
Neutrophilic NLRP3 inflammasome-dependent
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Traditionally regarded as simple foot soldiers of the innate immune response limited to the eradication of pathogens,

neutrophils recently emerged asmore complex cells endowedwith a set of immunoregulatory functions. Using amodel

of invasive pneumococcal disease, we highlighted an unexpected key role for neutrophils as accessory cells in innate

interleukin (IL)-17Aproductionby lung residentVc6Vd1þ Tcells via nucleotide-bindingoligomerizationdomain receptor,

pyrin-containing 3 (NLRP3) inflammasome-dependent IL-1b secretion. In vivo activation of the NLRP3 inflammasome in

neutrophils required both host-derived and bacterial-derived signals. Elaborately, it relies on (i) alveolar macrophage-

secreted TNF-a for priming and (ii) subsequent exposure to bacterial pneumolysin for activation. Interestingly, this

mechanism can be translated to human neutrophils. Our work revealed the cellular and molecular dynamic events

leading to cdT17 cell activation, and highlighted for the first time the existence of a fully functional NLRP3 inflammasome

in lung neutrophils. This immune axis thus regulates the development of a protective host response to respiratory

bacterial infections.

INTRODUCTION

The Gram-positive bacterium Streptococcus pneumoniae
(pneumococcus) is often present in the mucosa lining of
the nasopharynx. In healthy individuals, colonization by the
pneumococcus is usually associated with mild symptoms or
may even be asymptomatic. However, under certain circum-
stances (e.g., in immunocompromised hosts and/or with
virulent strains), colonization can result in life-threatening
diseases (such as community-acquired pneumonia, meningitis,
and sepsis).1,2 Pneumococcal-related mortality is currently
increasing, and recent estimates suggest that the pneumococcus
is responsible for at least a million deaths worldwide each year.3

Invasive pneumococcal disease accounts formost of these cases,
of which 35% are caused by serotypes 1, 5, and 14.4 Although
several vaccines have been developed to control this infection,

pneumococcal disease has by nomeans been eradicated. Innate
immune responses are critically involved in the host’s early
attempts to contain or eliminate bacterial pathogens, and also
provide support for a subsequent adaptive immune response
(if required).

The cytokine interleukin-17A (IL-17A) is a particularly
important pro-inflammatory innate factor that regulates
immune responses at mucosal barriers.5 IL-17A has a key role
in the host’s anti-microbial defenses in particular through the
indirect recruitment of neutrophils via induction of chemo-
kines.6 In this context, most of the data on T helper 17-related
cytokines in protective acquired host responses to pneumococcal
infection have been collected using colonizing strains.7,8

However, IL-17 contribution to the outcome of an acute
infection (leading to invasive disease) has not been characterized.
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Gamma-delta (gd) T cells reportedly produce large
amounts of IL-17A9,10 early on in a variety of immune
responses.11,12 Mouse IL-17-producing gdT (gdT17) cells are
characterized by the lack of surface expression of CD27—
a thymic regulator that determines the cytokine profile
(IFN-g- vs. IL-17A-production) of gdT cells in the periphery.13

We recently reported that a substantial proportion of gdT cells
in the lung (20–30% under resting conditions) express high
CD3 levels and preferentially produce IL-17A in response to
various stimuli.14 In the lung, we unexpectedly found this
phenotype to be restricted to the innate-like Vg6Vd1þ T-cell
subset.

Neutrophils and alveolar macrophages (AMs) have long
been recognized as innate effector cells during acute infection.
They facilitate extracellular pathogen clearance by mediating
phagocytosis and the release of lytic enzymes, antimicrobial
peptides, and reactive oxygen species.15,16 Moreover, recent
evidence indicates that the production of a wide array of
inflammatory mediators (such as cytokines and/or chemo-
kines) enable these cells to have potential accessory func-
tions.17–19 For example, neutrophils express various pattern
recognition receptors including inflammasome components.20

Thus, it was recently demonstrated that ex vivo cultured
neutrophils produce the pro-inflammatory cytokine IL-1b
through the nucleotide-binding oligomerization domain
receptor, pyrin-containing 3 (NLRP3) inflammasome.21–23

The physiological relevance of this activity remains to be
determined.

Recently, we and others have shown that tumor necrosis
factor-a (TNF-a) can be instrumental in the transcriptional
priming of NLRP3 inflammasome activity in vivo and in vitro
by upregulating protein levels of proIL-1b in various myeloid
cell populations (including neutrophils).24,25 tumor necrosis
factor-a is an early, ubiquitous cytokine that is massively
produced during infections and exerts important biological
functions by regulating a wide range of genes in target cells. By
binding to two structurally distinct receptors (namely TNF-R1
(CD120a) and TNF-R2 (CD120b)),26 TNF-a contributes
to pleiotropic activities during inflammation such as cell
survival/death and the induction of the production of other
cytokines.27

In the present study of lung infection by an invasive strain
of S. pneumoniae serotype 1, we demonstrate that the
IL-17A produced by gdT cells (and especially the resident
Vg6Vd1þ subset) mediates the neutrophilia that is critical
for bacterial containment and clearance. Most importantly,
we discovered an unexpected but critical accessory role
for NLRP3-dependent, neutrophil-derived IL-1b in gdT17
cell activation. The neutrophils’ accessory function required
AM-mediated TNF-a and the bacterial-derived toxin
pneumolysin (Ply) to promote NLRP3 activity. Taken as a
whole, our data highlight the spatial and sequential organiza-
tion of innate immune cell activation. This constitutes an
important new pathway in the early development of the host’s
innate immune response to bacterial infection of the respiratory
tract.

RESULTS

Pulmonary Vc6Vd1þ T cells are important in
anti-pneumococcal innate defense through
IL-17A-mediated neutrophilia

We first investigated the role of innate IL-17A in host resistance
to invasive pneumococcal infection. A lack of IL-17A resulted
in a significantly lower survival rate, enhanced bacterial growth
in the lungs and systemic dissemination, and less accumulation
of neutrophils in the infected lungs (Figure 1a–c). Since
neutrophils have been shown to exert potent, direct, anti-
pneumococcal activities,28 we confirmed (using an anti-Ly6G
antibody) that neutrophil depletion critically impaired mouse
survival (Supplementary Figure 1a online). Flow cytometry
analysis revealed that only innate lymphocytes (i.e., innate
lymphoid cells, type I natural killer T cells and gdT cells)
produced significant levels of IL-17A (Figure 1d and
Supplementary Figure 1b). However, gdT cells were by far
the main producers of this cytokine (Figure 1d). Based on Vg
usage, we determined that Vg6Vd1þ T cells constituted
the prime source of IL-17A (Figure 1e). Importantly, the
fluorescence-activated cell sorting (FACS) results confirmed
our recent genomic findings14 whereby lung CD3bright gdT cells
uniformly expressed the invariant Vg6Vd1 T cell receptor
(TCR) (Figure 1e). In addition to Vg6Vd1þ T cells’ intrinsic
specialized functions, we next postulated that the cells’ location
of gdT subsets within the lung compartment could also account
for their variable ability to respond to infection. A FACS-based
approach29 indicated that non-Vg6Vd1þ (CD3dim) T cells
preferentially populated the vascular compartment (Figure 1f
and Supplementary Figure 1c) whereas Vg6Vd1þ T cells were
almost exclusively represented in the interstitial area (i.e., in
proximity to respiratory tract pathogens) (Figure 1f). It is
noteworthy that gdT compartmentalizationwas hardly affected
upon infection (Supplementary Figure 1c).

These findings prompted us to investigate the impact of a
gdT cell deficiency on the host’s response to a pneumococcal
infection. When compared with wild-type (WT) mice,
S. pneumoniae-infected Tcrd� /� mice died sooner and
displayed a greater bacterial burden and lower levels of neutro-
philia (Figure 1g–h). In summary, gdT cells in general (and
resident Vg6Vd1þ T cells in particular) are major sources of
IL-17A during the early stages of S. pneumoniae infection and
might contribute to bacterial containment by mediating
neutrophil recruitment.

IL-23 and IL-1Rsignaling are required for IL-17Aproduction
by cdT cells during S. pneumoniae infection

IL-17 production by innate gdT cells can occur in response to
activating cytokines (such as IL-23 and IL-1b), even in the
absence of concomitant TCR ligation.30 Interestingly, IL-23
and IL-1b are produced early in the course of pneumococcal
infection.31,32 In experiments with Il23a� /� and Il1r1� /�

mice, we evaluated IL-23 and IL-1b’s contribution to IL-17A
production by lung gdT cells. As expected, disruption of IL-23
or IL-1R signaling dramatically impaired the capacity of gdT
cells to produce IL-17A following pneumococcal infection
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(Figure 2a). This impairment was accompanied by a severe
relative reduction in neutrophil recruitment to the lung
(Figure 2b). It is noteworthy that the frequency of
CD3bright Vg6Vd1þ T cells was lower in Il23a� /� mice
than in WT and Il1r1� /� mice (Supplementary Figure 2).
Taken as a whole, these results demonstrate that both IL-23 and
IL-1b are required for IL-17A production by gdT cells and
subsequent neutrophilia during S. pneumoniae infection.

Neutrophils are a prime source of IL-1b following
pneumococcal infection of the lungs

Given the importance of IL-1b in gdT17 cell activation, we next
attempted to determine the cellular sources of this cytokine
following pneumococcal challenge. IL-1b is first expressed as
biologically inactive proIL-1b form. Given that IL-1b is
predominantly derived from the myeloid lineage, we used
flow cytometry to analyze the lung myeloid cells’ ability to

Figure 1 IL-17A and gdT cells are essential for the control of S. pneumoniae infection. (a–e) Age- and sex-matched WT C57BL/6 or IL-17A-deficient
mice were infected i.n with S.p. (5�105 CFU: 1�LD50) (a) Survival of mice was monitored daily (n¼ 10). (b) Number of CFU was determined 60 h post
infection (p.i.) in the lungs (left panel) and in the spleen (right panel). Individual counts of one representative experiment out of two (n¼7–10) are shown.
(c) Absolute number of pulmonary neutrophils was assessed by FACS (CD11bþ Ly6Gþ ) 12 h p.i. The mean±s.e.m. of one experiment out of two is
shown (n¼ 4–5). (d) Absolute number of pulmonary IL-17A-producing lymphocyte subsets was assessed by intracellular FACS staining 12 h p.i. The
mean±s.e.m. of two experiments (n¼8) is shown. (e) IL-17Aþ gdT cells from infected mice were screened by FACS for Vg chain usage 12 h p.i. A pie
chart representing means of two experiments is shown (n¼6) (left panel). A representative FACS plot of pulmonary gdT cells is presented in themiddle
panel. CD3bright vs. CD3dim gdT cells were labeled in presence or not of the 17D1mAb (right panel). (f) Means±s.e.m. of CD45þ vs. CD45� populations
in naive lungs from three experiments (n¼6) are represented in the upper panel. A representative FACS plot of gdT cell subsets for anti-CD45 (in vivo)
labeling is shown in the lower panel. (g,h)WTandTcrd� /� micewere infectedwithS.p. (5�105CFU). (g) Survival ofmicewasmonitored daily (n¼ 7–8).
(h) Number of CFU was determined 60 h p.i. in the lungs and in the spleen (upper panel). Individual counts of two experiments (n¼16–17) are shown.
Absolute number of neutrophils in lungs of control orS.p.-infectedWTorTcrd� /� mice (lower panel) was assessed byFACS12h p.i. and represented as
in panel (c). The mean±s.e.m. of two experiments (n¼7–8) is shown. *Po0.05; **Po0.01; ***Po0.001. IL-17, interleukin-17; FACS, fluorescence-
activated cell sorting; WT, wild-type.
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express proIL-1b in response to pneumococcal infection.
Although S. pneumoniae infection led to proIL-1b upregulation
in all tested cell populations as early as 6 h post-infection
(Figure 3a and Supplementary Figure 3a), we found that
neutrophils were the primary source of this procytokine
(Figure 3a and Supplementary Figure 3b). To determine
whether or not neutrophils could produce bioactive IL-1b in
response to S. pneumoniae, we cultured purified lung
neutrophils from naive and infected mice. Interestingly, we
found that lung neutrophils could produce bioactive IL-1b
(Figure 3b) but neither IL-12p40 nor IL-23p19 (not shown) in
response to infection. It is noteworthy that we only detected low
levels of IL-1b in the supernatants of neutrophil-depleted cell
cultures (Figure 3b). Furthermore, neutrophil depletion was
associated with significantly lower levels of IL-1b in the lung
tissue of infected mice (Figure 3c). Thus, our results highlight
neutrophils as an important source of IL-1b in the early
response to pneumococcal lung infection.

Neutrophil priming requires AM-produced TNF-a
To investigate the general mechanisms involved in IL-1b
maturation and secretion by lung neutrophils, we first
addressed themechanisms underlying the priming step leading
to proIL-1b upregulation. Synthesis of proIL-1b requires
nuclear factor-kappa B (NF-kB)- and activator protein-1-
dependent gene transcription in response to bacterial compo-
nents and cytokines.33,34 We and others have demonstrated
that TNF-a is sufficient to upregulate proIL-1b protein levels in
myeloid cells in vitro and in vivo.24,25 TNF-a is produced soon
after pneumococcal challenge and is predominantly detected in
the airways (Figure 4a and Supplementary Figure 4a). In line
with the sole presence of AMs in the airways at 6 h post-
infection (Supplementary Figure 4b), intracellular staining
revealed that AMs (but not other myeloid cells) were able to
produce TNF-a (Figure 4b). Moreover, the specific depletion
of AMs (Supplementary Figure 4c) abrogated early-stage
TNF-a production in the lungs of infectedmice (Figure 4c). To
determine whether or not TNF-a is instrumental in neutrophil
priming in our model, we gave the mice an intraperitoneal dose
of anti-TNF-a mAb prior to bacterial inoculation. TNF-a
neutralization impaired priming in neutrophils and other
myeloid populations as judged by decreased intracellular levels
of proIL-1b proteins (Figure 4d and Supplementary
Figure 4d). Anti-TNF-a treatment was also associated with
lower relative and absolute counts of lung gdT17 cells
(Figure 4e) and with lower levels of neutrophilia
(Figure 4e). Furthermore, IL-1b levels in the lungs were
low after AM depletion (Figure 4f).

TNF-a can exert its biological activity through the recruitment
of TNF-R1 and TNF-R2 receptors. We showed that neutrophils
from TNF-R1-deficient mice failed to be primed (Figure 4g).
Consequently, neutrophilia was severely affected in the absence
of TNF-a signaling (Figure 4g). Lastly, the in vitro incubation of
sorted naive lung neutrophils with TNF-a triggered dose-
dependent upregulation of proIL-1b (Figure 4h). Overall, these
data demonstrate that neutrophil priming (proIL-1b synthesis)
is strongly regulated by AM-derived TNF-a during the early
stages of pneumococcal infection.

IL-1b secretion by lung neutrophils is dependent on the
NLRP3 inflammasome

It was originally suggested that the release of IL-1b by neutro-
phils was dependent on the cleavage of proIL-1b into mature
IL-1b by serine proteases (e.g., elastase and proteinase 3).35,36

Recent data also suggest that neutrophils can express functional
inflammasomes which may produce bioactive IL-1b.21,22 In
agreementwith the latter observations,we found that the levels of
IL-1b in the lung tissue of S. pneumoniae-infected mice were
lower in Casp1/11-deficient mice than in WT controls—
indicating a key role for inflammasome signaling in this model
of infection (Figure 5a). Compared with WT mice, pneumo-
coccal infection in mice lacking NLRP3 inflammasome
components (Nlrp3� /� or Asc� /� ) resulted in significantly
lower IL-1b production (Figure 5a).Moreover in vivo treatment
with the selective NLRP3 inflammasome inhibitor MCC95037

Figure 2 gdT17 cell activation relies on IL-23 and IL-1R signaling. (a,b)
C57BL/6 WT, Il1r1� /� or Il23a� /� mice were infected with S.p. and
pulmonary cells were analyzed by flow cytometry 12 h p.i. (a)
Representative FACS plots of IL-17A production by gdT cells from two
experiments are shown (upper panel). Means±s.e.m. of pulmonary
IL-17A-positive gdT cell frequency is shown in the lower panel. (b)
Absolute number of pulmonary neutrophils was analyzed. The
mean±s.e.m. for two experiments (n¼ 6) is shown. NS, not significant;
*Po0.05; **Po0.01. IL-17, interleukin-17; FACS, fluorescence-activated
cell sorting; WT, wild-type.
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was associatedwith significantly lower levels of IL-1b in the lungs
of S. pneumoniae-infected mice (Figure 5b). To assess signs for
NLRP3 inflammasome priming in neutrophils, we analyzed
mRNAand protein samples from lungneutrophils purified from
either naı̈ve or S. pneumoniae-infected mice. We observed high
levels of NLRP3 protein expression (Figure 5c) and Nlrp3
mRNA transcripts in neutrophils from infected mice (Supple-
mentary Figure 5a). We next measured NLRP3 inflammasome
activity in neutrophils purified from naı̈ve or infected mice.
Interestingly, treatment with MCC950 abrogated ex vivo IL-1b
production by lung neutrophils from challenged mice
(Figure 5d). Furthermore, a Western blot analysis of puri-
fied neutrophils from infectedmice showed clear evidence of IL-
1b maturation (Figure 5c).

Along with many other bacterial pore-forming toxins, the S.
pneumoniae virulence factor pneumolysin (Ply) is thought to be
an NLRP3 activator.38 When comparing the development of
immune responses to a parental strain and a Ply-deficient strain

(D39Dply) of pneumococcus (Supplementary Figure 5b), we
detected significantly lower levels of IL-1b in the lungs of mice
infected with the mutant strain (Figure 5e). Ply comple-
mentation restored the levels of IL-1b (Figure 5e and
Supplementary Figure 5b). We next used a recombinant
Ply to mimic in vivo NLRP3 inflammasome activation. As is
thought to be the case in vivo, the addition of Ply induced IL-1b
production by TNF-a-primed WT neutrophils (but not by
unprimed neutrophils) (Figure 5f). However, lung neutrophils
from either Nlrp3� /� or Casp1/11� /� mice failed to respond
to the same stimuli (Figure 5g). Collectively, these data indicate
that IL-1b production by neutrophils is governed by NLRP3
inflammasome-dependent caspase-1 activity.

TNF-a and Ply are sufficient to elicit NLRP3 inflammasome-
dependent IL-1b secretion by human neutrophils

To investigate whether TNF-a and Ply also induced IL-1b
secretion by human neutrophils, we prepared total leukocytes

Figure 3 Neutrophils are amajor and early source of IL-1b in response to pneumococcal infection. (a,b)WTC57BL/6micewere infected i.nwithS.p. (a)
Kinetics of proIL-1b expression by pulmonary neutrophils was assessed by flow cytometry. Means±s.e.m. of frequency of proIL-1b-positive cells among
myeloid population is represented at different kinetics following infection (upper left panel). The mean±s.e.m. of absolute number of proIL-1bþ

pulmonary myeloid cells is shown in the upper right panel. Representative FACS plots of proIL-1bþ neutrophils are shown in the lower panel. Data
presented are from two experiments (n¼ 6). (b) 4� 105magnetic-activated cell sorting-enriched pulmonary neutrophils fromeither naive orS.p.-infected
(12 h p.i.) mice were incubated for 3 h at 37 1C in complete media. Levels of IL-1b levels in culture supernatants from the positive and negative fractions
were measured by ELISA. Means±s.e.m. of biological replicates from two experiments are represented (n¼6). (c) Levels of IL-1b in whole lungs of
controls or neutrophil-depleted mice were assessed 12 h p.i. The mean±s.e.m. of two experiments (n¼4–10) is shown. NS: not significant; *Po0.05;
**Po0.01; ***Po0.001. IL-17, interleukin-17; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; WT, wild-type.
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from the peripheral blood of healthy donors, primed the cells
with TNF-a for 3 h, and then stimulated the cells with Ply for an
additional 90min. In line with the data from the mouse
experiments, standalone treatments failed to induce IL-1b

production by human leukocytes but the TNF-a/Ply combina-
tion resulted in IL-1b secretion (Figure 6a). This effect was
NLRP3 inflammasome-dependent, since MCC950 treatment
fully abrogated IL-1b secretion (Figure 6a). We next studied

Figure 4 proIL-1b upregulation in neutrophils is mediated through a TNF-a/TNFR1 pathway. (a,b) TNF-a production was assessed at different kinetics
following pneumococcal infection. (a) Levels of TNF-a protein inwhole lungswere assessed byELISA. Themean±s.e.m. of three experiments (n¼5–9)
is shown. (b) Representative FACS plots of intracellular TNF-aþ alveolar macrophages at different kinetics were represented (left panel) and
means±s.e.m. of frequency of TNF-aþ myeloid cell populations over time afterS.p. infection were shown in the right panel (n¼ 5–9). (c) Control or AM-
depleted mice were infected i.n. with S.p. Levels of TNF-a in whole lung were quantified 12 h p.i. by ELISA. Themean±s.e.m. of TNF-a protein detected
from two experiments is shown (n¼6–10). (d,e) Ig control- or anti-TNF-a mAb-treated mice were challenged with S.p. and killed 12 h p.i. (d) ProIL-1b
expression by neutrophils was determined by intracellular FACS staining. A representative plot is shown in the left panel. Means±s.e.m. of frequency
(middle panel) and absolute number (right panel) of proIL-1bþ neutrophils from two experiments are represented (n¼ 5–6). (e) Means±s.e.m. of
frequency (left panel) and absolute number (middle panel) of IL-17Aþ gdT cells are shown.Means±s.e.m. of absolute number of pulmonary neutrophils
are shown in the right panel. Data are pooled from two experiments (n¼ 6). (f) Control liposomes or clodronate liposomes-treated mice were infected or
not i.n. with S.p. Levels of IL-1b in whole lung were quantified 12 h p.i. by ELISA. The mean±s.e.m. of IL-1b protein detected from two experiments is
shown (n¼6–10). (g) WT or Tnfrsf1a� /� mice were infected with S.p. and killed 12 h p.i. ProIL-1b expression by neutrophils was determined by
intracellular FACS staining. Means±s.e.m. of frequency of proIL-1bþ (left panel) and total (right panel) neutrophils from two experiments were
represented (n¼ 6–14). (h) 2�105 FACS-sorted pulmonary neutrophils from naive mice were cultured for 3 h at 371 in complete media in presence of
recombinant mouse TNF-a at the indicated concentrations. Then cells were analyzed by FACS for proIL-1b expression. Individual biological replicates
and means±s.e.m. from two experiments were represented (n¼ 3–5). *Po0.05; **Po0.01; ***Po0.001. AM, alveolar macrophage; IL-17, interleukin-
17; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; WT, wild-type; TNF-a, tumor necrosis factor-a.

ARTICLES

MucosalImmunology | VOLUME 10 NUMBER 4 | JULY 2017 1061



the ability of peripheral blood neutrophils from healthy
donors (Supplementary Figure 6a) to produce NLRP3
inflammasome-dependent IL-1b. TNF-R1 was expressed on
human neutrophils (Supplementary Figure 6b) and treatment
with Ply induced IL-1b release by TNF-a-primed neutrophils
in an NLRP3 inflammasome-dependent manner (Figure 6b).
Thus, our data suggest that the NLRP3 inflammasome is active
in inducing the production of IL-1b by human neutrophils via a
TNF-a/Ply-dependent mechanism.

Neutrophil-derived IL-1b is involved in cdT17 cell activation
following pneumococcal infection

To establish whether or not neutrophil-derived IL-1b was
linked to critical gdT17 cell-dependent immune responses in
the containment/elimination of S. pneumoniae, we analyzed the
gdT cells’ ability to produce IL-17A after neutrophil depletion.
Interestingly, neutrophil depletion reduced IL-17A production
(Figure 7a) in early-stage infection. It is noteworthy that
neutrophils do not have a critical role in the containment of
bacteria during the earliest phase of infection (Supplementary
Figure 7a). Moreover, purified naive lung CD27� gdT cells
that were cultured in conditioned media from S. pneumoniae-
infected lung neutrophil cultures produced IL-17A (Figure 7b).
As expected, IL-17A secretion was only seen for the CD27�

gdT cell fraction but not for their CD27þ counterparts
(Supplementary Figure 7b). In vitro neutralization of IL-1b
abrogated IL-17A production by gdT cells—indicating that this
effect was fully dependent on IL-1b and did not require cell-cell
contact (Figure 7b). Of note, IL-17A production by gdT cells
was only achieved when recombinant IL-23 was added to the
culture medium. Taken as a whole, our results indicate that
S. pneumoniae induces rapid IL-1b secretion by neutrophils.
This secretion contributes strongly to IL-17A production by
lung gdT cells.

DISCUSSION

Given that the early immune events following respiratory
bacterial infection are critical in the development of an effective
host response against the pathogen, we decided to investigate
the functions and activation mechanisms of gdT17 cells during
pneumococcal infection. Our present results show that in
addition to the canonical phagocytic functions of AMs and
neutrophils, these cells are key components in the initiation and

regulation of the innate immune response. Indeed, we high-
lighted a ‘‘three-component system’’ in which AMs (via TNF-a
secretion) and neutrophils (via NLRP3 inflammasome-depen-
dent IL-1b production) are critical players in gdT17 cell
activation.

We found that CD3bright Vg6Vd1þ T cells produced the
largest amounts of IL-17A during the early stages of
pneumococcal infection. Remarkably, these cells express high
levels of IL-1b and IL-23 receptors that we found essential for
activation in response to pneumococcus.14 Furthermore, our
present results also show that Vg6Vd1þ T cells are located in
the lung’s interstitial compartment and therefore stand on the
front line in the host’s defense against microbes. In contrast,
other recognized IL-17A producers (such as Vg4þ T cells and
type I NK1.1� natural killer T cells) are mainly found in
the vasculature (not shown). Interestingly, vaginal Vg6Vd1þ

T cells are resident in the epithelium.39 Our data suggest that
their pulmonary counterparts have a similar location. Never-
theless, more specific tools will be required to determine the
precise location of Vg6Vd1þ T cells within the interstitial
compartment. Moreover, the decrease in the proportion of
Vg6Vd1þ T cells in the lung of IL-23p19-deficient mice might
indicate a requirement for this cytokine in the subset’s
maintenance in the periphery. Shibata et al.40 demonstrated
that STAT3 was not essential for the development of gdT17
cells. Hence, we postulate that IL-23 is important for the
maintenance of Vg6Vd1þ T cells in the periphery. Further
investigations will be required to define the interactions
between the various factors (e.g., IL-23, and the microbiota)
involved in lung Vg6Vd1þ T-cell homeostasis.14

Other innate immune cells from the lymphoid compart-
ment respond to the IL-23/IL-1b combination by producing
IL-17A.12 Thus, it is likely that this AM/neutrophil pathway
might be responsible (through IL-1b secretion) for the acti-
vation of lymphocytes such as natural killer T cells, mucosal-
associated invariant T cells, and innate lymphoid cells in other
respiratory disorders.

From a mechanistic perspective, we demonstrated that
NLRP3 inflammasome activation in neutrophils depends on
AM-derived TNF-a for priming and bacterial Ply for NLRP3
activation. It is already been shown that Ply is involved in
NLRP3 activation in neutrophils in vitro.21 Recently the same
group of researchers suggested that during S. pneumoniae

Figure 5 NLRP3 inflammasome contributes to IL-1b production by neutrophils. (a) IL-1b levels production were assessed in whole lung from PBS or
infectedWT,Nlrp3� /� ,Asc� /� andCasp1/11� /� mice. Themean±s.e.m. for two experiments is shown (n¼ 6–10). (b) PBS orS.p.-infectedWTmice
have been treated or not with MCC950 (1mg/mouse i.n., 2 h p.i.) and killed 12 h p.i. Lungs were harvested, homogenized and IL-1b production was
quantified in homogenates byELISA. Themean±s.e.m. for two experiments is shown (n¼ 6–12). (c,d) Pulmonary neutrophils fromPBSorS.p.-infected
(12 h p.i.) mice were purified by FACS sorting. (c) Lysates from neutrophils were blotted for b-actin, IL-1b, and NLRP3 expression. (d) Neutrophils were
cultured for 3 h at 37 1C in complete media in presence or absence of MCC950 (10 mM). Levels of IL-1b in supernatants were analyzed by ELISA. The
mean±s.e.m. of IL-1b concentrations from two experiments is shown. (e) WT mice were i.n. infected with parental and mutant strains of D39 (4� 106

CFU per mouse). Mice were killed 12 h p.i. and IL-1b was measured in lung homogenates. The mean±s.e.m. of IL-1b concentrations from two
experiments is shown (n¼ 8–9). (f,g) 2� 105pulmonary neutrophils fromWT,Nlrp3� /� , andCasp1/11� /� naivemicewere incubated in completeRPMI
media at 37 1C with or without recombinant TNF-a (100 ngml� 1) for 3 h and pneumolysin was added for an additional 90min (500 ngml�1). IL-1b
secretion in supernatants was quantified by ELISA. The mean±s.e.m. of IL-1b concentrations from two experiments is shown. *Po0.05; **Po0.01;
***Po0.005. ELISA, enzyme-linked immunosorbent assay; FACS, fluorescence-activated cell sorting; IL-17, interleukin-17; NLRP3, nucleotide-binding
oligomerization domain receptor, pyrin-containing 3; PBS, phosphate-buffered saline; WT, wild-type; TNF-a, tumor necrosis factor-a.
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corneal infection, adenosine triphosphate (ATP) can also
activate the NLRP3 inflammasome in neutrophils via engage-
ment of the P2X7 receptor.

41 In vitro studies have previously
shown that ATP can activate NLRP3 in neutrophils.22,23,42

However, ATP seems to have low activity on neutrophilic
NLRP3 inflammasome compared to other common NLRP3
activators.22,23 Pioneering studies also reported unresponsive-
ness to ATP43 and the absence of P2X7 receptors on human
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neutrophils.44 Here, by using a Ply-deficient bacteria and
recombinant Ply, we demonstrated that this pore-forming toxin
has a critical role in NLRP3 activation on lung neutrophils.
Understanding ATP’s contribution to NLRP3 inflammasome
activation in our model of infection will require further
investigation. Nevertheless, millimolar levels of ATP are only
released during active inflammation and therefore it is likely that
ATP is only involved in NLRP3 activation once an infection is
well-established and major tissue damages occurred.

It has been suggested that during S. pneumoniae infection of
the cornea, inflammasome priming is dependent on direct
recognition of the pneumococcus’ pathogen-associated mole-
cular patterns.21 In contrast, we observed that a TNF-a-
mediated mechanism seems to dominate over direct microbial
component recognition in neutrophil priming during the early
steps of infection. However, authors studied the in vitro
priming of bone marrow neutrophils with heat-killed bacteria
and so the mechanisms are likely to differ in the lung in vivo.21

Although indirect activation of the innate immune system
during bacterial infection is rather counterintuitive, pathogens
have evolved ways of evading recognition by germline-encoded
receptors and thus preventing elimination by the host. For
instance, S. pneumoniae expresses an extracellular capsule that
subverts innate immunity recognition by masking the under-
lying cell surface structures. In line with our findings, it has
been shown that upon in vitro macrophage infection with the
encapsulated bacteria Streptococcus pyogenes, NLRP3 inflam-
masome priming was independent of Toll-like receptor and the
P2X7 receptor signaling.

45 Moreover, since the anatomy and
physical barrier in the lungs preclude a direct contact between
bacteria and neutrophils early after infection, the host
circumvents this situation by integrating soluble signals
(AM-derived TNF-a and bacterial-derived pneumolysin) to
mount an efficient neutrophilic NLRP3 inflammasome-
dependent protective response. From an evolutionary point
of view, the immunological pathway reported heremight reflect
the perpetual competition between microbes and hosts. Our

study revealed a novel mechanism for rapidly priming the
NLRP3 inflammasome and initiating a protective response
against encapsulated bacterial pathogens prior to their dis-
semination. The fast-acting mechanism identified here enables
the host to stay one step ahead of the pathogen by mounting an
effective response in the lung parenchyma at a time when the
bacteria are still confined to the alveoli. Nevertheless, it is
possible that at later time-points (i.e., when the bacteria have
colonized the lung parenchyma) that the engagement of various
pattern recognition receptors might be the main route for
NLRP3 inflammasome priming.

Although recent data suggest that sterile signals (e.g., TNF-a)
induce weaker, more delayed NLRP3 inflammasome priming
in vitro than microbial products do,46 our present results
demonstrate that TNF-a can rapidly prime the NLRP3
inflammasome in neutrophils following infection. TNF-a is
rapidly produced by AMs, resulting in proIL-1b accumu-
lation in neutrophils as early as 6 h post-S. pneumoniae
infection. However, we could not exclude that non-hemato-
poietic cells can participate in TNF-a production such as
epithelial cells. The mechanisms underlying this cytokine
production were not investigated here but probably rely on
direct (opsonic-independent) recognition of pneumococcus
cell-wall components by AMs. Secondly, our data reveal
that TNF-R1 is fully functional on a large proportion of mouse
lung neutrophils. The inflammasome priming step is tightly
regulated by the transcription factor NF-kB.34 Given that
TNF-R1 intracellular signaling leads to the mobilization/
activation of NF-kB,47 our results are fully in line with the
latest literature data. Another novel observation was that
neutrophils participated indirectly in their own recruitment
to the inflamed tissue. This finding agrees with a recent
demonstration that IL-1b regulates airway neutrophilia in
response to S. pneumoniae serotype 2 (strain D39) infection.31

Further studies will be required to determine whether the
neutrophils’ accessory functions are restricted to specialized
subsets in particular niches or are a feature of the whole

Figure 6 Human neutrophils produce NLRP3 inflammasome-dependent IL-1b in response to TNF-a and Ply. (a) 4�105 leukocytes from peripheral
blood of non-smokers healthy donors were seeded in completemediumwith recombinant human TNF-awith or without MCC950 (10 mM) for 3 h and then
stimulated with ply (500 ngml�1) for an extra 90min. Supernatants were collected and tested for IL-1b. Themeans±s.e.m. of IL-1b concentrations from
four donors out of six is shown. (b) 2.5� 105 purified neutrophils from peripheral blood of non-smokers healthy donors were cultured in completemedium
with recombinant humanTNF-awith or without MCC950 (10 mM) for 3 h and then stimulatedwith ply (500 ngml�1) for an extra 90min. Supernatantswere
collected and tested for IL-1b. Themeans±s.e.m. of IL-1b concentrations from four donors out of nine is shown. IL-17, interleukin-17;NLRP3, nucleotide-
binding oligomerization domain receptor, pyrin-containing 3; TNF-a, tumor necrosis factor-a.
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population when induced by a particular inflammatory
environment.

From a translational point of view, we found that the
mechanisms involved in NLRP3 inflammasome activity in S.
pneumoniae-infected mice (i.e., TNF-a and Ply) were also
active in human neutrophils. Anti-TNF-a mAbs are highly
effective in the treatment of patients with severe inflammatory/
autoimmune disorders (such as rheumatoid arthritis,

ankylosing spondylitis, and Crohn’s disease). However, these
treatments are associated with adverse effects, including
elevated susceptibility to infections. Blockade of the pathway
highlighted in the present report might be involved in these
complications. In line with our hypothesis, volunteers treated
with Humira showed a significantly lower airway neutrophilic
influx in response to inhaled endotoxin, when compared with a
control group.48 In the same vein, a link between TNF-a and
IL-17A production by lung gdT cells has recently been identi-
fied in the context of exposure to pollutants.49

In conclusion, we found that neutrophils and AMs are
important early-stage components in gdT17 cell activation.
Neutrophils exert this accessory role through a functional
NLRP3 inflammasome. The rapid release ofNLRP3-dependent
IL-1b by neutrophils relied on a mechanism involving TNF-R1
engagement by AM-dependent TNF-a (signal 1) and bacterial
Ply (signal 2). It remains to be seen whether this pathway is
clinically relevant in other immune situations or can be used to
the design of more refined immune-intervention strategies in
this context.

METHODS

Mice. Eight- to twelve-week-old male WT C57BL/6J mice were
purchased from Janvier (Le Genest-St-Isle, France). C57BL/6J TCRd-
deficient (Tcrd� /� ) and IL-17A-deficient (Il17a� /� ) mice were bred
in house at the Pasteur institute of Lille. C57BL/6J IL-1R1-deficient
(Il1r1� /� ) and IL-23p19-deficient (Il23p19� /� ) mice were bred
in house at the University of Orléans (INEM, CNRS UMR 7355,
Orléans, France). C57BL/6J Nlrp3� /� , Asc� /� , Casp1/11� /� , and
Tnfrsf1a� /� mice were bred in house at Ghent University Campus-
VIB. Mice were bred under pathogen-free conditions. All animal work
conformed to the French governmental, local (CEEAnumber 00357.01)
and Ghent University animal care and use committee guidelines.

Human samples. Peripheral blood was collected from non-smokers
healthy donors. Written informed consent was received from par-
ticipants prior to inclusion in the study, according to ethics committee
on human experimentations.

Reagents and Abs. Polyclonal anti-IL-1b Ab, anti- Ly6G (NIMP-
R14) mAb, anti-TNF-a mAb (XT3.11), and their respective isotype
controlswere purchased fromeither BioXCell (West Lebanon,NH) or
R&D systems (Lille, France). Monoclonal antibodies against mouse
CD45 (APCCy7- or FITC- or AF700- or PeCy7- or PE-conjugated),
CD3 (Pacific Blue- or PerCPCy5.5-conjugated), TCRd (PerCpCy5.5-
conjugated), TCRb (FITC- or APC-conjugated), NK1.1 (PeCy7- or
FITC-conjugated), Ly6G (APC-Cy7- or FITC-conjugated), CD11b
(PerCPCy5.5- or FITC-conjugated), Siglec F (Pe-CF594- or BV421-
conjugated), CD11c (APC- or FITC-conjugated), MHCII (AF700- or
FITC-conjugated), CD4 (PerCPCy5.5-conjugated), CD127 (PeCy7-
conjugated), CD90.2 (AF700-conjugated), Vg1 (APC-conjugated),
Vg4 (PeCy7-conjugated), F4/80 (PeCy7-conjugated), TNF-a (PE-
conjugated), IL-17A (PE-conjugated), pro-IL-1b (PE-conjugated),
and appropriated isotype controls were purchased from BioLegend,
BD Pharmingen and eBioscience (San Diego, CA). Phosphate-buf-
fered saline (PBS)-57 glycolipid-loaded and unloaded control CD1d
tetramers (APC- or PE-conjugated)were from theNational Institute of
Allergy and Infectious Diseases Tetramer Facility (Emory University,
Atlanta, GA). ThemAb forVg6Vd1 TCRdetection (clone 17D1)was a
kind gift from Prof. R. Tigelaar (Yale University, New Haven, CT).
Propidium iodide was purchased from BD Pharmingen. Gating
strategies used in this study are presented in Table 1. Recombinant
mouse and human TNF-a were purchased from eBioscience. Mouse

Figure 7 IL-17A production by gdT17 cells is dependent on neutrophil-
derived IL-1b. (a) IL-17A production by pulmonary gdT cells was assessed
inS.p.-infected control or neutrophil-depletedmice 6 h p.i. Representative
FACS plots of IL-17Aþ gdT cells are shown in the upper panel. The
mean±s.e.m. of IL-17Aþ gdT cell frequency from two experiments (n¼6)
is shown in the lower panel. (b) FACS-sorted pulmonary CD27� gdT cells
were incubated at 37 1C for 20 hwith complete and conditionedmedia (1:1
ratio) fromnon-sensitized neutrophils (NSN) or pneumococcus-sensitized
neutrophils (PSN). In some conditions, anti-IL-1bmAb (5mgml� 1), rIL-1b
(1 ngml�1), and rIL-23 (1 ngml�1) were added to the culture. Conditioned
media are supernatants of cultured purified pulmonary neutrophils from
poolednaive (NSN) orS.p.-infected (PSN)mice.Neutrophils from infected
mice have been purified 12 h p.i. IL-17A levels in the supernatants were
analyzed by ELISA. The mean±s.e.m. of IL-17A concentrations from
three experiments (n¼3–5) is shown. *Po0.05; **Po0.01. IL-17,
interleukin-17; ELISA, enzyme-linked immunosorbent assay; FACS,
fluorescence-activated cell sorting.
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IL-23 and IL-1b were from Peprotech (Neuilly-sur-Seine, France).
MCC950was purchased from Sigma-Aldrich (Saint Quentin Fallavier,
France). Clodronate and control liposomes are from ClodLip BV
(Amsterdam, TheNetherlands). Recombinant pore-forming and non-
pore-forming Ply were expressed in E. coli and purified as described.37

Briefly, toxins were passed three times through an EndoTrap
endotoxin removal column (Profos, Regensburg, Germany), after
which lipopolysaccharide was undetectable using the PyroGene
recombinant factor C assay (Lonza; detection limit 0.01 endotoxin
unitsml� 1). Mouse and human enzyme-linked immunosorbent assay
kits are from R&D systems (Minneapolis, MN) and eBioscience.

Infection with S. pneumoniae. S. pneumoniae serotype 1 clinical
isolate E1586 sequence type ST304 has been described elsewhere.50 In
some experiments, parental and ply::catmutant D39 strains were used.
Mice were anesthetized and administered intranasally (i.n.) with 50 ml
of PBS containing live bacteria.

Neutrophil and AM depletion. Neutrophils were depleted 24 h prior
S.p. infection using an anti-Ly6G mAb (100 mg per mouse intra-
peritoneally, clone: NIMP-R14). Alveolar macrophages were depleted
using clodronate liposomes. Clodronate liposomes and control
liposomes were delivered twice by i.n. route 48 and 24 h prior infection
(50 ml per mouse).

Measurement of cytokines in the whole lungs. Perfused lungs were
collected in liquid nitrogen until processing. An anti-protease solution
was prepared by dissolving one tablet of anti-protease (25� ) in 2ml of
distilled water. T-Per Tissue protein extraction buffer (1ml) con-
taining 1� of the anti-protease solution was added onto lungs and
homogenized for 1min. Lung lysates were kept on ice for 20min then
centrifuged at 10,000 rpm for 15min. The supernatants were collected
in sterile eppendorfs and stored at � 20 1C until cytokine analysis.

Preparation of pulmonary immune cells. Mice treated with anti-
TNF-a (150 mg per mouseintraperitoneally) or isotype controls were
infected or not with S. pneumoniae. Lung mononuclear cells were
prepared by classical procedures. Briefly, lungs were perfusedwith PBS
2% fetal calf serum (FCS), excised and finely minced, followed by
enzymatic digestion for 20min at 37 1C in PBS containing 1mgml� 1

collagenase type VIII (Sigma-Aldrich) and 1 mgml� 1 DNase type I
(Roche, Boulogne-Billancourt, France). After wash, lung homogenates
were resuspended in a 20% Percoll gradient, and centrifuged at 2,000
rpm without brake at room temperature for 15min. The pellet was
washed in PBS 2% FCS and red blood cells were removed using lysis
buffer (Sigma-Aldrich).

Labeling of vascular vs. interstitial lung leukocytes. Anesthetized
mice were injected with 2 mg of PeCy7-labelled rat anti-CD45 (clone:
30-F11) mAb via the retro-orbital venous plexus. The mAb was
allowed to circulate for 5min in order to label all leukocytes in the
vascular space including circulating and marginated leukocytes.29

After extensive perfusion (to remove circulating leukocytes), lungs were
removed and lung leukocytes were prepared as previously described. The
cell suspension was then labeled with appropriate mAbs for cell subset
detection and PE-labeled anti-CD45 (clone I3/2.3) mAb to exogenously
stain all lung leukocytes includingmarginated and interstitial pulmonary
leukocytes. Marginated leukocytes were defined as double positive for
CD45-PeCy7 and CD45-PE and interstitial leukocytes were defined as
CD45-PeCy7 negative and CD45-PE positive.

Cell sorting and in vitro/ex vivo assays. Lungs were harvested from
naı̈ve or infected mice and cell suspensions were prepared as pre-
viously described. Cells were sorted using an ARIA cell sorter (BD
Biosciences). To purify gdT cells, lung mononuclear cells were labeled
with PB-conjugated anti-CD3 antibody, PerCp-Cy5.5-conjugated
anti-TCRd mAb and PeCy7-conjugated anti-CD27 mAb. For neu-
trophil purification, lung mononuclear cells were labeled with FITC-
conjugated anti-Ly6GmAb and PerCp-Cy5.5-conjugated anti-CD11b
mAb. After cell surface labeling, cells were sorted using a FACSAria
(BD Biosciences). This protocol yielded498% cell purity as evaluated
by FACS. In some experiments, pulmonary neutrophils were enriched
using positive selection (anti-Ly6G) on LS column with a MidiMACS
Separator (Miltenyi Biotec, Paris, France). Purity after magnetic-
activated cell sorting enrichment yielded around 85–90% as evaluated
by FACS. For in vitro stimulation assays, neutrophils were cultured for
3 h in complete RPMI 5% FCS media containing recombinant mouse
TNF-a, and then pneumolysin was added for another 90min. Purified
CD27� or CD27þ gdT cells were cultured 20 h in complete media
containing recombinant IL-23 (1 ngml� 1), and/or recombinant IL-1b
(1 ngml� 1), or conditioned media from cultured neutrophils isolated
from infected or naive mice. In some cases, anti-IL-1b (5 mgml) was
added to culture.

Intracellular FACS staining and cytospins. Lungs were harvested at
different time points and mononuclear cells were prepared as
described above. Cells were incubated in RPMI 1640 5% FCS
containing Golgi Plug/Golgi Stop (BD Biosciences) for 2 h at 37 1C.
Then, cells were washed with appropriate dilutions of the different
antibodies for 30min in PBS 2% FCS. Cells were washed, and fixed
using IC Fixation Buffer (eBioscience, CliniSciences, Montrouge,
France). Fixed cells were then permeabilized in Permeabilization
Buffer (eBioscience), according to the manufacturer’s instructions. Cells
were stained with PE-conjugated mAbs against TNF-a, IL-17A, or
pro-IL-1b and analyzedonaLSRFortessaor aCanto II (BDBiosciences).
FACSanalyseswere performedusing the FlowJo software (Treestar,OR).
A morphology-based differential cell analysis was conducted on
cytospin preparations from the broncho-alveolar lavage fluid samples
from PBS or S.p.-infected mice and subjected toMay-Grünwald Giemsa
staining.

Western blotting. Pulmonary neutrophil protein lysates were pre-
pared in 1%NP-40-containing lysis buffer. Proteins were denatured by
boiling in Laemmli buffer and subjected to sodium dodecyl sulfate–
polyacrylamide gel electrophoresis. Separated proteins were trans-
ferred to PVDF membranes and stained using primary antibodies
against IL-1b (GeneTex, Irvine, CA), NLRP3 (AdipoGen, Epalinges,
Switzerland) and horseradish peroxidase-coupled anti-mouse b-actin
(Santa Cruz, Heidelberg, Germany). Subsequently, membranes were
exposed to the corresponding secondary antibodies (Jackson
ImmunoResearch, Newmarket, UK) and developed with ECL (GE
Healthcare, Vélizy-Villacoublay, France).

Generation of D39 mutant strains. Genomic DNA from D39 strain
for amplification was prepared by suspending 1ml of pelleted D39

Table 1 Gating strategy for flow cytometry analysis

Populations Markers

Lymphoid compartment All CD45þ
gdT cells CD3þ TCRdþ
ILCs Lin� CD90.2þ CD127þ
NKT cells PBS57/CD1d tetramerþ TCRbþ
NK cells CD3� NK1.1þ
conventional T cells PBS57/CD1d tetramer� TCRbþ
Myeloid compartment All CD45þ
Neutrophils CD11bþ Ly6Gþ
AMs CD11bþ Siglec Fþ
Interstitial macrophages CD11bþ F4/80þ
conventional DCs CD11cþ MHCIIþ CD64�
Abbreviations: AM, alveolar macrophage; DC, dendritic cell; NKT, natural killer T.
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(OD600 0.4) in 100ml lysis buffer (0.01% sodium dodecyl sulfate, 0.1%
sodium deoxycholate, 0.015 M sodium citrate), incubating the mixture
at 37 1C for 30min, and then diluting the mixture with 100 ml PBS.
Plasmid DNA was extracted from harboring E. coli strain with
NucleoSpin Plasmid Kit (Macherey-Nagel, Hoerdt, France) following
manufacturer’s protocols. Pneumolysin deletion mutant was con-
structed using sequence overlap extension followed by allelic replace-
ment of native pneumolysin gene with chloramphenicol marker.
Upstream flanking region was amplified from genomic D39 DNA
using primer set LK162 and LK163 (50-CTAGCCTTGACAACTA
GCCAATC-30; 50-CTCACAAAAATCCGAGCTCCACCGCTTCTA
CCTCCTAATAAGTTCCTGG-30). Chloramphenicolmarker amplified
from plasmid pKOC with primer set LK164 and LK 165 (50-CCAGG
AACTTATTAGGAGGTAGAAGCGGTGGAGCTCGGATTTTTGT
GAG-30; 50-CGCAAGCATTCTCCTCTCCGCTAGGGCGCTGGC
AAG-30). Downstream flanking region was amplified from genomic
D39 DNA using primer set LK166 and LK167 (50-CTTGCCAGCG
CCCTAGCGGAGAGGAGAATGCTTGCG-30; 50-TGCAAATAGA
AAGTTTCAGCC-30). The overlapping regions of fragments are
indicated by underlined and bolded sections. All fragments were
amplified using DreamTaq polymerase (ThermoFisher Scientific;
Waltham, MA, USA) with 1min extension and a 55 1C annealing
temperature for 34 cycles. Fragments joined using this standard PCR
reaction except with a 3min extension using terminal primers LK162 and
LK167. Pneumococcal transformation was performed by addition of
100ngml� 1 of synthetic CSP-1 to 1ml of D39 grown to OD600 0.12
followed by incubation at 37 1C for 12min. Approximately 200ng of
DNAadded to 100ml of activated cells followed by incubation at 30 1C for
20min. Cells diluted 10 times in CþY media and incubated for 1.5 h at
37 1C before plating on Columbia agar supplemented with 4% defi-
brinated sheep blood and 4.5mgml� 1 chloramphenicol. Positive colonies
were screened and verified by sequencing.

Isolation and culture of human cells. To obtain total blood leu-
kocytes, blood samples collected on heparanized tubes were treated
with Buffer EL (Qiagen, Hilden, Germany) according to manu-
facturer’s instructions to remove erythrocytes. Neutrophils have been
isolated as previously described.51 This procedure routinely yielded
485% cell purity as assessed by FACS and May-Grünwald Giemsa
stain (Sigma-Aldrich). Cells (4� 105 per well) were cultured for 3 h in
complete RPMI 5% FCS media containing recombinant human TNF-
a (100 ngml� 1), and then pneumolysin (500 ngml� 1) was added for
another 90min.After culture, cell viabilitywas evaluated by propidium
iodide staining.

Statistical analysis. All statistical analysis was performed using
GraphPad Prism software. The statistical significance was evaluated
using non-parametric Mann-Whitney U or Kruskal-Wallis (followed
by a Dunn’s post-test) tests to compare the means of biological
replicates in each experimental group. Survival rates after S. pneu-
moniae challenge were analyzed using a log-rank test. Results with
a P-value of less than 0.05 were considered significant. ns: not
significant; *Po0.05; **Po0.01; ***Po0.001.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper
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