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Basophils are the least abundant granulocytes, representing less
than 1% of peripheral blood leukocytes. For this reason,
together with their poor phenotypic and morphological charac-
terization and lack of animal models, their specific physiological
functions during the immune response have been ignored until

Abbreviations

BALF, Bronchoalveolar lavage fluid; BM, Bone marrow; BMDB,
Bone marrow-derived basophils; dsRNA, Double-stranded
ribonucleic acid; Mch, Methacholine; poly(A:U), Polyadenylic/

polyuridylic acid.

Abstract

Background: It is commonly acknowledged that asthma is exacerbated by viral
infections. On the other hand, basophil infiltration of lung tissues has been evi-
denced postmortem in cases of fatal disease, raising the question of a possible
link between these two observations.

Objectives: Herein, we addressed the relationship between asthma exacerbation by
viral infection and basophil activation and expansion by investigating how stimu-
lation with the dsRNA polyadenylic/polyuridylic acid [poly(A:U)] affected baso-
phil activities and recruitment in an allergic airway inflammation model.

Methods: The effect of dSRNA on basophils was assessed by measuring the cyto-
kine levels produced upon stimulation. We used an OVA-induced experimental
model of allergic asthma. Airway hyperreactivity, recruitment of infiltrating cells,
and cytokine production were determined in the lung of mice having received
poly(A:U), as compared with untreated controls. The exacerbating effect of
basophils was assessed both by adoptive transfer of poly(A:U)-treated basophils
and by their in vivo depletion with Bal03 antibody.

Results: We found that in vitro treatment with poly(A:U) increased basophil func-
tions by inducing Ty2-type cytokine and histamine production, whereas in vivo
treatment increased peripheral basophil recruitment. Furthermore, we provide the
first demonstration for increased infiltration of basophils in the lung of mice suf-
fering from airway inflammation. In this model, disease symptoms were clearly
exacerbated upon adoptive transfer of basophils exposed to poly(A:U), relative to
their unstimulated counterpart. Conversely, in vivo basophil depletion alleviated
disease syndromes, thus validating the transfer data.

Conclusions: Our findings provide the first evidence for airway inflammation
exacerbation by basophils following dsRNA stimulation.

recently. Even though mast cells and basophils are both consid-
ered primary effector cells of bronchial asthma, there is compel-
ling immunological, biochemical, and pharmacological evidence
that they exert distinct functions at the onset and progression of
the asthma phenotype (1). Basophils play key roles in the devel-
opment of acute and chronic allergic responses, protective
immunity against ecto- and endoparasites, and regulation of
acquired immunity, including the augmentation of humoral
memory responses and the initiation of Ty2 differentiation.
Basophils are indeed major early producers of IL-4 and IL-13,
which are critical for setting off and maintaining allergic
responses (2). Moreover, in agreement with their putative effector
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functions, they are clearly associated with fatal asthma (3, 4)
and detected in nasal lavage fluid after allergen challenge of
patients with allergic rhinitis (5). This notion is further
supported by the correlation between gain-of-function mutations
of the IL-4R and disease exacerbation (6).

Murine basophils are most frequent in the bone marrow
where they originate and most likely complete their maturation,
conversely to mast cells, which differentiate in the periphery (7).
They constitute an excellent source of 1L-4, IL-6, and hista-
mine, in response to growth factors like IL-3 and GM-CSF or
calcium ionophore, and IgE (8, 9). Through their activation by
IL-33 and thymic stromal lymphopoietin (TSLP), they partici-
pate together with DCs in the initiation and amplification of
Ty2-type immune responses (10-12). Recent studies have
shown that basophil activation is not only promoted by anti-
gen-specific IgE crosslinking, but can also be caused in nonsen-
sitized individuals by parasitic antigens, lectins, and viral
superantigens, either by direct crosslinking of the FceR or by
binding to nonspecific IgE antibodies (13). Furthermore, novel
IgE- and FceR-independent routes of stimulation have been
reported, consistent with the assumed regulatory functions of
basophils in innate immunity (14). In further support of this
notion, several recent studies provide evidence that they can
also act as antigen-presenting cells (15-17), in particular in the
case of an allergen-induced T2 response.

Viral respiratory infections, especially those induced by
rhinovirus and respiratory syncytial virus, are the most common
and important cause of an acute asthma exacerbation in both
adults and children and represent a global health burden
(18, 19). An increasing body of evidence supports the hypothesis
that these infections cause more morbidity in asthmatic than in
healthy individuals. Understanding the mechanisms responsible
for virus-induced airway inflammation in asthmatic subjects
might offer significant opportunities for improved disease
management. Viruses generate replication-mediated dsRNA
in infected cells, which serve as a ligand for pattern recogni-
tion receptors. We postulated that this type of interaction
might lead to increased Ty2 cytokine production by basoph-
ils accounting for their adverse effect in allergic asthma. To
verify this hypothesis, we tested the effect of dSRNA on typi-
cal basophil activities, using purified populations derived
from bone marrow cultures. We found that double-stranded
polyadenylic/polyuridylic acid [poly(A:U)] activated basophils
both in vitro and in vivo to produce histamine and Ty2 cyto-
kines, such as IL-4, IL-6, and 1L-13. We further demonstrate
the direct implication of basophils in allergic inflammation
exacerbation, by means of either adoptive transfer or deple-
tion with a specific antibody, and assess the physiological
relevance of poly(A:U) in this model by showing the aggra-
vation of disease hallmarks when basophils were exposed to
the dsRNA before transfer.

Materials and methods
Mice, cytokines, and reagents

This study was performed with male and female 7- to 9-wk-old
NOD mice bred in our animal facility. C57BL/6J mice were
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purchased from CERJ. Ja18 '~ mice were originally provided
by Dr. T. Taniguchi and bred in our animal facility under
specific pathogen-free conditions, as were NOD mice.

Cytokines, antibodies, and other reagents

Murine recombinant IL-3 was purchased from R&D
Systems. The following appropriately labeled antibodies were
used: anti-mouse CDI117 (2B8), CD49b (Hmo2), FceRla
(MAR-1), CD69 (H1.2F3), and isotype controls (BD Pharm-
ingen). The poly(A:U) used was purchased from Sigma-
Aldrich, Midland, or prepared in the laboratory using polyA
(Fluka/Sigma-Aldrich) and polyU (MP Biomedical) as
described before (20). RNase A was purchased from Sigma-
Aldrich.

Sorting of BM-derived basophils and flow cytometry

Basophil-enriched populations were generated from total BM
cells cultured for 7-9 days with IL-3, as described before
(Schneider et al., 2005). This population contained on average
25-40% basophils defined as c-kit FceRIa*CD49b ™" cells.
To avoid activation by FceR staining, they were electronically
sorted as c-kit " CD49b™ cells using a FACSAria cell sorter
(BD). Purity was >98% upon reanalysis of aliquots stained
with anti-FceRIoo mAb. After FcyR blockade by CD16/32,
basophils were stained in different organs with CD49b-APC,
c-kit-FITC, and FceRIa-PE mAbs and analyzed in a FACSC-
anto™ flow cytometer using FACSDiva software (BD).
Basophils were also sorted after 6 days of culture and incu-
bated at a concentration of 10° per millilitre in the presence
of 10 ng/ml IL-3 or 100 pg/ml of poly(A:U) in 24-well plates.
Viable cells were counted daily using trypan blue exclusion.

Cell cultures

For cytokine and histamine assays, cells from bone marrow,
liver, lung, and sorted basophils were recovered as previously
described. The cells were suspended in MEM (Invitrogen)
supplemented with 10% horse serum (Invitrogen) instead of
FCS, which contains histaminase (21). They were adjusted to
a final concentration of 107 and 2.5 x 10° of liver and bone
marrow cells per millilitre, respectively, and exposed for 24 h
to different stimuli, as stated in Results, relative to medium
controls. In some cases, poly(A:U) was pretreated with
RNase A (100 pg/ml) for 5 h at 37°C and 10~ M. Superna-
tants were collected and stored at —20°C for cytokine and
histamine assays.

Cytokine and histamine assays

1L-4, IL-5, IL-6, 1L-13, eotaxin, and TARC were quantified
in culture supernatants, BALF, and liver using ELISA kits
from R&D according to the manufacturer’s instructions.
Histamine concentrations in cell supernatants were currently
determined by an automated continuous-flow fluorometric
technique (lower limit of sensitivity: 50 pg/ml), as previously
described (22).
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In vivo treatment

Female C57BL/6J or NOD mice received daily i.p. injections
of 100 pg of poly(A:U) or NaCl for 5 days. 24 h after the
last injection, they were anesthetized with ketamine (35 mg/kg,
Sigma-Aldrich) before collecting blood from the retro-orbitalo
sinus. After killing, basophils were identified among mononu-
clear cells from different organs upon staining with CD49b-
APC and FceRIoPE mAbs.

Experimental allergic inflammation

8- to 10-week-old male NOD mice with normal glycosuria
were sensitized by i.p. injections of 100 mg OVA on days 0,
2, and 4. Thereafter, from day 10 (D 10) to DI5, they
received a daily treatment with aerosolized OVA at a concen-
tration of 20 mg/ml or NaCl for 20 min, using an ultrasonic
nebulizer (Ultra-Neb99). 1 h later, they were given 50 mg
poly(A:U) or NaCl i.n.

Adoptive transfer or depletion of basophils

Jo18 7/~ mice immunized according to the above protocol
received 10° bone marrow-derived sorted basophils after a 2-h
exposure to poly(A:U) or culture medium alone by i.v injec-
tion 1 h before the first OVA aerosol challenge (six mice per
group). For basophil depletion, immunized male NOD mice
were injected ip with 5 pg of Bal03 antibody per mouse
twice a day from D7 to D9. Phenotypic and functional anal-
yses of basophils were performed after killing on D16.

Statistics

All data are expressed as means + SEM. Statistical signifi-
cance (*P < 0.05; **P < 0.01; ***P < 0.005) was established
by Student’s t-test, using GraphPad Prism5 software.

Results

Poly(A:U) targets basophils by inducing basophil recruitment
and activation

Knowing that viral infections can exacerbate the pathology
in asthmatic patients (18, 19), we postulated that poly(A:U)
recognized as a dsRNA pathogen might exert a similar
effect through its ability to activate and recruit basophils to
the periphery. Basophils are present at very low levels in
mice outside the bone marrow. We examined whether poly
(A:U) could promote their peripheral recruitment following
five daily ip injections at a dose of 100 pg per mouse. On
day 6, we analyzed CD49b" FceRIa" cells in different
organs and found increased frequencies among mononuclear
cells recovered from both liver and blood (Fig. 1A). The
effect was particularly striking in the liver where the per-
centage of basophils rose from 0.1 to 1%, resulting in
enhanced responsiveness to IL-3 in terms of IL-4 and IL-6
production (Fig. 1B). The higher proportion of basophils
was associated with an increase in absolute basophil counts
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Figure 1 The dsRNA poly(A:U) targets basophils in vitro and in
vivo. (A) Poly(A:U)-induced basophil recruitment to the periphery.
NOD mice received daily i.p. injections of 100 pg of poly(A:U) or
NaCl for five consecutive days. 24 h later, basophils were analyzed
in blood (upper panels) and liver (lower panels). Representative
flow cytometric profiles of CD49b*FceRla* basophils in the blood
and the liver of treated mice. Numbers in dot blots indicate the per-
centage of gated basophils. Representative of two independent
experiments are shown. (B) Functional activation of hepatic
basophils in response to poly(A:U). Mononuclear liver cells (107/ml)
from NOD mice having received poly(A:U) or saline as stated above
were incubated with IL-3 for 24 h before measuring IL-4 and IL-6
production. Significant changes between PBS and poly(A:U)-treated
mice (n =5 mice per group); ** P < 0.01; * P < 0.05. (C) Poly
(A:U)-induced cytokine and histamine production. 10° sorted
basophils/ml were incubated with or without poly(A:U) (100 pg/ml)
or IL-3 (10 ng/ml) for 24 h, and histamine was measured in super-
natants by fluorometric detection. Data are means + SEM. Each
histogram combines the results of at least four independent experi-
ments. (D) RNA-specific effect of poly(A:U). BMDB were incubated
with 100 pg/ml of poly(A:U) pretreated or not with RNase A. IL-4
production was measured in supernatants after a 24-h incubation,
as compared with controls set up in culture medium or stimulated
with IL-3. Data are means + SEM; each histogram combines the
results of at least five independent experiments.

in the liver from 1.963 & 0.46 x 10 after NaCl treatment
to 44.06 £ 0.93 x 10° following dsRNA stimulation, while
no consistent increase in basophil counts occurred in the
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spleen and in the bone marrow (data not shown). We fur-
ther examined the cytokine production by basophils puri-
fied from enriched populations generated during 7-9 days
of culture in the presence of IL-3, followed by electronic
sorting of CD49b “c-kit™ cells. These cells responded to
poly(A:U) in a dose-dependent manner by secreting IL-4,
IL-6, and IL-13 (Fig. 1C). Cytokine production failed to
occur after treatment with RNase A, as illustrated by IL-4
production in Fig. 1D, which proves its RNA specificity.
RNase A had no effect on its own and did not modify
IL-3-induced histamine and cytokine production (data not
shown).

Poly(A:U) aggravates allergic asthma through activation and
recruitment of basophils

Basophils are believed to carry out important effector func-
tions during allergic inflammation, but have not been
detected so far in bronchoalveolar fluid (BALF) in murine
experimental allergic asthma. We used NOD mice, which
develop a more pronounced allergic response than the
C57BL/6 strain (23), to assess whether the incidence and
activity of basophils increased during disease progression. To
mimic viral respiratory tract infections, poly(A:U) was given
in. to immunized mice 1 h after the OVA challenge from
days 10 to 15. In these conditions, we detected a significant
increase in the incidence of pulmonary basophils that has not
been reported in this model before (Fig. 2A). It occurred
already in mice challenged with OVA alone and increased
substantially after administration of poly(A:U), concurrently
with a rise in the hyperreactivity (AHR), an increase in infil-
trating cells, such as eosinophils in BALF, and an enhanced
production of the pro-Ty2 cytokines IL-4, IL-5, IL-6, and
IL-13, along with the chemokine eotaxin (Fig. 2B,C,D).

To establish that basophils increased disease symptoms
directly, we took advantage of an adoptive transfer model with
purified basophils. We optimized this procedure using a strain
known for its moderate asthma response, namely iNKT cell-
deficient Jo18~/~ mice. Interestingly, the incidence of basophils
in the bone marrow of these mice was also lower than in their
wild type counterpart (0.28 4+ 0.01% vs 0.6 + 0.04%, respec-
tively). Basophils were purified from enriched populations
generated during 7-9 days of culture in the presence of IL-3,
followed by electronic sorting of CD49b " c-kit™ cells, which
yielded a >95% pure population upon reanalysis (Fig. 3A).
Sorted cells were treated for 2 h with or without 100 pg/ml of
poly(A:U) prior to retro-orbital injection, 1 h before the first
aerosol challenge with OVA of mice previously immunized on
days 0, 2, and 4 with 100 pg of OVA. The treatment with
20 mg OVA in aerosol was continued from day 10 to day 15,
followed by killing on day 16. As shown in Fig. 3B,C, these
mice, which are known for mounting a poor Ty2 response,
develop modest asthma symptoms in terms of eosinophil infil-
tration and secretion of eotaxin and TARC, which become
more severe in the group of mice having received unstimulated
basophils. Interestingly, the inflammatory responses were
further aggravated after exposure of basophils to poly(A:U)
prior to injection (Fig. 3B,C).
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Figure 2 Increased basophil levels coincide with asthma exacerba-
tion. (A) Increased basophil recruitment to the lung of immunized
mice having received poly(A:U). NOD mice were immunized
according to the protocol described in Materials and methods. One
group was challenged with NaCl followed by i.n. NaCl inoculation,
and a second group was challenged with OVA followed by in.
administration of either NaCl or 50 pug of poly(A:U) 1 h after OVA
aerosol challenge from D10-D14. Basophil recruitment was analyzed
in the lungs. (B) Mice treated with poly(A:U) showed an increased
AHR as compared to control mice. AHR to Mch was measured
24 h after the last challenge. (C, D) Mice treated with poly(A:U)
showed an increased eosinophilia in BALF and IL-4 and eotaxin
production as compared to control mice. These experiments were
performed twice using 4-6 mice per group (each value represents
one mouse). One representative experiment is shown.

Basophil depletion attenuates allergic asthma syndromes

We chose the inverse strategy, namely basophil depletion, to
validate the transfer data. To this end, we injected the
monoclonal antibody Bal03 (24) from days 7 to 9, twice
a day. The treatment was very effective as it decreased

© 2013 John Wiley & Sons A/S. Published by Blackwell Publishing Ltd
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Figure 3 Adoptive transfer of basophils exacerbates allergic inflam-
mation. (A) Preparation of purified bone marrow-derived basophils
(BMDB). CD49b*c-kit™ cells were electronically sorted from baso-
phil-enriched populations generated during 7-9 days of culture in
the presence of IL-3. (B) After immunization, Jx18~'~ mice were
divided into three groups: one that received no further treatment
and served as control and the other two injected with 10° sorted
basophils that had been pretreated with and not with poly(A:U).
Total cells and eosinophils in BALF, eotaxin, and TARC levels were
quantified in lung (37). n=6. ** P < 0.01; * P < 0.05.

OVA-induced basophil recruitment to the liver from 1.9%
to 0.1% (Fig. 4A). Whereas hyperreactivity was not signifi-
cantly modified (data not shown), basophil depletion
resulted in a less marked asthma response evidenced by
reduced eosinophil recruitment to BALF and lower pulmo-
nary cytokine and chemokine production (Fig. 4B). Poly
(A:U)-induced total cell and eosinophil infiltration was abol-
ished after depletion of basophils, proving their critical role
in cellular recruitment (Fig. 4C). Taken together, these data
support the conclusion that a synthetic analogue of double-
stranded viral antigen can target basophils directly to
promote their typical pro-Ty2 activities and increase their
recruitment in vivo, thereby exacerbating experimental allergic
asthma.

Discussion

Our study provides the first evidence that the dsRNA
poly(A:U) targets basophils to promote their activation in
terms of histamine and Ty2 cytokine production and increase
their survival. Using a murine model of allergic asthma, we
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Figure 4 Basophil depletion alleviates allergic inflammation. (A)
Reduced eosinophil counts in BALF after basophil depletion. Mice
received two daily injections of 5 pg Ba103 for three days before
OVA aerosol challenge. Basophil depletion was verified in the liver by
flow cytometry, and eosinophils were counted in BALF. (B)
Decreased Tp2 cytokine levels in BALF of basophil-depleted immu-
nized and OVA-challenged mice. Cytokines were measured in BALF
24 h after the last challenge. (C) Abrogation of OVA- or OVA+poly
(A:U)-induced increase in eosinophil infiltration after basophil depletion.
These experiments were performed twice using 4-6 mice per group.
One representative experiment is shown. ** P < 0.01; * P < 0.05.

established likewise that this effect is relevant in vivo as it
enhances the peripheral recruitment and functions of basoph-
ils, which in turn contribute directly to the severity of the
disease by enhancing asthma syndromes like eosinophil infil-
tration and Ty2-type cytokine production.

In vivo treatment with poly(A:U) enhanced the incidence
of basophils in blood and liver where they conserved their
functional characteristics, that is, their capacity to produce
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histamine and cytokines in response to IL-3. Even though
other mononuclear cells were recruited to the liver upon
treatment with poly(A:U), basophils were the major source
of IL-4 and IL-6 in response to IL-3. Indeed, the only other
potential target of IL-3 in terms of IL-4 and IL-6 production
could be mast cells, which are not increased in the liver of
mice having received poly(A:U), while the increased respon-
siveness to IL-3 after treatment with poly(A:U) is consistent
with the increased incidence of basophils. In accordance with
this conclusion, more than 95% pure sorted basophils
derived from bone marrow cells cultured for 7-9 days in the
presence of IL-3 produce high amounts of histamine IL-4,
IL-6, and TL-13.

Our study provides the first demonstration that basophils
infiltrate the lung of mice suffering from allergic asthma and
proves by adoptive transfer that they mediate OVA-induced
eosinophil recruitment and cytokine/chemokine production.
These activities were further upregulated upon exposure to
poly(A:U) before transfer, suggesting that they were patho-
physiologically relevant. Conversely, in vivo basophil deple-
tion by Bal03 antibody-alleviated disease syndromes, thus
validating the transfer data. In this context, it is noteworthy
that the exacerbated asthma syndromes developed by some
mouse strains, such as NOD vs C57BL/6 mice (23), are asso-
ciated with increased basophil activity in terms of IL-4 and
histamine production, while the opposite is true in mice dis-
playing a low Ty2 response (Jol8 KO mice vs WT mice).
This observation makes sense if one takes the regulatory
functions of basophils during allergic airway inflammation
into account.

The exacerbation of asthma symptoms, such as increased
eosinophil infiltration in BALF in response to poly(A:U),
was associated with increased production of several cytokines
known for their pro-inflammatory functions, such as IL-13, a
central mediator of allergic asthma (25), and IL-6 (26). The
role of IL-4 in asthma exacerbation is particularly well estab-
lished, owing to its capacity to induce the IgE switch, upre-
gulate the expression of vascular cell adhesion molecule-1
(VCAM-1), enhance eosinophil transmigration across the
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endothelium, and increase mucus secretion and differentia-
tion of Ty2 lymphocytes (27). Indeed, increased susceptibility
to allergic asthma has been linked to polymorphisms in the
IL-4 gene promoter and IL-4R signaling, a finding that has
already given rise to clinical trials evaluating the effect of
naturally occurring antagonists (28). It is also noteworthy
that poly(A:U)-treated mice signal in basophils through a
TLR3-independent pathway (A.R., L.V.P., and N.T. per-
sonal communication).

Asthma exacerbations have been consistently associated
with viral respiratory infections (29, 30). Thus, the role of
innate immunity through interferon production in response
to viral infection and epithelial airway may initiate chronic
asthma (31). In animal models, double-stranded RNA also
exacerbated pulmonary allergic reactions (32) through activa-
tion of various cell subsets, such as DCs, epithelial cell (33),
IL-17A-producing iNKT cells (34), and inflammatory media-
tors such as histamine, chemokines, and cytokines like I1L-6,
1L-17, 1L-33, etc. (35). In conclusion, we postulate that the
asthma exacerbation associated with viral infections might be
mediated, at least in part, by basophils through their capacity
to skew the antiviral response toward a Ty2 cytokine profile.
Our findings provide new insights into the complex mecha-
nisms that regulate the severity of allergic diseases and their
paradoxical aggravation by viral infections.

To note: During the reviewing process, a report was pub-
lished showing that basophil recruitment in lungs aggravated
airway inflammation (36).
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