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B-cell-specific STAT3 deficiency:
Insight into the molecular basis
of autosomal-dominant hyper-lgE
syndrome

CrossMark

To the Editor:

Autosomal-dominant hyper-IgE syndrome (AD-HIES) is a
rare multisystemic primary immunodeficiency disorder charac-
terized by recurrent mucocutaneous candidiasis, Staphylococcal
abscesses, pneumonia, and extremely high levels of IgE." It is
caused by heterozygous loss-of-function mutations in the gene
encoding the transcription factor signal transducer and activator
of transcription 3 (STAT3). STAT3 acts downstream of many
cytokine receptors key to lymphocyte function including those
for IL-6, IL-10, and IL-21 and has emerged as a key regulator
of multiple lymphocyte lineages including CD4 and CDS8
T cells.'

AD-HIES is also associated with aberrant B-cell responses
including strikingly elevated levels of serum IgE, and specific
antibody deficiency.” However, the mechanisms underlying
these humoral defects remain ill defined. In particular, it is un-
clear whether the humoral defects observed in AD-HIES stem
from a B-cell-intrinsic requirement for STAT3 or are second-
ary to the action of STAT3 in other cell types such as T follic-
ular helper (Tfh) cells, which are crucial for providing help to
B cells for the generation of an effective antibody response.
An initial study in mice reported a requirement for B-cell—-
intrinsic STAT3 function for the generation of normal
frequencies of antigen-specific IgG plasma cells.” However,
patients with AD-HIES also have reduced circulating Tth-
like cells” and mice lacking Stat3 in T cells showed impaired
Tfh formation,” suggesting that T-cell-specific STAT3 may be
more critical for determining the outcome of humoral
responses.

We have now sought to further clarify the B-cell-intrinsic
in vivo requirements for STAT3 during T-cell-dependent B-cell
responses using a mouse model (see this article’s Methods sec-
tion in the Online Repository at www.jacionline.org). We gener-
ated mice with B-cell-lineage—specific inactivation of Stat3
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(Star3"CD19"" | hereafter referred to as Star3AB) and
crossed them with SWyg; mice expressing a B-cell receptor
(BCR) specific for hen egg lysozyme (HEL). SWyg .Stat3AB
or SWyg . Wild-type (WT) B cells were adoptively transferred
into WT recipients and the mice then immunized with the
low-affinity HEL mutant protein (HEL*®) conjugated to sheep
red blood cells (SRBCs) (SRBC-HEL*¥). This resulted in a rapid
expansion of WT SWyg; cells that peaked at day 5.5 (Fig 1, A).
The expansion of Star3AB cells also peaked at day 5.5 but dis-
played a dramatic decrease in the magnitude of expansion,
which was maintained throughout the time course. This defect
was not restricted to a particular B-cell subset as we observed
that both WT and Stat3AB SWygr donor cells had differentiated
into germinal center (GC) B cells and plasmablasts (PBs) at day
5.5 (see Fig El, A and B, in this article’s Online Repository at
www.jacionline.org). However, Stat3AB donor B cells displayed
a slightly skewed differentiation profile with reduced proportions
of GC B cells and conversely increased proportions of PBs
compared with WT cells (Fig 1, B; Fig E1, A), suggesting that
STAT3 in B cells may play a regulatory role in this process
but is not absolutely essential for the differentiation of
GC B cells or PBs.

To determine the nature of the expansion defect, we assessed
both proliferation and apoptosis. Analysis of bromodeoxyur-
idine incorporation at day 4.5 revealed no significant difference
between Stat3AB and WT B cells, indicating that the cells have
similar levels of proliferation (Fig 1, C). In contrast, at day 4.5,
Star3AB B cells exhibited significantly higher rates of apoptosis
(as assessed by Caspase 3 and Annexin V staining) compared
with WT cells (Fig 1, D; Fig E1, C). Collectively, these data
suggest that STAT3 signaling in B cells contributes to their
optimal expansion by reducing apoptosis. This is consistent
with previous reports that STAT3 can regulate expression of
Bcl-2 family members® and our finding that human STAT3
mutant naive B cells exhibit increased spontaneous apoptosis
in vitro.”

We then determined whether reduced numbers of antigen-
specific B cells were associated with a reduction in secreted
antibody levels. Over time, recipients of both WT and Stat3AB
SWygr B cells showed an increase in serum concentrations of
HEL-specific IgM, IgG;, IgGap, IgGs,, and IgG;. However, the
magnitude of the increase in IgM, IgG;, 1gG,y,, and IgG; was
significantly lower in recipients of Stat3AB compared with WT
SWygr B cells (Fig 2, A; see Fig E2, A, in this article’s Online
Repository at www.jacionline.org). These results recapitulate
the finding of Fornek et al’ of reduced antigen-specific IgG levels;
however, we also observed a decrease in IgM levels, indicating a
general loss of antigen-specific responses rather than a defect in
switching to a specific immunoglobulin isotype. Indeed, we found
that class switch recombination to IgG by both PBs and
GC B cells was only modestly impaired (Fig E2, B) consistent
with a complementary, rather than requisite, role for STAT3 in
this process. This is also in keeping with previous data that
showed only minor defects in switching to IgG in vitro by naive
B cells from patients with AD-HIES following stimulation with
IL-4 and/or IL-21.”

Intriguingly, we found that mice that received Star3AB SWyg.
cells had dramatically increased levels of anti-HEL IgE
compared with WT recipients (Fig 2, B), mirroring the elevated
IgE level observed in patients with AD-HIES. This was also
associated with the presence of a substantial proportion of
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FIG 1. Stat3deficiency in B cellsimpairsthe expansion of antigen-specific cells. SWyg WT or Stat3AB cells were
adoptively transferred and recipients immunized with HEL?*-SRBC. A, Total SWyg, donor cells (mean = SEM,
4-5 mice/group, representative of 5 experiments). B, Proportion of GC and PBs. C, Percentage of HEL-specific
cells that incoporporated BrdU in 1 hour, at day 4.5. D, Percentage of Caspase3” HEL-binding cells at day 4.5.
Fig 1, Band C, shows paired data (mean = SEM, 3-5 mice/group) from independent experiments. D, Represen-
tative of 2 experiments. BrdU, Bromodeoxyuridine; n.s., not significant. *P< .05, **P<.01, and ***P<.001.

IgE+ switched Stat3AB SWyg. PBs (Fig E2, C and D). These re-
sults demonstrate that STAT3 deficiency drives aberrant switch-
ing to, and secretion of, IgE in a B-cell-intrinsic manner.
Because HEL**-SRBC antigen does not stimulate antigen-
specific IgE in WT mice, this suggests that STAT3 must act as
a negative regulator of IgE switching. This most likely occurs
downstream of IL-21 because mice deficient in IL-21 or IL-
21R, a key STAT3 activating receptor, also have elevated IgE
level.” Interestingly, a previous study reported that STAT3-
deficient B cells did not have increased IgE secretion in the
context of an IgE-inducing immunization (TNP-CGG+ alum),’
suggesting that in the presence of adjuvants such as alum that
strongly promote IgE switching through IL-4° the suppressive
role of STAT3 may be ablated.

We also determined whether STAT3 deficiency in B cells
altered the quality of the antibody response. Affinity matura-
tion is required for the generation of high-quality antibodies
and results from preferential selection of higher affinity clones
generated by somatic hypermutation (SHM) of the variable
region genes of the BCR. At day 10 we found that Star3 AB
GC B cells had reduced affinity maturation as demonstrated
by fewer HEL** binding cells (Fig 2, C; Fig E2, E). Increased
affinity of the SWyg BCR to HEL*® is associated with the
preferential selection for clones that have acquired the Y53D
mutation in the immunoglobulin heavy chain.” Single-cell
SHM analysis of the immunoglobulin heavy-chain variable re-
gions of donor-derived GC B cells at day 10 postimmunization
revealed that there was a striking failure of Stat3AB cells to

select for clones bearing the Y53D mutation (22.3% vs
72.6%; Fig 2, D) even though Stat3 AB GC B cells acquired
mutations at similar rates to WT cells (average mutations/
sequence: Star3 AB 2.2 vs WT 2.8). Thus, although the global
process of SHM is unaffected by STAT3 deficiency, B cells
require STAT3 for the efficient selection of high-affinity
clones.

By using a mouse model to clarify the role of B-cell-intrinsic
STAT3 in the context of a dynamic immune response to a
specific and well-defined T-dependent antigen, our results reveal
that deficiency of STAT3 in B cells alone recapitulates the key
humoral defects of AD-HIES of aberrantly elevated IgE level,
and impaired specific antibody production. Furthermore, these
data provide new insight into the mechanisms underlying the
impaired specific antibody production. First, there is impairment
in the clonal expansion of naive antigen-specific B cells;
second, there is impaired positive selection of high-affinity
matured B-cell clones, resulting in accumulation of low-affinity
binding cells; third, there is a modest but significant reduction in
class-switching of antigen-specific cells. We propose that these
combined quantitative and qualitative impairments act in sum-
mation to result in a defective antigen-specific response
characterized by low serum levels of class-switched antigen-
specific antibody that is seen in AD-HIES. Collectively, these
findings reveal not only the mechanism underlying the humoral
impairments in AD-HIES but also B-cell-intrinsic STAT3
signaling as a key regulator of fate decisions during antibody
responses.
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FIG 2. Stat3 deficiency in B cells results in reduced serum antigen-specific antibody levels and impaired
affinity maturation. WT or Stat3AB SWyg, cells were adoptively transferred and recipients immunized with
HEL?X-SRBC. Serum concentration of anti-HEL (A) IgM and IgG, (mean + SEM, 4-5 mice/group, representa-
tive of 4 experiments) and (B) IgE (day 5.5). C, Percentage of high-affinity cellsin IgG; " SWyg. GC B cells at day
10. Fig 2, B and C, Paired data from independent experiments (mean = SEM, 2-5 mice/group). D, Somatic
hypermutation (SHM) analysis of donor GC B cells at day 10. Percentage of clones with Y53D (red bars) or
other (blue bars) mutations (combined data from 2 experiments). *P<.05, **P<.01, and ***P<.001.
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The potential for repositioning
antithyroid agents as antiasthma
drugs

CrossMark

To the Editor:

Bronchial asthma is a common disease in which type 2
immunity is dominant." Based on this immunological back-
ground, various antiasthma drugs targeting type 2 immune
mediators, such as IL-4, IL-5, IL-13, and CRTH2, are now under
development.2 However, to develop novel drugs, particularly
biologics, huge investments of time and money are required and
safety risks are involved. Drug repositioning, which is the process
of finding new therapeutic indications for existing drugs, is highly
desirable as an alternative strategy.”* However, to our knowledge,
there has been no instance of drug repositioning in bronchial
asthma.

Airway peroxidase functions as a potent defense system against
microbes by producing biocidal compounds, including hypoth-
iocyanite (OSCN ), together with hydrogen peroxide generated
by Duox1 and Duox2, which are members of the Nox/Duox
family.>® Three heme peroxidases—myeloperoxidase (MPO),
eosinophil peroxidase (EPX), and lactoperoxidase (LPO)
(expressed at neutrophils, eosinophils, and epithelial cells,
respectively)—are involved in this system in the lung tissues. In
contrast, the deleterious effects of the airway peroxidase system
in bronchial asthma remain undetermined. To define the
pathological roles of peroxidase in bronchial asthma, we applied
heme peroxidase inhibitors widely used as antithyroid agents to
a mouse model of allergic airway inflammation. We found that
these agents efficiently inhibited allergic airway inflammation.
These results suggest that antithyroid agents can be repositioned
as antiasthma drugs.

We first examined the expression of 3 airway peroxidase genes
in a mouse model of allergic airway inflammation. The
pulmonary expression of all 3 heme peroxidases (Mpo, Epx,
and Lpo) was significantly upregulated in response to an allergen
challenge (Fig 1, A). The peroxidase activities were also enhanced
in the bronchoalveolar lavage fluids (BALFs) of allergen-
challenged mice (Fig 1, B). We then collected bronchial biopsy
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samples from 10 patients with asthma (see Table El in this
article’s Online Repository at www.jacionline.org) to determine
whether the expression of the heme peroxidases was also
enhanced in the bronchial tissues of patients with asthma. The
peroxidase activities and the expression levels of LPO were not
statistically enhanced. No expression of EPX or MPO was
detected or was invariant between the patients and normal donors
in contrast to the mouse analyses (Fig 1, C, data not shown).
However, some patients showed distinctly high peroxidase activ-
ities and LPO expression. This may be due to the background
(steps 2-4 according to the GINA2014 criteria), effects of the
treatment for the patients (under good control of inhaled
corticosteroids [ICSs]), and/or heterogeneity among patients
with asthma regarding airway peroxidase expression. These
results suggest the involvement of the airway peroxidase system
at least in the mouse model of allergic airway inflammation and
possibly in some patients with asthma.

We applied the heme peroxidase inhibitors to examine the
role of the airway peroxidase system in allergic airway
inflammation. The approach we took to understand the role of
this production system during allergic inflammatory responses
involved inhibiting all peroxidase-mediated events in the
lung because no inhibitors specific for LPO, MPO, or EPX
have been developed. We examined the effects of 2-mercapto-
1-methylimidazole (methimazole) and 6-propyl-2-thiouracil
(PTU), which are agents that inhibit all peroxidases and are
widely used as antithyroid agents targeting thyroid peroxidase.
For the experiments of methimazole or PTU ingestion,
0.2 mg/mL of methimazole (Wako Pure Chemical Industries,
Osaka, Japan) or 0.5 mg/mL of PTU (Sigma-Aldrich, St Louis,
Mo) in drinking water was administered orally every day for
the indicated times. We adopted 2 protocols of methimazole
administration, a long and a short administration strategy
(Met-L and Met-S, respectively) (Fig 2, A). Methimazole was
administered orally every day from the start of sensitization
(day 0) in the long administration and from 2 days before the
start of the allergen airway challenge (day 20) in the short
administration.

The parameters of ovalbumin (OVA)-induced airway inflam-
mation (ie, airway hyperresponsiveness [AHR], infiltration of
inflammatory cells in BALF, and histological changes) were
completely inhibited in the long administration and less so (yet
significantly) in the short administration (Fig 2, B-D). The use of
another peroxidase-inhibiting antithyroid agent, PTU, showed
effects similar to but smaller than those of methimazole.
Nonetheless, these effects showed a statistically significant
improvement in AHR at the dosages used in this experiment
(0.2 mg/mL of methimazole vs 0.5 mg/mL of PTU) (see Fig El
in this article’s Online Repository at www.jacionline.org). These
results strongly suggest that heme peroxidase activities are
critical for the setting of allergic airway inflammation in the
model mice.

The Met-L decreased free T4 in serum by inhibiting thyroid
peroxidase (1.32 + 0.14 ng/dL vs 2.0 = 0.27 ng/dL; P <.001) (see
Fig E2 in this article’s Online Repository at www.jacionline.org).
We complemented the thyroid function by administering
thyroxine to exclude the possibility that the inhibition of airway
inflammation by methimazole was due to impaired thyroid
function; however, administering thyroxine had no effect on
airway responsiveness (see Fig E3 in this article’s Online
Repository at www.jacionline.org).
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METHODS
Mice

Donor mice were generated by crossing Star3"™ mice,"' on the C57BL/6
(CD45.2) background, with CD19°™ mice™ to generate Star3™® CD19/*
mice (Star3AB). These were then crossed with SWygr mice™ to generate
SWygL.Stat3AB. Control SWyp .WT mice were Star3*'" CD19°* or
Star3"" CD19*'*. Donor cells were adoptively transferred into C57Bl/6
(CD45.1 congenic) mice purchased from either the Australian Resources
Centre or Australian BioResources. Mice were bred and housed in specific
pathogen-free conditions in the Garvan Institute Biological Testing Facility
or Australian BioResources. All experiments were approved by the Garvan
Institute-St Vincent’s Animal Ethics Committee.

HEL proteins
Recombinant HEL proteins (HEL?X and HEL**) were produced as previ-
ously described.”* HEL™ " was purchased from Sigma-Aldrich (St Louis, Mo).

SWyeL adoptive transfers

Adoptive transfer and immunization has been described previously.”* In
brief, donor SWyg; Star3AB or WT spleen cells containing 3 X 10* HEL-
binding B cells were injected intravenously into CD45.1 congenic C57BL/6
recipient mice along with 2 X 10% SRBCs conjugated to HEL**. The conju-
gation method has been previously described.” Spleens and sera were har-
vested and analyzed at the time points described. SWygr, cells were
identified as CD45.2*CD45.1 HEL"B220".

mAb and reagents for flow cytometry

The following were purchased from BD Biosciences (Franklin Lakes, NJ):
anti-CD45R/B220 phycoerythrin, anti-IgG; biotin (A85-1), anti-IgM biotin,
anti-CD16/CD32 Fc block (2.4G2), anti-CD45.1 biotin (A20), SA-PeCy7,
IgE fluorescein isothiocyanate (FITC) (R25-72), anti-CD45.2 FITC (104),
anti-CD45R/B220 PB (RA3-6B2), SA BV421, anti-Caspase 3 FITC.

The following were purchased from eBiosciences (San Diego, Calif): anti-
CD38 FITC, anti-CD45.1 PerCP-Cy5.5 (104), anti-CD45.2 PE-Cy7 (A20).
The following was purchased from Invitrogen (Waltham, Mass): SA-PB.

Flow cytometry

Spleens of recipient mice were harvested at the indicated time points,
prepared, and stained for flow cytometry as previously described."**’" An-
nexin V staining was performed as previously described.” Caspase 3 staining
was performed on fixed and permeablized cells where cells were first stained
for surface markers, then fixed with BD Cytofix/Cytoperm. Cells were then
washed with BD Perm/Wash buffer, blocked with 5% normal mouse serum
(Jackson ImmunoResearch Laboratories, West Grove, Pa), and then stained
with anti-Caspase 3 FITC. Data were acquired on FACSCantol, FACSCantolI,
or BD LSR II. Single-cell sorting was performed on the FACSAria. Acquisi-
tion and analysis has been previously described.”® Approximately 2.0 X 10° to
5.0 X 10° events were collected per sample. All data are representative of 2 or
more experiments as indicated.

ELISA

Anti-HEL antibody levels of the various immunoglobulin subclasses in the
sera of recipient mice were analyzed by ELISA as previously described.”"
In brief, 96-well ELISA plates (Nunc, Waltham, Mass) were coated with HEL
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(Sigma-Aldrich) and bound serum immunoglobulin was detected using immu-
noglobulin heavy-chain isotype-specific antibody purchased from BD Biosci-
ences: anti-IgG; biotin (A85-1), anti-IgG,,/c biotin (R19-15), anti-IgGyy,
biotin (R12-3), anti-IgG; biotin (R40-82), anti-IgM biotin (R6-60.2). IgE ELI-
SAs were performed as described.” In brief, plates were coated with anti-IgE
(R35-72), followed by incubation of serum samples. Bound anti-HEL-IgE
was detected by biotinyated HEL-WT. Immunoglobulin levels for each class
were quantified against rHyHEL10 standards.”*

BrdU Labeling

Mice were injected intravenously with 2 mg of BrdU (in 200 L of PBS)
60 minutes before sacrifice. Spleens were stained with surface molecules, and
then fixed, permeablized, and stained with anti-BrdU FITC using the BrdU
flow Kit (BD Biosciences) according to the manufacturer’s instructions.

Single-cell sorting and SHM analysis

Recipient spleens were prepared and stained as described for flow
cytomtery. Donor-derived IgG,-switched GCs were identified using anti-
CD45.2 PeCy7, anti-CD45.2 PerCp Cy5.5, anti-B220 PE, anti-CD38 FITC,
anti—-IgG,-biotin, and SA-PB. Single cells (donor-derived GC B cells;
CD45.27CD45.1 B220"CD38"°IgG1") were sorted using FACSAria (BD
Biosciences). The variable region exon of the SWyg;, immunoglobulin (Hy-
HEL10) heavy-chain regions was amplified by PCR and sequenced as previ-
ously described.” The final product was sequenced by Garvan Molecular
Genetics and analyzed.

Statistical analysis

Data were analyzed using Graphpad Prism (GraphPad Software, La Jolla,
Calif) software. An unpaired ¢ test was performed to compare 2 groups within
a single experiment. A paired ¢ test was used to analyze the combined data
from several replicate experiments, except for analysis of Annexin V staining
and IgE staining, where the ratio paired ¢ test was used, and for IgE ELISA,
where the Wilcoxon matched pairs signed rank test was used (*P < .05;
#*P <.01; #**P <.001).
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FIG E1. Stat3 deficiency in B cells impairs the expansion of antigen-specific cells. SWyg, transgenic WT or
Stat3AB splenocytes were adoptively transferred and recipients immunized with HEL?*-SRBC. A, Cells were
stained for B220 and HEL binding and the proportion of B220"HEL"'CD38'® GC and B220'°HEL'® PBs quan-
tified. Flow cytometry plots show representative staining. B, Total number of HEL-specific donor cells per
million splenocytes. Each symbol represents a single mouse (line gives mean). Data are representative of
5 independent experiments. Unpaired t test (*P <.05; ¥**P <.01). C, The % of AnnexinV" HEL-binding cells
was determined. Plots show paired data from 4 independent experiments. Points represent mean + SEM (3-
5 mice/group).
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FIG E2. Stat3 deficiency in B cells results in reduced serum antigen-specific antibody levels and impaired
affinity maturation. A, WT or Stat3AB SWyg, splenocytes were adoptively transferred and recipients immu-
nized with HEL?*- SRBC. Serum was collected at day 4.5, 5.5, and 10 and analyzed by ELISA for the presence
of anti-HEL antibody of IgG,, 19G2p, and 1gG3 isotypes. Plots represent mean = SEM of 4 to 5 mice/group
and are representative of 3to 4 independent experiments. B, Percentage of IgG; " cells in the PB and GC pop-
ulations at day 5.5. Graph shows paired data from independent experiments, and plots represent
mean *= SEM (4-5 mice/group). Paired t test (*P <.05; **P < .01; ***P <.001). C and D, Cells were stained
for intracellular IgE and 1gG, expression at day 5.5. Graph (Fig E2, C) shows paired data from independent
experiments, and plots represent mean = SEM (5 mice/group). Fig E2, D, Flow cytometry plots show concat-
enated data from 5 mice per group gated on donor PBs (CD45.2*CD45.1~B220'°HEL"), representative of 4
independent experiments. E, Splenocytes from recipient 10 days after immunization were stained with
HEL®* to identify high-affinity cells. Representative flow cytometry plots showing donor SWyg.
GC B cells (CD45.2*CD45.1~B220*CD38'°; concatenated data from 5 mice).
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