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The mIgE-ITT motif promotes the memory IgE response

mIgE-ITT motif promotes
WT Helminth He/m/nth .
infection /, infection \\ /, - mIgE surface expression
- accumulation of IgE* PCs
- memory IgE response

mIgE-YF Memory B cell Memory IgE response

motif in the IgE B cell receptor, PC: plasma cells, WT: wild-type mice

[ITT: immunoglobulin tail tyrosine, mIgE-YF: mice with mutant ITT J
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Abstract

Background: Allergic inflammation is driven by IgE-producing plasma cells (PCs)
which are required for IgE-mediated activation of mast cells and basophils. Repeated
antigen encounter elicits a memory IgE response with elevated serum IgE titers and
accumulation of IgE-producing PCs. However, the cellular compartment and
molecular signals that underlie the immunological memory of IgE responses remain
unclear.

Objective: With this study we aimed at clarifying whether inactivation of the
cytoplasmic immunoglobulin tail tyrosine (ITT) motif in transmembrane IgE (mIgE)
impairs the memory IgE response in mice.

Methods: We generated mice with an inactivated mIgE-ITT motif and analyzed
serum IgE levels as well as the generation of IgE-producing germinal center B cells
and PCs upon primary and secondary infection with helminths. In vitro cultures were
used to study the mIgE-ITT-controlled expression of migE on the surface of PCs.
Systemic mast cell activation was determined by serum Mcptl ELISA in response to
ovalbumin challenge.

Results: mIgE-ITT mutant mice showed an impaired memory IgE response upon
helminth infection. Furthermore, sensitization and challenge of mIgE-ITT-mutant mice
with ovalbumin resulted in diminished serum IgE titers and reduced mast cell
activation. The mIgE-ITT motif was required for optimal cell surface expression of
mIgE B cell antigen receptors (BCRs) but not for intracellular IgE expression in PCs.
Conclusion: These results indicate that the mIgE-BCR plays a critical role in
establishing or maintaining the population of IgE-producing PCs during memory IgE

responses.
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Key messages:
e The immunoglobulin tail tyrosine (ITT) motif of the mIgE-BCR promotes the
memory IgE response.
« The ITT motif is required for optimal surface expression of mIgE on plasma

cells and their accumulation upon secondary helminth infection.

Capsule summary:
B cell-intrinsic mechanisms that regulate memory IgE responses are poorly
understood. Here we show evidence that accumulation of IgE™ plasma cells upon

secondary antigen challenge is regulated by the mIgE-ITT motif.

Key words:

Allergy, helminths, IgE, plasma cells, B cell receptor

Abbreviations:
ITT, immunoglobulin tail tyrosine; mIgE, transmembrane IgE; migG1, transmembrane
IgG1; CSR, class switch recombination; GC, germinal center; PC, plasma cell; NES,

N. brasiliensis excretory/secretory products
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Introduction

The immunoglobulin (lg) isotype IgE is associated with protective immunity against
parasitic worms and insect venoms, yet also with type | hypersensitivity reactions and
allergic inflammation . Secreted IgE antibodies sensitize mast cells and basophils
by binding to the high-affinity IgE receptor (FceRI) on their cell surface *. Antigen-
mediated cross-linking of FceRI-bound IgE results in the rapid release of a variety of
effector molecules including histamine, proteases, cytokines, chemokines and lipid
mediators, which facilitate antigen clearance but may also result in life threatening
anaphylaxis > °. Like other Ig isotypes, IgE can be expressed either as secreted
antibody molecule or as plasma membrane-bound isoform (mIgE) that associates
with the Iga/3 heterodimer (CD79) to form a functional B cell antigen receptor (BCR)
9 The half-life of free serum IgE is only about 12 hours and therefore is the shortest
of all Ig isotypes *® ™. Accordingly, serum IgE concentrations are about 10,000-fold

lower compared to other isotypes 2

. Despite the importance of IgE for allergic
reactions, the mechanisms regulating primary and memory IgE responses in vivo are
still insufficiently understood, which is in part due to the fact that IgE-expressing B
cells and plasma cells (PCs) are very rare cells with a rather short lifespan.

Class switch recombination (CSR) to IgE can occur by either a direct (IgM - IgE) or
a sequential (IgM > 1gG1 - IgE) pathway in mice ** and (IgM >
lgG1/1gG2/lgG3/1gG4 - IgE) in humans **. Although the mechanisms that regulate
direct versus sequential IgE CSR remain unclear, increasing evidence suggests that
directly switched IgE™ germinal center (GC) B cells acquire less somatic mutations,
rapidly undergo apoptosis and/or give rise to short-lived IgE-producing PCs & ° 1>%7,
These properties may be caused by low mIgE-BCR expression, which may result in

15

an impaired competitive fitness in the GC reaction . In addition, other studies
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reported antigen-independent, i.e. mlgE-autonomous apoptosis induction as well as
enhanced PC differentiation in certain B cell cultures in vitro 8. These effects may
involve an association of the extracellular membrane-proximal domain (EMPD) of

migE with the B cell co-receptor CD19 % 2°

. However, spontaneous apoptosis
induction by mIgE could not be confirmed by another study, in which mIgE was rather
found to dampen cell cycle progression in GC B cells and to promote antigen-
independent PC differentiation %°.

With respect to specific therapeutic intervention of allergic diseases, it is important to
understand how memory IgE responses are regulated. Long-term persistence of IgE
memory is evident, since helminth-specific IgE can be observed in humans years
after de-worming *. Furthermore, immunoglobulin repertoire analyses revealed that
the same IgE-expressing B cell or PC clones can be detected in peripheral blood of
birch pollen allergy patients in two consecutive pollen seasons %°. Mice that lack the
cytoplasmic tail of mIgE have been shown to develop impaired primary and memory
serum IgE responses upon helminth infection . Although the potential existence of
rare long-lived mIgE" memory B cells in mouse or human cannot be ruled out
completely, numerous studies found no evidence for the existence of bona fide mIgE-
expressing memory B cells and thus rather support the model according to which the
memory IgE response originates from migG1l-expressing memory B cells that
undergo secondary CSR to IgE followed by rapid differentiation into IgE-secreting
PCs 8, 15, 16, 24.

The memory response of migGl-expressing B cells is greatly enhanced by the
cytoplasmic tail domains of the mlgG1l molecule *°. These tail domains contain a
tyrosine-based signaling motif termed immunoglobulin tail tyrosine (ITT) motif %°. The
ITT motif is, however, not restricted to migG1 cytoplasmic tails but is found in all

mlgG isotypes and in mIgE of mouse, human and other mammals as well as in their
5
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common ancestor isotype, mlgY, from reptiles and birds ?” (Figure Ele in the Online
Repository). On phosphorylation of the central tyrosine residue, ITT motifs provide
docking sites for the universal SH2 domain-containing adaptor protein Grb2, which in
turn recruits the protein tyrosine kinase Btk to the activated BCR and thereby
amplifies its signaling activity 2>%®. Whether the ITT motif of mIgE is involved in the
regulation of IgE antibody production in vivo, or whether IgE production relies on the
performance of mlgGl-expressing cells remains unknown. To address these
guestions, we have generated mutant mice, in which the ITT motif of mIgE was
inactivated by a tyrosine to phenylalanine substitution.

We used the Nippostrongylus brasiliensis helminth infection model and systemic
ovalbumin-induced mast cell activation to investigate the role of the ITT motifs in
mlgG1 and mIgE for generation of IgE™ and 1gG1* GC B cells, PCs as well as the
production of serum IgG1 and IgE antibodies. The migG1-ITT motif was essential for
the 1gG1 response but not for that of IgE. By contrast, mIgE-ITT mutant mice
revealed a role of this motif for the memory IgE response and for the accumulation of
IgE™ PCs. Mechanistically, the mIgE-ITT motif promoted surface expression of migE
on PCs, indicating a so far unknown role for the mIgE-BCR in this cell type. Our data
demonstrate, that the IgE memory response not only originates from migGl-
expressing memory B cells, but also relies on the proper function of the migE-

switched BCR on plasma cells.
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Methods

Mice

mIgE-YF knock-in mice were generated by homologous recombination in ES cells. In
brief, the 19" codon of the transmembrane exon M2 of the € immunoglobulin locus
was mutated from TAT to TTT (causing an amino acid exchange from tyrosine to
phenylalanine). Simultaneously, a loxP-neo-loxP cassette was inserted into the Smal
site 3' of exon M2. The linearized targeting vector was electroporated into BALB/c-I
ES cell (kindly provided by Lars Nitschke) and correct integration was determined by
Southern blot. The confirmed clone 14B was expanded, transiently transfected with a
Cre recombinase expression plasmid to delete the neo resistance cassette and
subsequently was injected into blastocysts to generate chimeric offspring mice, which
were bred to BALB/c mice for germline transmission and then inter-crossed to obtain
the final homozygous mIgE-YF mutant line.

mIgE-KVKAtail, mligG1-YF and IgE-deficient mice have been described before.
mlgG1-YF mice % were generated and used on pure C57BL/6 background whereas
miIgE-KVKAtail 2%, mIgE-YF and IgE-deficient > mice were on BALB/c background.
BALB/c mice were originally obtained from the Jackson Laboratory, C57BL/6J mice
were purchased from Charles River Laboratories (Sulzfeld, Germany). Mice were
maintained under specific pathogen-free conditions and mice of both sexes were
used at 6-12 weeks of age. All animal experiments were approved by the Federal
Government of Lower Franconia and performed in accordance with German animal

protection law.
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Helminth infection

Third stage larvae (L3) of N. brasiliensis were washed in sterile 0.9% saline (37<C).
Mice were infected with 500 larvae subcutaneously in the base of the tail. For the first
five days after infection mice were treated with antibiotics in drinking water (2 g/l
neomycin sulfate, 100 mg/l polymyxin B sulfate). Mice were analyzed at indicated

time points.

Systemic mast cell activation

To induce systemic mast cell activation, mice were sensitized with 50 ug OVA
(Sigma-Aldrich) in 200 pl imject alum (Thermo Scientific) i.p. and re-challenged 14
days later with 200 pg OVA in 200 pl PBS i.p.. Blood was taken 2-3 h after re-

challenge from the tail vein.

Cell preparation and flow cytometry

Single cell suspensions from mesenteric lymph nodes (MLNs) were prepared by
passing MLNSs through a 70 um cell strainer. Cell suspensions were treated with 1 ml
ice-cold acetic acid buffer to remove unspecific binding of IgE antibodies from the cell
surface 8. After neutralization with 500 pl fetal calf serum (FCS) (Gibco at Thermo
Fisher Scientific, Waltham, MA) cells were washed twice with FACS buffer (PBS, 2%
FCS, 1 mg/ml NaNs;). All samples were incubated with anti-CD16/CD32 blocking
antibody (clone 2.4G2; BioXCell) and afterwards were stained in FACS buffer at 4C
for 25 min. Following antibodies were purchased from BioLegend (San Diego, CA):
PerCP-Cy5.5-labeled anti-CD45R (clone RA3-6B2), PE-Cy7-labeled anti-CD38
(clone 90) and PE-labeled anti-CD79b (clone HM79-12). PE-labeled anti-CD267
(clone ebio8F10-3), eFluor 660-labeld anti-GL-7 (clone GL-7), PE-Cy7-labeled anti-

CD45R (clone RA3-6B2), PE-Cy7-labeled anti-lgM (clone eB121-15F9) were
8
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purchased from eBioscience. FITC-, BB700- and BV421-labeled anti-IgE (clone R35-
72), APC-labeled anti-CD138 (clone 281-2), V450- and PE CF594-labeled anti-lgG1
(clone A85-1) and PE-labeled anti-CD49b (clone HM ALPHAZ2) were purchased from
Pharmingen at BD Biosciences (San Diego, CA). Dead cells were excluded by using
fixable ViaDye eFluor 506 or eFluor 780 (Invitrogen). For intracellular staining, cells
were fixed with 4% PFA and permeabilized with Perm/Wash Buffer (BioLegend). For
combined surface and intracellular isotype stainings BD Cytofix/Cytoperm and BD
Phosflow Perm/Wash buffers were used. Samples were acquired on either a
FACSCanto Il or a LSR Fortessa cytometer (BD Biosciences). Data were analyzed

with FlowJo software (FlowJo LLC, Ashland, OR).

In vitro culture

Single cell suspensions from spleens of naive mice were generated by mechanical
disruption. Primary B cells were purified with the EasySep mouse B cell isolation kit
(Stemcell technologies, Vancouver, BC) or Mojosort mouse Pan B cell isolation Kit Il
(BioLegend). 2 x 10° B cells in 24 well plates were cultured in RPMI 1640 containing
10% FCS, 50 U/ml penicillin, 50 pg/ml streptomycin, 2 mM L-glutamin and 50 pM -
mercaptoethanol. Cells were stimulated with 10 pg/ml anti-CD40 (BioXCell) and 25
ng/ml IL-4 (R&D Systems, Minneapolis, MN) to induce PC differentiation and class

switching to 1gG1 and IgE. Cells were cultured for four days at 37C in 5% CO ».

Serum ELISA

To measure IgG1 and IgE serum levels, ELISA plates were coated with goat anti-
mouse Ig (SouthernBiotech, Birmingham, AL), purified rat anti-mouse IgE (clone
R35-72, Pharmingen) or excretory/secretory products of N. brasiliensis L3 larvae and

blocked with PBS + 3% BSA. Sera were incubated overnight at 4C. Alkaline
9
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phosphatase-coupled anti-mouse IgG1l (SouthernBiotech) and goat-anti-mouse IgE
(SouthernBiotech) were used for detection. mMcptl ELISA was performed with a
commercial Kit (Invitrogen) according to the manufacturer’'s protocol. ELISAs were
measured at 405 nm with Multiskan FC multiplate photometer (Thermo Fisher

Scientific).

Statistics

Two-tailed Student’s t-test was used for normally distributed (Shapiro-Wilk test) data
and Mann-Whitney U-test was used for non-normally distributed data. Analysis was
performed with SigmaPlot 12.3 software. P-values < 0.05 were considered

statistically significant.

Online Repository

The Online Repository contains Figures E1-E5.

10
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Results

The mIgE-ITT motif promotes the IgE memory response upon helminth
infection.

To investigate the role of the signaling function of the mIgE-BCR for the generation of
IgE antibodies in an in vivo model system, we specifically compromised its signaling
function by introducing an ITT-inactivating tyrosine to phenylalanine-substituting
mutation into the M2 exon of the Ig € heavy chain locus of BALB/c mice (mIgE-YF
mice, Supplementary Figure S1). To analyze the humoral immune response in these
animals to a complex physiological antigen, we infected the mice once or twice with
the nematode Nippostrongylus brasiliensis to study the primary and memory IgE
response. As controls, we infected wild-type BALB/c mice and mice in which the
cytoplasmic tail domain of mIgE is shortened from 28 to three amino acids (mIgE-
KVKAtail mice #%). Ten days after primary or secondary infection, cells were isolated
from mesenteric lymph nodes (MLN) and treated with acidic buffer to remove
cytophilic IgE from the cell surfaces, followed by flow cytometric analysis of germinal
center (GC) cells and plasma cells (PC).

Following primary infection, the frequencies of total and IgE” GC B cells as well as
the total number of IgE" GC B cells increased in all three groups of mice (Fig. 1a-b,
Fig. E1 and E2 in the Online Repository). Following secondary infection four weeks
after the primary infection, we did not observe a further increase in the frequency or
number of IgE” GC B cells irrespective of the genotype (Fig. la-b, Fig. E3 in the
Online Repository). We also analyzed the formation of IgG1l- and IgE-producing
plasma cells (PCs) in all animals 10 days after primary or secondary infection,
respectively. Whereas the frequencies of PCs were similar in all groups, only wild-

type mice showed an increase in frequency of IgE® PCs between primary and

11
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secondary infection with N. brasiliensis (Fig. 1c). The total number of IgE* PCs was
also higher in wild-type mice as compared to both mIigE mutant mice, although a
slight increase in IgE" PC numbers was detected in mIgE-YF but not in mlIgE-
KVKAtail mice (Fig. E3 in the Online Repository). This further translated into severely
reduced concentrations of serum IgE antibodies in mIgE mutant mice, whereas IgG1
concentrations were similar in all mouse lines (Fig. 1d). Notably, the reduction of IgE”
PCs frequency, number and soluble IgE antibodies was more severe in migE-
KVKAtail mice than in mIgE-YF mice, indicating a role of the migE cytoplasmic talil
that goes beyond the signaling function of the ITT motif. To further analyze the N.
brasiliensis-specific IgE response we performed ELISA with plates coated with
excretory/secretory products of N. brasiliensis L3 larvae. The pronounced N.
brasiliensis-specific memory IgE response in wild-type mice was basically abrogated
in both mutant mice (Fig. 1e) In conclusion, the data show that the mIgE-ITT motif
plays an important role in promoting the primary and particularly the secondary IgE

antibody responses.

The mIigG1-ITT motif is dispensable for the IgE memory response.

Several previous reports support the concept that IgG1" memory B cells serve as
precursors for the memory IgE response & *> 124 \We have previously shown that
the memory IgE response to N. brasiliensis requires the extracellular part of IgG1 as
IgE*’ mice in which the extracellular domain of IgG1 is replaced by the extracellular
part of IgE are not able to mount a normal memory IgE response after secondary

infection &

. To further investigate whether the cytoplasmic milgG1l-ITT motif is
required for the memory IgE response, we compared normal C57BL/6J mice to mice
in which the migG1-ITT motif has been inactivated by an amino acid exchange from

tyrosine to phenylalanine (mlgG1-YF mice) ?°. The different mice were analyzed
12
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under steady-state conditions (naive) or 10 days after primary or secondary infection
with N. brasiliensis (Fig. 2).

The frequencies of mlgG1® GC B cells doubled in both strains of mice from about
15% in naive mice to roughly 30% of all GC B cells after primary infection (Fig. 2b,
middle left). However, only wild-type mice showed a further increase of migG1* GC B
cells to approximately 50% after secondary infection (Fig. 2b, middle left). The total
numbers of migG1® GC B cells were also higher after secondary infection of wild-type
as compared to migG1-YF mice (Fig. E4 in the Online Repository). The frequencies
of mIgE” GC B cells were generally below 2% and only increased after primary
infection in both wild-type and migG1-YF mice (Fig. 2b, lower left).

Similar to the GC response, we observed an increase of mlgG1* PCs after secondary
infection in wild-type mice, which was not the case in migG1l-YF animals (Fig. 2b,
middle right). By contrast, the frequencies of mIgE” PCs increased in both wild-type
and mlgGl-YF-mutant mice after primary infection and again after secondary
infection (Fig. 2b, lower right). The frequencies of total PCs were not changed in
mlgG1-YF mice, which may be due to compensatory formation of PCs expressing

other IgG isotypes as observed before 2* ¥

(Fig. 2b, upper right).

As before, we also investigated the serum concentrations of IgG1 and IgE antibodies
in the N. brasiliensis-infected mice. The IgG1 titers in migG1-YF mice were strongly
reduced as compared to wild-type mice at all three time points tested (Fig. 2c, left
diagram). However, in stark contrast to what we observed for IgG1 antibodies, the
concentrations of serum IgE antibodies increased equally in both strains of mice,
especially after secondary infection (Fig. 2c, right). These findings demonstrate that
the ITT motif in migG1 is essential for the IgG1 memory response to N. brasiliensis,

which is similar to what we previously observed for non-infectious antigens 2°.

13
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However, the migG1-ITT motif is dispensable for a bona fide memory response of the

IgE antibody isotype.

The mIgE-ITT motif enhances IgE* PC accumulation in an antigen-independent
in vitro system.

The reduced IgE response in mIgE-YF and miIgE-KVKAtail mice after N. brasiliensis
infection could be due to impaired antigen-dependent signaling from the migE-BCR.
Alternatively, it may indicate a requirement for the mIgE cytoplasmic tail to establish
the mIigE® PC population in an antigen-independent manner as suggested by
previous reports ** ?°. To address this point, we adapted a published in vitro culture
system to generate migE* PCs from B cells without engaging the BCR %°. To this
end, we isolated B cells from the spleens of naive mice and stimulated them with IL-4
and anti-CD40 antibodies to induce proliferation and differentiation to IgE” and IgG1*
PCs. After an incubation period of four days, we observed a reduced frequency of
IgE” PCs in cultures derived from mIgE-YF and mIgE-KVKAtail mice, whereas the
IgG1™ PC populations were not diminished (Fig. 3). Together, our data indicate that
the truncation of the entire mIgE cytoplasmic tail or the selective inactivation of the
mIgE-ITT motif both lead to an impaired formation or survival of IgE* PCs in vivo and
in vitro. The latter observation indicates that this effect may occur in an antigen-

independent, i.e. in a mlge-BCR-autonomous manner.

The mIgE-ITT motif is required for BCR surface expression in PCs and for
accumulation of IgE” PCs upon helminth infection in vivo.

To further address the potential mechanism by which the mIgE tail regulates the IgE*
PC compartment, we investigated whether the mIgE-ITT motif is required for efficient

surface expression of migE on in vivo-derived PCs. Although PCs generally down-
14
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regulate their BCR expression, it has been described that some isotypes including
miIgE can be expressed on the surface of PCs % 3. We infected wild-type, mIgE-YF
and mIgE-KVKAtail mice with N. brasiliensis as before and determined the frequency
of mIgE™ PCs isolated from MLN on day 10 after primary infection. In addition, we
determined the expression level of mIgE on the cell surface of PCs.

Wild-type mice contained about 24% mIgE" PCs whereas this population was
reduced to about 9% and 3% in mIgE-YF and miIgE-KVKAtail mice, respectively (Fig.
4a and b). Lack of mlgG1/mIgE double-positive cells and detection of Ig3 (CD79b) on
the cell surface confirmed that the mIgE" cells indeed expressed mIgE-BCRs rather
than having bound secreted IgE (Fig. 4a). Interestingly, the mean fluorescence
intensity (MFI1) for mIgE was reduced by roughly 50% in IgE* PCs from mIgE-YF mice
while the MFI for intracellular IgE was comparable to PCs from wild-type animals
(Fig. 4c and d). PCs from mIgE-KVKAtail mice also showed lower cell surface migE
expression but also reduced intracellular IgE levels (Fig. 4c and d).

These data indicate that the mIgE-ITT motif promotes cell surface expression of
mIgE-BCRs on PCs, which may be required for optimal formation and/or survival of
these cells, potentially in an antigen-independent manner. To further determine
whether all surface IgE” or IgG1" PCs generally express the corresponding isotypes
intracellularly we analyzed in vitro differentiated PCs. Here we observed a tight
correlation between surface and intracellular staining for both isotypes (Fig. E5 in the

Online Repository).

Mast cell activation and active systemic anaphylaxis are reduced in migE-BCR-

mutant mice.
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The reduced IgE responses in migE-YF and mIgE-KVKAtail mice after helminth
infection suggested that these mice may also develop an attenuated mast cell
response during a systemic anaphylaxis model. To test this hypothesis, we primed
mice by intraperitoneal (i.p.) injection of 50 pug ovalbumin (OVA) in alum and re-
challenged them two weeks later by another i.p. injection with 200 ug OVA. We
determined serum IgE titers, the frequencies of IgE-sensitized basophils in the blood
and the concentration of mouse mast cell protease 1 (mMcptl) in the sera as readout
for mucosal mast cell activation 3. All three parameters were reduced in migE-YF
and mlgE-KVKAtail mice when compared to wild-type controls (Fig. 5). As additional
control we used IgE-deficient mice (IgE-ko) 2°, which showed basically no response.
These data demonstrate that the mIige-BCR controls the production of anaphylactic
IgE antibodies and thus is a critical determinant of systemic allergic immune

reactions that are carried out by mast cells and basophils.
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Discussion

In this study we investigated the influence of the mIige-BCR on primary and memory
IgE responses after infection of mice with the gastrointestinal helminth N. brasiliensis
and in a model of active systemic anaphylaxis. Our previous work demonstrated that
the extracellular constant Ig domains of migG1l are important for the memory IgE
response 8. This finding supported the concept that the immunological memory of IgE
is preserved at the cellular level in mlgG1-expressing long-lived memory B cells ** 2,
However, even if long-term IgE memory resides in the cellular compartment of
mlgG1" memory B cells, this does not rule out a function of the migE-BCR in the
memory IgE response. Indeed, a previous study reporting impaired IgE antibody
production in mIgE-KVKAtail mice provided evidence in favor of a role of the mIgE-
BCR in that process *. Yet, the mechanistic details as well as the cellular stage at
which the mIgE-BCR exerts its function remained unclear. We previously identified
the ITT motif as a key molecular determinant of humoral immunological memory for
lgG1 2”33 Even though the mIgE-ITT motif, like that of migG1, functions to amplify
BCR signaling and employs a similar set of cytoplasmic effector molecules ?® 28, its
physiological role for IgE antibody production remained unclear. By inactivating the
mIgE-ITT motif in the mouse, we showed here that it indeed promotes the production
of IgE antibodies in vivo. By contrast, inactivation of the ITT in migG1l had no effect
on IgE serum titers, while it was absolutely essential for production of IgGl
antibodies to N. brasiliensis. This shows that even though IgE memory may persist at
the cellular level in migG1™ memory B cells, optimal signaling of the migG1-BCR is
not required for IgE antibody production. An explanation for this seeming discrepancy

may be that the mlgG1-ITT is particularly important for the generation of IgG1-

producing PCs, yet not for the generation of IgG1 memory cells ?°. Since migG1*
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memory B cells need to undergo secondary CSR in a GC reaction in order to give
rise to IgE-producing PCs, this process is most likely not promoted by the migG1-ITT
motif. Hence, migG1-ITT-mutant memory B cells are not impaired in their capacity to
generate IgE-producing plasma cells, at least not within the four weeks interval
between primary and secondary infection with N. brasiliensis that we used in our
experiments. Why exactly the extracellular part of mlgGL1 is required for the memory
IgE response remains to be clarified. One possible scenario is that the extracellular
domains of mIgE™ B cells very potently induce autonomous, antigen-independent
cellular differentiation into IgE™ plasma cells, thus preventing the establishment of
(long-lived) mIgE" memory B cells ** ?°. This would explain why IgE** mice which
express the extracellular domains of IgE instead of IgGl lack an IgE memory
response °.

However, our analyses of mIgE-mutant mice clearly revealed that a second level of
regulation of the memory IgE response is provided by the mIgE cytoplasmic tail and
its ITT motif which promote the accumulation of mIgE™ PCs and thus the production
of IgE antibodies after secondary N. brasiliensis infection. In vitro cultures with anti-
CD40 and IL-4 furthermore demonstrated that the diminished mIgE® PC
accumulation of migE-mutant cells occurred in the absence of a germinal center.
Moreover, reduced PC accumulation was not dependent on antigen recognition by
the BCR. These findings are consistent with two recent reports, showing that
formation of IgE™ PCs can occur in an antigen-independent, migE-BCR-autonomous
manner in in vitro cultures ** ?°. Even though the mechanistic details of such a migE-
BCR autonomous differentiation signal are insufficiently understood, cell surface
expression of mIgE is obviously required.

Unlike most other Ig isotypes, IgE-switched PCs show a very strong cell surface

expression of mIgE °. Although it is generally believed that PCs downregulate
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expression of the BCR during their differentiation from B cells, also migM* and migA*
PCs have been identified in mice and humans ***®. Moreover, migM* PCs have been
shown to sense antigen and to secrete cytokines upon antigen recognition .
Therefore, it will be important to address the function of mig on PCs using defined
model antigens and in vivo experiments in the future. However, here we showed that
cell surface mlgE on PCs was indeed associated with CD79 and thus could serve as
a functional BCR. Notably, PCs in mIgE-ITT-mutant mice expressed lower levels of
the mIgE-BCR on their surface, while they produced similar amounts of secreted IgE.
This finding suggests that the mIgE-ITT motif plays a role either in transporting the
BCR to the cell surface or in reducing its internalization . The Hax-1 protein was
initially identified as a protein involved in BCR internalization that could be
immunoprecipitated together with the cytoplasmic tail of mIgE *’. However, Hax-1
does not bind the ITT motif but rather the membrane-proximal KVKWI(V)F motif of
the mIgE tail *. By removing the hydroxyl group necessary for phosphorylation of the
ITT motif in mIgE-YF mice, we may have created an improved binding site for Hax-1,
which may result in enhanced internalization of YF-mutant migE.

The phenotype of mIgE-KVKAtail mice was consistently more pronounced than that
of mIgE-YF mice and this correlated with a more severe reduction in mIge-BCR
surface expression in PCs, supporting the notion that cell surface expression of
mIgE-BCRs on PCs is a key mechanism to control IgE antibody production. This idea
is furthermore supported by additional recent reports. In a mouse model, in which all
B cells were forced to express migE-BCRs during their development, inefficient
surface expression of miIgE interfered with B cell maturation, a defect that could be
rescued by ectopic expression of mIigE *°. In contrast to mouse mIgE-BCRs, human

mIgE-BCRs can be expressed as splice variant that contains an additional 52 amino

acid extracellular membrane proximal domain (EMPD) between the Ce4 and the M1
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domains *> *'. This extended EMPD causes retention of human migE BCRs in the
endoplasmatic reticulum and limits their surface expression and signaling capacity **.
When introduced into murine migE, the extended human EMPD caused a severe
reduction of serum IgE antibodies in two independent mouse models ** .

Taken together, the available data from several independent studies indicate that
surface expression of mlge-BCRs is a mechanism by which the production of the
potentially dangerous IgE antibody isotype can be restricted. Our data furthermore
indicate that the cell type that is subject to regulation by the mIigE-BCR is the IgE-
switched PC. Therefore, therapeutic strategies aiming at targeting migE” PCs could

prove useful for improving the conditions of patients suffering from severe allergic

inflammation.
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Figure legends

Fig. 1. The mIgE-ITT motif promotes the memory IgE response upon helminth
infection.

(a) Frequency of GC B cells (B220"CD49b CD38"°GL7"), PCs (B220°CD138'TACI")
and IgG1l and IgE from GC B cells and PCs on day 10 after 1°' N. brasiliensis
infection gated as indicated in Fig. E2 in the Online Repository. (b and ¢) Mean+SEM
percentage of GC B cells (b, upper), IgE* GC cells (b, lower), PCs (c, upper) and
IgE* PCs (c, lower) before and after 1% or 2" infection with 4-26 mice per group from
1-6 pooled experiments. Diamonds indicate individual data points. * P < 0.05 by
Student’s t-test, * P < 0.05 by Mann-Whitney U-test. (d) Mean+SEM IgG1 and IgE
serum levels from WT (black circle), mIgE-YF (light grey triangle), and mIgE-KVKAtail
(dark grey square) mice with 4-28 mice per group from 1-4 pooled experiments. (e)
Mean+SEM serum level of N. brasiliensis-specific IgE with 4-6 mice per group. * P <
0.05 between WT and mIgE-KVKAtail by Mann-Whitney U-test, P < 0.05 between

WT and mIgE-YF by Mann-Whitney U-test.
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Fig. 2. The mlgG1-ITT motif promotes the IgGl but not the IgE immune
response.

(a) Frequency of GC B cells (B220*CD49b'CD38"°GL7"), PCs (B220°CD138'TACI")
and IgG1 and IgE from GC B cells and PCs on day 10 after 2" infection gated as
indicated in Fig E2 in the Online Repository. (b) Mean+SEM percentages of indicated
populations before and after 1% or 2" infection with 3-16 mice per group from 1-4
pooled experiments. (c) Mean+SEM IgG1l and IgE serum levels with 8-26 mice per
group from 2 (IgG1) or 4 (IgE) pooled experiments. (d) Mean+SEM serum level of N.
brasiliensis-specific IgE with 3-6 mice per group. Diamonds indicate individual data

points. * P < 0.05 by Student's t-test, * P < 0.05 by Mann-Whitney U-test.

Fig. 3. The mIgE-ITT motif enhances IgE® PC accumulation in an antigen-
independent in vitro system.

In vitro differentiation of PCs from isolated primary B cells on day 4 after stimulation
with anti-CD40 and IL-4. (a) Frequency of PCs (TACI'CD138" of B220™ gated cells)
and intracellular staining for IgG1 and IgE in gated PCs. (b and c) Mean+SEM
percentages of IgE* PCs (b) and IgG1" PCs (c) with 3 mice per group from 3 pooled
experiments. Diamonds indicate individual data points. Indicated P values were

calculated by Student’s t-test.

Fig. 4. IgE" PCs require the mIgE-ITT motif for mIgE expression and
accumulation upon helminth infection in vivo.

(a) Expression of surface IgG1 (mlgGl) and IgE (mIgE) on PCs from mesenteric
lymph nodes of indicated mice on day 10 after 1% N. brasiliensis infection.

Histograms show the expression of CD79b on gated mIgE® PCs. (b) Mean+SEM
27



652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

percentage of mIgE™ PCs from 7-9 mice per group from 2 pooled experiments. (¢ and
d) Mean+SEM MFI for migE (c) and total IgE (surface and intracellular IgE, d) on
gated PCs after 1% infection with 5-14 mice per group of 2-4 pooled experiments. *P
< 0.05 by Student's t-test, P < 0.05 by Mann-Whitney U-test. Diamonds indicate

individual data points.

Fig. 5. Reduced mast cell activation in mIgE-mutant mice in an active systemic
anaphylaxis model.

Active systemic anaphylaxis was induced in BALB/c (WT), mIgE-YF, mIgE-KVKAtail,
and IgE-deficient mice as described in Materials and Methods. (a) Total serum IgE
levels. (b) Mean+SD frequency of IgE-sensitized basophils in the blood from 4-5
mice per group of one experiment. *P < 0.05 by Student’s t-test. (¢) Mean+SEM
mMcptl serum levels of indicated mice from 8-9 mice per group of 2 pooled
experiments. *P < 0.05 by Student's t-test, "P < 0.05 by Mann-Whitney U-test.

Diamonds indicate individual data points.
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Figure 4
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Online repository Figure legends

Figure E1. Generation of mIgE-YF mice. (a) Targeting strategy. Upper panel:
Schematic organization of the murine € immunoglobulin locus. A point mutation was
introduced in the € M2 exon leading to a tyrosin-to-phenylalanine (YF) substitution in
the cytoplasmic domain of membrane-bound €. The targeting vector was integrated
into BALB/c | ES cells (middle panel) and the neomcyin resistance cassette was
deleted by transfection of a Cre expression plasmid before injection into blastocysts
(lower panel). (b) Genomic DNA sequence of targeted region. Nucleotides that were
introduced into the mouse genome by gene targeting are indicated in upper case
italics. The remaining loxP site is indicated in green. The coding region of the
manipulated M2 exon is depicted in blue, the introduced point mutation in red, and
the two polyadenylation sites of the membrane form in purple. (c) Sequencing
chromatogram showing the ITT-inactivating mutation in the mouse genome. (d)
Amino acid sequences of wild type and ITT YF-mutant cytoplasmic domains of
mouse em. (e) Amino acid sequences of cytoplasmic tails from mouse and human

mIgE. The yellow box indicates the ITT motif.

Figure E2. Gating strategy to detect germinal center (GC) B cells and plasma
cells (PC). (a) Single cell suspensions from mesenteric lymph nodes of wild-type
(WT) and IgE-deficient (IgE ko) mice on day 10 after 2" N. brasiliensis infection were
first gated on SSC® cells, then doublets and dead cells were excluded, before gating
on B cells (B220"CD49b") with a GC phenotype (CD38 GL-7") and intracellular
detection of IgG1 and IgE. (b) PCs were gated from a large FSC/SSC gate, followed

by doublet, dead cell and B cell (B220") exclusion. From there, the PCs were gated



as CD138"TACI" cells and intracellular staining was performed to detect IgE and

IgG1.

Figure E3. Total number of IJE" GC B cells and plasma cells.

BALB/c (WT), mIigE-YF and miIgE-KVKAtail mice were infected with N. brasiliensis
and mesenteric lymph nodes and serum were analyzed on day 10 after 1% or 2™
infection. Bars show the mean+SEM total number of IgE* GC B cells (a) and IgE”
PCs (b) from WT (black), mIgE-YF (light grey), and migE-KVKAtail (dark grey) mice
before and after 1% or 2" infection with 2-14 mice per group from 1-6 pooled
experiments. Diamonds represent individual data points. * P < 0.05 by Student's t-

test, * P < 0.05 by Mann-Whitney U-test.

Figure E4. Total number of IgG1* and IgE* GC B cells and plasma cells.

C57BL/6 (WT) and migG1-YF mice were infected with N. brasiliensis and mesenteric
lymph nodes and serum were analyzed on day 10 after 1% or 2" infection. Bars show
mean+SEM total number of indicated populations from WT (black) and mlgG1-YF
(grey) mice before and after 1% or 2" infection with 3-16 mice per group from 1-4
pooled experiments. Diamonds represent individual data points. * P < 0.05 by

Student's t-test, * P < 0.05 by Mann-Whitney U-test.

Figure E5. Double staining for surface and intracellular IgG1 and IgE on plasma
cells.

BALB/c mice were infected with N. brasiliensis and the mesenteric lymph nodes
analyzed on day 10 after infection. Cells were stained for surface and intracellular

IgG1 (a) and IgE (b) with same respective antibody clones but different fluorescent



markers. For staining 2 the fluorescent markers for surface and intracellular were
switched. Contour plots show plasma cells (B220"CD138 TACI") were gated as

indicated in Fig. E2 in the Online Repository. (a) FL1: V450; FL2: PE CF594. (b) FL1:

FITC; FL2: BB700.



Wild type € locus
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Modified € locus

CH4 pAs M1 M2-YF pAm #1, 2 la
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Modified € locus after Cre-mediated recombination

CH4 pAs M1M2-YF pAm #1, 2 la
—hH—H |
] L L
loxP
left homology arm right homology arm

cacatacaccttteececagGTGAAGTGGGTCTTCTCCACACCGATGCAGGATACACCCCAGACCTTCCARGACTTTGCCAR
CATCCTCCAGACCAGGGCAtaggtgcgatgccagecacccatgeaggectgecageecatgtgtgettgageetectgaggtgee
tgtt tgCCC CTAGACTCGAGGAATTCA TAACTTCGTATAATGTATGCTATACGAAGT TATGCGGCCGGGtgataggagggag
cagagacccctaaaggcaccaacgttgatgagatatcagecatcccagaaagttgecagetcagagecacetaggtgggetgtee

tacacagatactttgagacaaagcttagaagaacatctatccctcatcgatttgacctaccagatgctagccacctgggeta
atcccaggtctatgggeatcaggaccactecattttgactgaataaccacaaaaacacaagaacteagagtetagagttece
actagaccccacctagageacagagtcaaagetgggacactcagaatcaaccetaagtccagacgetggetectcagaagga
attctgccccactgectgeagacagaacccagecttttectacagecctttgtetetgaagaataaggagacagacaggeat
tcggggataaggccacaaaactgaaaggagcegct tcagacctetggtctagacagatggtectactgecaagataaggagect

cccacagggcagcagcagattccactgagtcocccatcaaccccaaccccagectggecagtectactttgtectetgggetect
tAGTAARAgt tcttttgcataactectgagagtactttgagaaggtatttaagaccaccattgtaatgacaggtcccaagaac
atgggcaaggactagacggtgaaaagcatggagaatcaagcagctacctetgtgecaatectectcaaatcacagagttetgyg
cccagtctccacccagtecatcacteetgeggaccteeteccaggetcaccteceatttettaggetgatgtgaagggeaaa
gccaggggcgecaatggtggaatcaggacectgttgggaacctggettecaggtagetecttcaagaccacaatectggecatee
actaagtgtgaactgacaagcctgactccagetgggacagcagagggattaggtgacagcacacaagtgtgecgaagetgat
ggtgccatccttgggacatgaactcacatgacaaaagacaggcttctctcatatgtaatgattgetcgggaactaagAAGAA
Agacctct

M2 exon

YF mutation

Smal site

Inserted nucleotides
loxP site

pAm #1,2

Cc A>T

TOCAGOBAT r.(r"c a c cTTfreccaacAaTCCTCCAGACCABOBOCATLS
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migE-YF:

d e

migE (wt): KVKWVESTEPMQDTPQTFQDYANILQTRA Mouse mligE-tail: ...KVKWVFSTPMQDTPQTFQDYANILQTRA

migE-YF: KVKWVESTPMQDTPQTFQDFANILOTRA Human migE-tail: ...MVQRFLSATRQGRPQTSLDYTNVLQPHA
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total number of IgE” GC B cells

total number of IgE* PCs
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total number of IgG1+GC B cells
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