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Nontypeable Haemophilus influenzae (NTHi) is a major cause of
community acquired pneumonia and exacerbation of chronic ob-
structive pulmonary disease. A current effort in NTHi vaccine devel-
opment has focused on generating humoral responses and has been
greatly impeded by antigenic variation among the numerous circu-
lating NTHi strains. In this study, we showed that pulmonary immu-
nization of mice with killed NTHi generated broad protection
against lung infection by different strains. While passive transfer
of immune antibodies protected only against the homologous
strain, transfer of immune T cells conferred protection against both
homologous and heterologous strains. Further characterization
revealed a strong Th17 response that was cross-reactive with differ-
ent NTHi strains. Responding Th17 cells recognized both cytosolic
and membrane-associated antigens, while immune antibodies pref-
erentially responded to surface antigens and were highly strain
specific. We further identified several conserved proteins recog-
nized by lung Th17 cells during NTHi infection. Two proteins yield-
ing the strongest responses were tested as vaccine candidates by
immunization of mice with purified proteins plus an adjuvant. Im-
munization induced antigen-specific Th17 cells that recognized dif-
ferent strains and, upon adoptive transfer, conferred protection.
Furthermore, immunized mice were protected against challenge
with not only NTHi strains but also a fully virulent, encapsulated
strain. Together, these results show that the immune mechanism of
cross-protection against pneumonia involves Th17 cells, which re-
spond to a broad spectrum of antigens, including those that are
highly conserved among NTHi strains. These mechanistic insights
suggest that inclusion of Th17 antigens in subunit vaccines offers
the advantage of inducing broad protection and complements the
current antibody-based approaches.
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The Gram-negative coccobacillus Haemophilus influenzae
colonizes assymptomatically in the upper respiratory tract,

yet because of its prevalence, is also a significant cause of disease.
When host immunity is compromised, H. influenzae can disseminate
into privileged anatomical locations and cause a wide spectrum of
diseases, including otitis media, conjunctivitis, sinusitis, pneumonia,
and meningitis. Some strains ofH. influenzae express a polysaccharide
capsule, which is the major target of the antibody response. Based on
antibody specificity to the capsule, these strains are classified into six
different serotypes (a–f). The type b serotype (Hib) is the most vir-
ulent and a significant cause of invasive diseases, such as meningitis
worldwide. In addition to encapsulated strains, there is a genetically
diverse group of H. influenzae strains that expresses no capsule, and
they are termed nontypeable H. influenzae (NTHi) (1, 2). With the
introduction of highly effective conjugate vaccines against Hib and
Streptococcus pneumoniae, NTHi has emerged as a leading cause of
otitis media in children, community-acquired pneumonia (CAP), and

exacerbation of chronic obstructive pulmonary disease (COPD) (3–5).
NTHi is identified in 20–94% of sputum and bronchoalveolar lavage
samples taken from patients with CAP and is frequently found in the
airways of patients with COPD (6). Recurring NTHi infection by a
new strain is strongly associated with exacerbation in patients with
COPD, leading to high rates of hospitalization and worsening of
symptoms (7). Although antibiotic therapies are effective at reduc-
ing severity of both CAP and exacerbations of COPD, treatment
failures are becoming more frequent, in large part, due to increasing
resistance to the front-line β-lactam antibiotics (8). Moreover, fre-
quent use of antibiotics to treat recurring infections disrupts the
normal microbiome, leading to dysbiosis and accompanying disease
susceptibility (9). Therefore, preventative strategies such as vacci-
nation against pulmonary NTHi infection are urgently needed.
Current vaccine development effort has been focused on subunit

vaccines that are targeted at eliciting antibody responses to bac-
terial surface proteins and lipooligosaccharide (LOS) antigens (10,
11). Several surface proteins, including outer-membrane proteins
(OMPs) OMP26, P6, and protein F, have been identified that elicit
bactericidal antibodies and induce limited protective immunity
against otitis media and pneumonia in animal models (12–14).
Protein D from NTHi is included in the licensed 10-valent PhiD
pneumococcal vaccine (Synflorix; GlaxoSmithKline) as the carrier
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protein while also serving as an immunogen for NTHi. Initial
clinical trial data suggest that the Synflorix vaccine could prevent
35% of NTHi acute otitis media episodes; however, a subsequent
study shows no significant protection against NTHi in otitis media
nor a reduction in NTHi nasopharyngeal carriage (15, 16). In the
mouse model, the Synflorix vaccine neither augments the pulmo-
nary clearance of NTHi nor protects against NTHi superinfection,
despite the induction of high levels of protein D antibodies (17).
The limited success in the development of antibody-based NTHi
vaccines has been due, in large part, to enormous sequence and
structural variation of NTHi surface antigens (18). In addition to
antigenic variation, NTHi is highly adapted to colonize the human
respiratory tract and consequently has evolved numerous molecu-
lar mechanisms to evade antibody-mediated protection. These
mechanisms include LOS-mediated mimicry of host glycans; ex-
pression of secreted IgA proteases; recruitment of numerous
complement inhibitors (19); formation of biofilms within the host
tissues (20); and possibly transient intracellular survival in macro-
phages, B cells, and epithelial cells (21). Thus, incorporation of
additional antigens and engagement of immune mechanisms other
than antibodies are likely needed for broad and effective protection
against invasive NTHi infections.
A growing body of evidence indicates that T cells are impor-

tant in defense against respiratory infections caused by bacterial
pathogens, including NTHi. Children suffering from recurring
otitis media have lower cellular immune responses to the P6
protein in adenoidal lymphocytes (22). In adults with COPD, a
lymphocyte proliferative response to P6 is associated with less
severe disease exacerbations from NTHi infection (23). IL-17–
producing CD4 T cells (Th17), first described as initiators of
proinflammatory responses in autoimmune diseases, have now
been shown to play an important role in several bacterial and fungal
infections at mucosal sites. In murine models, it has been shown
that signaling via the IL-1/IL-17R axis is important for eliminating
primary lung infection by several bacterial pathogens, including
Mycobacterium tuberculosis, Klebsiella pneumoniae, and Legionella
pneumophila (24–26). Humans with a mutation in STAT3 leading to
impaired Th17 differentiation are highly susceptible to H. influenzae
infection (27). While the role of Th17 response in controlling
primary bacterial infection in the lung is well established, the role
of Th17 memory in protection against reinfection and in vaccine-
induced immunity is not well defined.
In this study, we asked whether broad protection against dif-

ferent NTHi strains could be induced by vaccination and investi-
gated the underlying mechanisms of cross-protection. Through
these studies, we identified several conserved antigens that induce
Th17-mediated protective immunity against genetically diverse
H. influenzae strains, including NTHi clinical isolates and encap-
sulated serotypes, thus making a critical first step toward devel-
opment of a broadly protective vaccine.

Results
Protection Against Homologous and Heterologous Strains by
Immunization with Heat-Killed Bacteria. To test whether broad pro-
tection against NTHi lung infection can be induced, we immu-
nized C57BL/6 mice intranasally with heat-killed NT127, a clinical
NTHi isolate that has been well characterized genetically and in
the murine model of lung infection (28, 29). Three weeks later,
mice were challenged with the homologous NT127 or heterolo-
gous strains by the intranasal route under anesthesia, which results
in direct infection of the lower respiratory tract and acute bacterial
pneumonia (17, 30). Immunized animals had ∼1,000-fold lower
bacterial burdens in the lung on day 2 postchallenge (Fig. 1A),
compared with the unimmunized controls. This protection was
observed not only in mice challenged with the homologous
NT127 strain, but also after heterologous challenge with NTHi
strains 86-028NP and R2866, and even strains of encapsulated
lineages, Eagan (serotype b) and RdAW (serotype d derived).

However, the NT127-immunized mice were not protected from
challenge with S. pneumoniae, another common respiratory bac-
terial pathogen (Fig. 1A). Together, these results show that im-
munization with heat-killed NT127 induces H. influenzae-specific
immunity that is broadly protective against pulmonary infection by
different H. influenzae strains.
We next investigated the role of immune antibodies and T cells

in mediating the homologous and heterologous protection. Sera
and purified T cells from NT127-immunized mice were adoptively
transferred into naïve mice, which were then challenged with
NT127 or RdAW. Both sera and T cells conferred comparable
protection against homologous challenge with NT127. In con-
trast, only T-cell recipient mice were protected from heterolo-
gous RdAW challenge (Fig. 1B). These data indicate that T cells
play a predominant role in mediating heterologous protection in
pulmonary H. influenzae infection.

A Robust Th17 Response in the Lung and Its Role in Heterologous
Protection. Since T cells were capable of mediating heterologous
protection, we characterized the T-cell response to pulmonary NTHi
infection. Mice were infected with a sublethal dose of NT127, and the
body weight, bacterial loads, NT127-specific antibody, and T-cell re-
sponses were analyzed on different days after infection (SI Appendix,
Fig. S1). By day 7 when the NT127-specific T-cell response reached
the maximum, there were substantial increases in the percentage and
number of total CD4 but not CD8 T cells in the lungs of infected
mice compared with naïve controls. The majority of CD4 T cells in
the lungs of infected mice had an activated CD44hi phenotype. In the
spleen, there were no differences in either the quantities or CD44
expression levels of CD4 and CD8 T cells between infected and
naïve mice (Fig. 2 A and B). Thus, NT127 infection induces a strong
CD4 but not CD8 T-cell response that is localized in the lung.
To study the functions of responding T cells, we stimulated

lymphocytes from lung and spleen (day 7 after NT127 infection)

Fig. 1. Vaccination induces broad protective immunity against lung in-
fection by different strains. (A) B6 mice were immunized intranasally with
heat-killed NT127. Three weeks after immunization, immune mice and naïve
controls were challenged intranasally with different H. influenzae strains, or
with S. pneumoniae. Two days after challenge, bacterial loads in the lung were
determined. (B) Immune sera or T cells from heat-killed NT127 immunized
mice were transferred to recipient mice. Twenty-four hours later, recipient
mice and naïve controls were challenged intranasally with strain NT127 or
RdAW. Two days after challenge, bacterial loads in the lung were de-
termined. Each dot represents an individual mouse. Error bars = means ±
SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05; NS, not significant.
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with heat-killed NT127 followed by intracellular cytokine staining
(ICS). A small percentage (∼1.6%) of CD4 T cells from the
lungs of immunized mice produced IFN-γ, while a high per-
centage of them (>10%) produced IL-17 (Fig. 2C). A small
percentage of CD4 T cells in the spleens of immunized mice
produced IFN-γ (1.3%) or IL-17 (0.4%). All cytokine-producing
CD4 T cells had an activated CD44hi phenotype and produced
either IL-17 or IFN-γ; very few of them, if any, were IL-17/IFN-γ
coproducers (SI Appendix, Fig. S2A). CD4 T cells from the lungs
or spleens of naïve mice produced little IFN-γ or IL-17 when
stimulated in vitro with heat-killed bacteria. Unlike CD4 T cells,
CD8 T cells from both lung and spleen produced only IFN-γ (3%

and 4.6%, respectively) and little IL-17 (SI Appendix, Fig. S2B).
These results show that NT127 infection induces a strong,
bacteria-specific CD4 T-cell response in the lung that consists of
predominantly IL-17–producing Th17 cells mixed with a weak
IFN-γ–producing Th1 response.
To characterize the phenotypes of responding Th17 cells in the

lung, we used intravascular staining with FITC-conjugated anti-
CD45.2 mAb, which allows staining of intravascular but not pa-
renchymal lymphocytes (31). While total CD4 T cells in the lung
were present in both intravascular and parenchymal sites, the
bacteria-specific Th17 cells were predominantly in the lung
parenchyma on both day 7 and day 21 after infection (Fig. 2D).
On day 7, many of the bacteria-specific Th17 cells were effectors
(CD69lo/CD62Llo), with some of them being TRM (CD69hi/CD62Llo).
By day 21, all of the bacteria-specific Th17 cells had differenti-
ated into the TRM-expressing CD69hi/CD62Llo phenotype.
To test the role of Th17 in heterologous protection, IL-17 KO

mice were immunized intranasally with heat-killed NT127 and
then challenged with a heterologous strain 86-028NP. There were
similar numbers of bacteria detected in the lung of immunized and
unimmunized IL-17 KOmice, indicating a critical role for IL-17 in
vaccine-induced protective immunity (SI Appendix, Fig. S3B). IL-
17 also played a role in host resistance to a primary NTHi lung
infection, as there were more bacteria (∼10-fold) in the lungs of
IL-17 KO than WT mice. Furthermore, we found that i.p. im-
munization in WT mice provided minimal protection against
challenge with a heterologous strain (SI Appendix, Fig. S3). Fur-
ther analyses showed that i.p. immunization induced only a weak
Th1 response in the spleen but did not induce a detectable
Th17 response in the lung. These results indicate the importance
of a local Th17 response in heterologous protection, consistent
with our previous findings with S. pneumoniae (32).

Broadly Reactive Th17 Cells but Highly Strain-Specific Antibody
Responses to NTHi Infection. To assess the specificity and cross-
reactivity of Th17 cells, we stimulated T cells from the lungs of
NT127-infected mice with heat-killed NT127 as well as heterol-
ogous NTHi strains. Similar levels of IL-17–producing CD4
T cells were detected when stimulated with NT127 or any of the
other five NTHi strains tested, indicating that CD4 T cells from
NT127-infected mice were capable of recognizing antigens
from heterologous NTHi strains. Interestingly, Th17 cells from
NT127-infected mice recognized not only heterologous NTHi
strains, but also H. influenzae strains of encapsulated lineages
(Eagan and RdAW). Similarly, Th17 cells induced by another
NTHi (86-028NP) orH. influenzae strains of encapsulated lineages
(RdAW and Eagan) were cross-reactive with all NTHi and type-
able H. influenzae strains tested (SI Appendix, Fig. S4). There were
low levels of cross-reactivities to other bacterial species, such as
S. pneumoniae, K. pneumoniae, and Escherichia coli that were
above the background level in the medium control (Fig. 3 B and
C). However, the cross-reactivities to other bacterial species were
much lower than the responses cross-reactive to NTHi/H. influenzae
strains, indicating a strong NTHi/H. influenzae-specific Th17 response
induced by NTHi infection.
For comparison, we also examined specificity and cross-reactivity

of antibodies induced by NT127 infection. Immune sera from
NT127-infected mice were reacted with various heat-killed bacteria
used as coating antigens in ELISA. While high levels of IgG spe-
cific to the homologous strain NT127 were detected, there was
little cross-reactivity to the other five NTHi strains or to the two
other H. influenzae strains (Eagan and RdAW), indicating that the
antibody responses to NTHi were highly strain specific (Fig. 3D).
We further tested bactericidal activity of NT127-immune sera
against different strains in complement-dependent killing assays.
Anti-NT127 sera sensitized the homologous NT127 strain for
complement-mediated killing (90% cfu reduction compared with
naïve sera). In contrast, heterologous strains were not killed at all

Fig. 2. NTHi infection induces a robust Th17 response in the lung. B6 mice
were intranasally infected with NT127. On day 7, lymphocytes from the lung
and spleen were isolated for analyses. (A) Absolute numbers of CD4 and CD8
T cells from the lung and spleen of naïve (open bars) and NT127-infected
(black filled) mice. (B) CD44 expression of CD4 and CD8 T cells from the lung
and spleen of naïve (gray shaded) and NT127-infected (solid lines) mice. (C)
Production of IFN-γ and IL-17 by CD4 T cells from the lung and spleen of
naïve and NT127-infected mice was measured by ICS after in vitro stimula-
tion with heat-killed NT127. (D) B6 mice were intranasally immunized with
NT127. On day 7 (D7) and D21, the phenotypes of NT127-specific Th17 cells
in the lung were examined and representative data were shown. n = 5, error
bars = means ± SEM, ****P < 0.0001; NS, not significant.
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(for 86-028NP and RdAW strains), or only slightly (20% reduction
for R2866 and Eagan strains, Fig. 3E). Together, these data indi-
cate that the antibody response to NTHi is highly strain specific,
while Th17 cells are broadly reactive, recognizing various heterol-
ogous NTHi and even encapsulated H. influenzae.

A Broader Spectrum of NTHi Antigens Recognized by Th17 Cells than
by Antibodies. To understand why antibody responses are highly
strain specific while Th17 cells are broadly reactive, we tested the
possibility that Th17 cells may recognize a broader spectrum of
antigens than antibodies. We separated bacterial proteins into
outer-membrane vesicles (OMVs), membrane, and cytosolic frac-
tions, and evaluated antibody and Th17 response to these fractions.
Convalescent serum from NT127-immunized mice reacted strongly
with outer-membrane vesicles and membrane fractions of NT127,
to levels higher than that with whole-cell lysate (WCL), while
reacting weakly with cytosolic fractions. Furthermore, we pre-
pared protein fractions from heterologous strains (86-028NP and
Eagan), and tested them against serum from NT127-immunized
mice. The NT127-immune serum did not react with protein
fractions of either 86-028NP or Eagan (Fig. 4B), indicating little
cross-recognition of conserved antigens by antibodies. Together,
these results indicate that antibody recognition is focused on
membrane-associated, surface antigens that are not conserved
between NTHi strains, thus explaining why antibodies are highly
strain specific.

In contrast to the antibody responses, Th17 cells from NT127-
immunized mice responded comparably to all three fractions
(outer-membrane vesicles, membrane, and cytosolic fractions)
isolated from NT127. Furthermore, Th17 cells from NT127-
immunized mice responded to all three fractions isolated from
heterologous strains (86-028NP and Eagan, Fig. 4C). Broad re-
activity of Th17 cells could be due to recognition of numerous
protein antigens that are conserved among NTHi strains, or
nonspecific stimulation of Th17 cells by bacterial products, such
as TLR ligands (lipid, cell wall components, and nucleic acids).
To differentiate these two possibilities, whole-cell lysates of
NT127 were treated with protease K, which resulted in complete
protein digestion (SI Appendix, Fig. S5A), and then used to
stimulate Th17 cells from NT127-immunized mice. The protease
treatment resulted in substantial loss of IL-17 induction (SI
Appendix, Fig. S5 B and C), indicating that the majority of the
Th17 responses were induced by protein antigens. Together,
these results show that Th17 cells recognize a broad spectrum of
cytosolic and membrane-associated antigens that are conserved
between NTHi strains.

Identification of Conserved Bacterial Antigens Recognized by Th17
Cells. To identify conserved NTHi antigens recognized by Th17
cells, we performed comparative genomic analyses to identify a list
of candidate antigens based on: (i) at least 90% amino acid sim-
ilarity across sequenced NTHi genomes and (ii) no significant

Fig. 3. Th17 cells, not antibodies, recognize heterologous strains. (A) Experimental design. (B and C) Lung lymphocytes from NT127-infected mice (day 7)
were stimulated with heat-killed bacteria, and production of IL-17 by CD4 T cells was measured by ICS. In addition to different H. influenzae strains, S.
pneumoniae (S.p.), E. coli (E.c.), K. pneumoniae (K.p.), and medium alone were included as controls. (D) Immune sera from NT127-infected mice (3 wk) were
reacted with various heat-killed bacteria as coating antigens in ELISA. Naïve sera reacting with NT127 were included as a control. (E) Bactericidal activity of
immune sera from NT127-infected mice against different H. influenzae strains was determined. n = 3–4, error bars =means ± SEM, ****P < 0.0001; ***P < 0.001.
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homology to human proteins. The list was further refined to pri-
oritize proteins that were either previously reported to be associated
with protective immunity or were identified as genes required for
growth or survival of H. influenzae in the lung (33). In a continuous
effort, we expressed and purified candidate protein antigens and
tested them for recognition by Th17 cells from NT127-immunized
mice. To date, 20 candidate proteins were successfully expressed to
high levels in E. coli and purified to homogeneity by Ni2+ affinity
columns (SI Appendix, Fig. S6 A and B). Relevant characteristics of
these proteins were described in SI Appendix, Table S2.
To screen for Th17 antigens, purified proteins were used to

stimulate lung lymphocytes from NT127-infected mice in vitro
and IL-17 production by CD4 T cells was determined by ICS (SI
Appendix, Fig. S6 C and D). Th17 responses to several proteins
were detected (Fig. 5A), and the highest level of Th17 responses

was induced by two proteins encoded by NT127 genes HIAG_0259
and HIAG_0264 (SI Appendix, Table S2). The protein 0259 but
not 0264 was also a target of antibody responses (Fig. 5B). On
the other hand, protein 1097 induced a high level of the antibody

Fig. 4. Th17 cells recognize a broader spectrum of bacterial antigens than
antibodies. (A) Experimental design. Whole-cell lysate (WCL), cytosol (Cyto),
and membrane (Mem) fractions, as well as outer membrane vesicles (OMVs)
were isolated from NT127, Eagan, and 86-028NP. Hi, H. influenzae. (B) Re-
activity of pooled immune sera from NT127-infected mice to different
bacterial fractions was analyzed by ELISA. (C) Lung lymphocytes from NT127-
infected mice were stimulated with different bacterial fractions, and
IL-17 production by CD4 T cells was measured by ICS.

Fig. 5. Identification of conserved bacterial antigens recognized by
Th17 cells. (A) Purified bacterial proteins (4 and 0.4 μg) were used to stim-
ulate pooled lung lymphocytes from NT127-infected mice, followed by ICS of
IL-17. (B) Pooled NT127-immune sera (1:50 and 1:400 dilutions) were reacted
with purified individual proteins in ELISA. Heat-killed NT127 (NT127) and a
nonrelated protein (NR) were used as a positive and negative control, re-
spectively. (C) Lung lymphocytes from mice infected with NT127, 86-028NP,
Eagan, and RdAW were stimulated with purified proteins (0259, 0264, and
1360) or heat-killed bacteria (HKB) of the corresponding strains. (D) Anti-
body responses were also determined on day 21 after infection. n = 3, error
bars = means ± SEM.
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response but a low level of Th17 response. Overall, among the
20 conserved proteins we selected for testing, there were more
proteins recognized by Th17 cells than by antibodies.
The two strong Th17 antigens identified (proteins 0259 and

0264) are highly conserved among NTHi strains, with >97%
homology in all strains that have been sequenced. We further
tested whether these two conserved protein antigens could be
recognized by Th17 cells and antibodies from mice infected with
different strains, including homologous (NT127) and heterolo-
gous strains (86-028NP, Eagan, and RdAW). In all cases, both
proteins were recognized by Th17, although the responses to
protein 0259 were slightly lower in mice infected with the 86-
028NP and RdAW strains (Fig. 5C). In contrast, only 0259 was
the target of antibody responses in mice infected with the four
strains tested (Fig. 5D). As controls, we included protein 1360 that
was negative in our screen for Th17 antigens. As expected, protein
1360 was not recognized by lung lymphocytes from infected mice.
Together, these results validate our identification of proteins
0259 and 0264 as two highly conserved antigens that are recog-
nized by Th17 cells induced by different NTHi and encapsulated
H. influenzae.

Broad Protection Against H. influenzae Infection Following
Immunization with Conserved Th17 Antigens. We investigated the
potential of identified Th17 antigens as vaccine candidates for
inducing broadly protective immunity. As the first step, we tested
a combination of the two proteins (0259 and 0264) identified to
be highly immunogenic for inducing Th17 responses (Fig. 5C).
Mice were immunized three times, at 1-wk intervals, intranasally
with a mix of the two purified proteins and curdlan, an experi-
mental Th17-inducing adjuvant (34, 35). Mice immunized with
adjuvant only as well as unimmunized mice were included as
controls. Three weeks after the final immunization, antigen-
specific Th17 and antibody responses were measured by in
vitro stimulation of lung lymphocytes and by ELISA using pu-
rified individual proteins as reacting antigens. Immunization with
the two purified proteins plus adjuvant (P+A) induced high
levels of Th17 cells specific to both 0259 and 0264 proteins. In-
terestingly, mice immunized with P+A had specific antibodies
against protein 0259, but not against protein 0264 (Fig. 6A). We
next asked whether Th17 and antibodies induced by P+A im-
munization could recognize different bacterial strains, using
heat-killed bacteria as reacting antigens in ICS and ELISA. Lung
lymphocytes from P+A-immunized mice responded to all three
strains tested (NT127, R2866, and Eagan) and produced IL-17,
as measured by ICS. In contrast, sera from P+A-immunized mice
did not react with heat-killed intact bacteria of NT127, R2866, and
Eagan used as coating antigens in ELISA. As expected, no antigen-
specific Th17 and antibody responses were detected in unimmu-
nized mice and mice immunized with adjuvant only (Fig. 6B). To-
gether, these results show that immunization with protein antigens
of 0259 and 0264 induces antigen-specific Th17 cells to both pro-
teins, and these Th17 cells are capable of recognizing different
bacterial strains. On the other hand, only protein 0259-specific an-
tibodies are induced, yet these antibodies fail to bind to intact bac-
teria of any strains tested, presumably because antibody epitopes of
protein 0259 are not exposed on the surface of intact bacteria.
To test protective immunity, immunized mice were challenged

with NT127, R2866, or Eagan by intranasal inoculation under
anesthesia, resulting in direct infection of the lower respiratory
tract. Two days after bacterial challenge, P+A-immunized mice
had significantly lower numbers of bacteria (100- to 1,000-fold)
in the lung compared with animals immunized with the adjuvant
only or left unimmunized (Fig. 6C). Importantly, protection was
evident against not only NTHi strains (NT127 and R2866), but
also the encapsulated, highly virulent Eagan strain. To determine
the role of antibodies and T cells in vaccine-induced protection,
we transferred sera and CD4 T cells harvested from P+A-

immunized mice to naïve recipients and then challenged recipient
mice with NT127. On day 2 after NT127 challenge, bacterial loads
in mice that received immune sera were not significantly different
from those in control mice infected with NT127. On the other
hand, mice that received CD4 T cells were protected, with 2-log
lower bacterial loads in the lung (Fig. 6D). Together, these results
show that conserved antigens recognized by Th17 cells induce
protection against lung infection by different NTHi and encapsu-
lated H. influenzae strains. Inclusion of Th17 antigens in subunit
vaccines may help overcome the limitation of current antibody-
based approaches by inducing broadly protective immunity.

Discussion
Antibody responses are readily monitored and have been shown
to be critical effectors of protective responses against encapsu-
lated H. influenzae. Therefore, antibody responses have been
used to evaluate clinical correlates of immunity, and vaccine
design has focused on optimization of such responses. These
strategies have been effective against respiratory pathogens that
are not commonly carried asymptomatically, as was demon-
strated with the successful vaccine against Hib strains, which are
essentially of clonal descent and all express the same capsular
antigen. However, pathogens that are more capable of generat-
ing a large number of asymptomatic carriers have developed
sophisticated immune evasion mechanisms and are relatively
intractable to this traditional approach. NTHi exemplifies this
class of pathogens and exhibits extensive antigenic diversity that
is highly concentrated in its abundant cell surface proteins,
against which the bulk of the humoral response is directed during
infection (Fig. 4). Thus, the most potent antibody responses are
generated against the most variable of targets, which limits the
ability of vaccines based on antibodies induced by these antigens
to protect against the genetically diverse group of circulating
NTHi strains. Therefore, intensive efforts have focused on
identifying conserved surface proteins or epitopes capable of
inducing cross-reactive antibody responses (12–14, 36–44). De-
spite these efforts, development of a vaccine that can provide
broad and highly effective protection against diverse NTHi
strains has yet to be attained (11).
Our results show that immunization with heat-killed NTHi

induces cross-strain protection in a murine lung infection model.
This appears paradoxical since immunizations with protein anti-
gens recognized by antibodies during natural infection have thus
far failed to confer similarly broad efficacy. Our further analyses
provide a reconciling explanation: the antigens conferring cross-
specificity in natural infection are those recognized instead by
T cells, specifically of the Th17 subset (Figs. 1 and 2). Th17 cells
are known to recruit neutrophils and inflammatory monocytes
while antibodies can increase their ability to phagocytose and kill
bacteria by opsonization. Thus, Th17 can work in concert with
antibodies to mediate optimal protection. Our further analyses
show that responding Th17 cells are cross-reactive to different
strains and recognize both cytosolic and membrane-associated
antigens, while the antibodies that are induced preferentially
recognize surface antigens that are variable between strains and
thus are highly strain specific (Figs. 3 and 4). Unbiased recognition
by Th17 cells of bacterial proteins from different cellular com-
partments is consistent with findings that several nonsurface pro-
teins are recognized by Th17 cells in the model of pneumococcal
colonization (45). The broad spectrum of Th17 targets likely re-
flects the nature of antigen presentation to T cells whereby all
bacterial proteins are accessible to the MHC-II antigen processing
machinery following phagocytosis of bacteria by professional an-
tigen presenting cells.
In contrast to the traditional approach of focusing on surface

antigens that induce strong antibody responses, we sought to
identify relevant Th17 antigens by screening a set of conserved
proteins regardless of their subcellular localization, but with a focus
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on those implicated in allowing NTHi to survive in the lung (29).
Several NTHi proteins were identified as targets of the Th17 re-
sponse. Interestingly, while there are some overlaps, many proteins
recognized by Th17 are not targets of antibody responses (Fig. 5).
Consistent with our finding of different proteins recognized by
Th17 cells versus antibodies, many known targets recognized by
antibodies did not score positive in a screen for Th17 antigens in S.
pneumoniae, whereas two of the identified Th17 antigens have
never been reported as antibody targets (46). Similarly, two proteins
(0259 and 0264) that induced the strongest Th17 responses from
our screen have not been identified or studied before as potential
vaccine candidates by traditional approaches targeting antibody
responses to H. influenzae. Together, these results indicate that
current vaccine efforts focused on generating antibody responses
may fail to include protective antigens recognized by Th17 cells, and
that identification and inclusion of Th17 antigens in multisubunit
vaccines will induce not only protective antibody responses but also
cross-reactive Th17 immunity.
We selected two of the identified Th17 antigens (0259 and

0264) inducing the strongest responses during NTHi infection
and tested them as candidate vaccine antigens. Proteins 0259 and

0264 are annotated as ABC transporter protein OppA and a pu-
tative membrane protein, respectively. Interestingly, despite pro-
tein 0264 being annotated as a putative membrane protein, it lacks
any recognizable signal sequence, transmembrane domain, and
noncanonical secreted protein characteristics as determined by
bioinformatic analysis (47, 48). Thus, it is likely cytosolic, consis-
tent with lack of antibody responses to this protein (Fig. 5). The
biological functions have not been identified for 0264 in H.
influenzae, or for its orthologs in other bacterial species. The
function of OppA (0259) has also not been defined in H. influenzae,
but its orthologs in other species are well characterized as binding
proteins that deliver substrate to the membrane-bound OppBCDF
complex, mediating oligopeptide uptake (49). OppA proteins elicit
antibodies during infection despite their periplasmic localization
and are under investigation as vaccine candidates in another
pathogen of the lung and middle ear, Moraxella catarrhalis (50).
Interestingly, we also observed an antibody response to OppA
(0259) during NTHi infection. Immunization with the two proteins
(0259 and 0264) induced a strong OppA-specific antibody re-
sponse. However, OppA-specific antibodies did not react with
intact bacteria in ELISA (Fig. 6), suggesting that the OppA

Fig. 6. Immunization with identified Th17 antigens induces broadly protective immunity. B6 mice were intranasally immunized, three times at 1-wk in-
tervals, with a mixture of purified protein 0259 and 0264 plus the curdlan adjuvant (P+A). Unimmunized (UI) and immunization with adjuvant only (A) were
included as controls. (A) Induction of antigen-specific Th17 responses was measured by ICS following in vitro stimulation of lung lymphocyte (7 d after final
immunization) with purified individual proteins. Protein-specific antibody responses in the serum were measured by ELISA, using plates coated with purified
individual proteins, n = 3. (B) Recognition of different bacterial strains by Th17 cells and serum antibodies from immunized mice was determined by ICS and
ELISA, respectively, using heat-killed bacteria (NT127, R2866, and Eagan) as reacting antigens, n = 3. (C) Three weeks after final immunization, immunized
mice were challenged with NT127, R2866, or Eagan and the bacterial loads in the lung were determined 2 d later. (D) Naïve and recipient mice that received
serum or purified CD4 T cells from immunized mice (P+A) were challenged with NT127, and bacterial loads in the lung were determined 24 h later. Each dot
represents an individual mouse. Error bars = means ± SEM, **P < 0.01; *P < 0.05; NS, not significant.
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protein or epitopes may not be abundantly displayed on bacterial
cell surface, consistent with its predicted periplasmic localization,
and thus are not ideal targets for antibody-mediated protection.
On the other hand, our results showed that the two proteins were
able to elicit cross-reactive Th17 responses against diverse NTHi
strains, and conferred cross-strain protection in the lung infection
model. Furthermore, adoptive transfer of memory Th17 cells from
immunized mice conferred cross-strain protection while transfer
of immune serum failed to protect, supporting a critical role for
Th17 in mediating cross-protection following immunization. With
these results, we have uncovered Th17 responses as the primary
immune mechanism of cross-protection, and the broad spectrum
of Th17 targets as the reason for their ability to mediate cross-
protection against lung infection by different strains of NTHi. We
further identified Th17 antigens that are highly conserved and
protective, thus making a critical first step toward development of
a broadly protective “universal” vaccine—the Holy Grail in our
battle against respiratory pathogens.

Materials and Methods
Mice. Specific pathogen-free, 6- to 8-wk-old C57BL/6 mice were purchased
from the National Cancer Institute. IL-17A–deficient (IL-17 KO) mice were
bred in house at the University of Pennsylvania (32). All experiments were
performed in accordance with Institutional Animal Care and Use Committee-
approved protocols in the University of Pennsylvania animal facility.

Bacteria Strains and Growth Conditions. NTHi strains were cultured in brain
heart infusion (BHI) broth supplemented with 2.0% (vol/vol) Fildes enrich-
ment (BD) and 10 μg/mL NAD (Sigma) (sBHI) or on sBHI agar plates at 37 °C.
For preparation of nonviable NTHi, bacterial suspension was heated to 65 °C
for 30 min and plated to ensure 100% bacterial killing.

Expression and Purification of Recombinant NTHi Proteins from E. coli. The His-
tagged proteins were expressed and purified as described (46) with slight
modifications. Briefly, DNA sequences encoding the selected NTHi proteins
were amplified by PCR using primers (SI Appendix, Table S1) designed based
on the published genomic sequence of NT127 (accession no. PRJNA39125).
Purified PCR products were cloned into the pET28a expression vectors, and
the fusion constructs were confirmed by DNA sequencing. E. coli-containing
expression vectors were grown in 200 mL LB broth in the presence of 0.1 mM
IPTG and cultured for 4 h at 30 °C. Proteins were purified over Ni columns.
Inclusion bodies, when present, were solubilized with 8 M urea before being
loaded onto Ni columns. The resulting proteins were analyzed by SDS/PAGE
with Coomassie staining to confirm purity.

Fractionation of H. influenzae Proteins and Immunoblot Analysis. Fractionated
proteins were prepared according to the protocol of Roier et al. (51). Briefly,
bacteria were harvested from overnight cultures and washed with PBS. Cells
were then resuspended in PBS with protease inhibitor and disrupted by
sonification. After removal of unbroken cells, the whole-cell lysates were
separated into cytoplasmic (supernatant) and membrane (pellet) fractions by
ultracentrifugation. The membrane pellet was washed three times and
resuspended in PBS. OMVs were harvested from supernatants of overnight
culture by filtration and ultracentrifugation and then resuspended in PBS.
All fractions were stored at −20 °C before use.

Animal Immunization and Infection. For whole-cell antigen (WCA) immuni-
zation, mice were anesthetized by i.p. injection of 100 μL ketamine/xylazine

(100 mg/3.8 mg/kg) and inoculated with 1 × 108 heat-killed NT127 in 30 μL
PBS (i.n.). For immunization with proteins, mice were immunized i.n. three
times, at weekly intervals, with 40 μL PBS containing 5 μg of each NTHi
protein (0.125 mg/mL) plus the adjuvant curdlan (5 mg/mL) (Sigma-Aldrich)
(52). On day 21 after the final immunization, while anesthetized, mice were
challenged i.n. with 30 μL of PBS containing ∼108 cfu of the indicated
H. influenzae strain. Forty-eight hours after challenge, the number of
H. influenzae in lung homogenates was determined.

Serum Bactericidal Assay. The sensitivity of heterologous H. influenzae strains
to anti-NT127 serum was determined as previously described, using mouse
naïve or anti-NT127 immune sera and complement from infant rabbit (53).
Mouse naïve and anti-NT127 immune sera were heat inactivated by incubating
at 56 °C for 30 min. Results were reported as percent survival (calculated by
dividing total colony-forming units of immune serum-treated samples by total
colony-forming unit counts of samples treated with naïve serum).

IgG Measurement by ELISA. Diluted heat-killed bacteria (∼3 × 108 cfu), cellular
fraction (1 mg/mL in PBS), or purified proteins (1 mg/mL in PBS) were coated
onto 96-well plates by incubation at 37 °C for 1 h. Wells were then blockedwith
2% nonfat milk in PBS. Twofold serial dilutions of pooled mouse sera were
applied to the wells in duplicate at appropriate dilutions. Plates were incubated
with sera for 1 h at 37 °C. Antibodies were detected with goat anti-mouse IgG-
HRP (H+L). For detection, the 3,3′,5,5′-tetramethylbenzidine (TMB) peroxidase
substrate reagent set (BioLegend) was used according to the manufacturer’s
instructions. Optical densities were read at 450 nm with a microplate reader.

Intracellular Cytokine Staining and Flow Cytometry. Lung and spleen cells were
isolated and stimulated with heat-killed H. influenzae strains for 16 h at
37 °C with Golgi block added for the last 5 h. Cells were then stained as de-
scribed in our previous study (32). All samples were analyzed with FACSCanto.
FACS data were analyzed with FlowJo software.

Adoptive Transfer Experiments. For serum transfer, each naïve mouse was
injected i.v. with 200 μL sera from immunized mice. Total T cells and CD4
T cells were purified from the lung and spleen cell preparations by using
MACS Pan T Cell Isolation Kit II or CD4 microbeads (Miltenyi Biotec). Ap-
proximately 5 × 106 cells were adoptively transferred into naïve recipients
via the i.v. route. Mice were then infected with H. influenzae 24 h following
sera or T-cell transfer. Two days after infection, bacteria from lung ho-
mogenates were enumerated as described above.

In Vivo Staining with Anti-CD45.2. Anti-mouse CD45.2-FITC (clone 104; BD
Biosciences) was diluted to 10 μg/mL in sterile PBS and 250 μL of the solution
was injected i.v. via the tail vein 3 min before killing and sample harvest as
described by Christensen et al. (31).

Statistical Analysis. All analyses were performed using Prism software
(GraphPad Software). Unpaired, one-tailed, Student’s t tests were used to
calculate statistical significance between two groups. The colony-forming
unit data that fell below the limit of detection were assigned a value be-
low that limit. The Kruskal–Wallis test was used to evaluate variance among
all groups. If a significant variance was found, the Mann–Whitney test was
used to identify significant differences between individual groups.
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