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Key Points

• Mice that express a mutation
in STAT3 phenocopy patients
with HIES.

• Bone marrow transplantation
does not fully correct the
susceptibility of these animals
to bacterial infection.

Mutations of STAT3 underlie the autosomal dominant form of hyperimmunoglobulin E

syndrome (HIES). STAT3 has critical roles in immune cells and thus, hematopoietic stem

cell transplantation (HSCT), might be a reasonable therapeutic strategy in this disease.

However, STAT3 also has critical functions in nonhematopoietic cells and dissecting the

protean roles of STAT3 is limited by the lethality associated with germline deletion of

Stat3. Thus, predicting the efficacy of HSCT for HIES is difficult. To begin to dissect the

importance of STAT3 in hematopoietic and nonhematopoietic cells as it relates to HIES,

we generated a mouse model of this disease. We found that these transgenic mice

recapitulate multiple aspects of HIES, including elevated serum IgE and failure to

generate Th17 cells.We found that thesemicewere susceptible to bacterial infection that

was partially corrected by HSCT usingwild-type bonemarrow, emphasizing the role played by the epithelium in the pathophysiology

of HIES. (Blood. 2014;123(19):2978-2987)

Introduction

The autosomal dominant (AD) hyperimmunoglobulin E syndrome
(HIES) is a multisystem disorder characterized by recurrent and
severe cutaneous and sinopulmonary bacterial infections, chronic
dermatitis, elevated serum IgE, and connective tissue abnormalities.1

In contrast to other disorders associated with elevations in IgE,
AD-HIES is the result of dominant-negative mutations of STAT3.2,3

STAT3 belongs to a family of genes that encode latent cytosolic
transcription factors. Each of the 7 members of this family has diverse
functions in transmitting cytokine signals. Some STAT family mem-
bers, including STAT4 and STAT6, have relatively discrete actions.4

Bycontrast, STAT3andSTAT5are activatedbydiverse cytokines and
have broad functions in multiple tissues.4 For example, germline
deletion of Stat3 in mice is embryonically lethal due to the role played
by STAT3 downstream of leukemia inhibitory factor signaling and
placental integrity.5Within immune and hematopoietic cells, the roles
of STAT3 are both pleotropic and sometimes contradictory. For
example, Stat3 deficiency in myeloid cells results in defective den-
dritic cell maturation and altered neutrophil homeostasis.6,7 It is also
associated with a fatal autoimmunity that stems from an inability of

cells to respond to IL-10 stimulation,8-10 leading to a deficiency in
myeloid suppressor cell function.11Stat3-deficient T cells have defects
in helper cell differentiation, but with the opposite outcome to that
seen in myeloid cells. Stat32/2 CD41 T cells are unable to express
the inflammatory cytokine IL-17,12-14 and mice with Stat3-deficient
T cells are resistant to a number of mouse models of autoimmune
and alloimmune disease.15-17 In addition to the classical functions of
STAT3 as a transcription factor, new roles for STAT3 in regulation of
metabolism and mitochondrial function have been discovered.18

Given the finding that Stat3-deficient mice die in utero and the
complex phenotypes associated with tissue-specific deletion of
Stat3, the discovery that STAT3 mutations underlie AD-HIES was
unexpected. This suggests that the presence of the mutant allele
results in reduced, but not absent STAT3 function. The susceptibility
to infection is explained in part by the failure of CD41 T cells from
HIES patients to produce IL-17, a cytokine important for host
defense against Staphylococcus aureus and fungi, infections to
which these patients are susceptible.19-21 If the failure of immune
cells to produce IL-17 and the functionally related IL-22 is the major
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cause ofmorbidity andmortality in these patients, then it would seem
logical that hematopoietic stem cell transplantation (HSCT) would
be an effective treatment of this disorder. Contradicting this assump-
tion: mice that lack Stat3 within the gut epithelia demonstrate
impaired recovery after exposure to dextran sodium sulfate (DSS)
drinking water.22 IL-22 is critical for protection against DSS injury,23

and it is dependent on STAT3 both for its expression and its action on
epithelial cells.22 Taken together, these data would argue that if
STAT3 function in epithelial cells is most critical, then HSCT would
be of limited utility.

To try to resolve these issues and to obtain a clearer picture of
STAT3’s function as it relates to HIES, we generated a murine
model of this disease. We found that mice expressing a patient-
derived Stat3 allele display both impaired STAT3 DNA-binding
activity and expression of IL-17. The mice recapitulated additional
aspects of the human disease, including elevated serum IgE and
a reduced ability to clear bacterial infection. In addition, challenge
of these mice with lipopolysaccharide (LPS) was associated with
heightened expression of inflammatory cytokines. To explore the
relative contributions of impaired STAT3 signaling within cells of the
immune system and cells of the epithelia, we reconstituted HIESmice
with wild-type (WT) bone marrow (BM) and vice versa. We found
that impaired STAT3 signaling in both compartments contributes
to impaired host defense and abnormal inflammatory responses
in response to infection with Citrobacter rodentium. That is,
reconstitution of mice bearing the mutant Stat3 allele with normal
BM, partially, but not completely, reversed host defense defects.
These results will need to be borne in mind in consideration of
HSCT as a therapy for HIES.

Methods

Generation of mut-S3 transgenic mice

The BAC transgene was constructed by modifying a 185-kb mouse BAC
containing the mouse Stat3 gene (RP24-236G5). A 1-kb construct
carrying 2 arms of homology (;500 each) was ligated into the pSV1-
RecA shuttle vector, which was transformed into DH10B-competent cells
expressing the RP24-236G5 BAC. Proper insertion of the deletion and
final bacterial selection on chloramphenicol/fusaric acid plates were
monitored by polymerase chain reaction (PCR) using primers internal and
external to the homologous construct.Thedeletionconsistedof a 1,163bpDNA
fragment starting with the last codon of Stat3 exon 15 and ending at the 5ʹ of
exon 16; the construct also included silent mutations in the last 7 remaining
codons of exon 15 to allow specific amplification ofWT andmutant transcripts
by PCR.

Immunizations

Extracts from Schistosoma mansoni eggs (SEA) were prepared as de-
scribed.24 The water-soluble fraction was injected intraperitoneally (50mg) 2
times per week for 2 weeks intomut-Stat3 or controlmice. After an additional
3-week rest period sera were collected. Other immunizations were in hind
foot pads with 100 mg NP25-CGG precipitated in Alum (Thermo Fisher
Scientific). Draining lymph nodes were harvested on day 7.

LPS shock

For the assessment of in vivo responsiveness to LPS, mice were injected
intraperitoneally with 250 mg of LPS from Salmonella enterica serovar
Minnesota (Sigma-Aldrich). Blood was collected from the tail vein
90 minutes after injection with LPS. Animals were monitored for viability
every 4 hours.

BM transplantation

WT and mut-Stat3 mice were irradiated with 900 cGy in a single fraction
followed by an injection of 10 million BM cells obtained from either WT or
mut-Stat3 mice.

C rodentium infection

C rodentium was prepared by incubation with shaking at 37°C for 6 hours in
LuriaBroth.After 6 hours, the bacterial densitywas assessed by absorbance at
an optical density of 600 nm and confirmed by plating of serial dilutions.
Inoculation of mice was by oral gavage with 5 3 109 colony-forming units
(CFU). Animals were monitored for weight loss and after 14 days all animals
were euthanized. Sections of spleen, liver, and colon were analyzed for the
presence of viable bacteria. Serum samples were taken for measurement of
anti-C rodentium specific immunoglobulin. Sections of colon were removed
for histology, analysis of messenger RNA (mRNA) expression and lamina
propria lymphocytes were isolated and analyzed for cytokine expression by
intracellular staining.

Cell isolation and culture

CD41 T cells were obtained from spleens and lymph nodes using positive
selection with anti-CD4 microbeads (Miltenyi Biotec); B cells were isolated
from spleens by negative selection usingCD43MACSbeads (Miltenyi Biotec).
CD11c1 splenocytes were isolated using positive selection with anti-CD11c
MACS beads (Miltenyi Biotec). To isolate lamina propria lymphocytes, large
intestines were removed, cut into pieces and washed in Hank’s balanced-salt
solution. Epithelial layer cells were removed and the remaining tissue was
digested at 37°C with collagenase and DNAse I (both Roche). Lamina
propria lymphocytes were recovered from the supernatant and pelleted in
a solution of 40% Percol.

All cells were cultured in mouse media (RPMI 1640, 10% FCS, 13
antibiotic-antimycotic, 1% glutamine, 13 nonessential amino acids, 1%
sodium pyruvate, 14.2 M 2-b-mercaptoethanol, and 10 mM HEPES).
T cells were activated with plate-bound anti-CD3/anti-CD28 (5 mg/mL
each; eBiosciences). Th17 conditions contained 10 ng/mL IL-6 (Invitro-
gen), 5 ng/mL transforming growth factor (TGF)-b1 (R&D Systems),
10 mg/mL anti–IL-4, 10 mg/mL anti–interferon (IFN)-g (BioXCell). To
induce class switch recombination/immunoglobulin isotype switching ex
vivo, B cells were activated for 72 or 96 hours in the presence of 25 mg/mL
LPS (Escherichia coli, 0111:B4; Sigma-Aldrich) and 5 ng/mL IL-4 to
induce class switch recombination (CSR) to IgG1/IgE, or LPS and 2 ng/mL
IFN-g (PeproTech) to induce IgG2a CSR. Cell proliferation was monitored by
carboxyfluorescein succinimidyl ester staining, according to themanufacturer’s
instructions (Invitrogen).

Quantitative real-time PCR

To detect WT Stat3, mutant Stat3, and germline transcripts, B cells from
mut-Stat3 or control mice were cultured in the presence of LPS, plus IL-4
for 48 hours. RNA was extracted with RNAqueous-Micro (Applied
Biosystems/ABI), treated twice with DNaseI, and reverse transcribed using
random hexamers (ABI). Transcript levels were monitored by real-time PCR
using SYBR-green Master Mix (ABI) and normalized to glyceraldehyde-3-
phosphate dehydrogenase. Quantitative PCR was performed with an ABI
7500 Fast Real-Time PCR System using Taqman site-specific primers and
probes (ABI).

Microarray

WT and mut-Stat3 CD11c1 splenocytes were stimulated with either LPS or
LPS and IL-10 for 24 hours. RNA was extracted and gene expression was
analyzed by microarray using an Affymetrix chip. These data have been
deposited in the National Center for Biotechnology Information’s (NCBI’s)
Gene Expression Omnibus (GEO) and are accessible through GEO Series
accession number GSE55607 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc5GSE55607).
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Histological assessment of colitis

Phosphate-buffered saline/0.1% bovine serum albumin washed sections of
distal colon and cecum were fixed in buffered 10% formalin. After 2 weeks,
sections (4.0mm)were prepared from fixed tissue samples using amicrotome
and stained with hematoxylin and eosin. Inflammation was graded according
to the following scoring system: each sample was graded semiquantitatively
from 0 to 3 for 5 criteria: (1) degree of epithelial hyperplasia and goblet cell
depletion; (2) leukocyte infiltration in the lamina propria; (3) submucosal
edema and inflammation, (4) area of tissue affected; and (5) the presence of
markers of severe inflammation, such as crypt abscesses and ulcers. Scores for
each criterion were added to give an overall inflammation score for each
sample of 0 to 15. Scoring was performed by 2 researchers in a blind fashion
according to the criteria described as follows. Cecumand distal colon sections
were calculated independently.

Western blot analysis

Purified CD41 T cells were activated with plate-bound anti-CD3/CD28
and expanded with IL-2. After a 2 hour rest in fresh media, cells were re-
stimulated for 5 to 45minutes with 100 ng/mL IL-21. B cells were purified

and stimulated with LPS and IL-4 for 48 hours. Cells were lysed in Triton
detergent buffer containing Complete Mini Protease Inhibitors Cocktail
(Roche). Total protein was separated by polyacrylamide gel electropho-
resis, transferred to nitrocellulose and blotted with antibodies recognizing
actin, STAT3, pTyr-STAT3 (Cell Signaling), and Id2 (sc489, Santa Cruz
Biotechnology).

STAT3 DNA binding-enzyme-linked immunosorbent

assay (ELISA)

CD41 T cells were activated as previously described and were re-stimulated
for 15 minutes with 100 ng/mL IL-21. STAT3 binding to a candidate
oligonucleotide was assayed using the TransAm STAT3 assay Kit (Active
Motif), according to themanufacturer’s instructions.Whole cell lysate (2mg)
from stimulated or unstimulated cells was used for each assay.

Flow cytometry

Unless otherwise stated, all antibodies were from BD Biosciences: B220-
PercP-Cy5.5, B220-FITC, CD19-PercP-Cy5.5, IgM-APC (Jackson Immu-
noResearch Laboratories), IgG1-PE, IgG2a-FITC, IgE-FITC, CD95-PE,
GL7-FITC, CD24-FITC, CD43-PE, CD127-PE, CD138-PE, CD4-PercP-Cy5.5,

Figure 1. Generation of a mouse model that reca-

pitulates key aspects of human AD-HIES. Depiction

of mouse Stat3 gene within RP24-236G5 BAC. Exons

15 and 16, which encode part of STAT3 DNA binding

domain, are highlighted. Based on mutations ob-

served in HIES patients, the BAC was modified to

delete valine 463 from the binding domain (from PVVVI

in WT to PVVI in mutant) (A). Throughout the text, the

Stat3-DV463 allele is referred to as mut-Stat3. The

intron separating exons 15 and 16 was also deleted to

permit estimation of transgene copy number (relative to

WT) by Southern blotting after tail DNA digestion with

PstI, as shown in panel (B). Transgenic line L1, which

contains 2 transgene copies, was used in all sub-

sequent experiments. Western blot analysis of STAT3

and Y705 phosphorylated STAT3 levels from CD41

T cells unstimulated or stimulated with 100 ng/mL IL-21

for 5 to 15 minutes. Cells were isolated from 6- to

8-week-old WT and mut-Stat3 mice, expanded in IL-2

and rested for 2 hours prior to stimulation. Data are

representative of 3 independent experiments (C). Flow

cytometry analysis of Y705 phosphorylated STAT3

levels in freshly isolated splenic B cells left unstimu-

lated (shaded) or stimulated with 50 ng/mL IL-6, IL-10,

or IL-21 for 30 minutes (unshaded). Cells were isolated

from 6- to 12-week-old WT (solid line) or mut-Stat3

(dotted-line) mice. Data are representative of 6 mice in

2 independent experiments (D). CD41 T cells were

prepared as in (C) and stimulated for 15 minutes with

100 ng/mL IL-21. STAT3 binding to a candidate oli-

gonucleotide was assayed using the TransAm STAT3

Assay Kit (Active Motif) according to the manufacturer’s

instructions (E). Flow cytometry analysis of IL-17A

expression in CD41 T cells stimulated with aCD3/

aCD28, TGF-b-1, and IL-6 for 70 hours. Cells were

isolated from 6-week-old WT and mut-Stat3 mice. Data

are representative of 8 independent experiments (F).
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CD8-APC, IFN-g-APC, IL-4-PE, IL-17A-PE, and FoxP3-FITC (eBioscien-
ces). To-Pro-3 (Invitrogen) or 49,6 diamidino-2-phenylindole (DAPI;
Sigma-Aldrich) were used to exclude dead cells. The cells were purified
using the MoFlo Cell Sorter (Dako Cytomation), acquired on the
FACSCaliber (Becton Dickinson) or Cyan (Dako Cytomation) flow
cytometers, and analyzed with FlowJo software (Tree Star Inc.). In-
tracellular staining for cytokine expression was performed on cells
stimulated for 2 hours with phorbol 12-myristate 13-acetate, ionomycin,
and brefeldin A, followed by fixation using a BD Fix Perm Kit (Becton
Dickinson).

ELISA

Serum immunoglobulin levels were measured from 8- to 12-week-old mice
by ELISA (Bethyl Laboratories), using 3,3ʹ,5,5ʹ-tetramethylbenzidine
(Pierce) as a developing substrate. Levels of SEA-specific antibody were
determined by ELISA as previously described.25

Statistics

Statistical analysis comparing 2 groups was performed with a Mann
Whitney U test. Where 3 or more groups were analyzed (Figure 7), a one-
way analysis of variance test was performed. A single asterisk denotes
a P value of ,.05, a double asterisk denotes P , .01, a triple asterisk
denotes P , .001. Statistical analysis was determined using GraphPad
Prism (version 5) software. Two-dimensional cluster analysis (hierarchi-
cal, Pearson uncentered, average linkage, unsupervised) was performed on
a list of IL-10 responsive genes using Genespring software.

Results

Mut-Stat3 mice recapitulate biochemical and functional features

of human HIES

To create a mouse model of HIES, we generated transgenic mice
that expressed a 185 kb bacterial artificial chromosome (BAC) that
encoded a mutated mouse Stat3 gene.We chose a commonmutation
identified in multiple patient cohorts, namely deletion of V463 in
STAT3ʹs DNA-binding domain,2,3,26 and used BAC recombineer-
ing27 to generate transgenic mice, which expressed this mutant allele
(denoted mut-Stat3) (Figure 1A). From 6 transgenic lines generated,
1 was used for all subsequent experiments as it expressed 2 copies of
the transgene (Figure 1B), providing the appropriate ratio of WT to
mutant alleles seen in HIES patients.

In contrast to Stat3-deficient mice, we found that mut-Stat3mice
were viable and fertile and the disease-associated allelewas transmitted
in the expectedMendelian frequency. Previouswork has demonstrated
that AD-HIES-associated DNA-binding domain mutations of STAT3
do not impair cytokine-dependent ligand-dependent phosphoryla-
tion.19 Accordingly, we found that stimulation of cells from WT and
mut-Stat3 mice with STAT3-activating cytokines resulted in compa-
rable STAT3 Y705 phosphorylation, as measured by immunoblotting
and intracellular staining (Figure 1C-D). Despite normal tyrosine pho-
sphorylation, dominant-acting mutants in HIES patient cells interfere

Figure 2. Normal B-cell development, but elevated

serum IgE in mut-Stat3 mice. (A) Flow cytom-

etry analysis of isolated BM cells from mut-Stat3

and WT mice. Populations were defined as: pro-B

[B220lowCD252IgM2], pre-B [B220lowCD251IgM2],

immature (Imm.) [B220lowCD252IgM1], and recircu-

lating (Rec.) [B220hiIgM1]. Populations are depicted

as either percentage of B200 low cells (upper row), or

absolute number of cells per BM (lower row). N 5 7, not

significant (ns): P . .05. Dead cells were excluded from

analysis by DAPI staining. (B) ELISA measurement of

serum immunoglobulin levels from naı̈ve WT and mut-

Stat3 mice aged 8 to 15 weeks (N 5 23). (C) Serum

Schistosoma mansoni soluble egg antigen–specific

immunoglobulin levels were measured by ELISA 3 weeks

after peritoneal injections of Serum Schistosoma man-

soni soluble egg antigen in WT and mut-Stat3 mice.

Shown is a representative result of 3 independent

experiments (N 5 4 for each experiment).
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with STAT3 DNA binding and activation of key STAT3 target
genes.19 Consistent with this, we found that cells from mice also
exhibited impaired STAT3DNAbinding to a canonical STAT3 target
gene (Figure 1E).

Patients with AD-HIES have normal numbers of CD4 and CD8
T cells.1 Again, mut-Stat3 mice also exhibited normal thymic de-
velopment and compared with control mice, had normal proportions
and absolute numbers of CD41 and CD81 T cells in the thymus,
spleen, and lymph nodes (supplemental Figure 1A, available on the
BloodWeb site). STAT3 is also critical for CD4 T-cell production of
IL-17,12-14,17,28 and HIES patients have severely reduced numbers of
IL-17-producing T cells.19-21,29,30 We found impaired IL-17 expres-
sion in naiveCD41Tcells frommut-Stat3mice comparedwith control
cells when stimulated in the presence of TGF-b and IL-6 (Figure 1F).
By contrast, in vitro T helper (Th)1 and Th2 cell polarization of
naı̈ve mut-Stat3 Th cells was unchanged compared with WT cells
(supplemental Figure 1B). Next, we measured the number of IL-17-,
IFN-g-, or FoxP3- expressing CD41 T cells in the lamina propria
of WT and mut-Stat3 mice. Again, we found that mut-Stat3 mice
had fewer IL-171 cells and similar numbers of IFN-g1 Th cells
compared with WT animals (supplemental Figure 1C).

Mut-Stat3 mice exhibit dysregulation of B-cell function and

recapitulate overproduction of IgE

A defining feature of HIES is overproduction of IgE indicative of
a role for STAT3 in the function of mature B cells. As mut-Stat3
B cells were present in normal numbers and proportions (Figure 2A),

we next turned to the question of whether our model would mimic
AD-HIES in terms of dysregulation of IgE production.We found that
serum IgE levels in mut-Stat3 mice were sixfold higher than in WT
littermate controls (Figure 2B). In addition, serum IgG1, and to a
lesser extent IgG3, were significantly reduced in mut-Stat3 mice
(P 5 .003), whereas the concentration of other isotypes was not
different from controls. To assess whether this abnormality would
also extend to the setting of neoantigen stimulation, we immunized
micewith a soluble antigen isolated fromSEA,which induces a potent
Th2-driven immune response.31As shown in Figure 2C, SEA-specific
IgE production was also greatly enhanced in mut-Stat3mice, whereas
IgG1 productionwas reduced relative to controls. Notably, in addition
to dysregulation of IgE, impaired IgG responses postimmunization
have been reported inHIES patients32-34 and in IL-21-deficient mice35

These data suggest that the mut-Stat3 mice are able to reproduce
another key aspect of the immune dysregulation seen in HIES.

To better define the consequences of interfering with STAT3
function in B cells, we compared the transcriptomes of B cells from
WT and mut-Stat3 mice after stimulation with LPS and IL-4, a
standard protocol known for both inducing autocrine expression of
IL-6 and triggering antibody class switching.36,37 mRNA-sequence
analysis revealed some 120 genes that displayed greater than a
twofold difference betweenWT andmut-Stat3B cells (supplemental
Figure 2A). Curiously, because the number of genes with elevated
expression in the B cells derived from HIES mice was twice that
of genes with elevated expression in WT B cells (supplemental
Figure 2B), it is suggested that Stat3 functions more as a negative
than a positive regulator of gene expression in activated B cells.

Figure 3. The mut-Stat3 mice show increased

susceptibility to C rodentium infection. Survival (A)

and weight (B) plots of WT and mut-Stat3 mice after

receiving an oral dose of 5 3 109 CFU C rodentium.

Bacterial load present in the distal colon was de-

termined at 4, 9, and 14 days postinfection, (C) and in

the spleen and liver 14 days postinfection (D). Splenic

neutrophil and monocyte/ macrophage cell numbers

were determined 14 days postinfection (E). Data rep-

resents the cumulative results of 3 independent ex-

periments (n 5 32 for WT and n 5 28 for mut-Stat3).
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Known STAT3 targets, such as the Socs3 gene, were significantly
different between WT and mutant cells.

Marked susceptibility of mut-Stat3 mice to intestinal

Citrobacter infection

Next, we turned to the question as to whether mut-Stat3 mice had
impaired defense against bacterial infection. For this, we orally
infected animals with C rodentium, a robust well-examined mouse
model of bacterial infection, susceptibility to which is highly de-
pendent on IL-17 and IL-22.38,39 Whereas, normal mice were
resistant toCitrobacter infection (Figure 3A-B); mut-Stat3mice lost
significantly more weight and began dying at 11 to 14 days.

Because of the diverse roles of STAT3, the mortality seen with
C rodentium infection in mut-Stat3 mice might have been due to
defects in host defense, exaggerated inflammatory responses, or
both. To begin to understand the basis of susceptibility of mut-Stat3
to this infection, next, we compared the ability of WT and mut-Stat3
animals to clear these bacteria. Twoweeks after infection, there were
significantly higher numbers of bacteria in the distal colons of mut-
Stat3mice (Figure 3C). Furthermore, mut-Stat3mice were unable to
contain systemic infection with elevated numbers of bacteria cultured
in their spleens and livers compared with infected WT animals
(Figure 3D). This was associated with increased numbers of neu-
trophils in the spleen (Figure 3E).

Given the importance of IL-17 and IL-22 in host defense against
Citrobacter, we investigated the production of these next, and other
cytokines in colonic lamina propria (Figure 4A). CD41 T-cell
production of IL-17A and IL-17F in cells from infected mut-Stat3
mice was significantly reduced compared with controls when mea-
sured by intracellular staining 2 weeks after infection. There was
a decline in IL-22 production that was significant when measured by
quantitative PCR (Figure 4B). IL-22 provides antibacterial defense by
activating STAT3 in epithelia, which, in turn, induces the expression
of a number of antimicrobial proteins including Reg family peptides.
In addition to reduction in IL-22 production in mut-Stat3, we
anticipated that IL-22 signaling would likely to be impaired in the
epithelia of mut-Stat3mice. Therefore, we measured expression of
these factors in infected mut-Stat3 animals and found that their
production was significantly impaired (Figure 4C). As both mut-
Stat3 mice and patients with HIES have dysregulated immuno-
globulin production, we considered that this may also be a
contributing factor in the susceptibility of these mice. However,
we found no significant differences (supplemental Figure 3).

The presence of IL-22 and its protective actions on the gut
epithelium have been shown to be essential for recovery from colitis
induced byDSS.23 To confirm our findings in Citrobacter-infected
mice,wemeasured the effect of treatingWTandmut-Stat3micewith
DSS drinking water, again mut-Stat3 lost significantly more weight
(supplemental Figure 4).

Figure 4. The mut-Stat3 mouse lamina propria

lymphocytes have altered cytokine expression in

response to C rodentium infection. Mean values of

cytokine expression (A) in viable CD41 colonic lamina

propria T cells isolated from WT or mut-Stat3 mice

14 days after oral infection with 53 109 CFUC rodentium.

The mRNA expression of Il22 (B) and its associated

antimicrobial peptides (C) were determined by quantita-

tive PCR in the cecums and distal colons from WT or

mut-Stat3 mice 14 days after oral infection with 5 3 109

CFU C rodentium. Histograms represent mean values 1

SEM, data are representative of 2 independent experi-

ments (n 5 8 per group). *P , .05; ***P , .001.
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In contrast with its role in lymphocytes, STAT3 has been im-
plicated as an anti-inflammatory factor in myeloid cells. We mea-
sured colonic IL-12 p40 mRNA by quantitative PCR 4 days after
infection and found elevated expression in the mut-Stat3 mice
compared with controls (Figure 5A). Next, we investigated the de-
gree of inflammationwithin the infected colons ofWT andmut-Stat3
mice by histology. The large bowels of mut-Stat3 mice developed
significantly more inflammation compared with WT inflammation
compared with WT animals after 9 days (Figure 5B). This was
associated with elevated numbers of IFN-g expressing CD41 T cells
within the colonic lamina propria (Figure 5C).

Increased mortality in mut-Stat3 mice treated with LPS

Collectively, our data suggested that mut-Stat3 mice clearly have
impaired host defense against Citrobacteria together with an ex-
aggerated inflammatory response in response to the bacterial infection.
To explore this further, we compared the effect of a systemic dose of
LPS onWT andmut-Stat3mice.We found that mut-Stat3were highly
susceptible toLPS-induced shock (Figure 6A).The changes in survival
were associated with a significant elevation in serum IL-12 and tumor
necrosis factor-a inmut-Stat3micecomparedwithWTanimals together
with a significant drop in serum IL-10 concentration (Figure 6B).

STAT3 is a key-signaling factor downstream of the anti-
inflammatory cytokine, IL-10.40 Next, we investigated the effect of
IL-10 on LPS stimulated splenic (CD11c1) dendritic cells fromWT
and mut-Stat3 animals and analyzed gene expression by differential
array. A list of IL-10 responsive geneswas determined by comparing
WT dendritic cells stimulated in the presence or absence of IL-10
(supplemental Table 1 and Figure 6C). Analyzing this list, in the
absence of IL-10, there was little difference between WT and mut-
Stat3 gene expression, but in the presence of IL-10, substantial
differences appeared between the 2 as a consequence of a diminished
effect of IL-10 in cells from mut-Stat3 mice (Figure 6D).

Taken together, our data indicated that there were multiple
explanations for the susceptibility of mut-Stat3 mice to bacterial
infection. There were clear host defects related to impaired pro-
duction of key cytokines like IL-17A, IL-17F, and IL-22. There
was impaired responsiveness of epithelial cells to IL-22 and consequent
failure to produce antimicrobial peptides. Compounding these was
an exaggerated inflammatory response, part of which can be
explained by failure of IL-10 to exert its anti-inflammatory actions.

Partial Utility of HSCT in mut-Stat3 mice

Our findings indicated important roles for STAT3 in preserving host
defense based on its functions in hematopoietic cells and in epithelial
cells, as well as limiting inflammatory responses.40 To determine
whether HSCT may be an effective therapy for humans with HIES,
we investigated the effect of transplantation on the susceptibility of
mut-Stat3 animals to C rodentium. WT mice transplanted with WT
BM were resistant to C rodentium infection. In contrast, mut-Stat3
mice transplanted with mut-Stat3 BM were susceptible to this
infection, losing significantly more weight. To assess the contribu-
tion of STAT3 in the hematopoietic compartment and to mimic
a therapeutic scenario, mut-Stat3 mice were transplanted with BM
fromWTmice (Figure 7A). The data show that thesemiceweremore
resistant to C rodentium infection than mut-Stat3mice that received
BM from mice with impaired STAT3 function. However, the effect
was only partial (Figure 7A-B). Consistent with this and arguing for
a key role of STAT3 in nonhematopoietic cells, WT mice trans-
plantedwith BM frommut-Stat3mice also lost less weight thanmice
in which STAT3 signaling was impaired in both compartments.
Accordingly, expression of RegIII-g was dependent on intact
STAT3 signaling in the nonhematopoietic cells (Figure 7C). Simi-
larly, transplantation of mut-Stat3 mice with normal BM restored
IL-17A, IL-17F, and IL-22 production (Figure 7D); and this was
associated with a reduction in IFN-g secretion consistent with the
hyperinflammatory phenotype associated with STAT3 deficiency in
myeloid cells.

Discussion

Mouse embryos that have a complete ablation of Stat3 die in utero; in
this respect, the discovery of a group of patients with dominant-
acting Stat3mutations was unanticipated.3 The finding immediately
raised the question as to whether the existence of such patients could
be explained by incomplete impairment in STAT3 function or
whether there were species-specific differences in the function of
STAT3, as had been previously observed in another key cytokine
signaling gene, Jak3.41 To address these points, we set out to create
a mouse model of HIES. In the present study, we replicated the
classical multisystem HIES by expressing a patient-derived mutant
allele that affects STAT3 DNA binding activity in a dominant

Figure 5. The mut-Stat3 mice have a heightened inflammatory response after

infection with C rodentium. Relative expression of IL-12 p40 subunit mRNA in the

colons of WT and mut-Stat3 mice 4 days after infection with C rodentium (A).

Histology analysis of inflammation present in the distal colon was determined at days

4, 9, and 14 postoral infection with 5 3 109 CFU C rodentium (B). IFN-g and IL-13

expression in the colonic lamina propria CD41 T cells at day 14 postinfection was

determined by intracellular staining (C). Histograms represent mean values 1

standard error of the mean, data are representative of 2 independent experiments

(n 5 8 per group). ns 5 not significant. *P , .05; **P , .01; ***P , .001.
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negative fashion.3 In this context, our system stands in contrast to
models inwhich Stat3 is fully deleted in the germline.5 The disease is
probably best characterized as resulting from impaired, but not
abrogated STAT3 function. The mut-Stat3 mice displayed many
features characteristic of patients with HIES, namely, impaired Th17
differentiation and the dysregulation of IgE in the steady state.

To investigate the animal’s susceptibility to bacterial infections,
we infectedWT andmut-Stat3micewithC rodentium, andwe found
that mut-Stat3 mice demonstrated an impaired ability to control the
bacteria within the distal colon and prevent the bacteria from
spreading systemically. This was associated with a heightened
inflammatory response, which may be explained by the finding that
mut-Stat3 antigen-presenting cells stimulated with LPS demon-
strated a heightened inflammatory response consistent with the
findings seen by other groups,42 and mut-Stat3 mice were more
susceptible to LPS-induced toxic shock.

Occasionally, patientswithHIEShave been treatedwith allogeneic
BM transplantation, either as an attempt to treat their underlying

immune-deficiency or to treat lymphoma, which is more common
in this patient group compared with the general population. The
effectiveness of this treatment is controversial with different trans-
plantation groups coming to different conclusions.43-45 To explore
this, we rescued lethally irradiated WT animals with BM from mut-
Stat3 mice and vice versa. We found that WT mice with mut-Stat3
BMandmut-Stat3micewithWTBMshowed a similar susceptibility
to C rodentium, and both groups lost significantly more weight than
WT animals transplanted with WT BM. Despite a similar loss of
weight, the different groups presented with different immunological
changes: there was a significantly reduced inflammatory infiltrate
seen in animals transplanted with WT compared with HIES BM,
irrespective of the genotype of the host animal. Conversely the
induction of anti-bacterial peptides in response to C rodentium
infection was more dependent on the genotype of the host animal
rather than the type of BM that was used to rescue the animal. Thus,
we conclude thatmany factors contribute to the susceptibility ofmut-
Stat3mice to bacterial infection, some of which cannot be corrected

Figure 6. The mut-Stat3 mice were susceptible to

LPS-induced septic shock. WT and mut-Stat3 mice

were intraperitonally injected with 250 mg LPS, animals

were monitored for survival over the following 24 hours.

**P 5 .0015. (A) Serum cytokine measurements by

Bead array and ELISA were made 90 minutes after

LPS injection (B). Histograms represent mean values

1 standard error of the mean data were pooled from 2

experiments (n 5 10 per group). CD11c1 splenocytes

from WT and mut-Stat3 mice were stimulated with

either LPS or LPS and IL-10 for 24 hours. Gene

expression by Affymetrix microarray comparing LPS

and LPS1IL-10 treated WT CD11c1 cells is shown

as a scatter plot (C). Genes that had a greater than

twofold change in gene expression between conditions

were defined as IL-10 responsive genes (indicated by

the thick green lines). Two dimensional cluster analysis

of the IL-10 responsive gene list is presented (D). Each

row corresponds to a transcript and each column to the

mean expression values of a sample, pooled from 3

independent microarrays. The color denotes Log10 raw

intensity value (blue: 1–red: 4). *P , .05; **P , .01.
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byHSCT. If a similar partial response occurs inHIES patients, it may
explain the variable responses documented by different transplant
centers. Recently, 2 HIES patients with somatic mosaicism have
been reported, both of these had preserved populations of Th17
cells derived from normal T cells, but regions of epithelia that
expressed mutated STAT3. The authors noted that both patients
had an intermediate phenotype consistent with our findings.46 As
with our model, such patients argue for the importance of STAT3
in host defense in cells outside the hematopoietic system.

In conclusion, we show an example by which the new mouse
model should prove crucial in dissecting out the role of STAT3 in
other features of the disease, hopefully leading to better treatments
for not onlyHIES patients, but also others suffering from disorders in
which STAT3 activation plays a role.
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Figure 7. Hematopoetic and nonhematopoetic com-

partments contribute to increased susceptibility of

mut-Stat3 mice to C rodentium. BM chimeras were

generated by lethal irradiation of WT and mut-Stat3

mice followed by intravenous injection of 107 WT or

mut-Stat3 BM cells. Mice rested for 8 weeks and were

then orally challenged with 5 3 109 CFU C rodentium.

Mice were assessed for weight loss (A). After 14 days

animals were sacrificed and gut histology (B), relative

expression of antimicrobial peptide mRNA (C), and

CD41 colonic lamina propria T-cell cytokine expression

(D) was measured. Histogram columns represent

mean values 1 standard error of the mean. Data are

representative of 2 independent experiments (n 5 5

per group, except for IL-22 staining where n 5 4 per

group). *P , .05; **P , .01.
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