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ABSTRACT

Nasopharyngeal carriage of Streptococcus pneumoniae is a prerequisite of invasive pneumococcal
disease. The carriage rate is high in young children and decreases with age. Host factors that
determine the clearance or length of carriage which evolves with age remain unclear. We studied
the relationship between mucosal IL17A-producing CD4+ T cells (Th17) and Foxp3+T regulatory
cells (Treg) in human nasopharynx-associated lymphoid tissue (NALT) and their association with
pneumococcal carriage in children and young adults. We show the frequencies of Th17 and Treg in
NALT were inversely correlated (p<0.01) and both were considerably higher than in peripheral
blood (p<0.01). Interestingly, we also show the Th17 frequency increases with age, whereas Treg
frequency decreases with age. We further demonstrate the ratio of tonsillar Th17/Treg frequencies
also increases with age (p<0.01) and the ratio was higher in pneumococcal carriage negative than in
carriage positive individuals (p<0.01). Stimulation of tonsillar cells by a pneumococcal extract
elicited a memory Th17 response that was more marked in the carriage— than in carriage+ children.
Pneumococcal stimulation also induced Th17 differentiation from naive tonsillar T cells, and the
level of this Th17 induction in tonsillar T cells from young children was low but increased with age.
By contrast, no such age-associated difference was seen in the induction of Treg following
pneumococcal stimulation. Our results suggest a dynamic relationship between mucosal Th17 and
Treg in human nasopharynx as children grow with age. The balance between Th17 and Treg in
NALT evolves with age and appears to be a critical determinant for pneumococcal clearance from
nasopharynx. Early priming of mucosal Th17 and/or through inhibiting Treg induction pathway in

childhood may be a novel vaccination strategy against pneumococcal infection.



INTRODUCTION

Streptococcus pneumoniae (pneumococcus) is a leading cause of community acquired bacterial

meningitis and pneumonia worldwide [1, 2]. Nasopharyngeal carriage of S. pneumoniae is a
prerequisite of invasive pneumococcal disease (IPD). Pneumococcal carriage is common in
childhood, especially in young children that may be why they are prone to IPD such as pneumonia.
Understanding local mucosal immunity in nasopharynx that mediates pneumococcal
colonization/carriage and its clearance may inform novel vaccination strategy against

pneumococcal diseases in humans.

S. pneumonia normally colonizes the mucosa of human nasopharynx. Within nasopharynx, the local
mucosal immune system is likely to play an important role in mediating immunity against
pneumococcal colonization and carriage. The adenoids and tonsils comprise nasopharynx-
associated lymphoid tissue (NALT) in humans and are major part of the mucosal immune system in
nasopharynx. It has been reported that adenoidectomy increased the risk of pneumococcal carriage
in children and that appeared to be associated with impaired protein antigen-specific immunity[3, 4].
We previously demonstrated the presence of large numbers of naturally developed antigen-specific

T and B cells to pneumococcal proteins in NALT of children [5, 6].

Pneumococcal carriage rate is high in young children and then decreases with age. The
immunological factors responsible for the decrease in pneumococcal carriage or its clearance with
age are not well understood [7]. Recent data in animal studies suggest a crucial role of CD4+ T
cells [8-10] , and IL-17A-secreting CD4" T cells (Tw17) in particular, in mediating clearance of
nasopharyngeal colonization of S. pneumoniae. [11, 12]. Whether this Th17 mediated mechanism
operated in humans remain unclear. We recently reported the presence of memory Th17 in human
NALT which was shown to increase following stimulation by domain 4 pneumolysin and shown a

more marked Th17 response in carriage negative than positive children [13].

We previously also demonstrated the presence of highly suppressive CD4*CD25""Foxp3+T
regulatory cells (Treg) in NALT tissue, and a higher number of Treg was shown to be associated
with pneumococcal carriage in children [14]. This has been corroborated by others in that there is
the presence of pneumococcal specific Treg in human nasopharynx [15]. In humans, unlike in mice,
previous natural exposure(s) to S. pneumoniae in early childhood prime for memory Treg leading to
accumulation of pneumococcal specific Treg in NALT [14]. Nevertheless, experimental
pneumococcal colonization in mice induces Treg in nasopharynx through upregulating TGFf3
pathway [16]. It is plausible that both Th17 and Treg contribute to mediating carriage in

nasopharynx. However, it is not known how Th17 and Treg interact in nasopharynx and how that



interaction affects pneumococcal carriage and its clearance. It would be important to understand the
relationship between Th17 and Treg in nasopharynx, and how they evolve with age and carriage.
Recently, there is increasing interest on the possible reciprocal relationship between Th17 and Treg
in mucosal immunity to pathogenic infections such as HIV [17-19]. It will be valuable to know
whether and how the balance between Th17 and Treg in NALT affect pneumococcal carriage in

human nasopharynx.

We hypothesize that pneumococcal colonization in early childhood primes for both memory Th17
and Treg in NALT, and the balance between Th17 and Treg in NALT evolves as children grow
older and that becomes a critical factor in the clearance of pneumococcal carriage from
nasopharynx. In this study, we studied the frequencies of and relationship between Th17 and Treg
in NALT over age. We demonstrate the presence of a prominent number of both Th17 and Treg in
NALT, and there was an inverse relationship between the frequencies of Th1l7 and Treg.
Interestingly, the frequency of Th17 was shown to increase with age, whereas the frequency of Treg
appeared to decrease with age. We further demonstrate that the ratio of Th17/Treg also increased
with age and was higher in individuals who were culture negative than those who were culture
positive for S. pneumoniae in nasopharynx. Our results suggest there is a dynamic relationship
between mucosal Th17 and T regulatory cell populations in NALT which is a critical determinant

for clearance of pneumococcal carriage from nasopharynx in humans.

MATERIALS AND METHODS

Patients and samples

Adenotonsillar tissues and peripheral blood samples were obtained from patients (age 2-36 years)
undergoing adenoidectomy and/or tonsillectomy due to upper airway obstruction. Patients with
known immunodeficiency or who were prescribed antibiotics in the three weeks prior to surgery
were excluded from the study. Nasopharyngeal swabs were taken on the day of operation for
bacterial culture to determine pneumococcal carriage as described previously [20]. Each tissue
sample was checked for any signs of gross inflammation and/or necrosis prior to processing and any
samples that exhibited either of these features were excluded from the study. The Liverpool
Paediatric Research Ethics Committee approved the study and written informed consent was
obtained in all cases.

Cell separation and culture
Mononuclear cells (MNC) from adenotonsillar tissues and peripheral blood (PBMC) were isolated
by Ficoll density gradient centrifugation (GE Healthcare) using methods described previously [21,



22]. Cells were cultured in 96-well plate (Corning) in the RPMI medium supplemented with 2
mmol/L glutamine, 10ug/ml gentamycin and 10% fetal bovine serum (Sigma). Paired analysis of
adenoidal and tonsillar MNC showed similar results in Treg and Th17 frequencies, so only results
of tonsillar MNC are presented in this paper.

Pneumococcal culture supernatant extract. S. pneumoniae was cultured and a concentrated
pneumococcal culture supernatant (CCS) was prepared as described previously [22] from a wild
type D39 (encapsulated type 2) S. pneumonia strain or a pneumolysin-deficient strain [23]. Briefly,
the bacteria were grown to exponential phase (OD 0.4 at 620 nm, approx 10° cfu/ml) in Todd-
Hewitt broth supplemented with 5% yeast extract. After centrifugation (3000 g for 30 min), the
culture supernatant was removed and passed through a 0.2-mm sterile filter and concentrated
(tenfold) using a Vivaspin concentrator (Vivascience, Germany). The CCS contained secreted
pneumococcal proteins including choline binding proteins and pneumolysin [22]. The protein
concentrations of the CCS were determined using the Bio-Rad protein assay. The CCS were then

used at a predetermined protein concentration of 1 ug/ml in cell stimulation experiments.

Determination of Th17 and Treg frequencies by flowcytometry

To determine the frequency of Th17 in NALT, freshly isolated tonsillar MNC were incubated in
RPMI in the presence of Phorbol 12-myristate 13-acetate (PMA, 40pg/ml), ionomycin (0.5 pg/ml),
and brefeldin A (eBioscience) for 5 hours, followed by analysis with intracellular staining for IL-
17A-producing CD4+ T cells (Th17) [13]. Figure 1a describes the strategy for determination of
frequency of Th17 (or Treg) by flow-cytometry. A memory Th17 response to pneumococcal
stimulation was also analyzed following co-incubation of tonsillar MNC with a pneumococcal CCS
for 24 hours, and by intracellular staining for Th17 [13] . The frequency of Treg in freshly isolated
adenotonsillar MNC was analyzed by staining for intracellular Foxp3 and surface CD4, CD25 and
CD127 expression. The use of CD4+CD25+ CD127"°" as a phenotype for Treg was shown to
correlate well with CD4+Foxp3 expression. The frequency of Th17 or Treg is expressed as the

percentage of IL-17A+ or Foxp3+ cells of all CD4+ T cells (Figure 1a).

Intracellular staining of 1L-17A and Foxp3 was performed as described previously [14]. Briefly,
following stimulation, tonsillar MNC were harvested and stained with fluorescence-labelled anti-
human CD3 and CD4 (BD Bioscience), followed by fixation and permeabilization (eBioscience)
and staining with fluorescence-labelled IL-17A, or Foxp3 (BD Bioscience). Intracellular expression
of IL-17A or Foxp3 was subsequently analyzed by flow cytometry.



Depletion of memory T cell and/or Treg cells from tonsillar MNC.

To analyze the induction of Th17 cells from naive T cells, CD45RO+ (memory and effector T) cells
were depleted from tonsillar MNC using anti-human CD45RO antibody-labeled magnetic
microbeads and magnetic cell sorting (MACS) according to manufacturer instructions (Miltenyi
Biotec) [20]. CD45R0O+ cell depletion removed Th17 cells from tonsillar MNC. For experiments on
induction of Treg differentiation from naive T cells, both CD45R0O+ cells and CD25+ cells were
depleted from tonsillar MNC using magnetic microbeads labeled with anti-CD45R0O and -CD25
antibodies and MACS sorting. To ensure cell-depletion efficiency and cell purity, cell-depleted
MNC were passed through a second column and cell purity was confirmed by CD3, CD4 and IL-
17A or Foxp3 staining and flow-cytometry.

Induction of Th17 and Treg cells by pneumococcal stimulation. For Th17 induction experiment,
CD45R0+ cell depleted tonsillar MNC were co-cultured cultured for 7 days with Th17 polarizing
cytokines and wild type pneumococcal CCS or antigens. A number of cytokines were tested, and
IL21 (50ng/ml), IL1-B (50ng/ml), and TGF-B (2.5ng/ml) (R&D systems) were used for optimal
Th17 induction. On day 7, PMA/lonomycin and brefieldin A (BFA) were added, and the cells were
incubated for a further 5 hours. The cells were then harvested for intracellular staining of IL-17A
[13]. For Treg induction experiment, tonsillar MNC depleted of CD45RO+ and CD25+ cells were
co-cultured for 7 days with pneumococcal CCS or antigens in the presence of TGFp (R&D
systems). On day 7, the cells were harvested and stained for intracellular Foxp3 in addition to
surface CD4/CD3 followed by flowcytometry on a FACSCalibur (BD Bioscience) [14].

Measurement IL-17A, IL-17F, IL-22 and TGFg by ELISA

Concentrations of IL-17A, IL-17F and IL-22 in cell culture supernatants were measured by ELISA
(eBioscience) following manufacturer’s instructions. Briefly, ELISA plate was coated with
100ul/well of anti-cytokine capture antibody overnight at 4°C. The plate was washed and blocked
with blocking buffer for one hour. Cell culture supernatants diluted in blocking buffer were added
and incubated for 2 hours. Detection antibody was subsequently added and incubated for 1 hour.
Avidin-horse reddish protein (HRP) was added and incubated, followed by the addition of substrate
solution. Optical density (OD) at 450nm was read and cytokine concentrations were calculated by
the use of a microplate analysis Deltasoft software (Biometallics, Inc.).

Human TGFg ELISA kit (eBioscience) was used to detect TGFg in tonsillar MNC culture
supernatants following stimulation by pneumococcal CCS. This assay was conducted to detect the
active TGFp following manufacturer’s instructions. The samples (but not the TGFg standard) were

treated with acid (1N hydrochloric acid, HCL) in order to activate latent TGFp. Briefly, the samples



were diluted to 1:10 and then treated with 20ul of 1IN HCL per 100ul sample for 10mins at RT.
20pl of 1N NaOH was subsequently added to neutralize the acid. The remaining procedure was the

same as described for IL-17A measurement.

Statistical analysis
Two-group comparisons were analyzed using student’s t test and multiple comparisons using
ANOVA. Statistical analysis was performed using GraphPad Prism. P<0.05 was considered

statistically significant.

RESULTS

Patients’ demographic data

A total of 94 patients (age 2—36 years) were recruited into the study, and pneumococcal carriage
was assessed by pneumococcal culture of nasopharyngeal swabs. Table 1 shows the demographic
data of the study subjects. As shown in Table 1, there is an age associated decrease in
pneumococcal carriage rate. No difference was found in carriage rates between males and females
(P>0.05, data not shown). Out of 66 children, 46 (69.7%) received pneumococcal conjugate
vaccination, and there was no difference in pneumococcal vaccination rate between carriage-
positive (71.4%) and carriage-negative subjects (65.8%). No individuals in the adult group received

pneumococcal conjugate vaccination.

Table 1. Demographic data of the study subjects and nasopharyngeal carriage of S. pneumoniae

Age Total Culture+  Culture- % of colonized
group number
2-4 yrs 32 17 15 531
5.9 VIS 20 8 12 40.0
10-16 yrs 14 3 1 214
17-36 yrs 28 2 26 8.5

Th17 frequency in human NALT increases with age

To determine the frequency of Th1l7 in NALT and peripheral blood, tonsillar MNC and PBMC
were analysed by intracellular cytokine staining for IL-17A following stimulation with
PMA/ionomycin for 5 hours. The frequency was expressed as the % of 1L-17A-producing cells in
CD4+ T cell population. The frequency of Th17 in tonsillar MNC was shown to be significantly



higher than in PBMC (Figure 1b, p<0.001). Also the frequency of Th17 in tonsillar MNC in adults
was shown to be considerably higher than in children (Figure 1c, p<0.001). Further analysis
revealed that there was an age-associated increase in the Th17 frequency of tonsillar MNC (Figure
1d, p<0.01). As can be seen in Figure 1d, in general, younger children less than 10 years had lower

Th17 frequency than in older children and adults.

Treg frequency in NALT decreases with age

To determine the frequency of Treg in NALT, freshly isolated tonsillar MNC were stained with
Foxp3, CD4, CD25 and CD127 followed by flowcytometry. The Treg frequencies detected by
CD4+Foxp3+ staining and that by CD4*CD25"9"CD127"" staining correlated well (data not
shown), and therefore only frequency of Foxp3+ CD4+ Treg in tonsillar MNC is presented. As can
be seen in Figure 2a, the frequency of Treg cells in tonsillar MNC was considerably higher than in
PBMC (p<0.01). There was also a difference between children and adults in the frequency of Treg
which was higher in tonsillar tissue of children than in adults (Figure 2b, p<0.01%). Further
analysis showed that there was an age-associated decrease in the Treg frequency in tonsillar tissues
(Figure 2c, r=-0.63, n=57, p<0.001).

Th17 frequency is inversely correlated with Treg frequency in NALT

To study whether there is any relationship between tonsillar Th17 and Treg, the frequency of
tonsillar Th17 (detected following PMA/ionomycin timulation) and the frequency of Treg detected
in freshly isolated tonsillar MNC were anlyzed in the same tissue samples from the same
individuals. As shown in Figure 2d, there was an inverse correlation between the frequencies of
Th17 and Foxp3+ Treg in tonsillar MNC (Figure 2d, r=-0.60, p<0.01).

A higher ratio of Th17/Treg in NALT is associated with age and with an absence of
pneumococcal carriage

The fact that tonsillar Th17 frequency increases with age, and a higher Th17 frequency in adults
that correlated with a lower carriage rate would suggest that Th17 may contribute to the age-
associated decrease in carriage. To determine whether Th17 may be implicated in the reduction of
pneumococcal carriage, we compared tonsillar Th17 frequency between children who were
pneumococcal carriage- and those who were carriage+. There appeared a trend to show a higher
Th17 frequency in the former, although there was no significant difference between the two (Figure
3a, p=0.08).



As both mucosal Th17 and Treg are suggested to mediate mucosal microbial colonization, we
sought to determine whether the balance of tonsillar Th17/Treg is an important determinant in
mediating pneumococcal carriage. The ratio of tonsillar Th17/Treg in adults was considerably
higher than in children (Figure 3b, p<0.001) which correlates with the low carriage rate in adults
and higher carriage rate in children (Table 1). Figure 3c shows the ratio of Th17/Treg increases with
age (p<0.001). We further analyzed whether the ratio of Th17/Treg differs between carriage+ and
carriage- children. As can be seen from Figure 3d, the ratio of Th17/Treg in tonsillar MNC was
significantly higher in carriage- than in carriage+ children (Figure 3c, p<0.01). A general linear
model of analysis of variance (ANOVA) was used to analyze the individual effect of age and
carriage status on the Th17/Treg ratio, and both carriage status and age were shown to be
independently correlated with the Th17/Treg ratios (p<0.01).

Activation of memory Th17 by pneumococcal stimulation and correlation with pneumococcal
carriage

We hypothesize that previous pneumococcal exposure in nasopharynx in early childhood had
primed individuals for memory Th17 to S. pneumonia in NALT, and pneumococcal stimulation of
tonsillar cells from these individuals would induce a memory Th17 response. We therefore
examined the memory Th17 response following stimulation of tonsillar MNC by a pneumococcal
extract (pneumococcal CCS). We found that stimulation of tonsillar MNC by pneumococcal CCS
induced a significant increase in Th17 number compared to medium controls (Figure 4a).
Furthermore, the increase in Th17 number following the pneumococcal CCS stimulation was higher
in children who were carriage- than in those carriage+ children (Figure 4b). In agreement with this,
IL-17A concentration in tonsillar MNC culture supernatant increased following stimulation, and the
IL-17A concentration was also shown to be higher in carriage - than in carriage + children (Figure
4¢). As pneumococcal stimulation also elicited an increase in Treg number (mean increase 2.1%),
the Th17 response detected was likely to be regulated by the concomitant Treg response in tonsillar
MNC. When the ratio of tonsillar Th17/Treg numbers was analyzed following stimulation by
pneumococcal CCS, it was also found to be higher in carriage- than in carriage+ children (Figure
4d). By contrast, concentration of TGF[3 was also shown to increase following stimulation but was

higher in carriage+ than in carriage- children (Figure 4e).

Induction of Th17 by pneumococcal stimulation

We then examined whether Th17 differentiation could be induced from naive T cells by
pneumococcal stimulation. Tonsillar MNC depleted of CD45RO+ (memory and effector T) cells

were used to study Th17 induction, as we showed that the depletion retained CD45RO- naive T



cells but removed all existing Th17 cells in the MNC (data not shown). The CD45R0O- MNC were
stimulated with pneumococcal CCS in the presence of Th17-polarizing cytokines (TGF-B:2.5ng/ml,
IL1-B: 50ng/ml, and IL21: 50ng/ml) for 7 days. We show stimulation with the wild type CCS
induced Th17 cells, along with the production of IL-17A and IL-17F in the cell culture supernatant
(Figure 5a-c). Interestingly, the magnitude of Th17 induction from naive tonsillar T cells was found
to correlate and increase with age (Figure 5d, r=0.62, p<0.01). Compared with CCS from wild type
S.pneumoniae, CCS derived from an isogenic pneumolysin-deficient strain induced a lower
production of IL-17A (Figure 5e). Further experiment was performed to study whether purified
recombinant pneumolysin or its toxoid could also induce Th17 differentiation. Under the same
culture condition with Th17-polarizing cytokines, the addition of sublytic concentrations of
pneumolysin (0.05ug/ml) or toxoid (PdB, 0.25ug/ml) to the CD45R0O- MNC induced a marked

increase in the number of Th17 cells (Figure 5f).
Induction of Treg by pneumococcal stimulation

To determine whether Foxp3+ Treg could be induced by pneumococcal stimulation, tonsillar MNC
depleted of CD45R0O+ and CD25+ cells were stimulated by pneumococcal CCS in the presence of
TGFg (2.5ng/ml). The depletion procedure removed existing Foxp3+ Treg (>99%) and memory T
cells (>99%) but retained CD45RO- naive T cells in the MNC. As shown in figure 6a, stimulation
by wild type pneumococcal CCS induced a marked increase in Foxp3+ Treg as compared to
medium control. No difference was found between young and older children in the induction of
Treg (Figure 6b).

Discussion

There is increasing evidence to support an important role of Th17 in mediating mucosal immunity
against microbial colonization. On the other hand, Treg are suggested to be important in mediating
microbial colonization. In this study, we describe the relationship between mucosal Th17 and Treg
in human NALT, the changes in the balance between the Th17 and Treg populations with age and

their association with pneumococcal carriage.

We show the frequencies of Th17 and Treg in NALT were inversely correlated and both are higher
than in peripheral blood. The higher frequency of both cell subsets in NALT suggests there are
locally induced Th17 and Treg and are important in mediating local mucosal immunity. The inverse
relationship between the two cell populations suggests that they may perform opposite functions
and the induction pathways for Th17 and Treg in NALT are differentially regulated and may inhibit

each other. We also show a significant difference between young adults and children in the



frequencies of Th17 and Treg in tonsillar tissue. Whilst Th17 frequency in young adults was
considerably higher than in children, in general, Treg frequency in young adults was lower than in
children. Further analysis revealed that tonsillar Th17 frequency increases with age, whereas the

Treg frequency decreases with age.

This is the first study to describe a dynamic relationship between mucosal Th17 and Treg in NALT
that evolves with age, and its association with pneumococcal carriage. There is little data available
on relationship between frequencies of Th17 or Treg and age from childhood to adulthood. PBMC
from Swedish children produced lower levels of IL-17A in response to stimulation by a
pneumococcal whole cell antigen compared to adults, although no such difference was noted from
the samples from Bangladesh [24]. It has been reported that the elderly had a lower memory Th17
frequency than young adults (**). A moderate increase in Treg fregency in peripheral blood from
young adults to elderly (aged 21-93 years) was reported [25], although others reported no difference
between the young and elderly (*). Induction of pathogen-specific Treg has been shown during
infections with HIV, TB and leishmania in lymphoid tissue_[26-29]. We show here children around
2 years of age have already developed a prominent number/frequency of Treg in NALT. This
suggests the induction of Treg in NALT is fairly efficient in early childhood (eg. less than 2 years).
It is possible that there is a rapid increase in Treg number in NALT during early childhood due to
the intensive exposure/colonization with microorganisms (eg. S. pneumoniae) in the nasopharynx.
The efficient induction of antigen-specific Treg cells during this period leading to the enrichment of
Treg in NALT that may contribute to the persistence of certain microorganisms (ie. carriage) such

as S pneumoniae [14].

The frequency of Th17 in NALT of younger children (<10 years) was shown to be low in general,
which suggests the induction of Th17 during this period is inefficient. It has been reported that
Th17 induction could be negatively regulated by Treg [17-19]. We show here that there was a
negative correlation between Treg and Th17 frequencies in tonsillar tissue. This, coupled with the
fact that younger children (<10 years) had higher Treg but lower Th17 frequency, and vice versa for
adults, would be consistent with the hypothesis that a strong Treg activity during young childhood
suppresses the induction of Thl7 in NALT. It is possible that the mucosal environment in
nasopharynx in early childhood is highly favorable for Treg induction, but less so for Thl7
induction. This possibility and the underlying mechanisms are the subject of a further study in our

laboratory.



There is growing evidence supporting that Th17 play an important role in mediating mucosal
clearance of extracellular pathogens including Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Candida albicans [30-33]. S. pneumoniae is a frequent colonizer in nasopharynx during early
childhood. This frequent colonization may prime for pneumococcal specific memory Th1l7 in
NALT and contribute to immunity against pneumococcal colonization later in life. It has been
shown that experimental pneumococcal colonization in human volunteer adults elicits a marked
increase in memory Th17 cells [34]. It is known pneumococcal carriage rate decreases with age [35,
36], as is also shown in this study (Table 1). Our finding that Th17 frequency in NALT increases
with age and pneumococcal carriage decreases with age would be consistent with the hypothesis
that Th1l7 contributes to clearance of pneumococcal carriage from nasopharynx [11, 12], and
contributes to the age-associated decrease in pneumococcal carriage.

When we compared the tonsillar Th17 frequency (after PMA/ionomycin stimulation) between the
culture- and culture+ children, there was a trend to show a higher Th17 frequency in culture-
negative than in culture-positive children, although the difference was not statistically significant.
We then examined the relationship between the ratio of Th17/Treg in NALT and age and
pneumococcal carriage status. We show the ratio of Th17/Treg increases with age and is
considerably higher in adults than in children which correlated with a low carriage rate in adults and
a high carriage rate in children. We further show the ratio of Th17/Treg was significantly higher in
carriage- than in carriage+ children. A general model of ANOVA revealed that both age and
carriage status are independent factors correlated to the ratio of Th17/Treg. These findings suggest
that there is a dynamic relationship between mucosal Th17 and Treg cell populations in NALT that
evolves with age in humans, and the balance between the two cell populations is a critical factor

determining the clearance of carriage of S. pneumoniae from nasopharynx.

We previously showed that the Th17 cells detected in NALT tissues were primarily memory Th17
cells, as depletion of CD45RO+ T cells abrogate Th17 in tonsillar MNC [37]. In this study, we
used a pneumococcal extract (pneumococcal CCS) to stimulate tonsillar MNC overnight to examine
pneumococcal specific memory Thl7 response. We show this stimulation elicited a marked
increase in Th17 number in tonsillar MNC. Again, prior depletion of CD45RO+ (memory) T cell
abrogated this increase in Th17 number (data not shown). This supports the presence of
pneumococcal-specific memory Th17 in NALT. Further analysis revealed that this memory Thl7
response in tonsillar MNC following pneumococcal stimulation was stronger in carriage- children
than in carriage+ children. Unlike the total Th17 frequency determined following PMA/ionomycin

stimulation, this memory Th17 response is likely to be influenced and regulated by the concomitant



increase in Treg number, as pneumococcal stimulation also activates memory Treg [14]. The ratio
of Th17/Treg following pneumococcal stimulation was also shown to be higher in carriage- than in
carriage+ children. These findings provide further support for an important role of Thl7 in
mediating clearance of pneumococcal carriage in human nasopharynx. In agreement with the Th17
response, IL-17A concentration in tonsillar MNC culture supernatant was shown to increase
following stimulation, and the concentration of IL-17A in the cell culture was also shown higher in

pneumococcal carriage- than in carriage+ children.

Memory Th17 cells have been shown to confer heterologous and antibody-independent mucosal
immune protection against several serotypes of K. pneumonia [38]. Our results lend further support
to a protective role for mucosal Th17 against extracellular bacteria [39, 40]. IL-17A produced from
Th17, is involved in the recruitment and activation of neutrophils that is associated with phagocytic
killing [41]. It has also been suggested that the clearance of pneumococcal colonisation by activated
monocyte/macrophages could be mediated via IL-17A [42]. Recombinant IL-17A exposure to
human neutrophils or alveolar macrophages significantly increased the killing of opsonised S.
pneumoniae by these phagocytes [43, 44]. It is possible that 1L-17A produced by Th17 promotes
pneumococcal clearance through recruitment of neutrophils and monocyte/macrophages. Studies in
mice showed that the response of IL-17A following immunisation is associated with decreased

carriage supports a critical role of IL17A in pneumococcal clearance [41].

We further studied whether pneumococcal stimulation induces differentiation of Th17 and Treg
from naive T cells in NALT. We show stimulation (for 7 days) by pneumococcal CCS induced
Th17 and Treg differentiation from naive T cells in tonsillar MNC under respective polarizing
cytokine conditions. Interestingly, we show the magnitude of Th17 induction from naive T cells in
younger children was low and increase with age (Figure 5d). However, no such age associated
difference was shown in the level of Treg induction which was similar in younger children to older
children (Figure 6b). These findings provide support to the hypothesis that there is a favorable

environment for Treg induction, but not for Th17 induction in NALT in young children.

Recent interests have focused on Thl7-targeted vaccine strategy including that against
pneumococcal infection[45-48], and efforts are made to identify candidate antigens that promote
Th17 cells [47, 48]. Our finding that an isogenic pneumolysin-deficient mutant strain-derived CCS
induced less Th17 than the wild type, and recombinant Ply and toxoid were shown to induce Th17
would support that pneumolysin contributes to activation of memory Th17 and able to induce
differentiation of Th17 cells.



TGF-p promotes the development of Foxp3+Treg cells and suppresses 1L-23 expression thus inhibit
the differentiation of Th17 [49]. In this study, we show that there was a marked increase in TGF-f1
concentration in tonsillar MNC following pneumococcal stimulation. A number of different cell
types including antigen-presenting cells, epithelia cells and Treg of mucosal tissues were shown to
produce TGF-B [50, 51]. It is possible that within tonsillar tissue, upon stimulation by bacterial
colonization such as S. pneumoniae, a number of cells produce TGF- leading to a relatively high
level of TGF-B in nasopharynx [16], a favorable condition for Treg induction in NALT. It has been
shown in mice that carriage of S. pneumonia induces Treg that were associated with high levels of
TGF-p in nasopharynx [16]. We show in this study that the level of TGF-$3 was higher in tonsillar
cells from carriage+ children compared to carriage-children. Together with the finding of a higher
Treg frequency in carriage+ than in carriage- children, these results support the hypothesis that
TGF-pB signalling plays an important role in Treg induction in NALT in early childhood that
suppresses Th17 induction and leads to nasopharyngeal carriage of S. pneumoniae.

Taken together, our data suggest that the balance between mucosal Th17 and Treg in NALT evolve
with age from early childhood to adulthood, and become a critical determinant for pneumococcal
clearance from nasopharynx. The ability of Thl7 priming by S. pneumonia is generally low in
young children that may be related to the rapid and efficient priming of Treg during early childhood
(due to intensive microbial exposure) that inhibit Th17 induction. As Treg in NALT decreases with
age, the level of Th17 induction increases. This leads to a shift in the balance between Th17 and
Treg in NALT to an environment favourable for Thl7-mediated pneumococcal clearance in
nasopharynx. Efficient priming of Th17 in NALT in early childhood to interrupt Treg-mediated

carriage may become an effective vaccination strategy against pneumococcal infection [52].

Figure legends

Figure. Frequency of Th17 in NALT increases with age. Gating strategy for determination of
frequencies of Th17 and Treg by flow-cytometry (a). Lymphocytes were gated (R1) based on typical
forward and sideward scatter (FSC and SSC) plots; CD4+ T cells (R2) were then gated based on CD3+ and
CD4+ staining and percentage of IL-17A+ CD4+ T cells or Foxp3+ CD4+ T cells was subsequently
calculated as Th17 or Treg frequency. Comparison of frequencies of Th17 in tonsillar MNC between
children and adults ((b), ***p<0.001 compared to children); and comparison between Th17 in
tonsillar MNC and PBMC ((c), **p<0.01 compared to PBMC). Correlation between frequency of
tonsillar Th17 and age ((d), *p<0.05, **p<0.01, ***p<0.001 compared to 2-4 year group).



Figure 2. Frequency of Treg in NALT decreases with age. Frequency of Foxp3+ Treg in tonsillar
MNC was analyzed and compared with PBMC ((a), **p<0.01) and compared between children and
adults ((b), **p<0.01). Correlations between frequency of tonsillar Treg and age (c) and between

Treg and Th17 frequencies in tonsillar MNC.

Figure 3. Correlation between the ratio of tonsillar Th17/Treg frequencies and pneumococcal
carriage. Tonsillar Th17 frequencies were compared between carriage+ and carriage- children ((a),
#p=0.08 compared to carriage+ children). The ratio of tonsillar Th17/Treg frequency was compared
between adults and children ((b), ***p<0.001 ). The ratio of tonsillar Th17/Treg frequencies was
analyzed and was found to increase with age ((c), p<0.001), and was higher in carriage- than in

carriage+ children ((d), **p<0.01 compared to carriage+ children ).

Figure 4. Pneumococcal stimulation activates memory Th17 response that is correlated with
pneumococcal carriage. Stimulation of tonsillar MNC for 24 hours with wild type pneumococcal
CCS activates a memory Th17 response in tonsillar MNC (a, **p<0.01 compared with
pneumococcal culture medium only control). Stimulation with pneumococcal CCS elicits increases
in Th17 number ((b), p<0.05), IL-17A concentration ((c), p<0.05) and in the ratio of Th17/Treg in
tonsillar MNC which was higher in carriage- than in carriage+ children ((d), **p<0.01); but it
elicits a higher level of TGFf production in tonsillar MNC in carriage+ than in carriage- children
((e), *p<0.05).

Figure 5. Induction of Th17 by pneumococcal stimulation. Memory/effector T cell-depleted
tonsillar MNC were stimulated by pneumococcal CCS in the presence of IL1B/TGFp/IL21 for 7
days followed by co-incubation with PMA/lonomycin for 5 hours. Induction of Th17 cell
differentiation from naive tonsillar T cells (a), and IL-17A (b) and IL-17F (c) production following
stimulation with wild type CCS. **p< 0.01 compared to medium control. The level of Th17
indcution was shown to correlate with age (d. p<0.01). Comparison between IL-17A induced by
wild type CCS and by pneumolysin-deficient CCS (e, *p<0.05). Induction of Th17 cells was shown

by stimulation with recombinant pneumolysin and toxoid (f, p<0.01).

Figure 6. Induction of Treg by pneumococcal stimulation. Induction of FOxp3+ Treg from Treg-
depleted tonsillar MNC (by CD25+/CD45R0O+ cell-depletion) was shown following stimulation
with wild-type pneumococcal CCS (a, **p<0.01 compared to medium control), and no difference

was shown in the level of induction between different aged children (b).
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