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Abstract

Regulatory T cells (Treg) diminish immune responses to microbial infection, which may contribute to preventing
inflammation-related local tissue damage and autoimmunity but may also contribute to chronicity of infection.
Nasopharyngeal carriage of pneumococcus is common in young children and can persist for long periods but it is unknown
whether the presence of Treg in the nasopharynx contributes to this persistence. We have investigated the numbers and
activities of Foxp3+Treg in adenoidal tissues and their association with pneumococcal carriage in children. Expression of
Treg cell-related markers including Foxp3, CD25, CD39, CD127 and CLTA4 were analysed by flow-cytometry in adenoidal
mononuclear cells (MNC) and PBMC from children. Unfractionated MNC or Treg-depleted MNC were stimulated with a
pneumococcal whole cell antigen (WCA) and T cell proliferation measured. Cytokine production by MNC was measured
using a cytometric bead array. Higher numbers of CD25highFoxp3high Treg expressing higher CD39 and CTLA4 were found in
adenoidal MNC than in PBMC. Children with pneumococcus positive nasopharyngeal cultures had higher proportions of
Treg and expressed higher levels of CD39 and CTLA-4 than those who were culture negative (2). WCA induced adenoidal
Treg proliferation which produce IL10 but not IL17, and CD4 T cell proliferation in Treg-depleted MNC was greater in
pneumococcal culture positive than negative children. Significant numbers of Treg with an effector/memory phenotype
which possess a potent inhibitory effect, exist in adenoidal tissue. The association of pneumococcal carriage with an
increased frequency of adenoidal Treg suggests that Treg in nasal-associated lymphoid tissue (NALT) may contribute to the
persistence of pneumococcus in children. Further studies to determine what component and mechanisms are involved in
the promotion of Treg in NALT may lead to novel therapeutic or vaccination strategy against upper respiratory infection.
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Introduction

Regulatory T cells (Treg) play a key role in the control of

various aspects of the immune response including maintenance of

immune tolerance and prevention of autoimmunity [1]. Progress

has been made in recent years in the characterization of regulatory

cells, including Foxp3+ Treg. Until recently, the expression of the

transcription factor Foxp3+ on CD4 T cells was believed to

indicate thymus-derived natural Treg. However, there is mounting

evidence that Foxp3+ Treg also develop extrathymically, i.e.

adaptive Treg [2]. Studies in vitro show conversion of naı̈ve T

CD4+CD252 T cells into Foxp3+ Treg through TCR ligation in

the presence of TGF-b [3].

Up until now, intracellular expression of Foxp3 is still

considered the most specific single marker of Treg, although a

combination of phenotypic expression of CD4+CD25+CD127low

has also been established as a useful marker for natural Treg [4,5].

Some phenotypic markers such as CD39 and CTLA-4 have been

found to be associated with the activity of Treg [6–9]. In

particular, CD39 expression on Treg has been found to be

correlated with the inhibitory potency of Treg, and in humans it is

considered to be a marker of effector/memory Tregs [10].

Recently, a growing number of studies suggest that Treg play an

important role in the control of immunity to microbial pathogens

including bacteria, viruses and parasites [11]. The repertoire of

antigen specificities of Treg is considered to be broad, recognizing

both self and non-self antigens. It has been suggested that Treg can

be activated and expanded against a wide range of different

pathogens in vivo. Such pathogen-specific Treg may prevent the

infection-induced immunopathology but may prolong pathogen

persistence by inhibiting protective immunity favoring chronicity

of infections [12]. For example, Treg may contribute to the

immunopathogenesis of chronic infections including Human

Immunodeficiency virus (HIV), Hepatitis C virus (HCV) and
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Tuberculosis (TB) [13–15]. Mucosal Treg have been shown to be

important in the modulation of gastrointestinal tract inflammation

such as that related to Helicobacter pylori and HIV infection

[12,16]. However, data on mucosal Treg in the respiratory tract

infections in humans are limited.

Streptococcus pneumoniae (pneumococcus) is a leading cause of

bacterial pneumonia, meningitis and septicemia, and kills

millions of people each year worldwide, especially children.

Nasopharyngeal colonization with pneumococcus is common in

young children, as are mucosal pneumococcal infections such as

otitis media and pneumonia. By the age of three years, most

children develop natural T- and B-cell specific immune

responses to several pneumococcal protein antigens [17,18]

presumably due to previous colonization. These responses may

protect against pneumococcal carriage either by preventing

acquisition or hastening clearance or both and are induced in

‘‘nasal-associated lymphoid tissue’’(NALT) [19,20]. Neverthe-

less, pneumococcal nasopharyngeal carriage may be prolonged

and may recur throughout life. Therefore we hypothesized that

significant Treg activity in the nasopharynx may contribute to

the persistence of pneumococcus and perhaps, recurrent

infection in some cases, in children in the face of demonstrable

mucosal specific immunity.

Establishment of chronic intracellular infections such as HIV

and tuberculosis is associated with attenuated cell-mediated

immunity [21,22]. Pneumococcus is classically considered to be

an extracellular bacterium against which antibody responses play a

primary role in protection. However, recent studies in mice

suggest that CD4+T cell-mediated immunity to pneumococcal

protein antigens may play a major role in either preventing or

reducing the duration of pneumococcal mucosal colonization [23–

25]. Our own results also suggest that naturally developed CD4 T

cell-mediated immunity to pneumolysin, an intracellular pneumo-

coccal antigen released on autolysis, may be protective against

pneumococcal carriage in children [18].

No previous data are available on the role of Treg in the

regulation of CD4 T cell immunity to pneumococcus or other

upper respiratory tract-colonising bacteria in humans. Under-

standing the regulation of naturally-acquired mucosal immunity

should help inform the design of novel vaccination strategies

against pneumococcal colonization and/or infection. In this study,

we investigated both the association between numbers and

activities of Treg in adenoids and nasopharyngeal carriage of

pneumococcus in children, and the effects of Treg on CD4+ T cell

responses induced by pneumococcus in vitro.

Materials and Methods

Patients and samples
Adenoidal tissues and peripheral blood samples were obtained

from children (aged 3–6 years) undergoing adenoidectomy.

Patients who received antibiotics or systemic steroids within 3

weeks of surgery or who had any known immunodeficiency were

excluded from the study. A nasopharyngeal (NP) swab was taken

on the day that the operation was performed which was stored and

cultured for pneumococcus as described previously [18].

Ethics statement
The study was approved by the local Research Ethics

Committees (Liverpool Paediatric Research Ethics Committee

and South Bristol local research ethics committee) and written

informed consent was obtained from parents or carers in all cases.

Cell separation and culture
Adenoidal mononuclear cells (MNC) and peripheral blood

mononuclear cells (PBMC) were isolated by Ficoll gradient

centrifugation (GE Healthcare). Depletion of CD25+ cells was

performed using MACS magnetic microbeads separation (Milte-

nyi). To ensure purity, CD25+ cell-depleted cells were passed

through a second column and purity was confirmed by CD4/

CD25/CD127 and Foxp3 staining (both ,1% positive in CD4 T

cells by flow-cytometry). Adenoidal MNC, Treg-depleted MNC

or PBMC were cultured in RPMI medium (containing penicillin,

streptomycin and glutamine) with or without the addition of an

ethanol-killed unencapsulated pneumococcal whole cell antigen

(WCA) at 106 or 107 colony-forming unit (CFU) equivalents [26]

for up to 7 days. The WCA was derived from strain Rx1AL-, a

capsule- and autolysin-negative mutant described previously [26].

Briefly, the organism was grown to mid-log phase in Todd-Hewitt

Broth supplemented with yeast extract, killed by the addition of

70% ethanol, after which the cell pellet was harvested and

resuspended. A pneumolysin-negative WCA was made in the

same fashion, using an Rx1AL- strain in which the pneumolysin

gene was replaced by the Janus cassette, as previously described

[27]. In some experiment, WCA was treated with proteinase K

(200 ug/ml) for 1 hour at 37uC followed by heating (98uC,

30 min) before cell stimulation.

In some experiments, Treg were purified using magnetic

microbeads (MACS, Miltenyi) following manufacturer’s instruc-

tions. Briefly, CD4+ T cells were purified from adenoidal MNC

using negative selection followed by positive selection of CD25+
cells. To ensure CD25high T cell separation, the amount of anti-

CD25 antibody-labelled microbead was titrated, and the optimal

quantity was used. Also, to ensure purity, cells were passed

through magnetic columns twice for each separation. Purity

(.96%) of isolated Treg was confirmed by flow-cytometry

following Foxp3 staining.

Flow-cytometry
Multi-color flow-cytometry was performed to analyze the

phenotypic expressions of different cell subsets. Cells were stained

Author Summary

Streptococcus pneumoniae (pneumococcus) is a bacterium
that causes pneumonia, meningitis and blood poisoning.
Colonization with pneumococcus is common in young
children, which may be why they are prone to some
common infections such as otitis media (ear infection) and
pneumonia. As children age, most develop natural
immunity to pneumococcus due to previous colonization.
This immunity helps to prevent new infection and/or clear
carriage of pneumococcus. However, persistence of
carriage occurs in some children. The mechanisms for this
are not clear. A good understanding of this phenomenon
would help us to develop better ways to prevent
pnemococcal infection. We have found that the immune
tissues called adenoids (at the back of nose) in children
contain some immune cells called ‘‘regulatory cells’’ that
inhibit the naturally developed immunity to pnemococcus.
While the presence and action of these cells is important
to prevent self-tissue damage during infection (due to
excessive immune response), they contribute to the
persistence of pneumococcal carriage. We show evidence
that these cells may develop from the action of some
component of pneumococcus. Further studies are under-
way to determine what component and how it promotes
these cells, which may lead to better vaccines to prevent
pnemococcus and other similar infections.

Treg and Nasopharyngeal Carriage of Pneumococcus
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with fluorescence-labeled mouse anti-human antibodies to CD4,

CD25 and CD127, CD39, CD69, CD45RO following standard

procedures and analyzed on a FACSCalibur (BD Bioscience).

Intracellular expressions of Foxp3 and CTLA-4 (CD152) were

analysed by flow-cytometry following cell permeabilization

(eBioscience).

Carboxyfluorescein diacetate 5,6 succinimidyl ester (CFSE)(-

Molecular Probes) was used to label adenoidal MNC or PBMC

before cell culture, allowing for tracking of cell division after

stimulation as described previously [18,28]. Percentage of

proliferative T cell subpopulations including Foxp3+ subsets was

analyzed by CFSE and T cell marker staining followed by flow-

cytometry.

Measurement of cytokine production
Following cell culture and stimulation by antigens, cell culture

supernatants were collected and analysed for production of IL2,

IL4, IL5, IL10, IFNc and TNFa using a cytometric bead array

(BD Bioscience), and for IL17 using ELISA (R&D Systems)

following manufacturers’ instructions. Intracellular cytokine stain-

ing was performed in some experiments to determine the cellular

sources of cytokine production after stimulation by WCA as

described previously [29]. Briefly, adenoidal MNC were co-

cultured with WCA for 6 hours and together with brefeldin A

(eBioscience) in the last 4 hours. Cells were stained with

fluorescence-labeled anti-human CD4, followed by fixation,

permeabilization and staining with fluorescence-labeled Foxp3,

anti-IL10 or anti-IL17 (BD Biosience), and were then analyzed by

flow cytometry.

Statistical analysis
Two-group comparisons were analyzed using Student’s t test,

and multiple group comparisons by ANOVA. Correlation was

analysed by Pearson’s correlation. Analysis was performed using

SPSS software (SPSS version 16, SPSS Inc).

Results

Numbers of Treg and their expression of activation
markers in adenoidal tissue

The numbers of Treg (as percentage of CD4 T cells) in both

PBMC and adenoidal MNC were counted by staining for

Table 1. Proportion of Treg in CD4+T cells and percentages
of Treg expressing CD45RO and CD69 in PBMC and adenoidal
MNC.

PBMC Adenoidal MNC n

% Treg in CD4 T cells 6.5(1.9) 11.9(3.9)* 20

% Treg expressing CD45RO 24.0(6.1) 52.0(7.1)** 20

% Treg expressing CD69 4.7(1.6) 67.2(5.8)** 20

Mean percentages (SD) are shown. (*p,0.05, **p,0.01 compared to PBMC).
doi:10.1371/journal.ppat.1002175.t001

Figure 1. Expression of CD39 and CTLA4 by Foxp3+ Treg cells. Fluorescence histograms showing CD39 (A) and CTLA4 (B) expression by
Foxp3+ Treg cells in PBMC (black) and adenoidal MNC (AdMNC) (red) from one representative of 20 replicate experiments summarized in panel C.
(*p,0.01 compared to PBMC).
doi:10.1371/journal.ppat.1002175.g001

Treg and Nasopharyngeal Carriage of Pneumococcus
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intracellular Foxp3 and/or CD4, CD25 and CD127. The use of

CD4+CD25+ CD127low as a phenotype for Treg correlated well

with intracellular Foxp3 expression, both measured by flow-

cytometry, in both PBMC and adenoidal MNC (r = 0.91 and 0.90

respectively, n = 12, p,0.01). The proportion of Foxp3+Treg in

CD4+ T cells was higher in adenoidal MNC than PBMC (Table 1)

and the percentages of adenoidal Treg expressing CD45RO or

CD69 were also higher, in both cases, than in PBMC (both

p,0.01, Table 1). Similarly, levels of CD39 and intracellular

CTLA-4 expression were higher in adenoidal than in PBMC Treg

(Fig. 1A–C).

Higher levels of CD25 expression were observed in

adenoidal Treg than in PBMC when paired samples from

each individual were analyzed (data not shown, p,0.01). Co-

staining for CD25 and Foxp3 showed significant numbers of

Treg with a CD25highFoxp3high phenotype in adenoidal MNC

which were lacking in PBMC (Fig. 2A+B, region 3 (R3)). This

phenotype of Treg exhibited higher levels of expression of both

CD39 and CTLA-4 than CD25intermediateFoxp3intermediate cells

(Fig. 2C). In comparison with R3, R4 region (CD25intermedia-

teFoxp3low) which represents activated CD4+ T cells, showed

higher CTLA-4 but lower CD39 levels of expression (Fig. 2C).

Adenoidal Treg in children with pneumococcal
colonization

Children who had positive nasopharyngeal cultures for

pneumococcus (+) had higher proportions of Treg (Foxp3+ and/

or CD4/CD25/CD127low) among CD4+T cells in adenoidal

MNC than those who were culture negative (2) (Fig. 3A, p,0.05)

but no such difference in Treg numbers was seen in PBMC

(Fig. 3A, p.0.05). The adenoidal Treg from culture-positive

children also expressed higher levels of CD39 and intracellular

CTLA-4, again with no such differences seen in PBMC (Fig. 3B

and C).

Figure 2. Expression of CD25, Foxp3, CD39 and CTLA4 by CD4 T cell subsets. In Fig A, R1 represents CD252 Foxp32 (non-Treg) CD4 T cells,
defined as those with fluorescence comparable to isotype control staining. R2, R3 and R4 regions represent 3 distinctive cell populations shown in
adenoidal MNC (ADMNC) with fluorescence above the top of fluorescence of isotype staining for Foxp3 and/or CD25. R3 represents the cell population
with the highest fluorescence for both staining, defined as CD25highFoxp3high Treg. R2 represents those cells with intermediate fluorescence (between
R1 and R3) designated as CD25intermediateFoxp3intermediate Treg. R4 represents the CD25+Foxp3low cell population defined as activated CD4 T cells. One of
10 representative samples is shown in A. Fig B shows percentage of Foxp3+ Treg in PBMC and adenoidal MNC (*p,0.05, **p,0.01 compared to PBMC),
and Fig C shows their expression of CD39 and CTLA4 (*p,0.01 compared to R1, **p,0.01 compared to R2 and R4, #p,0.01 compared to R3).
doi:10.1371/journal.ppat.1002175.g002

Treg and Nasopharyngeal Carriage of Pneumococcus
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Pneumococcal WCA stimulation induces proliferation of
Treg

Pneumococcal WCA stimulation of adenoidal MNC induces a

dose-dependent increase in the numbers of Foxp3+ Treg

compared to unstimulated control cells (Fig. 4A, p,0.01). Pre-

treatment of pneumococcal WCA with proteinase K followed by

heating significantly reduced this effect (Fig. 4A), suggesting that

WCA-induced increase in Treg is protein-dependent. The mean

% increase in the Treg (of CD4 T cells) after WCA stimulation is

significantly higher in adenoidal MNC from pneumococcal

culture+ children than from culture2 children (Fig. 4B, p,

0.01). A small increase was also observed in PBMC after

stimulation with WCA (data not shown). Measurement of

CD4+T cell proliferation using CFSE confirmed that stimulation

with WCA induces both proliferation of Foxp3+ Treg and

Foxp32 effector CD4+T cells in adenoidal MNC (Fig. 4C).

Adenoidal Treg exhibit strong inhibition of CD4+ T cell
responses to WCA

To assess inhibition of T cell proliferation by adenoidal Treg,

CD25+ cell-depleted adenoidal MNC were analyzed for CD4+ T

cell proliferation following stimulation with pneumococcal WCA.

WCA induced significantly higher CD4+ T cell proliferation in

CD25+ cell-depleted MNC in those children who were pneumo-

coccal culture positive than in those who were culture negative

(Fig. 5a). The WCA-induced CD4+ T cell proliferation in

CD25+cell-depleted MNC was suppressed when purified Treg

(CD4+CD25+) were added back to the CD25+ cell-depleted

MNC (Fig. 5B, p,0.01).

Depletion of Treg from adenoidal MNC resulted in a significant

decrease in IL10 and IL5 but an increase in IL17, IFNc and

TNFa concentrations in the cell culture supernatant after WCA

stimulation (data not shown). The increase in concentrations of

IL17, IFNc and TNFa in Treg-depleted adenoidal MNC

following WCA stimulation was inhibited when purified Treg

were reintroduced, which also restored the IL10 and IL5

production (Fig. 5C). Intracellular cytokine staining shows that

Foxp3+ Treg in adenoidal CD4+ T cells secrete IL10 but not IL17

following stimulation by WCA (Fig. 6).

Discussion

Recent studies have suggested that human Treg are functionally

and phenotypically diverse. Foxp3+ Treg can be divided into

naı̈ve and effector/memory phenotypes according to the expres-

sion of CD45RA or RO, CD69 and CD25 [30]. Naı̈ve Treg are

characterized by their expression of CD45RA and low levels of

Foxp3, and effector/memory Treg by expression of CD45RO and

Foxp3high [30,31]. Although data in humans are lacking, animal

studies suggest that CD45RA+Foxp3low Treg are thymus-derived

natural Treg [30,31] which is supported by the finding that almost

all Foxp3+ CD4 T cells found in human cord blood are

CD45RA+Foxp3low T cells [32,33]. In this study, we found that

the majority of Treg in PBMC in children express CD45RA (i.e.

not expressing CD45RO), low levels of Foxp3, and do not express

CD69 (Table 1). Thus these Treg are likely to be thymus-derived

naı̈ve Treg. In contrast, over 50% Treg in adenoidal tissues

express CD45RO and CD69, and among them, a significant

proportion expressing Foxp3highCD25high. Together with the high

levels of CTLA-4 and CD39 expression (Fig. 1), these Foxp3high

CD25highTreg are likely to be of the effector/memory phenotype

with potent suppressive properties [30,34].

CD4+ T cells with the highest expression of CD25 were found to

have the strongest suppressive activity, and thus CD25high was used

as a marker of Treg [34], However, in humans, levels of CD25

expression tend to show a continuous distribution and there is no

consensus as to where the boundary lies between CD25high and

CD25low to intermediate expression. In this study, with a combination

of staining of Foxp3, CD4 and CD25, we demonstrate that Foxp3+
cells can be divided into two populations, Foxp3highCD25high and

Figure 3. Association of pneumococcal carriage and Treg cells
in adenoidal MNC. Percentages of CD4+Tcells which were Foxp3+
Treg (%Treg) (A) and their expression of CD39 (B) and intracellular
CTLA4 (C) in PBMC and adenoidal MNC (AdMNC) in children who were
culture positive (+) and negative (2) for pneumococcus. MFI – median
fluorescence intensity. (*p,0.05 compared to culture negative chil-
dren.) Culture+, n = 8; culture2, n = 12.
doi:10.1371/journal.ppat.1002175.g003

Treg and Nasopharyngeal Carriage of Pneumococcus
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Figure 4. Pneumococcal WCA stimulation induces proliferation of Treg. A). Proportions of Foxp3+ Treg in adenoidal CD4+T cells after
pneumococcal WCA stimulation at 106 and 107 (CFU equivalents) for 5 days. *p,0.0 1, **p,0.001 compared to control. #p,0.01 compared to WCA
107 CFU equivalents. #p,0.01 compared to WCA 107 CFU equivalents B). Mean % increase in Treg (of CD4+ T cells) after WCA stimulation (WCA 107 CFU
equivalents) in adenoidal MNC from pneumococcal culture+ (n = 6) and culture2 children (n = 6)(p,0.01). C). CFSE staining shows proliferation of both
Foxp3+ (Treg) and Foxp32 CD4+ T cells in adenoidal MNC following WCA stimulation. Result of one representative experiment of 6 replicates is shown.
doi:10.1371/journal.ppat.1002175.g004

Treg and Nasopharyngeal Carriage of Pneumococcus
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Figure 5. Adenoidal Treg exhibit strong inhibition of CD4+ T cell responses to WCA. CD4+ T cell proliferation (A+B) and cytokine
production (C) in the presence or absence of Treg after stimulation with pneumococcal WCA. A). % CD4+ T cell proliferation in adenoidal MNC and
Treg-depleted MNC from pneumococcal culture+ (n = 6) and culture2 children (n = 6) (*p,0.01 compared to culture2 group). B). CD4+ T cell
proliferation induced by WCA in Treg-depleted MNC suppressed by the repletion of purified Treg (*p,0.01 compared to Treg-depleted MNC+WCA,
n = 4. C). *p,0.01, #p,0.01 compared to Treg-depleted MNC+WCA.
doi:10.1371/journal.ppat.1002175.g005

Treg and Nasopharyngeal Carriage of Pneumococcus
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Foxp3intermediateCD25intermediate (Fig. 1A, region 3 and 2 respec-

tively). Significant numbers of the Foxp3+ Treg in adenoids are of

the former phenotype and express high levels of CD39, CTLA-4

and CD69. These results suggest that in human NALT there is a

pool of effector/memory phenotype of Treg with potent suppressive

function. These CD69+ Foxp3highCD25high effector Treg differ

phenotypically from the activated (non-Treg) CD4+ T cells which

express intermediate to high levels of CD25 but low levels of Foxp3

and marked levels of CTLA-4 (Fig. 2A and C, region 4).

We demonstrate here that the proportion of Foxp3+ Treg,

especially those of effector/memory phenotype, in adenoidal

tissues is significantly higher than in peripheral blood. High

numbers of Treg in NALT tissues could be induced by local

colonization with microbes or antigens, as there is mounting

evidence suggesting that the induction of Foxp3+ Treg occurs in

peripheral tissues in humans. HIV, TB and Leishmania

infections promote pathogen-specific Treg in the local inflam-

matory site including lymphoid tissues [35–38]. It has been

postulated that the presence of microbial pathogens in peripheral

tissues could lead to the accumulation of activated Treg (both

natural and inducible) that help maintain host immune

homeostasis [2,35,39].

In this study, we show that the proportion of adenoidal CD4+T

cells that are Treg in adenoids, but not in peripheral blood, was

significantly higher in children who were culture positive for

pneumococcus in their nasopharynges than in those who were

culture negative. This is the first report showing evidence of such

an association for any extracellular pathogen in the human

nasopharynx. This suggests that pneumococcal colonization in the

nasopharynx may contribute to the induction and/or promotion

of adaptive Treg in adenoids, and that these Treg may contribute

to the delayed clearance or persistence of pneumococcal carriage

in children. We also show that in vitro stimulation with a

pneumococcal whole cell antigen (WCA) can induce an increase

in the numbers of Treg in adenoidal MNC, and the increase is

significantly higher in those children who are culture positive for

pneumococcus. This would be consistent with the hypothesis that

local colonization with pneumococcus promotes antigen-specific

Treg in vivo in local lymphoid tissues adjacent to the site of

colonization, which proliferate upon pneumococcal WCA stimu-

lation.

To determine whether these Treg in adenoidal tissues are

functional and induce antigen-specific inhibition of T cell

responses, we compared the WCA-induced effector CD4 T cell

Figure 6. Cytokine expression by Foxp3+ Treg in adenoidal cells. Percentage of Foxp3+ Treg in adenoidal MNC after stimulation with WCA
compared with unstimulated medium control (A). Intracellular cytokine staining shows IL-10 (B) and IL-17 (C) production by Foxp3+ Treg and Foxp32
CD4+ T cells after WCA stimulation compared with unstimulated control. Only CD4+ T cell gate is shown in B and C. Result of one representative
experiment of four replicates is shown.
doi:10.1371/journal.ppat.1002175.g006

Treg and Nasopharyngeal Carriage of Pneumococcus
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proliferation in the presence or absence of Treg. We show that

depletion of adenoidal Treg leads to marked increase in WCA-

induced CD4+ T cell proliferation and proinflammatory cytokines

including IL17, TNFa and IFNc and replacement of the Treg

abolished such effects. We also show that the increase in CD4+ T

cell proliferation was significantly higher in children who were

culture positive for pneumococcus than those who were culture

negative. These results are consistent with the hypothesis that the

adenoidal Treg are potent inhibitors and have antigen-specific

inhibitory effects on CD4 T cell responses.

Recent data in mice suggest that Th17 cells which secrete IL17

may play a critical role in protection against nasopharyngeal

carriage of pneumococcus through promoting neutrophil-mediat-

ed phagocytic killing [40]. It is now well recognized that Treg and

Th17 are two T cell subsets with opposing actions and interplay in

the regulation of inflammation and autoimmunity [41]. This is

supported by our results here that adenoidal Treg secrete the

inhibitory cytokine IL10 but not IL17 (Fig. 6). The results in this

study suggest a potent inhibitory effect on Th17 cells by adenoidal

Treg which would be consistent with a role of Treg in the

persistence of pneumococcal carriage in children.

It is unclear what component of pneumococcus may contribute

to the promotion of Treg in adenoids. Proteinase treatment of

WCA reduced the inhibitory effect on WCA-induced CD4+ T cell

proliferation, suggesting that pneumococcal protein(s) may con-

tribute to the accumulation of adenoidal Treg. No difference was

shown in the increased frequency of Treg induced by the wild-type

WCA and an isogenic pneumolysin-negative WCA (data not

shown), which suggests pneumolysin may not contribute signifi-

cantly in this respect.

It has been reported previously that Treg numbers at the

mucosal site, tonsil and lymph node, were highly increased in

untreated patients with HIV infection, whereas in contrast, the

Treg numbers in peripheral blood of these patients were not

increased compared to healthy controls [12,35,42]. Taken

together, these results support the hypothesis that chronic infection

or persistent antigen promotes the expansion and activation of

antigen-specific Treg in the local tissues [43].

In conclusion, significant numbers of Treg exist in adenoids of

children with an effector/memory phenotype which possess potent

inhibitory effect on CD4 T cell proliferation. The association of

pneumococcal carriage in the nasopharynx with an increased

frequency of Treg in adenoids suggests that local colonization with

pneumococcus promotes pathogen-specific Treg of the effector/

memory phenotype which may contribute to the delayed

clearance or persistence of pneumococcus in children. Further

studies to determine which pneumococcal components and what

mechanisms are involved in the promotion of antigen-specific

Treg in the nasopharynx may lead to novel therapeutic or

vaccination strategies against upper respiratory colonization and/

or infection.

Author Contributions

Conceived and designed the experiments: QZ AF. Performed the

experiments: QZ SCL PSM AM. Analyzed the data: QZ SCL PSM AM

AF. Contributed reagents/materials/analysis tools: QZ SCL PSM RM.

Wrote the paper: QZ SCL PSM RM AF.

References

1. Sakaguchi S, Sakaguchi S (2004) Naturally arising CD4+ regulatory t cells for

immunologic self-tolerance and negative control of immune responses. Annu
Rev Immunol 22: 531–562.

2. Belkaid Y, Belkaid Y (2008) Role of Foxp3-positive regulatory T cells during

infection. Eur J Immunol 38: 918–921.

3. Chen W, Jin W, Hardegen N, Lei KJ, Li L, et al. (2003) Conversion of

peripheral CD4+CD252 naive T cells to CD4+CD25+ regulatory T cells by
TGF-beta induction of transcription factor Foxp3. J Exp Med 198: 1875–1886.

4. Seddiki N, Santner-Nanan B, Martinson J, Zaunders J, Sasson S, et al. (2006)

Expression of interleukin (IL)-2 and IL-7 receptors discriminates between human
regulatory and activated T cells. J Exp Med 203: 1693–1700.

5. Liu W, Putnam AL, Xu-Yu Z, Szot GL, Lee MR, et al. (2006) CD127

expression inversely correlates with FoxP3 and suppressive function of human
CD4+ T reg cells. J Exp Med 203: 1701–1711.

6. Fletcher JM, Lonergan R, Costelloe L, Kinsella K, Moran B, et al. (2009)

CD39+Foxp3+ regulatory T Cells suppress pathogenic Th17 cells and are
impaired in multiple sclerosis. J Immunol 183: 7602–7610.

7. Izcue A, Coombes JL, Powrie F, Izcue A, Coombes JL, et al. (2006) Regulatory
T cells suppress systemic and mucosal immune activation to control intestinal

inflammation. Immunol Rev 212: 256–271.

8. Zheng Y, Manzotti CN, Burke F, Dussably L, Qureshi O, et al. (2008)
Acquisition of suppressive function by activated human CD4+ CD252 T cells is

associated with the expression of CTLA-4 not FoxP3. J Immunol 181:

1683–1691.

9. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, et al. (2008)

CTLA-4 control over Foxp3+ regulatory T cell function. Science 322: 271–275.

10. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, et al.
(2007) Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of

extracellular ATP and immune suppression. Blood 110: 1225–1232.

11. Rouse BT, Sarangi PP, Suvas S, Rouse BT, Sarangi PP, et al. (2006) Regulatory

T cells in virus infections. Immunol Rev 212: 272–286.

12. Epple HJ, Loddenkemper C, Kunkel D, Troger H, Maul J, et al. (2006) Mucosal
but not peripheral FOXP3+ regulatory T cells are highly increased in untreated

HIV infection and normalize after suppressive HAART. Blood 108: 3072–3078.

13. Kinter AL, Hennessey M, Bell A, Kern S, Lin Y, et al. (2004) CD25(+)CD4(+)
regulatory T cells from the peripheral blood of asymptomatic HIV-infected

individuals regulate CD4(+) and CD8(+) HIV-specific T cell immune responses

in vitro and are associated with favorable clinical markers of disease status. J Exp
Med 200: 331–343.

14. Bolacchi F, Sinistro A, Ciaprini C, Demin F, Capozzi M, et al. (2006) Increased
hepatitis C virus (HCV)-specific CD4+CD25+ regulatory T lymphocytes and

reduced HCV-specific CD4+ T cell response in HCV-infected patients with
normal versus abnormal alanine aminotransferase levels. Clin & Exp Immunol

144: 188–196.

15. Guyot-Revol V, Innes JA, Hackforth S, Hinks T, Lalvani A, et al. (2006)

Regulatory T cells are expanded in blood and disease sites in patients with
tuberculosis. Am J Respir Crit Care Med 173: 803–810.

16. Raghavan S, Holmgren J, Raghavan S, Holmgren J (2005) CD4+CD25+
suppressor T cells regulate pathogen induced inflammation and disease. FEMS

Immunol & Med Microbiol 44: 121–127.

17. Zhang Q, Bernatoniene J, Bagrade L, Pollard AJ, Mitchell TJ, et al. (2006)

Serum and mucosal antibody responses to pneumococcal protein antigens in
children: relationships with carriage status. Eur J Immunol 36: 46–57.

18. Zhang Q, Bernatoniene J, Bagrade L, Clarke E, Paton JC, et al. (2007) Low
CD4 T cell immunity to pneumolysin is associated with nasopharyngeal carriage

of pneumococci in children. J Infect Dis 195: 1194–1202.

19. Brandtzaeg P (2003) Immunology of tonsils and adenoids: everything the ENT

surgeon needs to know. Int J Pediatr Otorhinolaryngol 67 Suppl 1: S69–S76.

20. Kiyono H, Fukuyama S, Kiyono H, Fukuyama S (2004) NALT- versus Peyer’s-
patch-mediated mucosal immunity. Nat Rev Immunol 4: 699–710.

21. McMichael AJ, Rowland-Jones S (2001) Cellular immune responses to HIV.
Nature 410: 980–987.

22. Cooper AM, Cooper AM (2009) Cell-mediated immune responses in

tuberculosis. Annu Rev Immunol 27: 393–422.

23. Malley R, Trzcinski K, Srivastava A, Thompson CM, Anderson PW, et al.

(2005) CD4 T cells mediate antibody-independent acquired immunity to
pneumococcal colonization. Proc Natl Acad Sci USA 102: 4848–4853.

24. McCool TL, Weiser JN (2004) Limited role of antibody in clearance of
Streptococcus pneumoniae in a murine model of colonization. Infect Immun 72:

5807–5813.

25. Kadioglu A, Coward W, Colston MJ, Hewitt CR, Andrew PW (2004) CD4-T-

lymphocyte interactions with pneumolysin and pneumococci suggest a crucial
protective role in the host response to pneumococcal infection. Infect Immun 72:

2689–2697.

26. Malley R, Lipsitch M, Stack A, Saladino R, Fleisher G, et al. (2001) Intranasal

immunization with killed unencapsulated whole cells prevents colonization and
invasive disease by capsulated pneumococci. Infect Immun 69: 4870–4873.

27. Sung CK, Li H, Claverys JP, Morrison DA, Sung CK, et al. (2001) An rpsL

cassette, janus, for gene replacement through negative selection in Streptococcus

pneumoniae. Appl & Environ Microbiol 67: 5190–5196.

28. Zhang Q, Bagrade L, Clarke E, Paton JC, Nunez DA, et al. (2010) Bacterial
lipoproteins differentially regulate human primary and memory CD4+ T and B

Treg and Nasopharyngeal Carriage of Pneumococcus

PLoS Pathogens | www.plospathogens.org 9 August 2011 | Volume 7 | Issue 8 | e1002175



cell responses to pneumococcal protein antigens through Toll-like receptor 2.

J Infect Dis 201: 1753–1763.
29. Zhang Q, Bernatoniene J, Bagrade L, Paton JC, Mitchell TJ, et al. (2006)

Regulation of mucosal antibody production to pneumococcal protein antigens

by T-cell derived IFNg and IL-10 in children. Infect Immun 74: 4735–4743.
30. Sakaguchi S, Miyara M, Costantino CM, Hafler DA, Sakaguchi S, et al. (2010)

FOXP3+ regulatory T cells in the human immune system. Nat Rev Immunol
10: 490–500.

31. Valmori D, Merlo A, Souleimanian NE, Hesdorffer CS, Ayyoub M, et al. (2005)

A peripheral circulating compartment of natural naive CD4 Tregs. J Clin Invest
115: 1953–1962.

32. Miyara M, Yoshioka Y, Kitoh A, Shima T, Wing K, et al. (2009) Functional
delineation and differentiation dynamics of human CD4+ T cells expressing the

FoxP3 transcription factor. Immunity 30: 899–911.
33. Fritzsching B, Oberle N, Pauly E, Geffers R, Buer J, et al. (2006) Naive

regulatory T cells: a novel subpopulation defined by resistance toward CD95L-

mediated cell death. Blood 108: 3371–3378.
34. Baecher-Allan C, Brown JA, Freeman GJ, Hafler DA, Baecher-Allan C, et al.

(2001) CD4+CD25high regulatory cells in human peripheral blood. J Immunol
167: 1245–1253.

35. Andersson J, Boasso A, Nilsson J, Zhang R, Shire NJ, et al. (2005) The

prevalence of regulatory T cells in lymphoid tissue is correlated with viral load in
HIV-infected patients. J Immunol 174: 3143–3147.

36. Shafiani S, Tucker-Heard G, Kariyone A, Takatsu K, Urdahl KB, et al. (2010)

Pathogen-specific regulatory T cells delay the arrival of effector T cells in the

lung during early tuberculosis. J Exp Med 207: 1409–1420.

37. Nilsson J, Boasso A, Velilla PA, Zhang R, Vaccari M, et al. (2006) HIV-1-driven

regulatory T-cell accumulation in lymphoid tissues is associated with disease

progression in HIV/AIDS. Blood 108: 3808–3817.

38. Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL, et al. (2002)

CD4+CD25+ regulatory T cells control Leishmania major persistence and

immunity. Nature 420: 502–507.

39. Maizels RM, Maizels RM (2005) Infections and allergy - helminths, hygiene and

host immune regulation. Curr Opin Immunol 17: 656–661.

40. Lu YJ, Gross J, Bogaert D, Finn A, Bagrade L, et al. (2008) Interleukin-17A

mediates acquired immunity to pneumococcal colonization. PLoS Pathogens 4:

e1000159.

41. Mai J, Wang H, Yang XF, Mai J, Wang H, et al. (2010) Th 17 cells interplay

with Foxp3+ Tregs in regulation of inflammation and autoimmunity. Front

Biosci 15: 986–1006.

42. Kinter A, McNally J, Riggin L, Jackson R, Roby G, et al. (2007) Suppression of

HIV-specific T cell activity by lymph node CD25+ regulatory T cells from HIV-

infected individuals. Proc Natl Acad Sci USA 104: 3390–3395.

43. Sakaguchi S, Sakaguchi S (2003) Regulatory T cells: mediating compromises

between host and parasite. Nat Immunol 4: 10–11.

Treg and Nasopharyngeal Carriage of Pneumococcus

PLoS Pathogens | www.plospathogens.org 10 August 2011 | Volume 7 | Issue 8 | e1002175


