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Basophils orchestrate protection against reinfections with gastroin-
testinal helminths and ticks, but the underlying mechanisms remain
elusive. We investigated the role of Fc receptors on basophils, the
antibody isotypes IgG1 and IgE, and basophil-derived IL-4/IL-13
during challenge infections with Heligmosomoides polygyrus and
Nippostrongylus brasiliensis. Using mixed bone marrow chimeras,
we found that activating Fc receptors on basophils were required
for protective immunity but not for regulation of basophil ho-
meostasis. Furthermore, rapid worm expulsion was impaired in
IgE-deficient but not in IgG1-deficient mice. Basophils promoted
the recruitment of other effector cells into the small intestine and
induced expression of the antihelminthic proteins resistin-like
molecule β and mucin 5ac. Selective deletion of IL-4/IL-13 in basophils
resulted in impaired worm expulsion. Collectively, our results in-
dicate that IgE-mediated activation of basophils and the release of
basophil-derived IL-4/IL-13 are critical steps in protective immunity
against helminths. Therefore, development of effective vaccines
against helminths should consider boosting the IL-4/IgE/basophil
axis of the immune system.
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Infections with gastrointestinal helminths present a major global
health problem affecting ∼2 billion people worldwide (1). Al-

though chemotherapy can be used to treat most of the infections,
reinfections commonly occur within 12 mo after treatment, and
increasing drug resistance is observed (2). To date no efficacious
vaccines against intestinal helminths are available, and further
studies are needed to improve our understanding of protective
immune responses against these parasites.
Heligmosomoides polygyrus (Hp) and Nippostrongylus brasiliensis

(Nb) are natural rodent parasites that are commonly used as
models for human hookworm infections. Hp is a strictly enteric
natural murine parasite; mice are infected orally withHp L3-stage
larvae that first enter the submucosa in the small intestine and
emerge into the gut lumen about 1 wk after infection to mature
into adult worms, mate, and produce eggs. During the first in-
fection Hp establishes a chronic infection in C57BL/6 mice, but
when worms are cleared by anthelminthic agents mice are pro-
tected from subsequent infections (3, 4). Nb has a very different
life cycle. Mice are infected s.c. with Nb L3-stage larvae that
migrate via the bloodstream to the lung and, after being coughed
up and swallowed, ultimately end up in the small intestine where
they mate and produce eggs about 5 d after infection. Worms
are expelled by day 10 after infection, so protective immunity
to secondary infection can be studied without the need to clear
the primary infection with drugs.
Type 2 immune responses against helminths typically are char-

acterized by an increase in Th2 cells, eosinophils, and basophils,
accompanied by high levels of IgG1 and IgE. Work during the
past few years has provided important insights into the regulation
of protective immunity against helminths by cells of the innate
immune system including mast cells, macrophages, basophils, and
type 2 innate lymphoid cells (ILC2) (5–7).

Basophils express the high-affinity receptor for IgE (FceRI)
together with an activating (FcγRIIIA) and an inhibitory (FcγRIIB)
receptor for IgG (8). Upon receptor cross-linking, activated
basophils rapidly release effector molecules including histamine
and proteases from cytoplasmic granules. They further produce
various proinflammatory lipid mediators, chemokines, and the
Th2-associated cytokines IL-4, IL-5, and IL-13 (9-11). Over the
past years several genetic mouse models have been used to elu-
cidate basophil functions in vivo. It has been shown that basophils
cooperate with dendritic cells to initiate Th2 responses, promote
alternative activation of macrophages, and contribute to acquired
resistance against parasites (12–16). We and others have shown
that basophils contribute to protective immune responses against
secondary infection by Nb and ticks (13, 14, 17). Antibody-
mediated depletion of basophils also was reported to result in
partially impaired protection against Hp and Trichuris muris (18,
19). However, the mechanisms by which basophils mediate
protection remained elusive.
The cytokines IL-4 and IL-13 are critical for protective im-

munity, because they induce signal transducer and activator of
transcription 6 (STAT6)-regulated genes in different cell types
which contribute to worm expulsion (20). It was further shown
that protective immunity against secondary Hp infection
depends mostly on memory CD4+ T cells and arginase-1 pro-
duction by alternatively activated macrophages (AAM), which
contribute to the formation of type 2 granulomas around the
larvae in the submucosa (21–23). In addition, antibody-secret-
ing B cells and parasite-specific antibodies play an important
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role in the expulsion of Hp (24–26). Furthermore, it has been
demonstrated that transfer of immune serum could confer
resistance to Hp, Nb, and Ascaris suum (27–30). However, how
antibodies execute their protective effect remains unclear.
One possibility is that they might act by activating Fc receptor-
bearing cell types including macrophages, mast cells, and
basophils. The role of basophils is particularly appealing in
this context because basophils are a prominent source of IL-4
and IL-13, both of which induce AAM differentiation, goblet
cell hyperplasia, collagen production, and secretion of effec-
tor molecules such as resistin-like molecule β (Relm-β) and
mucin 5ac (Muc5ac) from intestinal epithelial cells.
In the current study we uncovered the main mechanism by

which basophils confer protection against reinfection with Hp
and Nb. We found that expression of activating Fc receptors and
IL-4/IL-13 in basophils is required for protection. Furthermore,
IgE-deficient, but not IgG1-deficient mice, showed impaired
worm expulsion during secondary infection, indicating that IgE-
induced release of IL-4/IL-13 from basophils is a critical step in
the orchestration of downstream effector functions that ulti-
mately lead to worm expulsion.

Results
Basophils Promote Protective Immunity Against Hp. To address the
role of basophils during infection with the strictly enteric hel-
minth Hp, we used Mcpt8Cre BAC-transgenic mice in which
basophils are constitutively and efficiently deleted because of
Cre toxicity, but mast cells are not affected (13). Mcpt8Cre and
control mice, both on the C57BL/6 background, were crossed to
IL-4eGFP reporter mice (4get mice) (31) to facilitate detection
of IL-4–expressing cell types by flow cytometry. After oral in-
fection with 200 L3-stage Hp larvae, we monitored expansion of
eosinophils, basophils, and Th2 cells in the blood. In control
mice, basophils and eosinophils peaked at day 15 after the first
infection, and Th2 cells reached a plateau at day 12 that per-
sisted for 9 d (Fig. 1 A–C). Faster expansion of all three cell types
was observed during the secondary response. As expected, baso-
phils did not increase in infected basophil-deficient Mcpt8Cre
mice, but the expansion of eosinophils and Th2 cells during pri-
mary infection was comparable to that in control mice (Fig. 1 A–
C). However, Mcpt8Cre mice showed decreased frequencies of
eosinophils (2.4-fold; P < 0.05) and Th2 cells (twofold; P < 0.05)
shortly after reinfection, indicating that basophils induced the

Fig. 1. Basophils promote protective immunity against secondary infection with Hp. (A–C ) Frequency of basophils, eosinophils, and Th2 cells in the blood
at indicated time points after first and second infection with Hp. (D) Serum concentrations of IgE (Left) and IgG1 (Right) after Hp infection. (E ) Number of
adult worms in the small intestine at day 28 after the first infection and day 9 after the second infection. (F ) Number of adult worms in the small intestine
of CD4+ T-cell–depleted Mcpt8Cre-4get (black) and 4get control (gray) mice at day 9 after the second infection. (G) Number of Hp eggs in the feces at
indicated time points after second infection (also see Fig. S1). (H) Immunofluorescence staining for mMCP-8 (red) to detect basophils (arrows) in gran-
ulomas in the small intestine at the indicated time points after the first and second Hp and Nb infections. Mcpt8Cre mice served as negative staining
control. Nuclei were counterstained with DAPI (also see Fig. S1). (I) Frequency of basophils among CD45+ cells isolated from the lamina propria of naive
WT mice (open bar) and after the first and second infections with Hp (black bars) and Nb (gray bars). Graphs show the mean + SEM from pooled
experiments with 11 (A–C ), six (D), nine (E ), four to seven (F ), and five or six (G) Mcpt8Cre-4get and 4get control mice per group. *P < 0.05; **P < 0.01;
***P < 0.001 by unpaired Student t test.
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early memory type 2 immune response, as previously suggested by
others (32).
Basophils have been reported to promote the survival of plasma

cells in the spleen and to enhance humoral memory responses
(33, 34). To investigate whether basophil deficiency results in
lower antibody levels, we measured serum concentrations of IgE
and IgG1 antibodies in Mcpt8Cre and control mice after first and
second Hp infection (Fig. 1D). IgE and IgG1 antibody levels in
Mcpt8Cre mice were comparable to those in control mice, and
both strains showed a typical humoral memory response reflected
by faster increase of both isotypes during secondary as compared
with primary infection.
To determine the contribution of basophils during the pro-

tective immune response to Hp, we analyzed the worm burden
after primary and secondary infection. Similar numbers of worms
and eggs were found in Mcpt8Cre and control mice after primary
infection (Fig. 1E and Fig. S1A), but Mcpt8Cre mice harbored
significantly more worms than control mice after secondary in-
fection (Fig. 1E), even when CD4+ T cells were depleted just
before the second infection (Fig. 1F and Fig. S1B). Importantly,
expulsion of worms was not simply delayed, because basophil-
deficient mice still shed significantly more eggs in the feces
several weeks after the secondary infection and therefore
probably harbored more live adult worms than control mice
(Fig. 1G).
The protective effect of basophils suggests that they may be in

close contact with larval antigens. This contact could occur inside
granulomas in the submucosa of the small intestine. Therefore,
we stained frozen tissue sections of small intestines from naive
and infected mice with the basophil-specific anti-mMCP8 (mouse
mast cell protease 8) antibody (Fig. 1H and Fig. S1C). We de-
tected few basophils via immunofluorescence staining in naive
control mice but not in Mcpt8Cre mice. Lamina propria basophils
increased during primary Hp and Nb infection in control mice but
not Mcpt8Cre mice. Basophils were present in granulomas 4
d after the second infection with Hp. Importantly, they also were
increased in the lamina propria during the second Nb infection;
this increase had not been observed in earlier reports (17). Fur-
thermore, basophil numbers increased in the lamina propria after
primary and secondary infection with both Hp and Nb as mea-
sured by flow cytometry (Fig. 1I). In both infection models ba-
sophil recruitment was about 10-fold higher during secondary
infections than in primary infections. The recruitment of basophils
to the anatomical sites where the helminths are located suggests
that they promote protective immunity by activating nearby ef-
fector cells including macrophages and goblet cells.

Basophils Promote Recruitment of Effector Cells and Expression of
Antihelminthic Proteins in the Small Intestine. Because basophils
were recruited efficiently to the lamina propria of the small in-
testine during the second infection with Hp, we investigated
whether basophils promote recruitment of other effector cells.
Fewer Th2 cells, eosinophils, and PD-L2+ AAMs were detected
in Mcpt8Cre mice than in control mice, but ILC2s and mast cells
were not reduced significantly in the lamina propria or mesen-
teric lymph nodes (Fig. 2A and Figs. S2 and S3). Expression of
Relm-α, an established marker for AAMs, and Muc5ac, a glyco-
protein secreted by goblet cells during helminth infections, also
was decreased in Mpct8Cre mice as compared with controls (Fig.
2B). Relm-β also is secreted by goblet cells during infections with
Hp and Nb in response to IL-4/IL-13, and this molecule has di-
rect antihelminthic activity in vivo (35). Western blot analysis of
feces of infected mice revealed decreased Relm-β secretion in
Mcpt8Cre mice as compared with controls (Fig. 2C). Overall,
these results indicate that the protective type 2 immune response
early after reinfection with Hp is impaired in Mcpt8Cre mice.

Basophils Provide Early IL-4 for Th2 Polarization During Secondary
Infection. Because Hp is a strictly enteric parasite, the mesen-
teric lymph nodes (mLN) draining the intestinal tract are the
major sites for initiation of the immune response. Analysis of
reinfected mice revealed that basophils were recruited to the
mLN as early as day 4 after secondary infection (Fig. 2 D and E).
Interestingly, in the absence of basophils, Th2 polarization was
significantly impaired in both frequency and total number early
after infection, confirming our earlier observation of reduced
frequencies of Th2 cells in the blood of Mcpt8Cre mice. How-
ever, by day 9 after infection, Th2 cells in mLN in Mcpt8Cre and
control mice reached comparable frequencies and total numbers
(Fig. 2 F and G). Hence, we hypothesized that basophils provide
IL-4 shortly after reinfection to drive early Th2 polarization and
thereby contribute to worm expulsion, as suggested earlier by
others (9, 32).
Indeed, ex vivo-sorted basophils loaded with Hp-immune se-

rum released large amounts of IL-4 and IL-13 when incubated
with Hp extracts or excretory/secretory products (Fig. 3A). To
determine whether basophil-derived IL-4 is required for early
Th2 polarization, we generated mixed bone marrow (BM) chi-
meras (MBMCs) with a 4:1 ratio of BM cells from basophil-
deficient Mcpt8Cre mice and IL-4/IL-13–deficient (4-13ko) mice
or WT control mice (Fig. 3B). In these MBMCs the basophil
compartment was reconstituted only with basophils originating from
BM of IL-4/IL-13 KO (Baso4-13ko) mice or WT (BasoWT) mice,
whereas the great majority of all other hematopoietic cell types
and all nonhematopoietic cells were WT. We then infected these
chimeric mice twice with Hp or Nb and analyzed the mice 4 and
9 d after reinfection. In line with the results from basophil-
deficient Mcpt8Cre mice, early Th2 differentiation after secondary
Hp infection was observed only when basophils were capable of
producing IL-4/IL-13 (Fig. 3C). However, basophil-derived IL-4/
IL-13 was dispensable for Th2 polarization during secondary
infection with Nb, indicating that basophils generally are not
required to promote rapid memory Th2 responses against hel-
minths (Fig. 3C and Fig. S4). Importantly, Baso4-13ko mice were
not able to clear secondary infections with Hp and Nb efficiently
(Fig. 3D). This inability demonstrates that basophil-derived IL-4/
IL-13 is required for optimal worm expulsion during a secondary
response in both infection models, although the migratory
pathways of Hp and Nb are very different. With the next set of
experiments we addressed the role of Fc receptors on basophils
in basophil homeostasis and protective immunity against both
helminths.

Fc Receptors Are Not Required for Expansion and Decline of Basophils
During Helminth Infection. Murine basophils express the inhibi-
tory IgG receptor FcγRIIB and activating receptors for IgG
(FcγRIIIA) and IgE (FceRI) in which the FcRγ chain is required
for induction of down-stream signaling events (8). A previous
study reported impaired Hp-induced basophilia in antibody-
deficient and FcRγ−/− mice, suggesting that activating Fc recep-
tors on basophils or other cells promote basophil expansion (18).
Furthermore, cross-linking of activating Fc receptors on basophils
induces the release of IL-4 and IL-13 which could be a mecha-
nistic link by which antibodies contribute to protective immunity
against Hp. We therefore decided to analyze directly the role of
Fc receptors in basophil homeostasis and protective immunity.
First, we monitored basophilia during primary and secondary
infection of mice with functional deficiency in all activating and
inhibitory Fc receptors (FcRγ−/−FcγRIIb−/−). In these mice
basophils can be identified reliably by their surface expression
of CD49b and CD200R3 (Fig. 4A). During the first infection
basophils expanded faster in FcRγ−/−FcγRIIb−/− mice than in
control mice and peaked around day 15 after infection (Fig. 4B).
Basophil levels declined to basal levels 3 wk after infection in
both KO and control mice, and we observed no differences during
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expansion after secondary infection. In contrast to a previous re-
port (18), we also found unimpaired basophilia in FcRγ−/− mice
(Fig. S5). To corroborate these findings, we generated MBMCs
with equal ratios of FcRγ−/− andWT (CD45.1) BM cells (Fig. 4C),
allowing us to study the role of activating Fc receptors on baso-
phils in the expansion and decline of basophils in a competitive in
vivo setting. In these MBMCs, basophils (CD49b+CD200R3+)
originating from WT (CD45.1+) or FcRγ−/− (CD45.2+) could be
distinguished further by surface staining of IgE (Fig. 4D) or
CD45.1 (Fig. 4E). We observed that CD45.1+ (FcRγ+/+) and
CD45.1− (FcRγ−/−) basophils expanded and declined in equal
measure during the course of primary and secondary Hp infection
(Fig. 4E). Additionally, we generated MBMCs with equal ratios
of BM from FcγRIIb−/− and CD45.1 mice (Fig. 4F). In this
competitive setting basophils from both donors also developed
normally and expanded and declined with the same kinetics after
Hp infection (Fig. 4 G and H). This result clearly demonstrates
that Hp-induced basophilia is not regulated by activating or in-
hibitory Fc receptors. However, FcRγ−/−FcγRIIb−/− mice had
increased worm burdens on day 9 after secondary infection,
demonstrating that Fc receptors play an important role in pro-
tective immunity against Hp (Fig. 4I). However, it remained to be

determined whether Fc receptors are required on basophils or
other cell types to confer protection.

Expression of Activating Fc Receptors on Basophils Promotes Immunity
Against Hp. To address whether Fc receptor-mediated activation
of basophils is required for protective immunity, we mixed
Mcpt8Cre BM at a ratio of 4:1 with BM from either FcRγ−/− or
CD45.1 mice to create MBMCs in which basophils lack activating
receptors for IgG1 and IgE (Fig. 5A). In both BasoFcRγ−/− and
BasoWT mice basophils were detectable at comparable frequen-
cies and were derived exclusively from FcRγ−/− or CD45.1 donor
mice, as determined by surface staining of IgE (Fig. 5B). As
expected from the previous analysis of 1:1 MBMCs, basophil
expansion after Hp infection was comparable in BasoFcRγ−/− and
BasoWT mice (Fig. 5C).
Basophils were recruited to mLNs with the same efficiency 4 d

after reinfection in BasoFcRγ−/− and BasoWT mice (Fig. 5D).
However, we observed a marked decrease in the frequency and
numbers of Th2 cells when basophils could not be activated via
Fc receptors (Fig. 5E). Additionally, we observed that T cells in
the mLNs of infected BasoFcRγ−/− mice produced significantly
less IL-4 and IL-5 after restimulation (Fig. 5F). Thus, antibody-
mediated basophil activation promoted the Th2 response at this

Fig. 2. Basophils promote the type 2 response during secondary infection with Hp. (A) Frequency (Upper) and total number (Lower) of basophils, Th2 cells,
eosinophils, AAMs, ILC2, and mast cells (MC) among total cells recruited to the lamina propria 4 d after the second infection with Hp as determined by flow
cytometry. Gating strategies for the different cell populations are shown in Fig. S2. (B) Quantitative RT-PCR analysis of expression of Relm-α (FIZZ1) and
Muc5ac in the small intestines of naive control mice and 4 d after secondary infection with Hp. (C) Western blot analysis of Relm-β expression in the feces of
infected control and Mcpt8Cre mice 4 d after the second infection with Hp. Forty micrograms of protein lysate per mouse was used for blotting. (D) Detection
of basophils in mLNs in naive mice and at day 4 after the second infection. Numbers indicate the frequency of gated cells (also see Fig. S3). (E) Number of
basophils in mLNs in naive mice and at day 4 after the secondary infection of Mcpt8Cre-4get mice (black bar) and 4get control mice (gray bar). (F) Dot plots
show the frequency of Th2 cells in mLNs of infected 4get control mice (Upper) and Mcpt8Cre-4get mice (Lower) at 4 and 9 d after the second infection.
Numbers indicate the frequency of cells in each quadrant. (G) Number of Th2 cells in mLNs after the second infection of Mcpt8Cre-4get (black bars) and 4get
control mice (gray bars). Bar graphs show the mean + SEM from two or three pooled experiments with six to 10 mice per group (A, E, and G) or the mean + SD
from one experiment with three mice per group (B). *P < 0.05; **P < 0.01 by unpaired Student t test.
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early time point. Finally, mice were able to clear worms efficiently
only when basophils expressed activating Fc receptors (Fig. 5G).
Impaired worm expulsion also was observed in BasoFcRγ−/− mice
after secondary infection with Nb (Fig. 5H). In contrast, MBMCs
in which basophils did not express the inhibitory Fc receptor
(BasoFcγRIIb−/−) had no defect in worm clearance (Fig. S6).
Therefore, we conclude that direct activation of basophils by
helminths-specific antibodies is a major mechanism for protective
immunity during challenge infection with Hp or Nb.

IgG1 Antibodies Are Dispensable for Protection Against Hp. Given
the important role of activating Fc receptors in basophil activa-
tion during secondary infection, we next investigated whether IgE
or IgG1 antibodies are the major isotypes for basophil activation.
Therefore, we used IgEki/ki mice in which the IgG1 heavy chain
was replaced by the IgE heavy chain (36). As expected, these mice
express elevated levels of serum IgE after secondary Hp infection
as compared with control mice but are deficient for IgG1 (Fig.
6A). Of importance, Hp-induced basophilia (Fig. 6B) and baso-
phil migration to mLNs was unaltered in the absence of IgG1
(Fig. 6C). Although IgG1 is missing in these mice, they expelled

worms with significantly higher efficiency than WT mice (Fig.
6D). This result suggests that the elevated IgE levels in IgEki/ki

mice could account for the improved protection.

IgE Antibodies Promote Worm Expulsion. Because we observed
improved worm clearance in IgEki/ki mice in which IgG1 is
missing and IgE levels are elevated, we reasoned that protective
immunity against Hp could be affected in IgE−/− mice. As
expected, no IgE was detectable in the sera of infected IgE−/−

mice, but IgG1 concentrations in IgE−/− and control mice were
comparable (Fig. 7A). During the first infection we observed
a minor delay in basophil expansion in IgE−/− mice, but by day 15
after infection basophils represent almost 20% of blood leuko-
cytes in both mouse strains (Fig. 7B). During the second infection
basophils expanded in both mouse strains with the same kinetics,
peaking on day 4 after reinfection, and normal recruitment to the
mLN was observed (Fig. 7C). Strikingly, IgE−/− mice exhibited
a twofold reduction in Th2 polarization and 10-fold higher worm
burdens during the challenge infection with Hp (Fig. 7 D and E).
We also observed a protective function for IgE in the Nb model
but only when CD4+ T cells had been depleted just before sec-
ondary infection (Fig. 7F). Therefore we conclude that IgE is
necessary for worm expulsion by activating basophils via FceRI to
release IL-4 and IL-13 and thus initiate the downstream cascade
of STAT6-regulated genes in other cell types that ultimately
cause worm expulsion.

Discussion
In the past few years nonredundant protective functions of
basophils have been observed during secondary infections with
helminths and ticks (13, 14, 17). However, the underlying mecha-
nisms remained poorly understood. We addressed this issue and
demonstrate here that the protective function of basophils operates
mainly via activation of FceRI and secretion of IL-4 and IL-13
from basophils.
We found that basophil-deficient Mcpt8Cre mice have an im-

paired protective immune response to secondary infections with
the strictly enteric helminth Hp. Most helminth infections induce
strong IgE and IgG1 responses, and B cells play an important role
in protective immunity against various helminths (37). In humans,
high serum IgE levels were reported to correlate positively with
protection against Ascaris lumbricoides, Schistosoma mansoni, and
Trichuris trichiura (38–40). However, only a limited role for IgE
was described in most murine helminth infections (37). For the
Hp model it was reported that protection is dependent largely on
IgG1 but not IgE (24). This finding was based on the observations
that (i) protective immunity could be transferred with purified
IgG fractions from immune mice and (ii) no adult worms were
found 14–20 d after reinfection of IgE−/− and BALB/c control mice.
However, we show here that protection was not impaired in
IgG1-deficient IgEki/ki mice, indicating that IgG1 is not required.
Because larvae emerge into the lumen of the small intestine by
day 7 after infection and mature rapidly to egg-producing adults,
we reasoned that it is important to determine worm counts at an
earlier time point. When we analyzed mice at day 12 after re-
infection, we found 10-fold higher worm counts (58.6 ± 6.1) in
IgE−/− mice than in BALB/c controls (6.3 ± 2.4). Furthermore,
expulsion was more efficient in IgEki/ki mice with higher serum
IgE levels than in control mice. This finding indicates that IgE
mediates rapid worm expulsion and thereby limits the spread of
the disease.
FcRγ−/− mice were reported to lack basophilia in response to

Hp infection, indicating that immune complexes act directly on
basophils or their precursors to enhance proliferation and survival
(18). However, our results challenge this concept, because we
observed normal basophilia in FcRγ−/− mice, IgEki/ki mice, and
IgE−/−mice afterHp orNb infection. Furthermore, basophils from

Fig. 3. Basophil-derived IL-4 and IL-13 promote early Th2 polarization and
worm expulsion during secondary infection with Hp. (A) IL-4 and IL-13
production of ex vivo-sorted splenic basophils (purity >98%) of Hp-infected
WT mice stimulated with HEX or HES. (B) Schematic of the generation of
mixed MBMCs. Mcpt8Cre-4get BM was mixed at a 4:1 ratio with BM from
either WT mice (CD45.1) or 4-13ko mice and injected i.v. into lethally irra-
diated recipient mice. (C) Number of Th2 cells (CD4+, intracellular IL-4+) in
mLN (Hp) or lung (Nb) of MBMCs with normal (BasoWT; gray bars) or IL-4/IL-
13–deficient (Baso4-13ko; black bars) basophils 4 d after a second infection
with Hp and 5 d after a second infection with Nb (also see Fig. S4). (D)
Number of worms in the small intestines of chimeric mice 9 (Hp) or 5 (Nb)
days after the second infection of Baso413ko(black bars) and BasoWT (gray
bars) mice. Bar graphs show the mean + SEM from two experiments with six
or seven mice per group. *P < 0.05; **P < 0.01 by unpaired Student t test.
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WTmice had no competitive advantage over FcRγ−/− basophils in
MBMCs. We identified basophils by flow cytometry using estab-
lished surface markers, whereas the other study counted baso-
phils in blood smears of FcRγ−/− mice; that method has the
inherent problem that murine basophils, in contrast to their hu-
man counterparts, contain very few granules and are difficult to
identify by histological staining (41).
The cytokines IL-4 and IL13 play important roles during the

initiation and execution of type 2 responses against Hp and Nb
(20). As we show here, sensitized basophils secreted IL-4 and IL-
13 in response to Hp extracts and excretory/secretory products.
Interestingly, CD4+ T cells are dispensable for protection against
secondary Nb infection as long as IgE-sensitized basophils are
present, but they contribute to worm expulsion after secondary
Hp infection (23). By depleting CD4+ T cells before secondary
Hp infection of WT and Mcpt8Cre mice, we found that basophils
and CD4+ T cells play nonredundant roles and contribute to
protective immunity by about the same extent. Both cell types
are recruited into larval granulomas in the intestinal submucosa
and release IL-4/IL-13 which promote the differentiation of
AAMs and deposition of collagen, among other effects. AAMs
have been shown to play an important role in protection against
secondary Hp infection (23). Basophils were shown to promote
AAM differentiation in the skin in a model of allergic skin in-
flammation and during secondary infection with Nb (16, 17).

As we show here, basophil-derived IL-4/IL-13 enhanced the
Th2 response in mLNs early after secondary Hp infection and
accounted for basophil-mediated protective immunity in the
Hp and Nb model.
By using depleting antibodies and constitutively basophil-

deficientMcpt8Cremice, we have shown previously that basophils
contribute to protective immunity against Nb independently of
mast cells and memory Th2 cells (13, 42). Further, it was shown
that basophils increase faster after secondary infection than after
primary Nb infection, independently of IL-4 (43). Basophils also
appeared to be more activated after migration into tissues of Nb-
infected mice (12, 43). After secondary Nb infection about 20–
30% of injected larvae are trapped in the skin of immune mice,
and this effect recently has been shown to depend largely on IgE-
activated basophils (17) [although previous studies (44, 45) also
reported important roles for eosinophils in larval trapping in the
skin]. However, the majority of larvae leave the skin of immune
mice and are killed or trapped on their way to the lung by
mechanisms that remain unclear (46). Although only a few worms
reach the intestine and mature to the adult form, we consistently
observed significantly more worms in the small intestine of ba-
sophil-deficient mice by day 5 after secondary Nb infection, and
we show here that this effect requires the expression of IL-4/IL-13
and FcRγ on basophils. Even a few adult worms are sufficient to
keep the life cycle intact and spread the infection to naive hosts.

Fig. 4. Fc receptors are required for protection against Hp but not for basophil expansion. (A) Dot plots show basophils in the blood 15 d after first
infection. Histograms were gated on basophils and show staining of surface-bound IgE. Numbers indicate frequency of gated cells. (B) Detection of
basophils in the blood at the indicated time points after infection with Hp in FcRγ−/−FcγRIIb−/− mice (black symbols) and C57BL/6 mice (gray symbols). (C )
Schematic of the generation of MBMCs. CD45.1-WT and CD45.2-FcRγ−/− BM cells were mixed 1:1 and injected i.v. into lethally irradiated recipient mice.
(D) The dot plot shows basophils in the blood of MBMCs described in C 9 d after the second infection. The number indicates the frequency of gated cells.
The histogram was gated on basophils and shows staining of surface-bound IgE. (E ) Frequency of WT CD45.1+ basophils (gray symbols) and FcRγ−/−

CD45.2+ basophils (black symbols) in the blood of MBMCs described in C at the indicated time points after infection. (F ) Schematic of generation of
MBMCs. CD45.1-WT and CD45.2-FcγRIIb−/− BM cells were mixed 1:1 and injected i.v. into lethally irradiated recipient mice. (G) The dot plot shows
basophils in the blood of MBMCs described in F 9 d after the second infection. The number indicates the frequency of gated cells. The histogram was
gated on basophils and shows the expression of FcγRIIb on 50% of all basophils. (H) Frequency of WT-CD45.1+ basophils (gray symbols) and FcγRIIb−/−-CD45.2
basophils (black symbols) in the blood of MBMCs described in F at the indicated time points after infection. (I) Number of adult worms in the small intestines
12 d after secondary infection. Graphs show the mean + SD from one experiment with nine (B), five (E and I), or three (H) mice per group. *P < 0.05. Also
see Fig. S6.
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We demonstrate that basophils are detectable by immuno-
fluorescence staining and flow cytometry in the lamina propria
even in naive mice, and the frequencies increased 10-fold after
primary infection and another 10-fold after secondary infection
with Nb or Hp. Importantly, the number of eggs in the feces after
secondary Hp infection remained significantly higher for 2–3 wk
in basophil-deficient Mcpt8Cre mice than in controls, indicating
that basophils indeed play a biologically relevant role in limiting
environmental spread of the infection.
Considering these results together, we elucidated the mecha-

nisms by which basophils become activated and contribute to
protective immunity against gastrointestinal helminths. Using
MBMCs generated with donor cells from constitutively basophil-
deficient mice and different KO mice, we demonstrate that ac-
tivating Fc receptors on basophils are not required for basophil
expansion but are important for IL-4/IL-13 secretion and the
induction of down-stream effector mechanisms leading to worm
expulsion. Human basophils have been shown to remain deco-
rated with helminths-specific IgE even years after deworming
and relocation to nonendemic regions (47). This persistence
argues for the existence of long-lived IgE-producing plasma cells,
and efficient vaccination strategies therefore should try to pro-

mote the generation and enhance the survival of these cells to
keep basophils sensitized for long periods of time.

Materials and Methods
Mice. Mcpt8Cre BAC-transgenic mice (13) on the BALB/c background were
used for MBMCs with IL-4/IL-13−/− mice (48), and mice on the C57BL/6
background were used in all other experiments. These mice show con-
stitutive and specific deletion of basophils resulting from Cre toxicity.
IgEki/ki_C57BL/6 mice (36) were generated by replacing the first four exons of
the IgG1 heavy chain with the corresponding IgE sequence. IgE−/− BALB/c
mice (49), 4get_C57BL/6 mice (31), and FcRγ−/−, FcγRIIb−/−, and FcRγ−/−FcγRIIb−/−

mice (all C57BL/6) (50, 51) have been described previously. CD45.1-B6 (B6.
SJL-Ptprca Pepcb/BoyJ) and CD45.1-BALB/c [CBy.SJL(B6)-Ptprca/J] mice were
obtained from The Jackson Laboratory. C57BL/6 and BALB/c mice were
obtained from Charles River Laboratories. All animals were bred and
maintained according to institutional guidelines under specific pathogen-
free conditions. All animal experiments were approved by the Federal
Government of Lower Franconia and performed in accordance with Ger-
man animal protection law and European Union guidelines 86/809.

Parasite Infection, Enumeration of Eggs and Worms, and CD4 Depletion. Mice
were infected orally with 200 L3Heligmosomoides polygyrus bakeri. After 3wk
mice were treated orally with 1 mg pyrantel pamoate (Sigma-Aldrich), fol-
lowed by a second infection 2 wk later. The s.c. infection with 500 Nippos-

Fig. 5. Fc-receptor expression on basophils promotes Th2 polarization and worm expulsion during secondary infection with Hp. (A) Schematic of MBMC
generation. Mcpt8Cre-4get BM was mixed at a ratio of 4:1 with BM from either WT (CD45.1) mice (Upper) or FcRγ−/− mice (Lower) and was injected i.v. into
lethally irradiated recipient mice to create mice with normal (BasoWT) or FcRγ-deficient (BasoFcRγ−/−) basophils. (B) Dot plots show basophils in the blood of
chimeric mice described in A 4 d after second infection. Numbers indicate the frequency of gated cells. Histograms were gated on basophils and show
staining of surface-bound IgE. (C) Frequency of basophils in the blood of BasoWT mice (gray symbols) and BasoFcRγ−/− mice (black symbols) at indicated time
points after infection (also see Fig. S5). (D) Number of basophils in the mLN before (striped bars) and 4 d after (solid bars) the second infection of MBMCs. (E)
Dot plots show intracellular staining of IL-4 on gated CD4+ T cells in mLNs of MBMCs with normal (BasoWT) and FcRγ-deficient (BasoFcRγ−/−) basophils 4 d
after the second infection. (F) Cytokine levels from restimulated mLN cells from MBMCs were measured by ELISA for IL-4 and IL-5. (G) Number of adult
worms in the small intestines of MBMCs 12 d after the second infection with Hp. (H) Number of adult worms in the small intestine of MBMCs 5 d after the
second infection with Nb. Graphs show the mean + SEM from two pooled experiments with three to eight (C), four to eight (D), or eight (E–G) mice per
group. *P < 0.05.

Schwartz et al. PNAS | Published online November 17, 2014 | E5175

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1412663111/-/DCSupplemental/pnas.201412663SI.pdf?targetid=nameddest=SF5


trongylus brasiliensis L3 larvae was performed as previously described (13).
Parasite eggs were enumerated using a modified MacMaster counting
chamber. Worm burdens were determined by counting live worms in the small
intestine using a dissecting microscope. Hp extracts (HEX) and excretory/se-
cretory products (HES) were generated as previously described (3). For T-cell–
depletion experiments 400 μg anti-CD4 (clone GK1.5; BioXCell) antibody was
injected i.v. 1 d before the second infection.

Flow Cytometry. Single-cell suspensions were generated by mechanical dis-
ruption of spleens and mesenteric lymph nodes. Small intestines were incu-
bated with 30 mM EDTA in PBS, washed extensively in PBS, and digested using
Collagenase D (Roche) and DNaseI (Sigma) to obtain cell suspensions from the
lamina propria. Antibodies used for flow cytometry are listed in Table S1.
Basophils were identified as CD4−CD49b+CD200R3+ or CD4−CD49b+IgE+, mast
cells as CD4−IL-4/eGFP+CD117+IgE+, eosinophils as CD4−Siglec-F+SSChi cells,
AAMs as F4/80+MHCII+PD-L2+, ILC2 as lin−CD45+GATA3+KLRG1+ICOS+, and
Th2 cells as CD4+IL-4/eGFP+ cells or CD4+ intracellular IL-4+ cells.

MBMCs. BM cells from tibia and femur were prepared, washed, andmixed at
indicated ratios. Recipient C57BL/6 or BALB/c mice were lethally irradiated

with 1,100 rad followed by reconstitution with 2 × 106 mixed BM cells. Mice
were treated with antibiotic-containing water (2 g/L neomycin sulfate, 100
mg/L polymyxin B sulfate; Sigma-Aldrich) for 8 wk after reconstitution.

Fig. 6. IgG1 antibodies are dispensable for basophil expansion and pro-
tective immunity against Hp. (A) Serum concentrations of total IgE and IgG1
were measured by isotype-specific ELISA in WT mice (gray bars) and IgEki/ki

mice (black bars) 12 d after the second infection with Hp. Naive mice (striped
bars) served as controls. (B, Left) Frequency of basophils in the blood at the
indicated time points after infection. (Right) Representative dot plots show
basophils in WT (Upper) and IgEki/ki (Lower) mice. (C) Number of basophils in
mLNs 4 d after the second infection. (D) Number of worms in the small in-
testine 12 d after the second infection. Graphs show the mean + SEM from
pooled experiments with four to eight (A), five to eight (B), or five or six
(C and D) mice per group. *P < 0.05; nd, not detected.

Fig. 7. IgE-deficient mice show impaired protection against the second in-
fection with Hp. (A) Serum concentrations of total IgE and IgG1 were mea-
sured by isotype-specific ELISA in WT mice (gray bars) and IgE−/− mice (black
bars) 12 d after the second infection with Hp. Naive mice (striped bars) served
as controls. (B, Left) Frequency of basophils in the blood at the indicated time
points after infection. (Right) Representative dot plots show basophils in WT
(Upper) and IgE−/− (Lower) mice. (C) Number of basophils in mLNs 4 d after the
second infection. (D) Number of Th2 cells in mLNs 4 d after the second in-
fection. (E) Number of worms in the small intestine 12 d after the second
infection with Hp. (F) Number of adult worms in the small intestine with and
without CD4 depletion 5 d after the second infection with Nb. Graphs show
the mean + SEM from pooled experiments with four to eight (A), five to 11
(B), five or six (C–E), or seven or eight (F) mice per group. *P < 0.05; **P < 0.01.
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Basophil Stimulation, Restimulation of mLN Cells, and ELISA. Sort-purified
(>98%) basophils (105) from spleens of Hp-infected C57BL/6 mice were
loaded with immune serum from reinfected mice and incubated for 24 h
with HES, HEX, or phorbol12-myristate13-acetate/ionomycin.

The mLN cells (5 × 106 per well) were restimulated for 48 h in 96-well
plates coated with purified 1 μg/mL anti-CD3 and 5 μg/mL anti-CD28 anti-
bodies (eBioscience). IL-4, IL-5, and IL-13 were measured by standard ELISA.
Serum IgE concentrations were determined as described (42). Serum IgG1
was determined using the SBA clonotyping system (Southern Biotech).

Quantitative RT-PCR. Quantitative RT-PCR was performed on the 7900HT Fast
Real-Time PCR system (Applied Biosystems-Life Technologies). Primers used
are listed in Table S2.

Protein Isolation and Western Blot Analysis. Proteins were isolated from fecal
pellets of infected mice using Nonidet P-40 lysis buffer (50 mM Tris·HCl,
100 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 20 μg/mL leupeptin, 16 μg/mL
aprotinin, 0.2 mM PMSF). Anti-Relm-β antibody (PeproTech) and HRP-
conjugated anti–rabbit-IgG antibody (Jackson ImmunoResearch Labo-
ratories) were used for detection after standard Western blotting.

Immunofluorescence Staining of Basophils.Cryosections of small intestine tissue that
had been fixed in 4% (wt/vol) paraformaldehydewere incubated for 1 h in 1%
H2O2. Sections were stained with purified rat anti-mouse mMCP8 (clone TUG8;
BioLegend). For visualization, sections were incubated with HRP-conjugated goat
anti-rat antibody (Jackson ImmunoResearch Laboratories) followed by Tyramide-
Cy3 (PerkinElmer). Nuclei were counterstained with DAPI and mounted with
Fluoromount G (Southern Biotech). Pictures were acquired on an LSM 700 mi-
croscope (40× original magnification) and analyzed using ZEN software (Carl Zeiss).

Statistical Analysis. Mann–Whitney u tests and Student t tests were per-
formed with SigmaPlot 12.3 software (Systat Software). P values <0.05 were
considered statistically significant.
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