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Abstract

Intranasal exposure to Streptococcus pneumoniae as well as mucosal or parenteral immunization
with a recently developed killed pneumococcal whole cell vaccine, confer Th17-mediated
protection against subsequent S. pneumoniae colonization in mice. Given our interest in the
function of Th17 cells and the ongoing efforts to develop this vaccine for use in infants and
children in developing countries, we analyzed Th17 responses to the whole cell antigen (WCA)
and individual pneumococcal antigens in healthy individuals and patients with pneumococcal
disease and compared responses in children and adults from Sweden and Bangladesh. Peripheral
blood mononuclear cells (PBMCs) isolated from Swedish adults produced IL-17A after
stimulation with WCA, with the pneumolysoid PdT and with the protein required for cell
separation in group B streptococci (PcsB). IL-22 and IFN-+y responses were also detected, but
these cytokines originated from separate CD4+ T cell subsets. PBMCs from Swedish children
produced lower levels of IL-17A in response to WCA compared to adults, whereas no such
difference was noted from the samples from Bangladesh, where responses by children and adults
were both significantly higher than those in Sweden. High IL-17A responses to stimulation with
WCA were also observed in children with proven or probable pneumococcal pneumonia. Our
results thus demonstrate the presence of Th17-type T cells that are specific for pneumococcus in
both children and adults. The different levels of Th17 responses to pneumococci in children and
adults in developing and developed countries, which may at least partly be due to differences in
exposure to pneumococci, are important factors to consider in the evaluation of candidate
pneumococcal protein-based vaccines in human trials.
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Introduction

Streptococcus pneumoniae colonizes the nasopharynx as part of the normal flora, but is also
an important cause of diseases, including otitis media, pneumonia, sepsis and meningitis [1,
2]. Over 800 000 children under 5 years of age are estimated to die from pneumococcal
diseases worldwide each year, with a majority of cases in developing countries [3]. S.
pneumoniae colonization precedes development of disease [2]. Children in developing
countries have higher colonization rates and earlier acquisition of disease than children in
the developed world [4, 5]. Although the introduction of pneumococcal capsular
polysaccharide conjugate vaccines has been accompanied by impressive reductions in
invasive disease attributable to pneumococcal strains covered by the vaccine, issues of
serotype coverage, serotype replacement and cost may limit the applicability of this strategy
for the developing world [6, 7]. Therefore, there is a continued search for new
pneumococcal vaccines that can give rise to broader protection against pneumococcal
colonization and disease, by inducing other arms of immunity than the anticapsular antibody
responses elicited by the conjugate vaccines [8].

Intranasal exposure to live S. pneumoniae [9] as well as mucosal [9-11] and parenteral
vaccination [12] with killed whole cell antigen (WCA) in combination with adjuvants can
protect mice against pneumococcal colonization in the absence of antibodies. This
protection is critically dependent on CD4+ IL-17A producing Th17 cells and levels of
IL-17A produced by blood cells stimulated with WCA correlate with protection in this
vaccination model [13]. Th17-dependent protection can also be induced in mice by mucosal
immunization with a combination of purified pneumococcal proteins (a nontoxic derivative
of pneumolysin, PdT, pneumococcal surface protein C, PspC, and pneumococcal surface
adhesin A, PsaA), administered together with cholera toxin [14].

The broad protection afforded by the whole cell vaccine as well as its low production costs
may make it particularly suitable for use in developing countries. This vaccine has been
produced under Good Manufacturing Practice (GMP) conditions for use in human trials [12]
and a Phase | clinical study of healthy adult volunteers has been initiated. However, little is
known about Th17 responses to pneumococci in humans. In particular, it has been
suggested, although not proven, that these T cell responses contribute to the age-dependent
decrease in pneumococcal colonization and disease in children. In support of this possibility,
a recent epidemiological study in Bangladesh suggested serotype-independent protection
against S. pneumoniae in infants, indicating that factors other than anticapsular antibodies
may be important for early pneumococcal protection [15]. IL-17A responses to WCA have
previously been described in studies using whole blood from healthy American adults as
well as from mononuclear cells derived from tonsils collected from 2-12 year-old British
children [13]. Preliminary data also suggest that production of the Th17-associated cytokine
IL-22 in response to WCA stimulation may be inversely correlated to the risk of subsequent
pneumococcal colonization in patients with chronic obstructive pulmonary disease (COPD)
[16]. However, the cellular source of the IL-17A and IL-22 measured in these studies has
not been investigated. Furthermore, it is unclear whether responses differ in children and
adults and whether Th17 responses to pneumococci are influenced by the different levels of
pneumococcal colonization and disease present in various parts of the world.
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In this study, we analysed Th17 and antibody responses to pneumococcal antigens in adults
and children in Sweden and Bangladesh. Pneumococcal colonization is established very
early in life in Bangladesh, with 50% of infants colonized at least once by 8 weeks of age,
90% by the age of 21 weeks and 100% at 1 year [5]. The colonization rate also remains high
in older children and young adults in this population. In contrast, a later onset of
pneumococcal acquisition and lower carriage rates have been observed in Swedish infants
[17], a pattern that is consistent with several other reports comparing pneumococcal
epidemiology in developing and developed countries [18-22].

Here we demonstrate the presence of Th17 type T cells that are specific for pneumococcus
in both children and adults. We also show that, in contrast to Swedish children who produce
low levels of IL-17A in response to WCA, children from Bangladesh have robust IL-17A
responses to these antigens that are comparable to that of adults from the same country.

Materials and methods

Subjects and sample collection

Antigens

Heparinized venous blood was collected from Swedish and Bangladeshi adults and children
(Table 1). Healthy Swedish adults were recruited among students and staff at the
Sahlgrenska Academy, University of Gothenburg. A majority of the adults were previously
immunized with the Bacillus Calmette-Guérin (BCG) vaccine. Control Swedish children
were recruited from patients at Queen Silvia’s Children’s hospital, Gothenburg (Table 2).
These healthy children came to the hospital for control visits (n=8) or presented for reasons
unrelated to any acute infectious disease (n=3, broken elbow, testicular torsion or dog bite).
Children with pneumococcal disease were recruited at the same hospital and were
preliminarily identified as possible cases of pneumococcal invasive disease based on
medical history and positive blood culture or urine antigen test (Binax NOW) (Table 2). A
sample obtained within 10 days after disease onset, while the child had acute disease
symptoms, was defined as representing “acute infection”; a sample obtained between the
first and third week of disease, when acute disease symptoms had been resolved, was
classified as “post infection”; and a sample obtained subsequently, once the child had fully
recovered, was defined as a convalescence sample. Because Binax NOW has poor
specificity for the diagnosis of pneumococcal disease in children (due to high rates of
pneumococcal colonization) [23], we defined pneumococcal pneumonia/invasive disease as
an instance where a child had either a blood culture that was positive for S. pneumoniae or a
post infection/convalescent antipneumococcal antibody titer that was =2-fold higher than the
acute sample (Table 2). Healthy Bangladeshi children and adults were recruited in Mirpur, a
low-to middle-income community 10 miles west of Dhaka, the capital city of Bangladesh.
The Bangladeshi subjects were recruited in a study of immunity to H. py/lori[24], including
comparative control analyses of immune responses to Gram positive bacteria. Study
approval was granted by the Ethical Committee for Human Research in the Gothenburg
Region in Sweden and the Ethical Committee at the International center for diarrhoeal
disease research, Bangladesh (icddr,b). Informed consent was obtained from subjects or
parents, when applicable, before participation.

WCA was derived from strain Rx1AL-, a capsule and autolysin-negative mutant and
prepared as described [10, 11]. A 6xHis-tagged fusion of the pneumococcal toxoid PdT was
expressed and purified from pneumococcal strain Rx1, as previously described for the wild
type pneumolysin toxin [25] and 6xHis-tagged protein required for cell separation in group
B streptococci (PcsB, amino acid 28-278) and PsaA (amino acid 22—-309) proteins were
expressed in E. coli and purified using standard methods. Level of purity of these proteins
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was >95% as determined by SDS gel; PdT and PsaA had undetectable levels of LPS
contamination (<0.2 ng/mg of protein); the level of LPS contamination in PcsB was
measured at 13.5 ng/mg of protein, resulting in stimulation concentrations around 130 pg/
ml, levels that do not appear to influence Th17 responses in our studies (data not shown).
Purified protein derivative of Mycobacterium tuberculosis (PPD) was purchased from
Statens Serum Institut (Denmark), phytohemagglutinin (PHA) from Remel (UK) and
staphylococcus enterotoxin B (SEB) from Sigma (Germany).

Cell isolation and stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation on
Ficoll-Isopaque (Pharmacia). CD4+ T cells were depleted from the PBMCs using
Dynabeads (Invitrogen) and CD45RA+ naive cells and CD45RO+ effector/memory cells
were depleted using MACS beads (Miltenyi) according to the instructions provided by the
manufacturers. Depletion resulted in <5% of the depleted cell population remaining among
the PBMCs, as determined by flow cytometry.

For analysis of cell proliferation and cytokines in cell culture supernatants, PBMCs (1.5x10°
cells/well) were incubated in round-bottomed 96-well culture plates (Nunc). PBMCs were
stimulated with WCA (1 pg/ml), PdT, PcsB, and PsaA (all at 10 pg/ml), PPD (5 pg/ml) and
PHA (1 ug/ml). In some experiments, anti-HLA-DR, -DP, -DQ antibodies (anti-MHCII
antibodies, clone TU39) or isotype control antibodies (mouse 1gG2a) were added to the cells
at the start of the culture (BD Pharmingen, all at 25 pg/ml). After 5 days, 100 ul supernatant
were collected from each well and the samples were frozen at —70°C until assayed for
cytokines. To analyze cell proliferation, the cells were pulsed with 1 uCi/well of [3H]-
thymidine (Amersham) for 8 hours, where after the plates were frozen. The cells were later
harvested onto nylon filters (Wallac) and analyzed with a scintillation counter (Trilux 1450
MicroBeta, Wallac).

For analysis of intracellular cytokine production by flow cytometry, PBMCs (1.5x10° cells/

tube) were stimulated with WCA (1 pg/ml), PPD (5 pg/ml), SEB (1 pg/ml) or medium alone
in the presence of anti-CD28 (1 ug/ml, clone CD28.2, BD) and anti-CD49d antibodies (1 ug/
ml, 9F10, BD) for 16 hours. Brefeldin A (10 pg/ml, Sigma) was added to the cultures after 2
hours of incubation.

All cell culture experiments were performed at 37°C in 5% CO», using DMEM F12 medium
(Invitrogen) with 5% human serum (prepared at the blood bank, Sahlgrenska University
Hospital, Sweden) and 50 pg/ml gentamicin (Sigma).

Cytokine analyses

The concentration of cytokines in culture supernatants were determined using ELISA
(IL-17A; eBiosciences, 1L-22; R&D) following manufacturer’s instructions.

Antibody analyses

Plasma and serum anti-WCA IgG and IgA titers were determined by ELISA. Briefly, high
binding 96-well plates (Greiner) were coated with 75 pul WCA (100 pg/ml) at +4°C
overnight. Plasma samples were tested at an initial dilution of 1:2-1:20 and titrated 3-fold.
After incubation for 2 h at 37°C, plates were developed with rabbit anti-human IgA, and 1gG
antibodies conjugated with horseradish peroxidase (Jackson ImmunoResearch Laboratories,
PA) and o-phenylene diamine and H,O,. Endpoint titers were determined as the reciprocal
dilutions giving an absorbance of 0.4 above the background levels at 450 nm.
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Flow cytometric analysis

For analysis of the purity of PBMCs depleted of CD4+, CD45RA+ and CD45RO+ cells,
cells were stained with combinations of the following antibodies diluted in phosphate
buffered saline with 0.05% sodium azide and 0.1 % BSA (FACS buffer): anti-CD4 PerCP
(clone SK3), anti-CD3 APC (SK7), anti-CD45R0 PE (UCHL1) and anti-CD45RA-FITC
(L48) (all from BD Pharmingen). Cells were analyzed using FACSCalibur flow cytometer
(BD).

For analysis of intracellular cytokine production, stimulated cells were first stained with
LIVE/DEAD Fixable Dead Cell Stain Kit (aqua fluorescent reactive dye, Invitrogen) and
then labelled with anti-CD3-Pacific Blue (UCHTL1) and anti-CD4-Alexa Fluor 700 (RPA-
T4) antibodies (both from eBioscience) diluted in FACS buffer. After washing, cells were
fixed and permeabilised using cytofix/cytoperm solution (BD). After washing in perm wash
solution (BD), the cells were labelled with anti-CD3-Pacific Blue, anti-IFN-y FITC
(25723.11, BD), anti-1L-17A PE (eBio64DECL17, eBioscience) and anti IL-22 Alexa Fluor
645 antibodies (22URTI, eBioscience) diluted in perm wash solution. After washing, the
cells were suspended in FACS buffer and immediately analyzed using a LSRII flow
cytometer (BD).

All flow cytometric data were analyzed with FlowJo software (Tree Star Inc.). For analysis
of intracellular cytokine production, dead cells were identified as AmCyan positive and
excluded from the analyses.

Statistical analysis

Results

The Mann-Whitney test was used to evaluate whether differences between two groups were
statistically significant. Correlation analyses were performed using the Spearman test.
Results were considered statistically significant if £<0.05.

Circulating cells from Swedish adults produce Th17 type cytokines in response to
stimulation with pneumococcal antigens

We examined the IL-17A andIL-22 responses from Swedish adults by stimulating their
PBMCs with WCA and with the purified pneumococcal proteins PdT, PcsB and PsaA;
antigens which have been proposed as components of protein-based pneumococcal vaccines
[26, 27]. PBMCs from almost all individuals (32/38) responded to WCA-stimulation with at
least 2-fold increased production of both IL-17A over the background of unstimulated
cultures (Fig 1A). Stimulation with PdT also gave rise to strong IL-17A responses, whereas
PcsB stimulation resulted in somewhat lower, IL-17A concentrations. In contrast, PsaA
stimulation resulted in nondetectable I1L-17A production (<4 pg/ml) in a majority of the
subjects. The levels of IL-17A produced in response to WCA and PdT were significantly
correlated (P=0.004, r=0.69). WCA-induced IL-17A production from the majority of
individuals was within the same range as responses to the control antigen PPD (Fig 1A),
which has previously been reported to give rise to Th17 responses in humans exposed to
mycobacteria or immunized with the BCG vaccine [28, 29]. The polyclonal activator PHA
always induced higher I1L-17A responses than stimulation with pneumococcal antigens,
when compared on an individual basis. 1L-22 was also readily detectable following
stimulation with pneumococcal antigens (Fig 1B), with strong responses induced by WCA
and PdT, lower responses to PcsB, and undetectable responses to PsaA in most individuals.
PPD and PHA also induced strong IL-22 responses. Stimulation with WCA, PdT and the
control antigens, but not PcsB and PsaA, also induced cell proliferation (Fig 1C).
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Collectively, these results demonstrate that cells from adults respond to both WCA and
purified pneumococcal antigens by producing the Th17-associated cytokines IL-17A and
IL-22.

IL-17A and IL-22 are primarily produced by CD4+ effector/memory T cells

To determine which cells were responsible for IL-17A and IL-22 production, PBMCs from
adults were depleted of CD4+ T cells and cytokine production from the depleted cells were
compared to the production from the original PBMC preparations. Depletion of CD4+ T
cells strongly reduced the production of both IL-17A and IL-22 in response to stimulation
with WCA (Fig 2A and B) as well as PHA (data not shown). To further verify that the
responses to WCA originate from CD4+ T cells and are dependent on a functional
interaction between the T cell receptor and the MHCII-complex, the effect of addition of
anti-MHCII antibodies was investigated. Addition of such antibodies strongly reduced the
production of both IL-17A and IL-22 , but little effect was seen after addition of isotype
control antibodies (Fig 2 C and D), supporting the hypothesis that, in response to
pneumococcal antigen stimulation, both cytokines are dependent on MHCII interactions and
primarily produced by CD4+ T cells.

To further determine the phenotype of the cells producing IL-17A and IL-22 upon
stimulation with WCA, we depleted CD45RO+ effector/memory cells and CD45RA+ naive
cells from PBMCs. Depletion of effector/memory cells resulted in complete abolishment of
IL-17A secretion (Fig 2E) as well as strong reduction in IL-22 production (Fig 2F). In
contrast, depletion of naive cells had only marginal effects on cytokine secretion in response
to WCA. Responses to the control antigen PPD were also largely eliminated by the depletion
of effector/memory cells (Fig 2 E and F) and CD4+ cells (data not shown).

Taken together, these results suggest that the IL-17A and IL-22 detected after stimulation
with WCA are primarily produced by CD4+ effector/memory T cells.

IL-17A and IL-22 are produced by separate CD4+ T cell subsets

We found a significant correlation between the concentrations of IL-17A and IL-22 in
supernatants collected from cells stimulated with WCA (Fig 3A) as well as PdT (Fig 3B).
To determine if this correlation is a result of co-expression of the two cytokines by the same
subset of T cells, flow cytometric analyses of intracellular cytokine expression were
performed. These experiments confirmed that IL-17A was almost exclusively produced by
CDA4+ T cells (Fig 3C) and further showed that the frequencies of CD4+ cells expressing
IL-17A in response to WCA ranged from nondetectable levels (<0.001%) to 0.04%, with a
median of 0.03%. IL-17A was co-expressed with 1L-22 in small subsets of cells stimulated
with WCA or PdT (<0.02%), but the majority of the cells expressed either cytokine alone
(Fig 3D). A subset of CD4+ T cells also responded with production of IFN-y following
stimulation with WCA (median 0.03%, range 0-0.3%) and PdT (median 0.1%, range 0.01-
0.2%), but this cytokine was rarely co-expressed with IL-17A (Fig 3E) or IL-22 (not
shown). A similar pattern of limited co-expression of IL-17A with IL-22 or IFN-y was
found when cells were stimulated with SEB (Fig 3D and E).

Taken together, our results show that about 0.03% of the CD4+ T cells of adult Swedes
respond to WCA with IL-17A production and that, while the levels of IL-17A and IL-22
secreted in response to WCA correlate, these two cytokines are not produced by the same
cells.
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Cells from children produce Th17 cytokines in response to pneumococcal antigens and
the responses are stronger in Bangladeshi than in Swedish children

Our data thus indicate that, in response to pneumococcal stimulation, IL-17A and IL-22 are
predominantly produced by effector/memory CD4+ T cells, presumably as a consequence of
prior nasopharyngeal exposure. We thus hypothesized that PBMCs from young Swedish
children would have lower IL-17A and IL-22 responses to pneumococcal antigens compared
to adults in Sweden. To evaluate this, PBMCs were collected from healthy Swedish children
and stimulated with WCA.. Consistent with our hypothesis, only about 50% of the children
had detectable (>4 pg/ml) IL-17A production to the stimulation and these responses were
significantly lower than those detected in adults (Fig 4A). Cells from children also produced
significantly lower levels of IL-22 following stimulation with WCA compared to cells from
adults (P=0.002, data not shown).

Because pneumococcal epidemiology in developing countries differs significantly from that
in more developed settings [3, 5, 18], we also collected PBMCs from healthy children and
adults living in a low-to-middle income area in Bangladesh. Cells from Bangladeshi children
produced significantly higher levels of IL-17A than Swedish children (Fig 4A); in fact, the
responses were comparable to those detected in Bangladeshi adults. Furthermore, the
IL-17A responses in Bangladeshi adults were higher than in Swedish adults.

Collectively, these results suggest that both children and adults can produce Th17-type
cytokine responses following stimulation with pneumococcal antigens, but that the
responses differ between individuals living in a developed and a developing country,
presumably as a consequence of higher pneumococcal exposure, colonization and possibly
also mucosal or invasive disease in Bangladesh compared to Sweden [5, 17, 30, 31].

This inference is bolstered by the analysis of pneumococcal antibody titers in the two
populations. We found higher median pneumococcal 1gG antibodies in plasma from both
Bangladeshi children and adults compared to the concentration in plasma from the
corresponding groups in Sweden (Fig 4B), but this difference was only statistically
significant in adults. Pneumococcal IgA levels followed a similar pattern, with 5-fold
median difference in Bangladeshi compared to Swedish children and a 2-fold higher levels
in Bangladeshi compared to Swedish adults (Data not shown). The levels of pneumococcal
IgG and IgA were significantly higher in adults compared to children in both Sweden and
Bangladesh.

No correlation was found between IL-17A response levels and antibody titers in any of the
study groups (Fig 4C; Bangladeshi and Swedish children). Although the levels of
pneumococcal IgG antibodies in plasma correlated significantly with age of both
Bangladeshi and Swedish children, no correlation was found between the IL-17A response
levels and age (Fig 4C).

To control for the possibility that general functional differences in T-cell responses between
children and adults in the two populations may contribute to the increased IL-17A
concentrations detected in the Bangladeshi population, responses to the mitogen PHA were
also analyzed. While the PHA-induced responses of children in both settings were
significantly lower than those of adults, PBMCs from Bangladeshi children stimulated with
PHA produced significantly more IL-17A than Swedish children (Fig 4D).

Pneumococcal disease results in increased IL-17A responses to pneumococci

To study the relationship between exposure to pneumococci and the development of T cell
immune responses more directly, T cell responses to pneumococci were also analyzed in
children with proven or suspected pneumococcal disease. PBMCs were isolated from three
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Swedish children with pneumonia whose medical history was consistent with pneumococcal
infection and who tested positive for pneumococci in blood culture and/or whose post
infection/convalescing antibody titers suggested recent exposure to pneumococcus (Table
2). PBMC:s collected post-infection produced more IL-17A compared to cells collected at
the acute or convalescent phase or compared to Swedish control children without
pneumococcal infection (Fig 5). IL-17A responses to PHA were relatively stable at all time
points and no major differences were observed between PHA responses in control children
and children with pneumococcal disease (Data not shown). As a control, a child with
presumed nonpneumococcal pneumonia (negative urine antigen test and no increase in
pneumococcal antibody concentration in post infection/convalescent phase) was included,
and cells from this child produced undetectable levels of IL-17A (<4 pg/ml) both post-
infection and when examined in the convalescent phase (data not shown).

These results suggest that, in response to infection, IL-17A responses to pneumococcal
antigens are augmented, at least transiently. Together with our findings of high IL-17A and
antibody responses to pneumococci in Bangladeshi individuals, these results also suggest
that the range of responses detected in healthy children and adults may be the result of both
asymptomatic pneumococcal colonization and repeated episodes of mucosal or invasive
pneumococcal disease.

Discussion

An analysis of epidemiologic data suggests that the age-dependent development of
resistance to pneumococcal disease may be derived from factors other than anticapsular
antibodies [32, 33]. While the gradual acquisition of such resistance is almost certainly
multifactorial, the recent discovery from our group and others that, in mice, IL-17A
producing Th17 CD4+ T cells are important effector cells against S. pneumoniae
colonization have indicated the existence of one possible alternative mechanism [13, 34].
Exposure to live pneumococci or to a killed whole cell pneumococcal vaccine in mice
reduces subsequent pneumococcal colonization in an antibody-independent, CD4+ IL-17A
dependent manner [10, 13, 35]. This Th17 mechanism also mediates protection against
colonization after immunization with more well-defined vaccine preparations, including the
cell wall polysaccharide and purified pneumococcal proteins [14, 36, 37]. The preclinical
work on the whole cell antigen combined with efforts to develop inexpensive vaccines with
broad serotype coverage suitable for use in developing countries has led to the development
of a whole cell pneumococcal vaccine, which has recently been produced under GMP
conditions for clinical trials [12]. This vaccine, in contrast to conjugate vaccines, would
theoretically provide serotype-independent protection, via a dual mechanism that is
dependent on IL-17A producing T cells for prevention of colonization as well as
noncapsular antibodies for prevention of sepsis and death [12].

It is important to note, however, that to date and with a few exceptions [13, 16, 38-40], the
demonstration of IL-17A responses to pneumococci has been mostly based on murine
studies. It remains to be seen whether such an immune protective mechanism is operative in
humans. The work presented here confirms the existence of this type of immunological
response to pneumococcus in children and in adults and characterizes the IL-17A and IL-22
responses to pneumococcal antigens in humans. Thus, we found that PBMCs collected from
healthy Swedish adults respond to stimulation with WCA by producing IL-17A. Cell
depletion experiments and flow cytometric analysis confirmed that the detected IL-17A
originated from CD4+ effector/memory T cells, suggesting that natural exposure to
pneumococci gives rise to a Th17-type immune response in humans. IL-17A responses were
also observed following stimulation with PdT and, albeit to a lower extent, also with PcsB.
IL-17A responses to these purified pneumococcal antigens correlated with the responses to
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WCA, supporting the hypothesis that the observed responses originated from S.
pneumoniae-specific T cells. IL-17A responses to PcsB and PsaA were recently evaluated in
PBMCs collected from healthy adult or elderly Austrian volunteers [38]. Consistent with our
results, relatively stronger responses to PcsB and weaker responses to PsaA were observed.
However, we detected even stronger responses to stimulation with PdT than PcsB or any
other antigen tested, a finding which may be related to the Toll-like receptor (TLR) 4
agonistic activity of the toxin [41, 42]. However, our preliminary data indicate that T cell
responses to PdT can be strongly inhibited by addition of anti-MHCII antibodies to the
cultures (Data not shown). This suggests that the observed responses to PdT are dependent
on regular antigen processing and presentation of the PdT protein to the T cells, but that the
TLR activating capacity of the protein may contribute to and enhance the responses. IL-17A
responses to pneumolysin have also been reported in Gambian adults and British children
[39, 42]. The strong IL-17A responses detected to WCA, PdT and PcsB in our study as well
as in several previous studies demonstrate that these antigens are immunogenic in humans.

We further showed that IL-17A responses to WCA as well as PdT and PcsB are associated
with production of relatively high levels of IL-22 and that the concentrations of IL-17A and
IL-22 in culture supernatants correlate significantly. These data strongly suggest the
possibility that the cellular mechanisms whereby CD4+ T cells may reduce duration of
colonization are not solely dependent on IL-17A, or even Th17 cells alone. Indeed, although
initial studies suggested that 1L-22 is primarily co-produced with IL-17A in Th17 cells [43,
44], recent studies demonstrate that IL-22 can also be produced by separate subsets of T
cells [28, 45-47]. Consistent with these findings, flow cytometric analysis demonstrated that
these cytokines were primarily expressed by separate subsets of CD4+ T cells specific for
PdT or WCA. In contrast to IL-17A, which has a clear proinflammarory function, the role of
IL-22 is dependent on the microenvironment in which it is secreted [45]. In the context of
pneumococcal colonization and disease, recruitment and/or activation of neutrophils is likely
to be an important protective mechanism of IL-17A, since WCA immunization does not
protect mice depleted of neutrophils, and recombinant IL-17A can enhance both antibody-
dependent and -independent killing of pneumococci /n vitro[13]. IL-17A is also essential
for the recruitment of monocytes/macrophages to the site of pneumococcal colonization in
naive mice [34]. IL-22 can induce production of antimicrobial peptides, including beta
defensin 2 [43, 48], which can inhibit growth of pneumococcal bacteria [49], and is
important for epithelial regeneration and barrier function [45]. In addition, 1L-22 is
important in protection against several different infections, including pneumonia caused by
Gram-negative bacteria [45, 48]. Furthermore, in mice immunized with WCA, in vitro 1L-22
responses following stimulation with WCA correlate both with IL-17A responses and
protection from subsequent pneumococcal colonization (Lu YJ and Malley R., unpublished).

In addition to IL-17A and IL-22, IFN-y was also expressed by stimulation with WCA and
PdT, primarily by a subset of cells distinct from both IL-17- and IL-22-producing cells.
Although IFN-+y is clearly dispensable in mice for protection against pneumococcal
colonization after immunization with WCA [13], IFN-y may enhance many immune
functions, including killing and presentation of pneumococcal antigens by macrophages.

Overall, we believe that the data presented here as well as those obtained from various
mouse models commend further studies to ascertain the relative importance of IL-17A and
IL-22, as well as other CD4+ T cell cytokines, in natural protection against pneumococcal
colonization and possibly also a role for the measurement of these cytokines in the
evaluation of potential protein-based vaccine candidates. Since children are the main target
group for such vaccines, the ontogeny of these responses is a particularly important area of
study. Indeed, when we compared IL-17A responses in supernatants from PBMCs collected
from Swedish children and adults after stimulation with WCA, we found that PBMCs from
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children produce lower levels of IL-17A and IL-22 than cells from adults. Since we have
previously observed comparable frequencies of CD4+ T cells in PBMCs from children and
adults (Lundgren A. et al, unpublished data) the IL-17A production per CD4+ T cell is thus
lower in children, supporting the hypothesis that limited T cell immunity to pneumococci
may contribute to increased colonization in the younger age groups. However, when we
compared the IL-17A responses in Swedish individuals to those in adults or children living
in Bangladesh, a resource-poor country where pneumococcal colonization and disease begin
at an early age [5, 30, 31], we found that children from Bangladesh produced significantly
higher levels of IL-17A in response to WCA compared to Swedish children.

Our studies thus suggest a more complex view of the potential role of Th17 cells in
protection against pneumococcal colonization. While the results in Sweden are consistent
with our hypothesis that lower 1L-17A responses in children are a major determinant of their
greater propensity to colonization compared to adults, the results from Bangladesh are at
odds with this view. It is likely that increased exposure to pneumococci in Bangladeshi
subjects may, at least in part, contribute to differences in T cell responses between
individuals in Bangladesh and Sweden. Furthermore, the T cell responses to pneumococcal
antigens are likely to be influenced by multiple factors, including not only the frequency and
intensity of previous asymptomatic colonization of pneumococcal bacteria, but also genetic
factors and the use of antibiotics that may play a role in reducing carriage duration. The
crowded living circumstances in Mirpur, where the Bangladeshi subjects were recruited, are
also likely to result in more intense and frequent pneumococcal exposure in the Bangladeshi
compared to the Swedish adults. Furthermore, clinically apparent (or even asymptomatic)
episodes of pneumococcal disease in some individuals may also affect T cell responses, as
supported by the increased IL-17 responses observed in children with pneumonia and
clinical findings consistent with pneumococcal infection.

Levels of S. pneumoniae-specific antibodies in serum were also higher in Bangladeshi
compared to Swedish adults, supporting increased pneumococcal exposure in this
population. However, although the levels of IL-17A responses were also higher in
Bangladeshi compared to Swedish children, the pneumococcal antibody levels were not
significantly different between these two groups. Antibody responses in young children are
weak and of short duration [50]. Although Th1 type responses are often also impaired during
early life, Th17 type responses may be more easily triggered in young children, possibly as a
result of preferential production of Th17 inducing cytokines by antigen presenting cells [51].
Furthermore, maternal antibodies can limit induction of antibody responses, while having
little or instead enhancing effects on T cell responses [50]. It is therefore tempting to
speculate that pneumococcal antibody responses may develop more slowly than Th17 type
responses to the same antigens. However, over time, the increased exposure to pneumococci
in Bangladesh may eventually give rise to higher levels of both IL-17A and antibodies, as
observed in the adult populations.

The differences in T cell and antibody responses may also be partly explained by different
kinetics of the two types of immune responses; one could hypothesize that antibody levels in
serum may more closely reflect the cumulative exposure to pneumococcus, while the
numbers of T cells specific for pneumococcus circulating in peripheral blood at a specific
time point may be more strongly influenced by very recent exposure and therefore show
greater variation than the antibody levels. These potential differences in kinetics and
persistence of responses may further explain the lack of correlation between IL-17A and
antibody responses in our study.

Bangladeshi children also seemed to have a more general propensity to produce IL-17A than
Swedish children, since stimulation with PHA also resulted in higher levels of IL-17A
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production in Bangladeshi children. Since our depletion experiments showed that IL-17A is
primarily produced by memory/effector cells in response to PHA, the higher IL-17A levels
observed in Bangladeshi children may be explained by a higher proportion of memory/
effector T cells in this population as a result of frequent infections during early life. This
hypothesis is supported by a comparative study performed in Malawi and the UK, where
significantly higher proportions of memory cells were found in Malawian compared to age
matched UK adolescents [52]. Many of the infections frequently encountered by
Bangladeshi children during childhood may also specifically promote Th17 responses,
including gastrointestinal infections, such as H. pylori, Vibrio cholerae and Shigella, as well
as respiratory infections, including not only pneumococci, but also mycobacteria and
Bordetella pertussis [53].

We believe that a prospective and longitudinal assessment of pneumococcal Th17 and
antibody responses and pneumococcal colonization in children will help to further clarify
the questions raised in this study, including the ontogeny and kinetics of T and B cell
responses following repeated episodes of colonization. We are aware of at least one major
ongoing effort in this direction in a developing country (Adam Finn, personal
communication); the results of such a study will be most informative.

We conclude that both pneumococcal colonization and disease may result in Th17 responses
to pneumococci in humans and that pneumococcal antigens are immunogenic and can
activate T cells even in infants and children with a relatively immature immune system. Our
observations of higher IL-17A as well as antibody responses in adults compared to children
and in Bangladeshi subjects compared to Swedes illustrate the difficulty in extrapolating
data between different populations and age groups. These factors will become especially
important to consider when moving the development of new pneumococcal vaccines from
mice to humans and from trials in adults from higher income countries to children in
developing countries.

Highlights

e Memory IL-17A and IL-22 responses to pneumococcal antigens demonstrated
in humans

o  Separate subsets of CD4+ T cells produce IL-17A and IL-22
e Stronger Th17 responses in adults compared to children in Sweden
* Strong and comparable Th17 responses in children and adults in Bangladesh

o Exposure likely determines IL-17A responses, important for future vaccine
research
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Abbreviations

BCG Bacillus Calmette-Guérin vaccine
COPD chronic obstructive pulmonary disease
PBMCs peripheral blood mononuclear cells
PcsB protein required for cell separation in group B streptococci
PdT pneumolysoid
PHA phytohemagglutinin
PPD Mycobacterium tuberculosis purified protein derivative
PsaA pneumococcal surface adhesin A
PspC pneumococcal surface protein C
SEB staphylococcus enterotoxin B
TLR toll like receptor
WCA whole cell antigen
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Figure 1.

IL-17A, IL-22 and proliferative responses from PBMCs obtained from healthy Swedish
adults in response to stimulation with pneumococcal antigens. PBMCs were stimulated with
the pneumococcal antigens WCA, PdT, PcsB, PsaA, the control antigens PPD and PHA or
medium alone (NS) as described in the methods section. Five days after stimulation, the
concentrations of IL-17A (A) and IL-22 (B) were measured in culture supernatants and cell
proliferation was analyzed (C). Each symbol represents the responses from a single
individual. Horizontal lines represent median responses.
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IL-17A and IL-22 are produced by CD4+ memory T cells in a MHCII dependent manner in
response to stimulation with pneumococcal antigens. (A and B) PBMCs and PBMCs
depleted of CD4+ T cells (CD4- PBMCs) from healthy Swedish adults (n=5) were
stimulated with WCA and IL-17A (A) and IL-22 (B) concentrations were measured in
culture supernatants. Responses in the absence of depletion were set at 100% in each
experiment. (C and D) PBMCs from healthy Swedish adults were stimulated with WCA in
the presence or absence of anti-MHCII or isotype control antibodies and the concentrations
of IL-17A (C, n=3) and IL-22 (D, n=5) were measured in culture supernatants. Responses in
the absence of antibodies were set to 100% in each experiment. (E and F) PBMCs and
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PBMCs depleted of CD45RA+ naive T cells (depicted as memory cells in the figure) or
CD45R0O+ memory cells (depicted as naive cells) were stimulated with WCA or PPD and
the IL-17A (E) and IL-22 (F) concentrations were measured in culture supernatants (n=6).
(A-F) Results shown are arithmetic means +SEM.
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Concentrations of 1L-17A and IL-22 secreted in culture supernatants in response to

pneumococcal antigens correlate but the cytokines are produced by separate subsets of
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CDA4+ T cells. (A and B) PBMCs were stimulated with WCA or PdT as described in the

methods section. The concentrations of IL-17A and IL-22 in culture supernatants were

measured by ELISA. (C) PBMCs were stimulated with WCA, PdT, SEB or medium alone
(NS) as described in the methods section and the expression of IL-17A in CD3+CD4+ T
cells was detected by flow cytometry. The plots show IL-17A and CD4 expression in CD3+
live T cells and the numbers in the gates indicate frequencies (%) of IL-17A+ cells among
CD3+CD4+ T cells. (D and E) The plots show expression of IL-17A and IL-22 (D) or IFN-
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v (E) in CD3+CD4+ live T cells and the numbers in the quadrants indicate frequencies (%)

of positive cells among CD3+CD4+ T cells. (C, D and E) The plots shown are from one
representative individual out of 7 (WCA and SEB) and 3 (PdT) tested.
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PBMCs from Bangladeshi children and adults produce more IL-17A in response to
pneumococcal antigens than PBMCs from Swedish subjects. (A, D) PBMCs collected from
healthy Swedish and Bangladeshi adults and children were stimulated with WCA (A) and
PHA (D) and IL-17A concentrations were measured in culture supernatants. Symbols
represent responses from different individuals after subtraction of responses to medium
alone. (B) Titers of 1gG antibodies binding to WCA in plasma samples collected from
healthy Swedish and Bangladeshi children and adults. Symbols represent antibody titers in
different individuals. (A, B, D) Horizontal lines represent median concentrations. *P<0.05,
**P<0.01. ***P<0.001, ns; P>0.05. (C) Associations between WCA-induced IL-17A, anti-
WCA IgG plasma antibodies and age in children. Left panel shows IL-17A concentrations in
supernatants from PBMCs stimulated with WCA plotted against titers of anti-WCA I1gG
antibodies in plasma from the same children. Middle panel shows titers of anti-WCA IgG
antibodies in plasma, and right panel shows IL-17A concentrations, plotted against the age
of each individual child. Data from healthy Swedish and Bangladeshi children are depicted
by open triangles and filled circles, respectively.
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Figureb5.

Pneumococcal disease results in increased IL-17A responses to pneumococci in Swedish
children. PBMCs were isolated from children with pneumococcal pneumonia. Samples were
collected post infection for all children (n=3). One or two additional samples were collected
from each child during the acute (n=2) and/or convalescence period (n=2). IL-17A
concentrations were measured in culture supernatants after stimulation with WCA.
Responses in each individual child with pneumonia are represented by different symbols
(filled circle, triangle or square). Responses in Swedish control children (n=11) are depicted
in the first column (open triangles). Horizontal lines represent median responses.
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Table 1
Subjects included in the study.
Study group N Gender Age
(femalessmales) (median, range)

Healthy Swedish adults 45 29/16 34y (21-58)
Swedish control children 11 5/6 24 m (6-65)
Swedish children with pneumonia 4 1/3 17 m (8-54)
Healthy Bangladeshi adults 10 6/4 27y (19-32)
Healthy Bangladeshi children 23 10/13 12 m (6-60)
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