and 1L-13 production by basophils from neonate (left panel) and adult (right
panel) IL-13Ra1~/~ and IL-13Ral1** mice upon stimulation with peptidoglycan, a TLR2
ligand. The bars represent the mean + SD of triplicate wells. The results are representative of
4 experiments with 2—4 mice per group. (D) Shows serum IgE levels in neonatal and adult
IL-13Ral1™~ and IL-13Ral*/* Balb/c mice as measured by ELISA. Each bar represents the
mean + SD of triplicate wells.
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Figure 4.

IL-13Ra on basophils controls the development of neonatal Th2 immunity. IL-13Ral~/~
newborns were given rlL-3 (A-D), basophil progenitors (E-F), or MAR-1 anti-FceR1a
antibody (G-I). The mice were then transferred with DO11.10 T cells from IL-13Ra1*/*
newborn mice and injected with Ig-OVA. (A) Shows the frequency of SP and peripheral
blood basophils after injection of rIL-3 but before T cell transfer. The dot plots show a
representative experiment and the bar graphs show compiled frequencies from 3
experiments. The bars represent the mean + SE. (B) Shows ex vivo intracellular IL-4 and
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IFNYy responses of DO11.10 T cells. (C-D) Show recall cytokine responses as measured by
intracellular staining (C) and ELISA (D). (E) Shows SP and PB basophil frequency after
transfer of BMCP but before T cell transfer. The dot plots show a representative experiment
and the bar graphs show compiled frequency results from 3 experiments. (F) Shows ex vivo
intracellular (dot plots) and recall (bar graphs) cytokine responses. (G) Shows PB basophil
frequency after MAR-1 or hamster Ig (hlg) control injection but before T cell transfer. (H)
Shows ex vivo intracellular cytokine responses of DO11.10 T cells after exposure to Ig-
OVA. The left panel shows representative cytokine results and the right panels show
compiled results from 3 experiments. The bars represent the mean £ SD. (1) Shows recall
cytokine responses as measured by ELISA after in vitro stimulation of the splenocytes with
OVAp or the control HA peptide. The bars represent the mean + SD of triplicate wells. This
experiment was repeated 3 times.
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Figure 5. Both IL-13Ra1™/~ and IL-13Ra1*/* basophils function as antigen presenting cells
BM-derived (A) and peripheral blood (B) basophils were stained with anti-CD80, anti-

CD86, anti-CD40 and anti-MHC-11 antibodies (open histogram) or isotype control (filled
histogram) and marker expression was analyzed by flow cytometry on Lin~c-kit*FceR1la*
gated basophils. Data is representative of 4 experiments. In (C and D) CFSE-labeled
DO11.10 CD4* T cells (1x10%/well) were incubated with bone marrow-derived basophils
(1x10%well) from IL-13Ral1*/* or IL-13Ral~~ in presence of OVAp (C) or Ig-OVA (D)
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and antigen presentation was measured by CFSE dilution as described in Materials and
Methods. This is representative of 3 independent experiments.
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Figure 6.

IL-13Ral controls antigen presentation and T cell programing function of neonatal
basophils and DCs. (A) Shows in vitro Ag presentation and the consequent T cell
differentiation driven by OVAp-loaded IL-13Ral1*/* or IL-13Ral1™/~ BM-derived basophils
as measured by cytokine production. The dot plots show intracellular cytokines while the
bar graphs show cytokine secretion in culture supernatant. (B) MHC-11 deficient adult
Balb/c mice recipient of neonatal DO11.10 CD4* T cells were given bone marrow-derived
basophils from IL-13Ra1*/* or IL-13Ra1~/~ neonatal mice and the hosts were immunized

J Immunol. Author manuscript; available in PMC 2016 July 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Dhakal et al.

Page 28

with 1g-OVA. On day 14 the SP cells were stimulated with PMA and lonomycin and
cytokine production was measured by intracellular staining (left panel) and ELISA (right
panel). The dot plots show intracellular cytokine production by DO11.10 T cells. The bar
graphs show cytokine secretion in culture supernatant from mice recipient of IL-13Ra1*/*
(closed bars) or IL-13Ral17~/~ (open bars) bone marrow-derived basophils. (C) Shows IL-12
production by DCs from IL-13Ral17/~ and IL-13Ra1*/* neonatal and adult mice upon in
vitro stimulation with LPS. (D and E) Show differentiation of naive DO11.10 T cells into
Th1 (IFNy) and Th2 (IL-4) upon stimulation with OVAp-loaded DCs from adult (D) and
neonatal (E) IL-13Ral™/~ and IL-13Ra1*"* mice as measured by intracellular staining (dot
plots) and ELISA (bar graphs). Each bar represents the mean + SD of triplicate wells. Data
are representative of 2 experiments.
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IL-13Ral exercises differential control of DC and basophil mediated T cell programing in
vivo. MHC-11 7/~ IL-13Ra1*"* Balb/c neonatal mice recipient of DCs or basophils from 1-
day-old IL-13Ra1*/* or IL-13Ra17/~ mice alongside neonatal DO11.10 T cells and the
hosts were given 1g-OVA. On day 14, the SP cells from the MHC-11 7/~ IL-13Ra1*/* hosts
were harvested, supplemented with MHC-II-sufficient DCs from MHC-11*/* IL-13Ra1*/*
mice (to serve as APCs) and the culture was stimulated with OVA peptide. Ex-vivo (dot
plots) and recall (bar graphs) cytokines responses by CD4 T cells were then analyzed by
intracellular staining and ELISA, respectively. (A and B) shows cytokine production by T
cells from hosts recipient of (A) DCs or (B) basophils. Each bar represents the mean + SD of
triplicate wells. Data is representative of 2 experiments.
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IL-4 from basophils modulates IL-12 production by DCs to sustain control of primary Thl
immunity in the newborn. (A) Neonatal MHC-117/~ IL-13Ra1*/* mice (3 per group)
recipient of basophils and DCs from 1-day-old IL-13Ra1*/* (HR*BA: HR*DC) or
IL-13Ra1~/~ (HR"BA:HR™DC) mice were given neonatal DO11.10 CD4* T cells and
injected with 1g-OVA. On day 14, the SP cells were harvested and incubated with OVAp-

loaded MHC-11*/* DCs (to serve as APCs). IFNy and IL-4 production by KJ1-26*CD4*

DO011.10 T cells were measured by ELISPOT. The bars represent the mean + SD spot
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forming units (SFU) of triplicate wells. The results are representative of 3 independent
experiments. (B) shows IL-12 production by IL-13Ral1™~ and IL-13Ral1** DCs upon
stimulation with control media (NIL), LPS alone, or in combination with rlL-4 cytokine (left
panel). Each bar represents the mean £ SD of triplicate wells. The right panel shows the fold
change in IL-12 production by IL-13Ral1** and IL-13Ral™~ DCs induced by exogenous
IL-4. Each bar represents the mean + SE of cytokine production ratio obtained upon
stimulation in the presence versus absence of IL-4. The data is derived from 3 experiments.
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Figure 9.
Stepwise regulation of neonatal immunity by IL-4a/IL-13Ral HR. During neonatal

exposure to Ag, basophils function as APCs and produce IL-4. This cytokine binds to the
HR on neighboring Ag presenting DCs and signals malfunction and diminished IL-12
production. Limited IL-12 in the neonatal environment, although sufficient to drive
differentiation of naive T cells into Th1 cells, cannot counter up-regulation of IL-13Ral.
Consequently, HR formation on neonatal Th1 cells ensues and serves as a death marker for
the cells. During rechallenge with Ag, Th2 cells produce IL-4 which signals apoptosis of
Th1 cells leading to bias of secondary immunity towards Th2 cells. In fact, if the DCs are
devoid of the HR, IL-4 from basophils will not be able to limit IL-12 production by DCs. In
this case, Thl differentiation will occur but without HR expression yielding Th1/Th2
balanced neonatal immunity.
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