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SUMMARY

Helminth infection is known for generating large
amounts of poly-specific IgE. Here we demonstrate
that innate-like B1 cells are responsible for this IgE
production during infection with the nematode para-
sites Nippostrongylus brasiliensis and Heligmoso-
moides polygyrus bakeri. In vitro analysis of B1 cell
immunoglobulin class switch recombination to IgE
demonstrated a requirement for anti-CD40 and IL-4
that was further enhanced when IL-5 was added or
when the B1 source was helminth infected mice. An
IL-25-induced upregulation of IgE in B1 cells was
also demonstrated. In T cell-reconstituted RAG1�/�

mice, N. brasiliensis clearance was enhanced with
the addition of B2 cells in an IgE-dependent manner.
This enhanced clearance was impeded by reconsti-
tution with IgE sufficient B1 cells. Mucosal mast cells
mediated the B2 cell enhancement of clearance in
the absence of B1 cells. The data support B1 cell
IgE secretion as a regulatory response exploited by
the helminth.

INTRODUCTION

Immunoglobulin E (IgE) is an evolutionarily conserved immuno-

globulin that is well known for causing the symptoms of atopic

disease. This antibody class, despite having a half-life of less

than a day in plasma, can persist for weeks to months when

bound to cell surface FcεRI, making it a long-lasting ‘‘gate-

keeper’’ particularly with respect to triggering mast cells (MCs)

or basophils (Oettgen, 2016). Specific IgE responses directed

against innocuous particles, such as pollen, cat dander, or pea-

nut proteins, can result in allergic disease. IgE-mediated re-

sponses range from mild to severe. They can be either site

directed, such as allergic rhinitis, atopic dermatitis, urticaria,

and asthma, or systemic, as in anaphylactic shock. IgE+ plasma
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cells generated in the germinal centers (GCs) that produce high-

affinity IgE to antigens are purported to come from bone marrow

(BM)-derived B cells or B2 cells through immunoglobulin class

switch recombination (CSR) and somatic hyper mutation

(SHM). In contrast, memory IgE responses are generated from

IgG1+ memory B cells (Oettgen, 2016).

B1 cells develop early in ontogeny, prior to the first hemato-

poietic stem cell (HSC), and are derived initially from the fetal

yolk sac and then from the fetal liver (Savage and Baumgarth,

2015). They are delineated from B2 cells by the expression of

CD11b and absence of CD23. They reside primarily in the

pleural and peritoneal body cavities of mice and traffic to the

draining lymph nodes (LNs), spleen, and mucosal sites upon

activation (Yenson and Baumgarth, 2014; Savage and Baum-

garth, 2015; Waffarn et al., 2015). B1 cells are important im-

mune effectors and regulators of adaptive immunity that bridge

the innate and adaptive immune systems. The B cell receptor

(BCR) repertoire in these cells is enriched for poly-specific re-

ceptors encoded in the germline with low affinities to a broad

range of antigens (Baumgarth et al., 2005). B1 cells are essen-

tial Immunoglobulin M (IgM) secretors and have additionally

been shown to be the definitive source of ‘‘natural’’ IgM. As im-

mune effectors, they also secrete Immunoglobulin A (IgA) at

mucosal sites. However, only a few reports have demonstrated

IgE production by B1 cells (Takatsu et al., 1992; Vink et al.,

1999; Perona-Wright et al., 2008; Savage and Baumgarth,

2015). The importance of parasite-specific IgE in controlling

infection is controversial, yet there is evidence to support

IgE-mediated clearance of phylogenetically distinct helminths

such as Schistosoma mansoni and Trichnelia spiralis (Joseph

et al., 1983; Gurish et al., 2004; Oettgen, 2016). These parasites

strongly promote IgE synthesis (Wu and Zarrin, 2014). In this

work, we showed that poly-specific IgE made by B1 cells

was responsible for reduced MC degranulation by mechanism

of IgE saturation of FcεRI that was initially proposed by Bazaral

et al. (1973).

Nippostrongylus brasiliensis and Heligmosomoides polygyrus

bakeri are Th2-inducing helminth parasites of mice similar to

the human hookworms, Necator americanus and Ancylostoma
hor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:daniel.conrad@vcuhealth.org
https://doi.org/10.1016/j.celrep.2018.01.048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.01.048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. B1 Cell IgE Is Induced with T Cell

Help during Helminth Infection

(A–D) Total serum IgE (closed circles) (A and C) and

IgG1 (open circles) (A and D) was measured on day

0 (PB) and 14 post N. brasiliensis inoculation in

ADAM10Tg (A10Tg, orange) and wild-type (WT;

magenta) mice. Where indicated, GEM depletion of

MDSCs was performed.

(B) Total serum IgEwasmeasured on days 10 and 15

post H. polygyrus bakeri inoculation.

(C and D) Mice were T cell depleted or treated with

control IgGmAb followed byN. brasiliensis infection.

*p < 0.05, **p < 0.01, ***p < 0.001. If not indicated, the

comparison was not significant between groups.

The error bars depict SEM. (A) was representative of

three independent experiments. (B), (C), and (D)

were representative of two independent experi-

ments. One-way ANOVA with a Tukey post hoc was

used to compare all IgE or all IgG1 groups in (A)–(D).
duodenale (de Silva et al., 2003). Wild-type (WT) mice are able to

clear these infections in a T cell-dependent manner, relying on

the cytokines IL-13 and IL-4 for the ‘‘weep and sweep’’ of intes-

tinal helminth clearance (Madden et al., 2002; Finkelman et al.,

2004). This refers to the increased mucus production, goblet

cell hyperplasia, and enteric nerve stimulation associated with

intestinal parasite expulsion(Camberis et al., 2003; Finkelman

et al., 2004). In response to these intestinal helminths, we

demonstrated that B1 cells class switch to IgE. In addition, the

signals that drive B1 cells to IgE production and the functional

relevance of B1 cell IgE in parasite-host interactions are shown.

RESULTS

B1 Cells Make Large Amounts of IgE in Response
to Helminth Infection
In our laboratory, we generated mice that lack BM-derived B

cells, or B2 cells (Gibb et al., 2011), the ADAM10Tg mouse.

This is due to overexpression of ADAM10 at the common

lymphoid progenitor stage that leads to improper NOTCH

signaling and loss of B cell development. As this defect is

restricted to the BM, the B1 cell compartment is intact (Gibb

et al., 2011). To study the B1 cell antibody response during hel-

minth infection, we inoculated ADAM10Tg and WT control mice

with N. brasiliensis or H. polygyrus bakeri infective third-stage

larvae (L3). Wemeasured the amount of IgE and Immunoglobulin

G1 (IgG1) antibody in the serum in the naive state and on day 14

post infection. Interestingly, there was no significant difference in

IgE production between WT and ADAM10Tg mice infected with

either helminth (Figures 1A and 1B). This suggested that B1 cells

produced significant levels of IgE post helminth infection in the

absence of B2 cells. ADAM10Tgmice have an increased number

of immature myeloid cells throughout the organs and circulation

due to the defect in hematopoiesis (Gibb et al., 2011). These cells

were selectively depleted utilizing gemcitabine (GEM) to assess

whether they played a role in enhancing B1 cell IgE (Sinha et al.,

2007; Saleem et al., 2012). N. brasiliensis-infected and GEM-
treated mice exhibited no change in IgE levels (Figure 1A), indi-

cating an inconsequential role of immature myeloid cells on

B1 cell IgE antibody production. Myeloid-derived suppressor

cell (MDSC) depletion was confirmed by flow cytometry (Fig-

ure S1A). To ensure B1 IgE production was not altered due to

ADAM10 overexpression, we sorted B1 cells (Figure S1B), and

ADAM10 message was not different, as measured by qPCR

(Figure S1C).

B1 Cell IgE Production during Helminth Is T Cell
Dependent
To assess whether helminth-induced B1 cell IgE production

required T cells, we depleted both CD8+ and CD4+ T cells with

GK1.5 and 2.43 antibodies, respectively (Saleem et al., 2012).

BothWT and ADAM10Tgmice had significantly reduced IgE pro-

duction after T cell depletion (Figure 1C). WT mice had signifi-

cantly reduced IgG1 after T cell depletion that was not seen in

ADAM10Tg mice (Figure 1D). IgG1 levels were significantly

reduced in ADAM10Tg mice (Figures 1A and 1D). The reason

for this is not known; however, the ADAM10Tg mice make IgE

that is equivalent or more than WT levels (Figures 1A and 1C).

A baseline level of IgE and IgG1 remained in both WT and

ADAM10Tg mice despite the loss of T cells (Figures 1C and

1D). This could represent a small amount of T cell-independent

IgE production.

B1Cell Antibody Production after NP-KLH Immunization
Is Not NP Specific
We next examined the antigen specificity of B1 cell IgG1 in the

ADAM10Tg mouse. Mice were immunized intraperitoneally

(i.p.) with NP32-KLH in alum and both high-affinity IgG1 antibody

and total specific IgG1 antibody was assessed in serum by

enzyme-linked immunosorbent assay (ELISA) (Smith et al.,

1997). On day 14, ADAM10Tgmice have almost undetectable ni-

trophenol (NP)-specific IgG1 antibody (Figures 2A and 2B) in

addition to having measurable total IgG1 that was significantly

less than WT (Figure 2C). A boost at day 28 induced increased
Cell Reports 22, 1824–1834, February 13, 2018 1825



Figure 2. B1 Cell Antibody Responses to NP-KLH Are Not Specific

(A–C) ADAM10Tg (A10Tg, orange) and WT (magenta) mice were immunized

i.p. with NP32-KLH in alum. Serum levels of high-affinity NP-specific (NP4BSA-

binding) (A), total NP-specific IgG1 (NP25BSA binding) (B), and total IgG1 (C)

were measured by ELISA on day 0, 14, and day 5 post boost. NS, not signif-

icant; *p < 0.05, **p < 0.01. The error bars depict SEM. Significance was ob-

tained using an unpaired Student’s t test to compare WT and A10Tg. Data are

from three independent experiments.
high-affinity IgG1, total specific IgG1, and total IgG1 in WT mice

(Figures 2A–2C). ADAM10Tgmice, while having a large spread in

total IgG1, did not increase significantly after the boost, even

from the naive bleed (Figure 2C), and though some animals

developed a limited amount of NP-specific IgG1, it was three

to four orders of magnitude different than the WT (Figures 2A

and 2B).

B1 Cell-Derived IgE Fails to Induce MC Degranulation
A major function of antigen-specific IgE is to induce degranula-

tion through FcεRI on MCs and basophils. To measure the anti-

gen specificity of B1 cell IgE as well as examine the ability of B1

cell antibody to induce degranulation, we used a model of active

cutaneous anaphylaxis (ACA) (Evans et al., 2014). MC degranu-

lation was induced by crosslinking OVA-specific IgE molecules

bound to FcεRI on skin MCs; the resulting dye leakage creates
1826 Cell Reports 22, 1824–1834, February 13, 2018
a blue spot. This degranulation can also result from and be

enhanced by IgG complexes bound to FcgRIII (Strait et al.,

2006). Measurement of the area of the spot and its content of

Evans blue in WT mice indicated significantly increased MC

degranulation compared to ADAM10Tg mice (Figures 3A and

3B) despite an equivalent total IgE (Figure 3C) and IgG1 (Fig-

ure 3D) in the serum of both groups of mice. This indicated

that neither the B1 cell IgE nor the B1 cell IgG1 induced with

this antigen in alum was OVA specific. Further, OVA-specific

IgE was confirmed as significantly less by ELISA in the

ADAM10Tg mice (Figure 3E). Next, blocking of specific IgE to

FcεRI by helminth-induced B1 cell antibody was tested in a

model of passive cutaneous anaphylaxis (PCA). ADAM10Tg

and WT mice were infected with N. brasiliensis L3, and PCA re-

action was assessed 21 days later (Figures 3F and 3G). All unin-

fected control mice had no statistical differences in degranula-

tion, indicating that skin MC activation was normal (Figures 3F

and 3G). Additionally, numbers of MCs in the skin between

ADAM10Tg and WT mice were equivalent (data not shown),

but the amount of MC degranulation seen in both ADAM10Tg

and WT mice was significantly reduced by helminth infection

(Figures 3F and 3G) supporting a helminth-induced blockage

of MC degranulation. Total IgE levels in these mice were equiva-

lent and increased during helminth infection (Figure 3H). Total

IgG1 levels were elevated in WT mice after helminth infection,

but not in ADAM10Tg mice (Figure 3I). This is similarly seen in

previous infections (Figures 1A and 1C). To illustrate that this

PCA suppression was IgE dependent, we utilized IgE deficient

mice (IgE�/�). After N. brasiliensis infection, there was no evi-

dence of suppression of the PCA reaction in IgE�/�mice (Figures

3F and 3G).

B1 Cells Are Primed to Make IgE during Helminth
Infection
To investigate the signals necessary for the B1 cell to class

switch to IgE, we sorted peritoneal cavity B1 from naive or

N. brasiliensis-infected mice (Figure S1B). Naive B1 cells

make little IgE when treated with anti-CD40 and IL-4, but the

addition of IL-5, a known B1 proliferative agent (Erickson

et al., 2001; Takatsu, 2011), significantly increased IgE produc-

tion (Figure 4A). Interestingly, B1 cells from N. brasiliensis-in-

fected mice made significantly more IgE than from B1 cells

from naive mice, after anti-CD40 and IL-4 treatment. This did

not correlate with increased cell proliferation (Figures 4 A and

4B). When IL-5 was added, B1 cells from N. brasiliensis-in-

fected mice had increased sensitivity to IL-5-induced prolifera-

tion, and this correlated to increased IgE production as well

(Figures 4 A and 4B). Overall, this indicated that B1 cell IgE

was stimulated in vitro by similar signals as B2 cell-induced

IgE with respect to anti-CD40 and IL-4; however, other signals

may be priming B1 cells for increased IgE production during

infection with N. brasiliensis. Since B1 cells are known to

secrete large amounts of IgM, IgM production by both B1

and B2 cells was compared in culture. B1 cells from

N. brasiliensis-infected mice treated with anti-CD40, IL-4,

and ± IL-5 made significantly more IgM than similarly treated

B2 cells from infected mice, reinforcing that B1 cells were being

examined (Figure S2A).



Figure 3. Antibody Produced by B1 Cells Blocks Antigen-Specific IgE-Mediated MC Degranulation

(A–E) ADAM10Tg (A10Tg, orange) and WT (magenta) mice were immunized with OVA in alum for an ACA model. Post i.d. OVA challenge and i.v. injection with

Evan’s blue dye solution, MC degranulation was measured by dye release into the back skin as surface area of the spot (A) and dye extraction (B) (minus control

spot). Total serum IgE (C), serum IgG1 (D), and OVA-specific IgE (E) (dotted line depicts limits of detection) antibody were asmeasured from sera just prior to ACA

test. PCA model utilized either naive or day 21 post-N. brasiliensis (Nb) mice.

(F and G) Surface area of the spot (F) or dye extraction (G) was measured in WT, A10Tg, or IgE deficient (IgE�/�) mice.

(H and I) Total serum IgE (H) and serum IgG1 (I) antibody were measured from sera collected just prior to PCA test.

*p < 0.05, **p < 0.01, ***p < 0.001. If not indicated, the comparison was not significant between groups. Error bars depict SEM. Significance was obtained as

follows: Student’s t test for (A)–(E), Kruskal-Wallis test with a Dunn’s multiple comparison for (F) and (G), and a one-way ANOVA with a Tukey post hoc test for (H)

and (I).
The Alarmin IL-25, but Not IL-33, Enhances B1 Cell IgE
Production during Helminth Infection
IL-25 production by intestinal tuft cells has been shown to be

important for cytokine production by ILC2 and Th2 cells (von

Moltke et al., 2016; Gerbe et al., 2016). Fort et al. (2001) re-

ported that i.p. IL-25 injection induced IgE production at

10 days. These data, as well as the importance of IL-25 release

by intestinal tuft cells during helminth infection, led to an exam-

ination of the effects of IL-25 on B1 cell IgE. B1 cells from

N. brasiliensis-infected mice, but not naive mice, made signifi-

cantly more IgE when treated with anti-CD40, IL-4, and IL-25 (in

the range of 1 to 100 ng/mL) as compared to cells treated with

anti-CD40 and IL-4 alone (Figures 5A and 5B). IL-25 plus IL-5

did not further increase B1 cell IgE production from either naive

or N. brasiliensis-infected B1 cells (Figures 5A and 5C). In

addition, IL-25 induced a moderate amount of proliferation in

B1 cells treated with anti-CD40 and IL-4 (Figure 5D), but the

increased baseline proliferation seen with IL-5, anti-CD40,

and IL-4 treated B1 cells was not further augmented with
IL-25 (Figure 5E). The increase in IgE seen after treatment

with IL-25 in B1 cells from N. brasiliensis-infected mice was

demonstrated by quantitative RT-PCR (qRT-PCR) analysis of

secreted IgE expression (Figure 5F). Additional controls show

that IL-25 alone did not induce detectable levels of IgE in

culture (Figures S2G–S2I).

Since IgM is typically secreted by B1 cells, the regulation of

IgM levels by IL-25 was examined. B1 cells from naive mice

treated with anti-CD40 and IL-4 produced IgM that was not

affected by the addition of IL-25, with or without IL-5 (Figures

S2B and S2C). IL-5 increased IgM production overall (Figures

S2B and S2C). Inversely, B1 cells from mice infected with

N. brasiliensis that were treated with anti-CD40 and IL-4 had

lower IgM when treated with IL-25 compared to naive. IL-25

also had no significant effect on IgG1 levels by ELISA (Figures

S2D and S2E) or qRT-PCR (Figure S2F). To see whether this

pathwaywas active only in B1 cells, we examined IgE production

in B2 cells from both naive andN. brasiliensis-infected mice. IgE,

IgG1, and IgM were not significantly altered beyond the addition
Cell Reports 22, 1824–1834, February 13, 2018 1827



Figure 4. IL-5 Enhanced IgE Production in B1 Cells

B1 cells were sorted (CD23�B220int, CD11bint, CD138�) (Figure S1B shows

gating) from the peritoneal lavage of mice infected with N. brasiliensis (day 14)

or naive WT mice.

(A) 30,000 cells/mL were cultured with anti-CD40, IL-4, ± IL-5. Supernatants

were harvested on day 9 of culture for total IgE ELISA.

(B) For proliferation, 60,000 cells/mL were cultured for 72 hr, followed by the

addition of 1 mCi/well [H3]-thymidine with cell harvest at 24 hr later.

CPM, counts per minute. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars depict

SEM. Significance was obtained using a one-way ANOVA with a Tukey post

hoc test.
of anti-CD40 and IL-4 (Figures S3A–S3F). In addition, IL-25 alone

did not induce IgE, IgG1, or IgM secretion by B2 cells (Figures

S3A–S3F).

Komai-Koma et al. recently showed that B1 cells proliferate af-

ter daily i.p. injection with IL-33 (Komai-Koma et al., 2011)

through production of IL-5 that then upregulated ST2 on B1 cells

(Ahmed and Koma, 2015). To test the effect of IL-33 on B1 cell

IgE production, we injected IL-33 i.p. into WT mice and

compared sorted B1 cells to B1 cells from naive mice. IL-33 in-

jected i.p. did not increase B1 cell IgE or IgG1 (Figures S4D

and S4E). In addition, in vitro IL-33 treatment also failed to in-

crease IgE or IgG1 production, either with or without IL-5 pre-

treatment (Figures S4D and S4E). Finally, ex vivo IL-33 treatment

did not enhance IgE secretion by B1 cells isolated from mice in-

fected with N. brasiliensis but did increase proliferation, as

described (Figures S4A–S4C). These data suggest that IL-33

does not enhance IgE production in B1 cells.
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IL-25-Dependent B1 Cell-Produced IgE Blocks
Enhanced B2 Cell-Produced IgE-Mediated Suppression
of N. brasiliensis
To examine the physiological importance of B1 cell-produced

IgE during infection with N. brasiliensis, we turned to a RAG1�/�

mouse model that lacks functional T cells and B cells, including

B1 cells (Paciorkowski et al., 2000). All mice were reconstituted

with WT CD4+ T cells and further reconstituted with B1 cells

alone, B2 cells alone, or B1 and B2 cells. One week after recon-

stitution, mice were inoculated with N. brasiliensis L3. The total

number of lymphocytes that are reconstituted after 1 week

was determined by flow cytometry and compared to that of a

WT mouse (Figures S5A–S5F). Proper reconstitution was

confirmed by flow cytometry after N. brasiliensis infection (Fig-

ure S5G). The level of infection was monitored by measuring

fecal egg levels (Figures 6A and 6B). Both B1 cell-only and

CD4+ T cell-control reconstituted mice had similar infection

levels, demonstrating that B1 cells did not alter parasitic clear-

ance mediated directly by CD4+ T cells (Figures 6A and 6B).

Intriguingly, B2 cell-only reconstituted mice showed significantly

decreased egg production compared to the other groups, and

B1/B2 cell-reconstituted mice showed greater egg production

compared to the B2 cell-only group (Figures 6A and 6B). This

indicated that B1 cells were hindering B2-mediated clearance.

To test whether this was B1 cell IgE mediated, we reconstituted

mice with B1 cells from IgE�/� mice and WT B2 cells. These

IgE�/� B1 cells did not inhibit the B2-mediated suppression of

egg production (Figures 6A and 6B). To further show that the

B2-mediated suppression of egg production was IgE depen-

dent, we reconstituted RAG1�/� mice with IgE�/� B2 cells.

These B2-IgE�/� mice exhibited considerably greater egg pro-

duction than the mice reconstituted with WT B2 cells (Figures

6A and 6B). The total IgE levels in serum were similar between

all three groups that had been reconstituted with WT B cells

and were only significantly reduced in the IgE�/� mice

(Figure 6C).

These mice were maintained for 35 days after N. brasiliensis

inoculation and then injected intradermally (i.d.) with

N. brasiliensis excretory-secretory extract (NES) in a model of

ACA to determine whether B1 cell IgE provided protection

against IgE-mediated helminth-specific MC degranulation. We

observed that the mice reconstituted with WT B2 cells gener-

ated an ACA reaction (Figures 6D and 6E). The mice that

were reconstituted with WT B1 and WT B2 had reduced ACA

responses reflective of their decreased parasite clearance (Fig-

ures 6D and 6E). Mice reconstituted with IgE�/� B2 cells from

N. brasiliensis-infected mice failed to induce ACA responses.

Mice that had been reconstituted with both IgE�/� B1 cells

and WT B2 cells generated ACA skin reactions similar to WT

B2 cells alone, demonstrating the importance of B1 cell-derived

IgE in blocking B2 cell induced degranulation (Figures 6D

and 6E).

To examine whether this B1 cell-derived IgE was dependent

on the cytokine IL-25, we reconstituted RAG1�/� mice with

either WT B2 cells and WT B1 cells or WT B2 cells and B1 cells

from IL-25 receptor deficient mice (IL-25R�/�). These were both

compared to mice with just WT B2 cells. As the IL-25R�/� mice

were on aBALB/c background, this experiment used the BALB/c



Figure 5. IL-25 Enhanced B1 Cell IgE Production Only from Helminth-Infected Mice

B1 cells were sorted (Figure S1B) from mice infected with N. brasiliensis or naive mice. They were then cultured with anti-CD40, IL-4, ± IL-5 and with increasing

doses of IL-25.

(A) Fold change in IgE as compared to no IL-25 was assessed.

(B and C) Total IgE from no IL-5 in cultures (B) and IL-5 added to cultures (C).

(D and E) Proliferation of B1 cells from mice infected with N. brasiliensis was examined as in Figure 4 after addition of IL-25, without (D) or with (E) IL-5. CPM,

counts per minute.

(A–F) Secreted Ighemessage was assessed after 4 days anti-CD40 and IL-4 culture in B1 cells ± 30 mg IL-25 and normalized to Actb from N. brasiliensis infected

mice. Statistics: fold change in B1 cells from naive (black open circle, solid line) was compared to fold change in N. brasiliensis-infected mice (Nb) (black filled

circle, dotted line) by unpaired Student’s t test (A); comparison was made between no IL-25 and dosages of IL-25 added to culture using an unpaired Student’s

t test (B and C) and a Mann-Whitney, non-parametric comparison (D–F).

*p < 0.05, ***p < 0.001. If not indicated, the comparison was not significant. n > 7mice per group in (A)–(E), n = 3 pooledmouse samples per group in (F). Error bars

depict SEM. Experiments are the products of at least two independent repeats for all groups.
RAG1�/� mice. IL-25R�/� B1 cells were unable to hinder the WT

B2 cell-mediated clearance (Figures 6F and 6G), strongly sup-

porting the in vitro cytokine data for IL-25 enhancement of B1

cell IgE production.

B2 Enhancement of Helminth Clearance Is MC
Dependent
To further elucidate the mechanism behind B2 cell IgE

enhancement of helminth clearance, we infected T cell plus

B2 cell or T cell only control reconstituted RAG1�/� mice with

N. brasiliensis L3. ELISAs showed significant increases in

both MC-produced histamine and MC protease-1 (MCPT-1)

in the mucus of the jejunum on day 7 in B2 cell reconstituted

mice (Figures 7A and 7B). qRT-PCR analysis of total jejunal

tissue demonstrated that B2 cell reconstitution significantly

increased MC protease genes Mcpt1, Mcpt2, Cpa3, and

Cma1, consistent with a role for MCs in suppression of

N. brasiliensis egg production (Figure 7C; Table S1). Expression

of the Th2-associated genes Il4, Il5, Il13, Il6, and Il9 were

similar between T cell only and T cell plus B2 cell reconstituted

mice, indicating that differences in Il4 and Il13 are probably not
responsible for the reduced fecal egg burden in mice that had

received B2 cells (Figure 7C; Table S1). In contrast, the mucus-

related genes Muc2, Muc3, Tff2, and Fcgbp are significantly

elevated by B2 cell reconstitution, pointing to a mechanism

for the increased clearance (Figure 7C; Table S1). Differences

in the expression of additional genes were also examined as

well as for un-reconstituted RAG1�/� mice infected with

N. brasiliensis L3, naive mice (Table S1), and lung at day 2

post helminth infection (Table S2). In the lung, no gene expres-

sion was altered by B2 cell reconstitution except Ear11, an

eosinophil-related gene.

To confirm that the mechanism was MC dependent, we in-

jected anti-ckit antibody (ACK.2) into T cell plus B2 cell or

T cell only controls to deplete MCs (Brandt et al., 2003).

ACK.2-treated mice lacked the B2 enhancement of helminth

clearance that was seen in control Rat IgG isotype treated

mice (Figure 7D). MC depletion was confirmed in jejunal intesti-

nal sections by chloroacetate esterase staining (Figure 7E) and in

peritoneal lavage (PL) on day 7 post inoculation by flow cytome-

try (Figure 7F). As ckit is an important marker on ILC2s and these

cells are implicated in helminth clearance, we examined the
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Figure 6. IL-25-Mediated B1 Cell IgE Blocks Parasite Clearance by B2 Cell IgE in Reconstituted Mice

RAG1�/� mice were reconstituted with the indicated cells as described in Experimental Procedures.

(A) Eggs per gram (EPG) of feces were determined over the time course of infection with N. brasiliensis L3.

(B) Day 7 EPG.

(C) Total serum IgE was measured in serum by ELISA on day 14.

(D and E) 35 days post infection, an ACA test was induced using NES and spot size (D) and dye extraction (E) from skin was assessed.

(F) EPG was measured over the time course of infection.

(G) Day 7 EPG.

*p < 0.05, **p < 0.01, ***p < 0.001. If not indicated, the comparisonwas not significant. For (A)–(E), n > 7mice per group in all groups except T cell alone, which n = 4

mice per group and data are the product of four independent repeats. For (G) and (F), n = 4 mice per group, and data are representative of two independent

repeats. Error bars depict SEM. Significancewas determined as follows: one-way ANOVAwith a Tukey post hoc for (B), (D), (E), and (G), and a Kruskal-Wallis non-

parametric test with a Dunn’s post hoc for (C).
mesenteric lymph node (MLN) and lung of ACK.2 and control

RAG1�/� mice after N. brasiliensis infection for ILC2 percentage

and numbers and found them not statistically different (Figures

7G, 7H, S5H, and S5I). To further support the IgE-mediated

mechanism, we injected the anti-IgE antibody (R1E4, which

blocks IgE binding to the FcεRI) i.p. into T cell plus B2 cell or

T cell only controls to prevent IgE from binding to FcεRI (Ba-

niyash et al., 1988). As in ACK.2-treated mice, R1E4-treated

mice lacked the B2 enhancement of helminth clearance that

was seen in the Rat IgG isotype control treated mice (Figures

7I and 7J).

To determine whether B1 cells suppressed antigen-specific

IgG1 responses, we reconstituted RAG1�/� mice with CD4+

T cells plus B1 and/or B2 cells and immunized them with NP32-

KLH in alum. RAG1�/� mice reconstituted with B1 cells only

have significantly reduced total-specific and high-affinity IgG1

to the NP antigen, but NP-specific IgG1 levels and total IgG1

levels were similar in mice given B2 cells regardless of the addi-

tion of B1 cells. (Figure S5J). These data recapitulate the results

observed in the ADAM10Tg mouse model.
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DISCUSSION

B1 cells have long been thought to be important innate immune

effectors. They generate critical IgM responses to bacteria, as

well as to influenza virus (Savage and Baumgarth, 2015; Waffarn

et al., 2015). In the past few years, a role for B1 cells in Th2 dis-

ease has emerged. Patel and Kearney (2015) demonstrated that

B1 cell IgM blocked the response to a house dust mite (HDM) an-

tigen asthma model, with germline anti-phosphorycholine (PC)

antibody. Another study suggested that B1 cell IgEmight be spe-

cific for PC in an HDM model, yet this was never shown (Patel

and Kearney, 2015). Both N. brasiliensis and H. polygyrus bakeri

have secreted PC epitopes (Péry et al., 1979; Hewitson et al.,

2011). Recent studies have emphasized that B1 cell B cell recep-

tors (BCRs) require stimulation during development without co-

stimulation (Kreslavsky et al., 2017). Since this requires abun-

dant amounts of antigen, the majority of B1 cell BCRs are self

reactive (Kreslavsky et al., 2017). We do not know whether

self-specific B1 cell IgE is present, but B1 cell IgE clearly does

not enhance parasitic clearance (Figures 6A and 6B). In addition,



Figure 7. B2 Cell Enhanced Clearance Is MC and IgE Dependent

(A and B) Mice were reconstituted as in Figure 6. Day 7 post-N. brasiliensis infection. Histamine (A) and MCPT-1 (B) were measured by ELISA on mucus from the

jejunum.

(C) Expression profiles from jejunal RNA were examined for genes potentially associated with helminth clearance (see also Tables S1 and S2).

(D) Mice were administered anti-ckit (ACK.2) antibody or control IgG daily starting at day 1 and day 7; EPG were measured.

(E) MCs were visualized in intestinal sections with chloroacetate esterase staining countered with hematoxylin (pink and arrows). Scale bar, 500 mm.

(F) PL was examined by flow for MCs (ckit+FcεRI+).

(G and H) MLN and lungs were examined by flow for ILC2 (Live,CD45+Lin�CD90.2+Sca1+ICOS+) percentage (G) and number (H). (Gating schematic SF8A, B.)

Reconstituted mice were infected with 750 N. brasiliensis L3 and treated with anti-IgE (R1E4) antibody or control IgG daily starting at reconstitution.

(I and J) On day 7, EPG (I) and adult worms (J) were measured.

*p < 0.05, **p < 0.01, ***p < 0.001. n > 8mice per group in (A), (B), and (D)–(F). n = 6mice per group in (C). n = 3mice per group in (G) and (H). n = 4mice per group in

(I) and (J). Error bars depict SEM. Data are the product of two independent repeats. Statistics: an unpaired Student’s t test was utilized for comparison in (A), (B),

and (H), a one-way ANOVA with a Tukey post hoc test was used in (D), (G), (I), and (J) and with a Bonferroni post hoc in (C).
we did not observe significant antigen-specific IgE in the B1-only

mice that were immunized with OVA (Figure 3E). Variable region

mapping is an important next step in determination of the

IgE-switched B1-clones that are expanded in response to

N. brasiliensis infection. This will help determine whether there

is a preference for enhancement of a particular B1 variable re-

gion in this infection.

Pochanke et al. (2007) has described a clone of IgE that is pre-

sent on FcεRI and can degranulate MCs as early as day 7. This

early IgE clone is specific for a pharynx-derived epitope on

N. brasiliensis, and it does not undergo any somatic hypermuta-
tion (SHM) (Pochanke et al., 2007), which is not surprising as

germinal centers are minimally developed. The result that spe-

cific IgE is made against the parasite is not unexpected, and

we would anticipate that this clone would induce MC activation,

as exemplified by the PCA (Pochanke et al., 2007). However,

there is no evidence that this IgE enhances rejection of the para-

site, as we demonstrate with our B2 cells in the RAG1�/� recon-

stitution model. Also, in our PCA studies (Figures 3F and 3G),

N. brasiliensis infection caused an inhibition of the PCA reaction,

not its complete elimination. Thus, our results are quite compat-

ible with the Pochanke et al. (2007) findings.
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The alarmin IL-25 has been shown to be an important regulator

of ILC2s. These cells secrete IL-5 after IL-25 stimulation; both

cytokines are important for B1 cell IgE production (Figures 4A

and 5). Although we know from our depletion studies that

T cells are important in the B1 cell IgE response to

N. brasiliensis in vivo, there is a small basal amount of IgE that re-

mains despite this depletion (Figure 1C). This residual B1 cell IgE

may be stimulated by these cytokines directly. The role of T cells

and location of interaction with B1 cells warrants further investi-

gation, as mice with B1 cells only do not exhibit germinal centers

(data not shown). The cytokine order and amount may be impor-

tant for IL-5 to further increase IgE production in conjunction with

IL-25.

Our studies demonstrate a role for IL-25 in the B1 cell IgE

response during helminth infection. Along with other signals,

such as IL-4, IL-5, and CD40L stimulation from T cells, IL-25

causes B1 cells to proliferate and enhances CSR to IgE. This

IgE binds to MC FcεRI and competes with the binding of para-

site-specific IgE that is produced by B2 cells. Traditionally,

IgE antibody was not thought to be critical in the clearance of

helminth infections since clearance of N. brasiliensis was not

delayed in IgE�/� mice (Watanabe et al., 1988). In addition,

MC-deficient mouse models only exhibit a small delay in

N. brasiliensis clearance; thus, the role of MCs in this model

has also been minimized (Mitchell et al., 1983). The importance

of ILC2s (Neill et al., 2010), alternatively activated macrophages

(AAMs) (Oeser et al., 2015), and basophils (Liu et al., 2010)

in N. brasiliensis clearance has certainly been recognized. How-

ever, our RAG1�/� reconstitution model demonstrates that

IgE activation of MCs can play a host-protective role in

N. brasiliensis infection. This role is diminished by the B1 cell-

produced non-specific IgE. MC degranulation is then no longer

evident (Figures 6 and 7; Table S1). Figures 7G and 7H ensure

that ILC2 loss was not the cause of the results seen with the

anti-ckit antibody; this is in agreement with a recent separate

study (Shimokawa et al., 2017). Shimokawa et al. (2017) noted

with the use of the anti-ckit antibody, the loss of MCs in the intes-

tines caused a very small reduction in ILC2 number only in the in-

testinal site due to MC-derived IL-33 that is lost when MCs are

deleted. Questions still need to be answered about the effects

of anti-ckit treatment on the interstitial cells of Cajal. These cells

play a role in intestinal wave activity and are ckit+ (Ordög et al.,

1999). The loss of these cells may alter helminth clearance, yet

studies utilizing ACK.2 show that the loss of wave activity that

leads to muscle quiescence takes 3–4 weeks of treatment (Or-

dög et al., 1999). Our short anti-ckit treatment regime (Figure 7D)

and anti-IgE treatment (Figures 7I and 7J) combine to confirm

that IgE binding to the FcεRI is crucial for the B2-mediated

enhanced worm expulsion. The lower level of suppression

seen with anti-IgE is simply due to a higher N. brasiliensis L3 in-

jection in this experiment series; 750 versus 650 L3. While our

data do not directly exclude a contribution by IgE binding to

the FcεRI on basophils, we note that there were no significant

changes in Mcpt8, the basophil-specific protease expression

(Table S1) (Ugajin et al., 2009). Extrapolating fromboth Hepworth

et al. (2012) and Shimokawa et al. (2017), who have recently

highlighted the importance of mast cells in clearance of

H. polygyrus bakeri, our data support MCs as the primary driver
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of this phenotype. Although the RAG1�/� reconstitution model

has limitations due to lymphopenia (Figures S5A–S5F), there

are clearly sufficient cells to give a strong IgE (Figure 6C) and

equivalent IgG1 responses (Figure S5J) as well as mediate the

observed clearance (Figures 6A and 6B).

IgE has been long known to be induced during helminth infec-

tion, and its role in immunity to parasites is often debated (Mac-

Donald et al., 2002). We hypothesize that in the long evolutionary

interaction between helminths and mammals, helminths have

developed a mechanism of inducing large amounts of B1 cell

IgE that may provide it an evolutionary survival advantage.

Slower parasite clearance and increased fecundity leads to

increased egg output for the parasite and improved evolutionary

success (Quinnell et al., 2004). In summary, this study provides

evidence for two opposing roles of IgE in helminth infection.

The induction of B1 IgE represents a regulatory mechanism

that inhibits MC function and in its absence reveals a previously

sidelined role for B2 cell IgE and IgE-mediatedMCdegranulation

in the enhancement of helminth clearance.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in

Supplemental Experimental Procedures.

Statistical Methods

Error bars represent the standard error of the mean (SEM). A horizontal line

with a symbol representing the p value indicates statistical comparison. For

pairwise comparisons, Mann-Whitney tests were performed for non-normally

distributed data, and Student’s t tests were performed for normally distributed

data. For multiple comparisons, Kruskal-Wallis tests with Dunn’s post hoc

were performed for non-normally distributed data, and one-way ANOVA tests

with Tukey post hoc or Bonferroni post hoc were performed for normally

distributed data. All tests are detailed in the figure legends. A p value of

<0.05 was considered significant. All statistical analysis was performed with

GraphPad Prism 6 (SCR_002798).

Mice

Mice were kept at Virginia Commonwealth University (VCU) in a barrier vivar-

ium facility in accordance with the humane treatment of laboratory animals

sets forth by the National Institutes of Health and the American Association

for the Accreditation of Laboratory Animal Care. All mouse protocols were con-

ducted with the permission and oversight of the VCU Institutional Animal Care

and Use Committee.

Immunization Models

ACA (Evans et al., 2014) and PCA (Starkl et al., 2016) models were performed

as described with the following modifications: i.d. spotting (ACA with OVA-al-

bumin [Sigma-Aldrich] or in PCA with IgE anti-DNP) (Keegan et al., 1991) was

done on the pre-shaven flank. Evan’s Blue dye (Sigma-Aldrich) was intrave-

nously (i.v.) injected (in ACA immediately following i.d. spot or in PCA 24 hr

following mixed with DNP-BSA [Sigma-Aldrich]). Spot size was measured on

the back, and back skin was collected for formamide (Sigma-Aldrich) extrac-

tion (Evans et al., 2014). For NP Immunizations, NP32KLH (LCG BioSearch

Technologies) in alum is injected i.p. in 200 mL saline.

RAG1�/� Reconstitution

All naive RAG1�/�mice were i.v. reconstituted with 53 106 CD4+ T cells. CD4+

T cells are isolated by first B220+ depletion, followed by anti-mouse L3T4mag-

netic bead selection (Miltenyi Biotec) from the spleens of WT mice. Indicated

mice were i.v. reconstituted with 103 106 naive B2 cells. B2 cells are isolated

by depletion using either anti-mouse CD43 Miltenyi microbeads (Miltenyi

Biotec) or biotinylated anti-mouse CD43 (AB_493384) followed by anti-biotin



microbeads (Miltenyi Biotec) from the spleens of WT mice. Indicated mice

were i.p. reconstituted with 2–4 3 105 B1 cells. B1 cells are isolated from

the peritoneal and pleural cavities of WT mice (Yenson and Baumgarth,

2014). Briefly, cells were Fc blocked on ice for 10 min (2.4G2) (Unkeless,

1979) followed by the following biotinylated antibodies for 30 min on

ice: anti-mouse CD23 (B3B4) (AB_312829), anti- mouse CD49b (DX5)

(AB_313035), anti-mouse F4/80 (BM8) (AB_893499), anti-mouse CD90.2

(30-H12) (AB_313175), and anti-mouse GR-1 (RB6-8C5) (AB_313368). After

washing, anti-biotin microbeads (Miltenyi Biotec) were added, and magnetic

bead depletion was performed for B1 enrichment. Mice were not used in ex-

periments until 1 week post reconstitution.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and two tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.01.048.
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