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Pneumococcal carriage iscommon inchildren thatmayaccount for thehigh incidenceofdisease in thisagegroup.Recent

studies in animals suggest an important role for CD4þ Tcells, T helper type 17 (Th17) cells in particular, in pneumococcal

clearance. Whether this Th17-mediated mechanism operates in humans and what pneumococcal components activate

Th17are unknown.We investigated the ability of domain 4pneumolysin (D4Ply) to activateCD4þ Tcells includingTh17 in

human nasopharynx-associated lymphoid tissue (NALT) and peripheral blood. We show that D4Ply elicited a prominent

CD4þ T-cell proliferative response. More importantly, D4Ply elicited a significant memory Th17 response in NALT, and a

moderate response inperipheralbloodmononuclearcells (PBMCs). ThisD4Ply-elicitedmemoryTh17 responsewasmore

marked in carriage� than in carriageþ children in bothNALTandPBMCs. In contrast, nodifferencewas shown inD4Ply-

induced Th1 response between the two groups. We also show D4Ply activated human monocytes and murine macro-

phages that was in part dependent on Toll-like receptor 4 (TLR-4). Our results support a protective role of Th17 against

pneumococcal carriage in human nasopharynx, and identify a novel property of D4Ply to activate Th17 in NALT that may

offer an attractive vaccine candidate in intranasal immunization against pneumococcal infection.

INTRODUCTION

Streptococcus pneumonia (pneumococcus) is a leading cause of
community-acquired bacterial meningitis and septicemia
worldwide.1,2 Pneumococcus also causes large numbers of
cases of pneumonia and otitis media, especially in children.
Pneumococcal carriage is particularly common in young
children that may account for the high incidence of pneu-
mococcal disease observed in this age group. Young children
are also considered a major source of spread of pneumococcal
disease. Reduction of nasopharyngeal carriage through vacci-
nation may therefore be an effective strategy against pneu-
mococcal diseases in humans.

Pneumococcus is serotyped based on surface capsular
polysaccharides (PSs) that are the main components of current

vaccines. However, PS-based vaccines against pneumococcal
infection either lack efficacy in young children (PS vaccines) or
are limited in serotype coverage (conjugate vaccines). Pneu-
mococcal serotype replacement by nonvaccine serotypes
following conjugate vaccination is also a cause for concern.3,4

Recent efforts have been made to identify pneumococcal
protein antigens, as they are likely to induce protection against
most serotypes and are cheaper to produce. Data in mice show
that immunization with protein antigens can protect against
pneumococcal infection.5

Although PS-specific antibodies are known to be protective
against pneumococcal colonization, recent data suggest that the
age-dependent decrease in pneumococcal carriage rate in
humans due to natural immunity is unlikely because of anti-PS
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antibodies. Natural immunity develops with age to multiple
serotypes of pneumococcus simultaneously and before natural
acquisition of anticapsular antibodies, which suggests other
mechanisms provide natural immunity to pneumococcus.6

Also, recent data in animal studies suggest an important role of
CD4þ T cells,7–9 and T helper type 17 (Th17) cells in
particular, in mediating the clearance of nasopharyngeal
colonization of pneumococcus.10,11 However, whether this
Th17-mediated mechanism operates in humans and what
components of pneumococcus activate Th17 are unknown.

Th17 cells that express cytokines interleukin (IL)-17A, IL-
17F, and IL-22 have been shown in mouse models to protect
against different respiratory pathogens.12 A crucial role for IL-
17A signaling in microbial clearance has been observed in
mouse models of infection for a number of mucosal pathogens,
suggesting the Th17 pathway may represent a major mechan-
ism in clearance of pathogens at mucosal surfaces.12,13 Patients
with signal transducer and activator of transcription 3
mutations associated with autosomal dominant hyperimmu-
noglobulin E syndrome were found to have diminished Th17
cells and susceptible to mucosal infections such as Staphylo-
coccus aureus and S. pneumonia.14 This suggest that Th17 cells
may also play a role in human natural immunity to mucosal
pathogens, although it remains unclear to what extent the
hyperimmunoglobulin E syndrome phenotype is due to Th17
deficiency or to diminished signal transducer and activator of
transcription 3 signaling in other cells.

As pneumococcus normally colonizes the nasopharynx, the
local mucosal immune system is likely to play an important role
inmediating immunity against pneumococcal colonization and
carriage. The adenoids and tonsils are major components of
nasopahrynx-associated lymphoid tissue (NALT) that are part
of themucosal immune system, and are known to be important
induction sites for immunity against respiratory pathogens.15,16

Recent studies suggest that adenoidectomy increases the risk of
pneumococcal carriage in children and that appeared to be
associated with impaired protein-specific but not with poly-
saccharide-specific immunity.17,18 We previously demon-
strated the presence of large numbers of naturally
developed antigen-specific T and B cells to pneumococcal
proteins in NALT in children.19,20 Pneumolysin (Ply) is a
protein toxin expressed by virtually all pneumococcal strains
and is considered an important virulence factor in invasive
pneumococcal disease.21,22 Ply and its toxoids have been
explored as vaccine candidates and have been shown to induce
protective immunity against invasive infection and coloniza-
tion in animal models.23,24 We have shown previously that Ply
and its toxoid F433 induce CD4þ T-cell responses in
adenoidal tissue from children. Furthermore, naturally devel-
oped immunity against Ply appears protective against pneu-
mococcal carriage.25,26 However, as wild-type Ply is toxic and
F433 has residual toxicity, both are unsuitable for use as
vaccines. Structurally, Ply has four domains. Domain 4
pneumolysin (D4Ply) is involved in binding to the host cell
membrane through cholesterol and is essential for Ply-induced
toxicity to mammalian cells. It has been shown that the whole

three-dimensional structure of Ply is required for its toxicity,
whereas individual domains such as D4Ply and domain 123 do
not induce cellular toxicity.27

In this study,we investigated the capacity ofD4Ply to activate
CD4 T cells, and in particular Th17 cells, in human NALT and
peripheral blood. We found that D4Ply stimulation elicits a
significant proliferative response of CD4 T cells in both NALT
and peripheral blood mononuclear cells (PBMCs). More
importantly, we showed D4Ply activates a prominent memory
Th17 response in NALT and this memory Th17 response
appeared to be more marked in carriage� than in carriageþ
subjects in both NALT and PBMCs. These findings provide
support for a protective role of Th17 cells against pneumococcal
carriage, and suggest a novel property of D4Ply that may offer
an attractive vaccine candidate in mucosal immunization
against pneumococcal infection in humans.

RESULTS

Patients’ demographic data

A total of 38 patients (age 2–12 years) were recruited into the
study, and pneumococcal carriage rates were assessed by
pneumococcal culture of nasopharyngeal swabs.Table 1 shows
the demographic data of the study subjects. As shown in
Table 1, younger children (2–3 years old: 45%) tended to have
higher carriage rates than older children (4–6 years old: 29%,
and 7–12 years old: 20%). No difference was found in carriage
rates betweenmales (35%) and females (28%) (P40.05). Out of
38, 28 (73.7%) received pneumococcal conjugate vaccination,
and there was no difference in pneumococcal immunization
rate between carriage-positive (75.0%) and carriage-negative
subjects (73.1%).

D4Ply but not D123Ply induces CD4þ T-cell activation and
proliferation

To study whether D4Ply activates human CD4þ T cells, both
tonsillar mononuclear cells (MNCs) and PBMCs were
stimulated by D4Ply or D123Ply and analyzed for CD69
expression and proliferation of CD3þCD4þ T cells. As
shown in Figure 1a, stimulation with D4Ply, but not with

Table 1 Demography of the study subjects and

nasopharyngeal carriage of Streptococcus pneumoniae

Total Cultureþ Culture�
N¼ 38 (n¼ 12) (n¼ 26)

Age (years)a 5.1 (2–12) 5.0 (2–12) 5.2 (2–12)

Age groups

2–3 years 11 5 6

4–6 years 17 5 12

7–12 years 10 2 8

Male/female 20/18 7/5 13/13

Number (%) received
pneumococcal vaccination

28 (73.7%) 9 (75.0%) 19 (73.1%)

aMeans and ranges (in parenthesis) are shown.
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D123Ply, induced significant upregulation of CD69 expression
on CD4þ T cells in both tonsillar MNCs and PBMCs
(Po0.01). D4Ply also induced a dose-dependent CD4þ T-cell
proliferative response in both tonsillar MNCs and PBMCs,
whereas no proliferative response was observed after
stimulation by either D123Ply (1 or 2 mgml� 1) or lipopoly-
saccharide (LPS; Figure 1b). Further analysis showed that
D4Ply induced both memory and naive CD4þ T-cell
proliferation in naive T cell (CD45RAþ )-depleted and
memory T cell (CD45ROþ )-depleted tonsillar MNCs,
respectively (Supplementary Figure S1a online).

To rule out any possible effect of LPS contamination in the
recombinant D4Ply on the CD4þ T-cell response, polymixin
B-treated D4Ply was used as a control to stimulate tonsillar
MNCs. No difference was seen between the CD4þ T-cell
proliferation induced by polymixin B-treatedD4Ply and that by
untreated D4Ply (Figure 1c).

Coincubation of anti-major histocompatibility complex II
(MHC II) monoclonal antibodies with tonsillar MNCs
diminished D4Ply-induced CD4þ T-cell proliferation,
whereas coincubation with anti-Toll-like receptor 4 (TLR-4)
antibody partially inhibited the CD4þ T-cell proliferative
response (Figure 1d). Significant production of IL-17A, IL-22,
and interferon-g (IFN-g), but not IL-4, was observed following

D4Ply stimulation in both tonsillar MNCs (Figure 1e) and
PBMCs (Supplementary Figure S1b).

Activation of memory Th17 cells by D4Ply

The induction of IL-17A and IFN-g, but not IL-4, suggests that
D4Ply elicited a Th17 and Th1 but not Th2 cytokine profile. To
verify that D4Ply activates memory Th17 cells, intracellular
cytokine staining was performed in tonsillar MNCs and
PBMCs after short-term (overnight) stimulation with
D4Ply. For detection of Th17 cells, the following gating
strategy was used as shown in Figure 2a. Lymphocytes were
gated (R1) based on typical forward and sideward scatter plot.
CD4þ T cells (R2) were then gated based on CD3þ and
CD4þ staining and percentage of IL-17Aþ CD4þ T cells
was finally calculated (R3). As shown in Figure 2b,c, overnight
stimulation with D4Ply elicited a prominent increase in the
number of IL-17A-producing CD4þT cells (Th17) in tonsillar
MNCs, and a modest increase in Th17 cells in PBMCs,
compared with unstimulated controls (Po0.01). D4Ply also
induced an increase in IFN-g-producing CD4þ T cells (Th1)
in both tonsillar MNCs and PBMCs (Figure 2c). In contrast,
stimulation with D123Ply did not induce any increase in IL-
17A and IFN-g-producing cells compared with controls
(Figure 2c). As a comparison, wild-type Ply was also tested
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Figure 1 Domain 4 pneumolysin (D4Ply) but not domain 123 pneumolysin (D123Ply) induces CD4þ T-cell activation and proliferation. (a, b) CD69
expression and proliferative response of CD4þ T cells was analyzed by flow cytometry following D4Ply stimulation in peripheral blood mononuclear
cells (PBMCs) and tonsillar mononuclear cells (MNCs). (a) Upregulation of CD69 expression by D4Ply (dark gray) but not by D123Ply (black bold)
compared with unstimulated control (gray-shaded) (one of six representative experiments is shown), and (b) dose-dependent CD4þ T-cell proliferation
(measured with carboxyfluorescein diacetate 5,6 succinimidyl ester CFSE staining technique) in tonsillar MNCs and PBMCs induced by D4Ply but
not by D123Ply and lipopolysaccharide (LPS; n¼ 6, only CD3þCD4þ T cells were gated and shown). (c) CD4þ T-cell proliferation induced by
D4Plywas not inhibited by polymyxin B (#P40.05,n¼ 6). (d) D4Ply-inducedCD4T-cell proliferationwas inhibited by anti-humanmajor histocompatibility
complex II (MHC II) antibodies and partially inhibited by anti-human Toll-like receptor 4 (TLR-4) antibody (*Po0.01 and #Po0.05, respectively,
compared with D4Ply stimulated, n¼ 6). Ab, antibody. (e) Production of cytokines (interleukin (IL)-4, IL-17A, interferon-g (IFN-g), and IL-22) in tonsillar
MNCs induced by D4Ply (*Po0.001 compared with medium control, n¼ 6).
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for its ability to activate Th17 cells. At low concentrations
(o20 ngml� 1). it induced a modest increase in Th17 cells in
both MNCs and PBMCs, whereas at higher concentrations it
caused a dose-dependent cell death (data not shown).

Costaining of intracellular cytokines demonstrated that a
substantial proportion of the IL-17A-producing cells elicited by
D4Ply coexpressed IL-17F, although only a small fraction
coexpressed IL-22, whereas most of these Th17 cells did not
express IFN-g (Figure 2d). Similar to IL-22, IL-26 staining
showed a small fraction of IL-17A-producing cells coexpressed
IL-26 (data not shown). Co-staining of IL-17A, CD3, CD4, and
CD45RO in both tonsillar MNCs and PBMCs showed that IL-
17A-producing cells elicited by overnight stimulation with
D4Ply were of CD3þCD4þCD45ROþ phenotype (data not
shown). Depletion of CD45ROþ cells from tonsillar MNCs
before stimulation abolished the D4Ply-activated Th17 cells
observed in undepleted MNCs and in CD45ROþ cells
(Figure 2e). This suggests that stimulation by D4Ply
activated memory/effector Th17 cells in tonsillar MNCs.

It is worth noting that this short-term (overnight) stimula-
tion by D4Ply induced a different profile of IL-17A production
from that induced by phorbol 12-myristate 13-acetate (PMA)/
inomycin. The IL-17A-producing cells elicited by D4Ply were
almost exclusively from CD3þCD4þ T-cell population,
whereas that induced by PMA/inomycin were from both
CD4þ and non-CD4þ T cells, although predominantly from
the former. In addition, PMA/inomycin stimulated cells
produced a higher proportion of IL-17Fþ , IL-22þ , and
IFNgþ cells coproducing IL-17A thanD4Ply (Supplementary
Figure S2a).

To determine whether D4Ply induces memory Th17
proliferation, tonsillar MNCs were stained with carboxyfluor-
escein diacetate 5,6 succinimidyl ester (CFSE) followed by co-
culture with D4Ply for 5 days. Figure 2f shows that stimulation
with D4Ply induced a proliferative response in both IL-17Aþ
and IL-17A- CD4þ T-cell population. However, in
CD45ROþ cell-depleted tonsillar MNCs, no proliferation
of IL-17-producing cells was seen after stimulation with D4Ply
(data not shown). This further supports that D4Ply activated
memory Th17 cells.

We next examined whetherMHCs and TLR-4 were involved
in D4Ply-induced activation of Th17 cells. Coincubation of
either anti-MHC II or anti-TLR4 monoclonal antibodies with
tonsillar MNCs significantly inhibited the number of Th17
(Figure 3a) and cytokine concentrations of IL-17A (Figure 3b)
and of IL-17F (data not shown) in MNC culture supernatants
elicited by D4Ply. IL-22 secretion elicited by D4Ply was also
inhibited by anti-MHC II antibody (Supplementary Figure
S2b). On the other hand, prior incubation of LPS with tonsillar
MNCs before stimulation by D4Ply enhanced the numbers of
Th17 elicited by D4Ply stimulation (Figure 3a,b).

Previous studies demonstrated that IL-1b was important in
the activation of human Th17 cells.28,29 To determine whether
IL-1b was involved in the activation of memory Th17 cells
by D4Ply, tonsillar cells were coincubated with neutralizing
antibody to IL-1b or IL-1 receptor antagonist before stimulation

with D4Ply. As shown in Figure 3c, both anti-IL-1b antibody
and IL-1 receptor antagonist inhibited the number of Th17 cells
elicited by overnight stimulation with D4Ply (Po0.01).
Similarly, D4Ply-induced IL-17A and IL-22 secretion in
tonsillar cell culture supernatants was also inhibited by IL-1
receptor antagonist (Supplementary Figure S2c).

Association of D4Ply-elicited memory Th17 response and
pneumococcal carriage

To determine whether there is any relationship between
D4Ply-elicited memory Th17 response and pneumococcal
carriage, numbers of memory Th17 in both tonsillar MNCs
and PBMCsweremeasured following overnight stimulation by
D4Ply and analyzed in associationwith the presence or absence
of pneumococcus in nasopharyngeal swabs from 38 children.
In unstimulated tonsillarMNCs, numbers of Th17were shown
to be slightly higher in culture-positive (þ ) children than in
those who were culture negative (� ) (Figure 4a, aPo0.05).
D4Ply stimulation elicited a memory Th17 response in
tonsillar MNCs in both culture� and cultureþ children
(Figure 4a, **Po0.01 and *Po0.05 compared with
unstimulated controls, respectively). However, the Th17
response appeared to be more marked in pneumococcal
culture� subjects than in those who were cultureþ , with a
mean % increase of 0.66 vs. of 0.33% respectively from
unstimulated controls (Figure 4a, #Po0.05). In PBMCs,
whereas the numbers of Th17 were minimal in unstimulated
cells from both culture� and cultureþ children, overnight
stimulation with D4Ply elicited a significant increase in Th17
in culture� subjects, but no such increase in cultureþ
subjects (Figure 4b). In contrast, there was no difference in the
number of IFN-g-producing CD4þ T cells induced by D4Ply
between cultureþ and culture� children, neither in tonsillar
MNCs nor in PBMCs (Figure 4c,d). As shown inTable 1, there
was no significant difference in ages between culture� and
cultureþ children (P40.05). Using a two-way analysis of
variance, we found the difference in Th17 response between
the two groups was independent of age in this study
population.

Activation of CD4þ T cells andTh17byD4Ply is associated
with cholesterol binding

It is known that pneumolysin induces cellular toxicity through
binding to the cholesterol component on cell surface, and
D4Ply is involved in this cholesterol-mediated binding.27

Therefore, we asked whether cholesterol binding is important
in the activation of CD4þ T-cell proliferation and Th17 cells.
We used a recombinant noncholesterol-binding mutant of
D4Ply (D4PlyLT) that is unable to recognize cholesterol in the
cell membrane. The D4PlyLT mutant was coincubated with
tonsillar MNCs and PBMCs, and the responses were compared
with that activated by D4Ply. As shown in Figure 5a–c, there
was no activation of CD4þ T-cell proliferation by D4PlyLT
(Figure 5a), nor was there any significant Th17 and IFN-g
response in tonsillar MNCs (Figure 5b) and PBMCs
(Figure 5c), respectively, after D4PlyLT stimulation.
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Figure 2 Activation of memory T helper type 17 (Th17) cells by domain 4 pneumolysin (D4Ply). Intracellular cytokine staining (ICS) was performed in
tonsillar mononuclear cells (MNCs) and peripheral blood mononuclear cells (PBMCs) after overnight stimulation with D4Ply. Number of Th17
cells was expressed as % of interleukin (IL)-17A-producing cells in CD3þCD4þ T cells. (a) Gating strategy: lymphocytes were gated (R1) based on
typical forward and sideward scatter (FSC and SSC) plots; CD4þ T cells (R2) were then gated based on CD3þ and CD4þ staining and percentage of
IL-17Aþ CD4þ Tcellswas calculated inR3. (b)Representative fluorescence-activated cell sorting (FACS)dot plots shownumbers of IL-17A-producing
CD4þT cells in tonsillar MNCs and PBMCs following D4Ply stimulation compared with unstimulated control. (c) Summarized results (n¼ 10) on
Th17 and interferon-g (IFN-g)-producing CD4þT cells in tonsillar MNCs and PBMCs following D4Ply or D123Ply stimulation (*Po0.001 compared with
unstimulated control). (d) ICS dot plots demonstrate proportions of CD4þ IL-17Aþ cells coexpressing IL-17F and IL-22 following D4Ply stimulation,
whereas most of theIL17A-producing CD4þT cells activated by D4Ply did not coexpress IFN-g. (e) D4Ply-activated Th17 cells were present
in unfractionated MNCs and in CD45ROþ (*Po0.01, D4Ply vs. unstimulated control) but not in CD45RO� fractionated MNCs (#P40.05, D4Ply vs.
unstimulated control). (f) D4Ply induced CD4þ T-cell proliferation in both IL-17Aþ and IL-17A� cells (right) compared with unstimulated
control (left) (one of four representative experiments is shown). CFSE, carboxyfluorescein diacetate 5,6 succinimidyl ester.
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D4Ply promotes Th17 differentiation from naive T cells

Having shown that D4Ply activatesmemory Th17 cells, we next
examined whether D4Ply could also promote Th17 differ-
entiation from naive T cells. Tonsillar MNCs depleted of
CD45ROþ memory and effector T cells were co-cultured with

D4Ply for 7 days in the presence of transforming growth factor-
b and IL-21. The induction of Th17 from naive T cells was then
examined by intracellular staining of IL-17A following the
addition of PMA/ionomycin and BrefeldinA for 4 h before flow
cytometry. As shown in Figure 6, D4Ply stimulation induced a
significant increase in the numbers of IL-17A-producing
CD4þ T cells (Th17) from naive T cells in tonsillar MNCs
compared with medium control with transforming growth
factor-b and IL-21 (Figure 6a,b). In contrast, there was no
increase in Th17 cells following stimulation by D123Ply under
the same culture condition (Figure 6a,b). Measurement of IL-
17A production in the cell culture supernatant by enzyme-
linked immunosorbent assay (ELISA) also confirmed the
induction of IL-17A by D4Ply but not D123Ply (Figure 6c).

D4Ply activates human monocytes

Previous studies showed that monocytes promote Th1 and
Th17 responses to pneumococcus,30 and that monocytes/
macrophages are key effectors in clearing primary bacterial
colonization atmucosal surface.11 To determinewhetherD4Ply
activates human monocytes, peripheral blood monocytes
(CD14þ ) were stimulated with D4Ply and analyzed for
expression of costimulatory molecules and cytokines. Stimula-
tion with D4Ply (1 mgml� 1), but not D123Ply (data not
shown), induced a significant increase in the expression of
CD40, CD54, and CD80 in monocytes (Figure 7a,b) with
production of cytokines including tumor necrosis factor-a
(TNF-a), IL-1b, IL-6, and IL-10 (Figure 7c, Po0.01).

As shown in Figure 7d, D4Ply induced IL-1b production in
peripheral blood monocytes and coincubation with caspase-1
inhibitor Z-VAD-FMK (10 mgml� 1) inhibited the IL-1b
production induced by D4Ply. Coincubation with LPS
seemed to have an additive effect on D4Ply-induced IL-1b
production in the monocytes (Figure 7d).

Induction of TNF-a production in murine macrophages by
D4Ply is partly dependent on TLR-4

To determine whether the activation of monocytes/macro-
phages by D4Ply is mediated through TLRs, wild-type murine
cells expressing MyD88, TLR-2, or TLR-4 as well as the
respective gene-knockout mutant cell lines (MyD88� /� ,
TLR-2� /� , or TLR-4� /� ) were studied for their ability to pro-
duce TNF-a. As shown in Figure 8a, there was a reduced level of
TNF-a production in MyD88� /� than wild-type microglial
cells after stimulation with D4Ply (Po0.01). As a control,
Figure 8b shows the induction of TNF-a by LPS and bacterial
lipopeptidewasdiminished inMyD88� /� comparedwithwild-
type microglial cells (Po0.001). Subsequent analysis showed
that there was approximately a 50% reduction of TNF-a
production inTLR4� /� comparedwithwild-typemacrophages
following stimulation by D4Ply (Figure 8c). In contrast, there
was no difference inD4Ply-induced TNF-a production between
TLR2� /� and wild-type macrophages. Figure 8d shows that
induction of TNF-a by LPS and bacterial lipopeptide was
diminished in TLR4� /� and TLR2� /� macrophages
respectively compared with wild-type macrophages.
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DISCUSSION

Recent data from animal studies suggest an important role of
CD4þ T cells, particularly Th17 cells in mediating the
clearance of nasopharyngeal colonization of pneumococcus.7–9

Identification of pneumococcal component(s) that induces
Th17 activation in humans may provide novel vaccination
strategy against pneumococcal infection.

In this study, we showed that D4Ply induced CD4þ T-cell
activation and proliferation in human NALT and PBMCs.
Furthermore, we found that a short-term (overnight) stimula-
tion with D4Ply activated a prominent memory Th17 cell
response in human NALT. The findings that these IL-17A-
producing cells were primarily CD4þCD45ROþ T cells
and that depletion of CD45ROþ cells abolished the
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D4Ply-activated Th17 cells in tonsillar MNCs confirm they
were memory/effector Th17 cells. This was consistent with a
recent report that the IL-17A detected in PBMCs following
stimulation by a pneumococcal whole cell antigen originated
from effector/memory T cells.31 Our finding that IL-17A-
producing CD4þ T cells in tonsillar MNCs could proliferate
upon D4Ply stimulation also supports a memory Th17
response.

We further demonstrated that this memory Th17 response
following D4Ply stimulation appeared to be more marked in
pneumococcal culture-negative than in culture-positive chil-
dren in both NALT and PBMCs, whereas there was no such
difference in IFN-g-producing Th1 response between the two
groups. These results provide supporting evidence that Th17
cells may be protective against pneumococcal carriage or
colonization in human nasopharynx.

Th17 lineage is a recently described subset of CD4þ T cells.
In addition to their association with autoimmunity, it is
becoming apparent that IL-17 may play protective roles in
immunity against infectious diseases, especially at themucosa.32

There is growing evidence of Th17 cells playing an important
role in mediating host mucosal immunity to a number of
pathogens including Klebsiella pneumoniae, Mycoplasma pul-
monis,Pseudomonas aeruginosa,Pneumocystis sp., andCandida
albicans.33,34 In addition, recent evidences suggest that the Th17
lineage may be critical for vaccine-induced memory immune
responses against infectious diseases.35Memory Th17 cells have

been shown to confer heterologous and antibody-independent
mucosal immune protection against several serotypes of K.
pneumoniae.36 Our results may provide further support to a
protective role of mucosal memory Th17 cells against extra-
cellular bacteria.37,38
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Figure 6 Induction of T helper type 17 (Th17) cells by domain 4
pneumolysin (D4Ply). Tonsillar mononuclear cells (MNCs) depleted of
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days in the presence of transforming growth factor-b (TGF-b; 5 ngml� 1)
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A recent study showed that a pneumococcal whole cell
antigen and a pneumolysin toxoid could induce IL17
production in cultured human PBMCs, although the frequency
of Th17 cell in PBMCs detected by intracellular cytokine
stainingwas low.31 In this study, we observed amodestmemory
Th17 cell response in PBMCs after D4Ply stimulation.
However, a more marked memory Th17 response was found
in tonsillar MNCs following D4Ply stimulation (Figure 2b).
This is in agreement with the notion that Th17 cells are
important in host mucosal immunity against extracellular
bacterial infections.37,38 Higher frequency of Th17 cells at the
mucosal site than the systemic compartment reported in
previous studies also suggests an important role of Th17 cells in
mucosal protection.39 The human nasopharynx is the site of
colonization of many microorganisms that may prime for
memory Th17 cells. We hypothesize that previous colonization
of pneumococcus in early childhood may prime for the
generation of memory Th17 in the nasopharynx, and the
presence of such memory Th17 cells may provide protection
against pneumococcal colonization or carriage in later child-
hood. The finding in this study that stimulation of NALT cells
and PBMCbyD4Ply activatedmemory Th17 and that the Th17
response appeared to bemoremarked in carriage-negative than
in culture-positive children may support this hypothesis.
Previous reports that T cells were primed for IL-17A

production by pneumococcal whole cell antigen vaccination
in mice, and that the protection against colonization correlated
well with the IL-17A concentrations in blood samples elicited
by whole cell antigen just before challenge10 would also be in
agreement with this hypothesis.

Th17 cytokines IL-17A and IL-17F are known to play a
critical role in the recruitment and activation of neutrophils
possibly through the induction of granulocyte colony-stimu-
lating factor and CXC chemokines from epithelial cells or
fibroblasts, and neutrophil-mediated killing is a crucial effector
in immunity against a number of pathogens.38,40 Recent studies
in mice also showed the importance of IL-17A in the activation
of monocyte/macrophages that resulted in the clearance of
primary pneumococcal colonization.11 It has been suggested
that monocyte/macrophages and neutrophils recruited to the
mucosal surface mediated by chemokines induced by IL-17A
are key effectors in clearing primary and secondary bacterial
colonization, respectively.11 It is possible that memory Th17
cells in human nasopharynx may elicit a chemokine and
granulocyte colony-stimulating factor-mediated recruitment
and activation of neutrophils that leads to killing of pneu-
mococcus and reduction of carriage.

Our results showed that in unstimulated tonsillarMNCs, the
number of Th17 cells was relatively higher in carriage-positive
than in carriage-negative children, which suggests
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Figure 8 Induction of tumor necrosis factor-a (TNF-a) production in murinemacrophages by domain 4 pneumolysin (D4Ply) is associated with Toll-like
receptor 4 (TLR-4). (a, b) Wild-type (Wt) and isogenic gene knockout (KO) murine microglial cells for MyD88� /� and (c, d) macrophages for TLR2� /�

and TLR4� /� were stimulated with D4PLY, lipopolysaccharide (LPS), or bacterial lipopeptide (BLP) for 48 h. (a) D4Ply-induced TNF-a production in
MyD88� /� was reduced byB70%comparedwithwild-typemicroglial cells (*Po0.001), and (c) that in TLR4� /� reducedbyB50%comparedwithwild-
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pneumococcal colonization induces Th17 cells in vivo, and that
is consistent with a recent report that experimental human
volunteer carriage augmented Th17 cell numbers.41 Following
D4Ply stimulation of tonsillar MNCs, there was a greater
increase in Th17 numbers (from unstimulated baseline) in
carriage-negative (0.66%) than in carriage-positive children
(0.33%). Although the respective numbers of Th17 following
stimulation did not seem to differ significantly between the two
groups, the relatively weaker Th17 response (lower increase in
Th17) in culture-positive children, coupled with a higher
number/activity of local T regulatory cells (Tregs) in these
children, may favor a carriage status.42 It is possible that the
balance betweenTh17 and Tregs in the nasopharynx is a crucial
determinant factor in pneumococcal carriage. We showed
previously that in pneumococcal carriage-positive children
there was a higher number and activity of Tregs in the NALT
tissue than culture-negative children,42 which we also observed
in this study (data not shown).

It is possible that an early increase in inducible Tregs in
NALT (because of exposure to pneumococcus) in early
childhood may inhibit the development and/or activity of
Th17 cells and that favors the carriage or persistence of carriage
in the nasopharynx. In this case, an early priming of memory
Th17 cells in early life may interrupt the Treg-mediated
carriage, as suggested recently that an increased priming for
IL17A production in early lifemay be an importantmechanism
of pneumococcal clearance from the nasopharynx.43 As
inducible Tregs are likely to increase overtime with repeated
pneumococcal exposure, priming for Th17 cells in early
childhood when Treg activity is low may be an attractive
vaccination strategy.

The finding that a noncholesterol-binding mutant of D4Ply
(D4Ply-LT) failed to activate CD4þ T cells suggests that the
cholesterol-binding property of D4Ply is crucial in CD4þ
T-cell activation. However, it remains to be determined as to
how D4Ply activates human CD4þ T cells including Th17.
The inhibition of D4Ply-induced CD4þ T-cell proliferation
and Th17 activation by anti-MHC II antibodies suggests that
D4Ply activates MHC/TCR complex that involves antigen
processing and presentation by antigen-presenting cells. The
partial inhibition of CD4þ T-cell proliferation and IL-17A by
anti-TLR4 antibody suggests D4Ply induces CD4þ T-cell
activation including Th17 in part through a TLR4-dependent
innate immune mechanism. In addition, the finding that prior
incubationwith TLR-4 ligand LPS enhanced the Th17 response
elicited by D4Ply further supports the involvement of TLR-4.
Pneumolysin has been shown to activate murine macrophages
to secrete inflammatory cytokines through TLR-4.44 We show
here that D4Ply-induced TNF-a production was reduced in
MyD88� /� and TLR-4� /� (B50%) but not in TLR-2� /�

murine macrophages. This again suggests that the activation of
macrophage/monocytes by D4Ply is in part dependent on the
TLR-4 pathway.

The partial inhibition of D4Ply activity by TLR4 blocking
also suggests the involvement of other mechanisms other than
TLR-4. It has been reported recently that pneumolysin can

activate the inflammasome pathway thatmediate the activation
of caspase-1 and promote IL-1b production in dendritic cells.45

We showed in this study that D4Ply induces IL-1b production
in human monocytes and blocking IL-1b function by
neutralizing antibody or IL-1 receptor antagonist partially
inhibited the D4Ply-induced memory Th17 response. The
induction of IL-1b by D4Ply appeared to be contrary to a
previous study that D4Ply did not induce IL-1b induction in
PBMCs.46 This apparent difference could be because of the
fact that a different concentration of D4Ply was used
(r0.5 mgml� 1) and it was in PBMCs in the previous study
rather than a concentration of D4Ply at Z1 mgml� 1 and
purified monocytes were used in our study. Our results also
showed that D4Ply-induced IL-1b production in monocytes
was inhibited by caspase-1 inhibitor. These results suggest
D4Ply may also be able to activate inflammasome pathway to
promote IL-1b production in innate immune cells through
which contribute to Th17 activation. These findings also
suggest an important property of D4Ply to activate innate
immune cells such as antigen-presenting cells. Indeed, D4Ply
was shown to activate human monocytes, as evidenced by a
significant upregulation of costimulatory molecules and
cytokine production.

In this study, we only observed a modest Th17 response in
tonsillar cells and PBMCs induced by native Ply at lower
concentrations (o20 ngml� 1), which was much lower than
D4Ply-induced Th17 response (data not shown). With
increasing doses of native Ply, there was no enhancement
in Th17 response but it induced a dose-dependent cell death. It
is likely that the CD4þ T-cell response (including Th17)
induced by the native Ply or derivatives was not only governed
by cell proliferation but also influenced by the rates of cell loss
because of cell toxicity. For D4Ply, it induced a significant
CD4þ T-cell, including Th17, proliferation but no significant
cell loss.

Th17-targeted vaccine strategy has been proposed and
explored recently33,35,47 including that against pneumococcal
infection,48,49 and these will continue to add to our under-
standing of Th17-mediated immune protection. We showed in
this study that D4Ply has the capacity to both activate memory
Th17 and promote Th17 differentiation. Considering that Th17
cells may be crucial in the clearance of pneumococcal carriage,
this capacity of D4Ply makes it an attractive vaccine candidate
against pneumococcal infection.

Taken together, we report here a novel property of
D4Ply to induce a potent CD4þ T-cell response and, in
particular, a prominent memory Th17 response in human
NALT. Our results support the hypothesis that mucosal
Th17 cells in NALT are involved in the modulation of
pneumococcal colonization/carriage in human nasopharynx.
Our results also lend support to the novel strategy of
Th17-based vaccine design for prevention of pneumococcal
infection.48 The property of D4Ply to activate and promote
Th17 cells in NALT may offer an attractive vaccine candidate
in mucosal immunization against pneumococcal infection in
humans.
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METHODS

Patients and samples. Adenoidal and tonsillar tissues and peripheral
blood samples were obtained from patients (age 2–12 years old)
undergoing adenoidectomy and/or tonsillectomy due to adenoidal
hypertrophy and/or upper airway obstruction. Patients with known
immunodeficiency or who were prescribed antibiotics in the 3 weeks
before surgery and who had a previous history of frequent use of
antibiotics were excluded from the study. Nasopharyngeal swabs were
taken on the day of operation for bacterial culture to determine
pneumococcal carriage as described previously.26 In brief, swabs were
placed in tubes containing skim milk–tryptone–glucose–glycerin broth,
and stored at � 70 1C until bacterial culture was performed by
inoculating 50ml of the broth onto a blood agar plate. After incubation
wasperformedovernight at 37 1C,pneumococcal colonieswere identified
on the basis of typicalmorphologic findings,a-hemolysis, and subculture
with optochin disk testing. The pneumococcal load was assessed
semiquantitatively by grading growth density as described elsewhere26,50

The Liverpool Paediatric Research Ethics Committee approved the study
and written informed consent was obtained in all cases.

Cell separation, culture, andstimulation. MNCs from adenotonsillar
tissues and PBMCs were isolated using methods described else-
where.25,51 Briefly, adenotonsillar tissue was minced using a sterile
scalpel and passed through a nylon mesh (30 mm). MNCs and PBMCs
were isolated by Ficoll density gradient centrifugation (GE
Healthcare, Little Chalfont, UK). Cells subsequently washed in
phosphate-buffered saline and resuspended in RPMI-1640 culture
medium supplemented with 2mmol l� 1 glutamine, 10 mgml� 1

gentamycin, and 10% fetal bovine serum (Sigma, Dorset, UK). In some
experiments, MNCs or PBMCs were separated into CD45ROþ and
CD45RO� populations by either positive or negative selection using
magnetic cell sorting (Miltenyi Biotec, Surrey, UK) according to the
manufacturer’s instructions. Adenotonsillar MNCs and PBMCs were
cultured at 4� 106 cells per ml in 96-well plate (Corning, Flintshire,
UK) in the presence or absence of stimulant, e.g., D4Ply or D123Ply, at
1–2 mgml� 1. In some experiments, neutralizing antibodies were
coincubated with MNCs for 30min before addition of D4Ply. The
functional grade neutralizing antibodies included anti-human HLA-
DR, -DP, and -DQ (anti-MHCII) (BD Biosciences, Oxford, UK), anti-
humanTLR-4 andTLR-2, and isotype control antibodies (eBioscience,
Oxford, UK), anti-human IL-1b, and isotype control antibodies (R&D
Systems, Oxford, UK). Paired analysis of adenoidal and tonsillar
MNCs showed similar results in CD4 T-cell proliferation and Th17
response, and hence only results of tonsillar MNCs are presented in
this paper.

Intracellular cytokine staining. Intracellular cytokine staining of
IFN-g, IL-17A, IL-17F, IL-22, and IL-26 was performed as described
previously42 in tonsillar MNCs and PBMCs after stimulation with
D4Ply. For assessment ofmemory Th17 response, tonsillarMNCs and
PBMCs were cultured overnight (short-term stimulation) with D4Ply
in the presence of brefeldin A (eBioscience) followed by intracellular
staining for IL-17A. For assessment of Th17 induction, CD45ROþ
cell-depleted tonsillarMNCswere co-culturedwithD4Ply for 7 days in
the presence of transforming growth factor-b and IL-21. Cells were
harvested and stained with fluorescence-labeled anti-human CD3 and
CD4 (BD Biosciences), followed by fixation and permeabilization
(eBioscience) and stainingwith fluorescence-labeled IL-17A, IFNg, IL-
17F, or IL-22 (BD Biosciences). Intracellular expression of individual
cytokines was subsequently analyzed by flow cytometry.

Flow cytometric analysis. Multicolor flow cytometry was performed
for analysis of cell phenotypes, intracellular cytokine expression, cell
proliferation, and expression of costimulatory molecules on a
FACScalibur (BD Biosciences) as described previously.42 Cell pro-
liferation was examined through staining adenoidal MNCs or PBMCs
with CFSE (Molecular Probes, Paisley, UK) before cell stimulation,
followed by culture for 5 days before analysis by flow cytometry.26 Flow

cytometric data were analyzed using CellQuest Pro (BD Biosciences)
and WinMDI software (The Scripps Institute, La Jolla, CA).

Human monocytes. Human peripheral blood CD14þ monocytes
were isolated from PBMCs by magnetic cell sorting following the
manufacturer’s instructions (Miltenyi Biotec). Purified monocytes
were cultured in RPMI-1640 supplemented with 2mmol l� 1 gluta-
mine, 10 mgml� 1 gentamycin, and 10% fetal bovine serum (Sigma) in
a 96-well cell culture plate at 106 cells per ml, with or without D4Ply,
caspase inhibitor Z-VAD-FMK (carbobenzoxy-valyl-alanyl-aspartyl-
[Omethyl]-fluoromethylketone) (Invivogen, Toulouse, France) at
10 mgml� 1, and TLR-4 ligand LPS (Invivogen) at 1 mgml� 1.

Murine macrophage cell lines. Murine macrophage and microglial
cell lines were obtained through the NIH Biodefense and Emerging
Infections Research Resources Repository, NIAID (Manassas, VA).
The cell lines were derived fromC57BI6/Jmice and includedwild-type
(NR-9456), TLR2 knock-out (KO) (NR-9457), and TLR4 KO (NR-
9458) macrophages, and wild type (NR-9460) and MAL/MyD88 KO
(NR-9904)microglial cells. Bothmacrophage andmicroglial cells were
used here as they were available and included all the KO cells as
described. Murine macrophage and microglial cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 2mmol l� 1

glutamine, 10 mgml� 1 gentamycin, and 10% fetal bovine serum
(Sigma). Cells were seeded at 1� 106 cells per ml in a 48-well plate
(Corning) overnight before stimulation by D4Ply. TLR-2 ligand
bacterial lipopeptide (pam3CSK4, Invivogen) and TLR-4 ligand LPS
were used as stimulation controls at 1 mgml� 1.

Recombinant pneumolysin truncation proteins. Wild-type pneu-
molysin and truncated mutants including D4Ply and domain 123
(D123) were purified as previously described.46 The domain 4 mutant
deficient in cholesterol binding (D4Ply LT) was generated through
site-directed mutagenesis to mutate Threonine 459 and Leucine 460
residues in domain 4 to Glycine (459,460 TL-GG) (using the quick
change SDM Kit; Stratagene, Paisley, UK). These residues were
selected based on the finding of Farrand et al.52 that the amino acid
residue pair Threonine 459 and Leucine 460 are crucial for the
interaction of pneumolysin with cholesterol, and these residues are
conserved in the pneumolysin sequence. The resultant mutant protein
was purified and shown to have a binding capacity for red blood cells
reduced by 499% as judged by fluorescence-activated cell sorting
(FACS) analysis (data not shown). Endotoxin levels of these
recombinant proteins were o0.1 EUml� 1 of protein as determined
by limulus assay (BioWhittaker, Walkersville, MD). Hemolytic assay
was performed as described previously,53 with the exception that
human peripheral blood samples were used instead of sheep blood.
Native Ply showed hemolytic activity at concentrationsZ5 ng/ml� 1,
whereas D4Ply and D123Ply did not show any hemolytic activity at
concentrations tested up to 5 mgml� 1.
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel

electrophoresis and western blotting were performed and all the
recombinant proteins used were shown to be of good quality with no
obvious degradation and reactive to specific antipneumolysin antibody
(Supplementary Figure S3).

Measurementof cytokineproduction. Cell culture supernatants were
collected for analysis of cytokines 48 h after stimulation. Cell culture
supernatants from MNCs and PBMCs were assayed for human IL-2,
IL-4, IL-6, IL-10, IL-17A, IFN-g, and TNF-a using cytometric bead
array (BD Biosciences) and for IL-1b using ELISA (eBioscience)
according to the manufacturer’s instructions. Induction of mouse
TNFa in wild-type and KO macrophages or microglial cells was
measured by ELISA (eBioscience).

Statistical analysis. Two-group comparisons were analyzed using
Student’s t test and multiple comparisons using analysis of variance.
Statistical analysis was performed using GraphPad Prism (La Jolla,
CA). Po0.05 was considered statistically significant.
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