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ABSTRACT Loss-of-function mutations in the signal transducer and activator of
transcription 3 gene (stat3) result in autosomal dominant hyper-IgE syndrome
(AD-HIES), a condition in which patients have recurrent debilitating infections, in-
cluding frequent pneumococcal and staphylococcal pneumonias. stat3 mutations
cause defective adaptive TH17 cellular responses, an immune mechanism be-
lieved to be critical for clearance of pneumococcal colonization and diminished
antibody responses. Here we wished to evaluate the role of stat3 in the clear-
ance of pneumococcal carriage and immunity using mice with a stat3 mutation
recapitulating AD-HIES. We show here that naive AD-HIES mice have prolonged
nasal carriage of pneumococcus compared to WT mice. Mutant and wild-type mice were
then immunized with a pneumococcal whole-cell vaccine (WCV) that provides TH17-
mediated protection against pneumococcal colonization and antibody-mediated protec-
tion against pneumonia and sepsis. WCV-immunized AD-HIES mice made significantly
less pneumococcus-specific interleukin-17A (IL-17A) and antibody than WT mice. The
WCV-elicited protection against colonization was abrogated in AD-HIES mice, but immu-
nization with WCV still protected AD-HIES mice against aspiration pneumonia/sepsis.
Taken together, our results suggest that impaired clearance of nasopharyngeal carriage
due to poor adaptive IL-17A responses may contribute to the increased rates of pneu-
mococcal respiratory infection in AD-HIES patients.
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While pneumococcal conjugate vaccines (PCVs) have led to a dramatic reduction in
the rates of invasive pneumococcal infections, such as meningitis and bactere-

mia, mucosal infections, such as otitis media, sinusitis, and community-acquired pneu-
monia, which represent a significant burden of morbidity and even mortality, have
been less impacted (1, 2). Additionally, the phenomenon of serotype replacement
following PCV introduction and the complexity of the manufacture of expanded-
valence PCVs together provide further rationales for the development of serotype-
independent pneumococcal vaccines. Critical to these endeavors is the development of
a deeper understanding of the mechanisms of immunity to pneumococcal infections.

Through the PCV experience and the development of other investigational pneu-
mococcal vaccines, an understanding of which immune effectors are relevant in
preventing the various types of pneumococcal infection is emerging (3). Some clues
have been obtained by the characterization of specific immune defects in patients with
primary or secondary immune deficiencies that are at increased risk of infection with
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Streptococcus pneumoniae. The increased rates of invasive pneumococcal disease in
patients with agammaglobulinemia or asplenia (4, 5) suggest a protective role of
antibody, while similar findings in both pediatric and adult HIV-positive patients with
low CD4� cell counts (6) suggest the importance of cell-mediated immunity. Recently,
further characterization of the clinical features of patients with autosomal dominant
hyper-IgE syndrome (AD-HIES), also referred to as Job’s syndrome, has revealed that, in
addition to the known predisposition of these patients to frequent staphylococcal and
candidal skin infections, this condition is associated with an increased risk of recurrent
pneumococcal pneumonia (7). The genetic defects identified in AD-HIES patients are
generally heterozygous dominant negative mutations in the signal transducer and
activator of transcription 3 gene (stat3) (8, 9). While STAT3 has been implicated in many
signaling and cytokine pathways, the predominant immune defect identified in
AD-HIES patients is impaired differentiation of CD4� TH17 cells (10–12). Impaired
antibody durability and responses to infection and immunization have also been
demonstrated in AD-HIES patients (13, 14); studies suggest that this may be due to a
combination of B-cell-specific and T helper cell dependence on STAT3 activation (15,
16). In addition, the site specificity of the role of TH17 cells and the associated
phenotype of recurrent skin and pulmonary infections in AD-HIES patients may be
partly explained by the finding that human keratinocytes and bronchial epithelial cells
have stronger dependence on TH17-axis cytokines than other cell types (17).

TH17 cell-mediated immunity plays an important role in the defense against many
pathogens, particularly those that cause skin and pulmonary infections (18, 19). TH17
cells secrete effector cytokines, such as interleukin-17A (IL-17A), IL-17F, and IL-22, that
induce monocyte and neutrophil recruitment and antimicrobial peptide production.
The role of TH17 cells in providing protection against pneumococcal infection was
derived from the preclinical evaluation of an unencapsulated killed pneumococcal
whole-cell vaccine (WCV). In mice, protection against invasive pneumococcal disease
can be demonstrated by the passive transfer of serum from animals previously immu-
nized with the WCV. The WCV provides multiserotype protection against colonization
in an antibody-independent and IL-17A-dependent manner (20, 21). The critical role of
IL-17A in protection against colonization was subsequently confirmed using different
immunogens or natural exposure to pneumococci (22–24). More recent work also
demonstrates that resident TH17 cells may also contribute to protection against pul-
monary infection (25).

To date, however, there has been no direct demonstration of the role of the TH17
cells in the prevention of pneumococcal disease (or, more broadly, other infectious
diseases) in humans. The pneumococcal WCV is currently in phase 2 clinical trials in
toddlers, with plans to evaluate its impact on pneumococcal carriage in infants in the
near future. Genocea Biosciences performed a phase 2 intentional pneumococcal
colonization challenge clinical trial of a candidate pneumococcal vaccine that aimed to
generate TH17 responses to three proteins identified to be potent inducers of TH17
responses in mice and humans (24, 26, 27). While there was a consistent reduction in
the frequency of colonization in vaccine-immunized individuals compared to placebo
recipients, the results did not meet statistical significance and no TH17 responses were
reported (28).

Pending further results from clinical trials, further examination of the role of TH17 in
the prevention of pneumococcal carriage can be achieved through the study of mice
that carry the same mutation as AD-HIES patients. To this end, we first compared the
kinetics of clearance of pneumococcal carriage in naive wild-type (WT) and AD-HIES
mice. We then examined the cellular and humoral immunogenicity of the WCV in
AD-HIES mice. Once findings in WCV-immunized AD-HIES mice recapitulated the
defective adaptive T-cell and antibody responses described in AD-HIES patients, we
evaluated the efficacy of immunization with the WCV in preventing pneumococcal
colonization and invasive disease in these mice. Taken together, findings from these
studies may provide additional insights to explain the susceptibility of AD-HIES and
other immunocompromised patients to pneumococcal respiratory infections.
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RESULTS
Generation of transgenic AD-HIES mice. Transgenic AD-HIES mice were originally

generated by transfection of embryonic stem cells with a ROSA26 vector carrying a
Cre-inducible (29) R382Q mutation in the stat3 DNA binding domain; this mutation has
been reported in a majority of patients with AD-HIES (9). Affected animals constitutively
express the R382Q mutant STAT3 in all tissues, and offspring with the heterozygous
stat3 genotype (AD-HIES mice) have no obvious physical, growth, or survival differences
from WT littermate controls under normal housing and feeding conditions, as described
previously (30).

Clearance of carriage is prolonged in naive AD-HIES mice. Based on the evidence
obtained in mice supporting a role of IL-17A in the clearance of pneumococcal carriage
(20, 22, 24), we hypothesized that naive AD-HIES mice would carry pneumococcus
longer after a colonization challenge than WT mice. No animals showed signs of illness
after challenge, suggesting that the immune defect in these mice did not make them
more susceptible to pneumonia or invasive disease following a single colonization
event. WT mice cleared carriage after a median of 32 days, whereas AD-HIES mice
cleared carriage after a median of 49 days (P � 0.0001) (Fig. 1). While minimal systemic
IL-17A is typically measurable following a single colonization challenge, WCA-stimulated
whole blood from WT animals that had cleared colonization demonstrated low IL-17A
levels, but these levels were nevertheless significantly higher than those measured in
AD-HIES mice (median IL-17A concentration, 100 pg/ml versus 25 pg/ml for WT and
AD-HIES mice, respectively; P � 0.0052; data not shown).

Both IL-17A and antibody responses to WCV immunization are impaired in
AD-HIES mice. Intact STAT3 signaling plays a critical role in the differentiation of TH17
cells and in elicitation of appropriate antibody responses to immunization (11, 12, 14,
15). Therefore, we hypothesized that the AD-HIES mice would demonstrate attenuated
IL-17A and antibody responses following immunization with WCV. Indeed, little to no
IL-17A was measured from the supernatant of WCA-stimulated whole blood of AD-HIES
mice following two immunizations with WCV; the median IL-17A concentration was 27
pg/ml in whole blood from AD-HIES mice and 956 pg/ml in whole blood from WT
animals (P � 0.0001) (Fig. 2A). Immunization with WCV did elicit a pneumococcus-
specific IgG response in AD-HIES mice, but this was significantly lower than the IgG
response in immunized WT mice (Fig. 2B; median number of units of IgG in AD-HIES and
WT mice, 12,530 and 58,600, respectively; P � 0.0005).

WCV-induced protection against nasopharyngeal colonization is abrogated in
AD-HIES mice. Prior work using WCV-immunized WT and IL-17A receptor knockout
mice demonstrated a critical role of IL-17A in the clearance of pneumococcal carriage

FIG 1 Nasal carriage in AD-HIES mice is prolonged compared to that in WT mice. Naive WT (n � 14) and
AD-HIES (n � 15) mice were nasally challenged with 2 � 107 CFU of a strain of type 6B pneumococcus
in 20 �l given intranasally. The nares of restrained mice were rinsed weekly with 20 �l of PBS 3 times.
The rinses were plated for pneumococcal enumeration. The day of clearance was defined as the 1st day
of a negative rinse if subsequent rinses were also negative. The data represent combined results from
two independent experiments. P values were calculated by the log-rank (Mantel-Cox) test.
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(20); here we investigated the effect of stat3 mutation on WCV-mediated protection
against colonization. WCV-immunized WT mice were protected against colonization
challenge, as expected (P � 0.009 when the numbers of CFU in nasal washes from
alum- and WCV-immunized WT mice were compared; Fig. 2C). In contrast, there was no
significant difference in the nasopharyngeal pneumococcal burden recovered from
alum-immunized AD-HIES mice and that recovered from WCV-immunized AD-HIES
mice; WCV-immunized WT mice were significantly protected compared to immunized
AD-HIES mice (P � 0.009) (Fig. 2C). Therefore, the protection afforded by this vaccine
is abrogated in the AD-HIES background with a loss-of-function mutation in stat3.

AD-HIES mice are protected against fatal aspiration pneumonia/sepsis by WCV
immunization. In previous studies, we showed that WCV-mediated protection against
fatal pneumonia in WT mice is not abrogated by depletion of CD4� T cells and can be
adoptively transferred by administration to mice of serum from WCV-immunized rabbits

FIG 2 Evaluation of IL-17A and IgG responses and protection against carriage in WCV-immunized AD-HIES mice. WT and AD-HIES mice
(10 or 11 animals of each genotype per immunization group) were immunized s.c. at days 0 and 14 with alum alone or WCV-alum.
(A) At day 28 (14 days after the last immunization), whole blood was stimulated with WCA (without alum) and the concentration of
IL-17A in the supernatants of stimulated peripheral blood was measured by ELISA. (B) Pneumococcus-specific IgG levels were
measured in serum. AU, arbitrary units. (C) At day 42 (28 days after the last immunization), mice were colonized with 2 � 107 CFU of
type 6B pneumococcus in 20 �l given intranasally. Pneumococci were enumerated from nasal washes 10 days later. The bars show
the median values. P values were calculated by the Mann-Whitney test. NS, not significant.
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(21), suggesting that antibody alone is sufficient for WCV-elicited protection against pneu-
monia. We examined whether the diminished antibody responses generated by WCV
immunization of AD-HIES mice would nevertheless be sufficient to confer protection in a
fatal aspiration pneumonia challenge model. To minimize the possibility that multiple
doses of WCV could overcome the antibody deficiency seen in AD-HIES mice, we chal-
lenged mice in an aspiration pneumonia model following a single immunization with WCV.
WCV-immunized WT mice were significantly protected compared to alum-immunized WT
mice (100% of WCV-immunized WT mice but only 30% of alum-immunized WT mice
survived; P � 0.0012) (Fig. 3B). WT mice made significantly larger amounts of antipneu-
mococcal IgG than AD-HIES mice (median number of units of IgG, 8,927 in WT mice versus
4,827 in AD-HIES mice; P � 0.01) (Fig. 3A). Despite this lower response, WCV-immunized
AD-HIES mice were significantly protected against fatal pneumonia compared to their
alum-immunized AD-HIES controls (90% of WCV-immunized AD-HIES but only 18% of
alum-immunized AD-HIES mice survived; P � 0.002) (Fig. 3B). Therefore, WCV is able to
provide protection against sepsis following pneumococcal aspiration in AD-HIES mice.

DISCUSSION

Colonization with pneumococcus is considered the sentinel event in pneumococcal
infection (31, 32). The majority of healthy individuals are only transiently colonized and
clear the carriage without subsequent manifestations of infection. In patients who
progress to pneumococcal infection prior to the clearance of carriage, the majority of
their infections are of the respiratory epithelial and mucosal surfaces, with manifesta-
tions of sinusitis, otitis media, or lower respiratory tract infection. One study of the
clinical disease spectrum in 60 AD-HIES patients found that, over time, about 90% of
patients experienced pneumonia, with the leading bacterial causes being equally split
between Staphylococcus aureus (31%) and Streptococcus pneumoniae (30%) (7). The
finding of prolonged pneumococcal carriage in AD-HIES mice may implicate this as a
factor leading to the increased susceptibility of AD-HIES patients to pneumococcal
pneumonia. Further evaluation of the rates and durations of pneumococcal carriage in
AD-HIES patients would be required to support this hypothesis.

Previous work using a WCV that expresses the OVA peptide to immunize mice that
lack mature B and T cells except for OVA-specific CD4� T cells demonstrated that the
WCV-elicited protection against colonization is antigen specific both during induction
and during recall of immunity (33). Thus, our findings of low pneumococcus-specific
IL-17A responses following WCV immunization in AD-HIES mice corroborate the phe-
notype of defective stat3-dependent antigen-specific TH17 cell differentiation that has
been shown from ex vivo stimulation of T cells from AD-HIES patients with streptococ-

FIG 3 A single dose of WCV protects AD-HIES mice against death following aspiration pneumonia/sepsis.
(A) WT and AD-HIES mice (10 or 11 animals of each genotype per immunization group) were immunized
s.c. at day 0 with alum alone or WCV. At day 14, the pneumococcus-specific IgG level in serum was
measured. (B) At day 28, mice were infected with 6 � 106 CFU of type 3 pneumococcus in 100 �l, given
while the mice were under anesthesia. Mice were monitored daily and euthanized at the earliest sign of
illness by observers blind to the genotype. P values were calculated by the log-rank (Mantel-Cox) test. c/w,
compared with.
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cal, staphylococcal, and candidal antigens (12). Furthermore, the lack of efficacy of the
WCV in protecting AD-HIES animals against pneumococcal colonization is consistent
with the findings of our previous work demonstrating that WCV-elicited protection
against colonization is CD4� T cell and IL-17A dependent (20, 21). At the same time,
despite significantly lower antibody responses to WCV immunization, a single immu-
nization with WCV was sufficient to protect AD-HIES mice against fatal pneumococcal
respiratory infection and sepsis, a mechanism the we have previously shown to be
antibody dependent (21).

Our findings have important implications in the field of infection prevention in immu-
nocompromised hosts, in particular, those with HIV infection. It is well established that,
despite effective antiretroviral therapy (ART), HIV-infected individuals have higher rates of
pneumococcal colonization (34), as well as higher rates of pneumococcal pneumonia and
invasive disease (35, 36), than HIV-uninfected controls. While pneumococcal conjugate
vaccines are safe and immunogenic in HIV-infected individuals, the generated antibody
responses vary in functionality with ART and virologic control, tend to be less durable, and
have lower efficacy in preventing invasive disease (37). Moreover, nonvaccine and non-
typeable pneumococcal serotypes predominate in surveillance studies of pneumococcal
carriage in HIV-infected individuals in areas of high PCV coverage (38, 39), suggesting that
the efficacy of PCV immunization in HIV-infected individuals may be further limited. Prior
work from our group has demonstrated broad reactivity and serotype coverage of the
antibody response elicited by WCV immunization in animals (40). Thus, the WCV may
represent an important approach to providing serotype-independent protection against
pneumococcal disease in immunocompromised patients at increased risk of these infec-
tions. In addition to AD-HIES and HIV-infected individuals, patients with Toll-like receptor
signaling defects, such as MyD88/IRAK4 deficiency, that are susceptible to invasive pneu-
mococcal disease but that can generate low to normal antibody responses to other protein
and polysaccharide antigens (41) may well benefit from the immunity to invasive disease
conferred by WCV.

It is likely that multiple host factors, such as the nature of the different stat3 mutations,
combine with microbe-specific determinants of pathogenicity and immunity to contribute
to the susceptibility of AD-HIES patients to different infections. However, the findings
described herein strongly suggest that deficient IL-17A responses in an AD-HIES mouse
background make these hosts susceptible to prolonged carriage of pneumococcus, which
may explain the increased rate of pneumococcal pneumonia in these patients. Further
studies with individuals identified from registries of AD-HIES patients to longitudinally
characterize their pneumococcal carriage status and clinical infection histories combined
with evaluation of their antigen-specific antibody and cellular immune responses would
inform our understanding of which host and pathogen factors are most critical to explain
the increased susceptibility in these patients and thus offer novel therapeutic options.

MATERIALS AND METHODS
Mice. To generate transgenic mice, we targeted a STAT3 cDNA carrying the homologous R382Q

mutation previously reported in patients with AD-HIES (9) into a STOP-eGFP-ROSA26TV vector (42) into
murine ES cells. Targeted clones were used to generate chimeras, which were bred with C57BL/6 mice
for 6 generations. Expression of mutant STAT3 in all tissues was achieved by crossing mice with a germ
line targeting stopper STAT3 R382Q with EIIA-Cre mice purchased from The Jackson Laboratory (Bar
Harbor, ME). WT and AD-HIES mice were bred in the C57BL/6 background. WT dams (Taconic Biosciences,
Hudson, NY) were bred with males carrying a heterozygous mutation in stat3, yielding heterozygous
AD-HIES. Littermate WT control mice were used in all experiments. Genotyping of infant mice was
performed by PCR screening using primers specific for the mutated stat3 DNA. Animals were identified
by toe clipping or ear punching and were caged with same-sex littermates and by immunization group,
when indicated, for the length of the experiment. Researchers remained blind to the genotype until the
finalization of all experimental data. Similar numbers of male and female animals between 6 and 10
weeks of age were used in immunization or infection studies. At least 10 WT and AD-HIES animals each
were used in all experimental groups. All animal studies were approved by the Animal Care and Use
Committee of Boston Children’s Hospital.

WCV immunization and immunogenicity studies. The pneumococcal WCV was derived from
capsule- and autolysin-negative, pneumolysoid-expressing, pneumococcal strain RM200 as described
previously (43). For immunization, the killed pneumococcal whole-cell antigen (WCA) was adsorbed to
aluminum (alum as aluminum hydroxide; Allhydrogel; Brenntag). Mice were immunized with 1 to 2 doses
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of WCV containing 100 �g WCA and 250 �g alum per dose. Immunizations were administered
subcutaneously (s.c.) in the flank in 200-�l volumes. When two doses were used, immunizations were
administered 2 weeks apart. Two weeks after the last immunization, animals were bled retroorbitally
while they were under anesthesia. Whole blood was stimulated with WCA (without alum) for 6 days, and
IL-17A levels in supernatants from the stimulations (mouse IL-17A enzyme-linked immunosorbent assay
[ELISA]; R&D Systems) were measured as previously described (20). Serum was separated from whole
blood, and pneumococcus-specific IgG was measured by ELISA as previously described (21). Similar
whole-blood stimulation procedures were followed to evaluate the IL-17A responses in nonimmunized
mice following primary colonization and subsequent clearance of carriage.

Colonization of naive mice. For colonization challenge, strain 0603 (serotype 6B; this strain is
resistant to trimethoprim-sulfamethoxazole and has been described elsewhere [44]) was pelleted and
washed, and 2 � 107 CFU was delivered intranasally in 20 �l to each animal while it was gently
restrained. This strain was isolated from a patient with invasive pneumococcal disease and represents
one of the prevalent serotypes causing invasive disease in the pre-PCV era. To evaluate the kinetics of
clearance in naive animals, live sampling, which provides semiquantitative assessments of the density of
carriage, was performed as follows. With the animal under gentle restraint in a 50-ml conical tube with
the bottom of the tube removed (exposing only the animal’s nose), 20 �l sterile phosphate-buffered
saline (PBS) was dropped onto the nares and recollected from each nostril via aspiration. Simultaneously,
the animals were held over a sterile petri dish into which droplets expelled from the nares were collected.
This was repeated twice, with each nasal wash sample being combined into an Eppendorf tube
containing 50 �l sterile PBS. The petri dish was rinsed with 200 �l sterile PBS, and the recovered fluid was
combined into the Eppendorf tube containing the nasal wash samples. Nasal wash samples were plated
neat (200 �l) and at 10-fold dilutions (100 �l) onto blood agar plates containing trimethoprim-
sulfamethoxazole and gentamicin. Sampling was repeated weekly. These live-sampling methods provide
qualitative but not quantitative data about an animal’s colonization status; thus, they are used to
determine the time to clearance following a colonization challenge. An animal was considered to have
cleared colonization on the first day of no growth in the neat and diluted samples if the nasal wash
samples remained negative at all subsequent time points.

Colonization and aspiration pneumonia challenge of immunized mice. For colonization chal-
lenge, 14 days after IL-17A and antibody assessment and 28 days after the last immunization,
WCV-immunized animals were colonized as described above (in which 2 � 107 CFU of strain 0603
in 20 �l was dropped onto the nares). Here no live sampling was performed; rather, at 10 days after
infection, animals were euthanized by CO2 inhalation, and the density of pneumococcal colonization
was enumerated from plated tracheal washes as described previously, which provides quantitative
assessments of the density of carriage (44). For aspiration pneumonia challenge, at 14 days after
antibody assessment and 28 days after the last immunization, immunized animals were infected
intranasally while they were under isoflurane anesthesia with 6 � 106 CFU of strain WU2 (serotype
3) (45) in 100 �l. This strain was also originally isolated from a patient with invasive pneumococcal
disease and is one of only a few serotypes capable of causing pathogenicity in the fatal aspiration/
sepsis model in mice. After infection, the animals were monitored twice daily for signs of illness
(including slow movement, ruffled fur, and decreased responsiveness, among other signs) and were
euthanized at the earliest sign of illness. As described above, the researchers remained blind to the
genotype until finalization of all experimental data.

Statistics. Statistical analyses were performed using Prism software (v5.0; GraphPad Software,
Inc.). When indicated, significance was determined using the Mann-Whitney test or the log-rank
(Mantel-Cox) test, with a P value of �0.05 being considered significant. For nasopharyngeal
colonization experiments, we included at least 10 mice per immunization group, which, on the basis
of our experience with WCV and colonization challenge, achieves an 80% power to detect a 1-log
difference in the density of colonization between immunized and control animals with an � value
of 0.05. Similarly, for the fatal aspiration/sepsis experiments, 10 mice per immunization group
achieved an 80% power to detect a significant difference in survival at 7 days postinfection with an
� value of 0.05.
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