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inhibits the anti-microbial activities of invariant
natural killer T cells during invasive pneumococcal
superinfection
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During influenza A virus (IAV) infection, changes in the lung’s physical and immunological defenses predispose the host

to bacterial superinfections. Invariant natural killer T (iNKT) cells are innate-like T lymphocytes that have beneficial or

harmful functions during infection. We investigated the iNKT cells’ role in a model of invasive pneumococcal

superinfection. The use of Ja18� /� mice indicated that iNKT cells limited susceptibility to influenza-pneumococcal

infection and reduced the lethal synergism. This role did not depend on immune-based anti-bacterial mechanisms. At

the time of bacterial exposure, iNKTcells from IAV-experienced mice failed to produce antipneumococcal interferon-c
and adoptive transfer of fresh iNKTcells beforeStreptococcus pneumoniae challenge did not restore anti-bacterial host

defenses. Impaired iNKT cell activation in superinfected animals was related to the IAV-induced immunosuppressive

cytokine interleukin-10 (IL-10), rather than to an intrinsic functional defect. IL-10dampened the activation of iNKTcells in

response to pneumococci by inhibiting the production of IL-12 by pulmonary monocyte-derived dendritic cells.

Neutralization of IL-10 restored iNKTcell activation and tends to increase resistance to secondary bacterial infection.

Overall, iNKT cells have a beneficial role (upstream of bacterial colonization) in controlling influenza-pneumococcal

superinfection, although they represent novel targets of immunosuppression at the time of bacterial challenge.

INTRODUCTION

Influenza A virus (IAV) infection can predispose the host to
bacterial superinfections. The latter result in high morbidity
and mortality rates during seasonal influenza H1N1 and H3N2
epidemics and pandemics (for reviews see Brundage1 and
Morens et al.2). The encapsulated bacterium Streptococcus
pneumoniae (a leading cause of mortality worldwide, compris-
ing a group of more than 90 serotypes3) is the predominant
source of bacterial superinfections. Heightened susceptibility to
bacterial superinfections is a multifactorial phenomenon that
depends strongly on the pathogenicity index of IAV and on the
host’s immune status.2,4–6 Experiments in murine models
suggest that disruption of the respiratory epithelium’s barrier
function, impairment of mucosal-ciliary clearance, and/or

exposure of new bacterial attachment sites have a key role in
bacterial adherence, colonization, and invasiveness.2,7–9

Furthermore, alteration of the innate immune response is a
cardinal feature of postinfluenza bacterial superinfections. In
particular, poor bacterial control is due to the loss and/or
dysfunction of macrophages and neutrophils (e.g., the ability to
sense and clear bacteria).10–14 Along with these effector cells,
dysfunction of lymphoid cells, such as natural killer (NK) cells
and gd T lymphocytes, also depresses the host’s anti-bacterial
capabilities.15–17

Invariant NKT (iNKT) cells are lipid-reactive, non-con-
ventional T lymphocytes that express an invariant T-cell
receptor (TCR)-a chain coupled to a small number of
b-chains.18,19 In response to TCR triggering following antigen
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presentation by the CD1d molecule and/or in response to the
stress-induced release of cytokines by accessory cells, iNKT
cells rapidly produce large amounts of types 1, 2, and/or 17
cytokines. Conventional dendritic cells (DCs) are particularly
potent iNKT cell activators. In the context of infection,
activation of Toll-like receptors expressed by DCs is a critical
event in iNKT cell activation.18,19 Cytokine production by
iNKT cells is instrumental in trans-activating cells from the
innate immune system (e.g.,macrophages, neutrophils, andNK
cells) and the adaptive immune system, which thus promote
anti-infective effector responses.18,19 Invariant NKT cells are
key players in pulmonary immunity.20 In particular, the cells
actively participate in host defenses against respiratory viral
and bacterial (including pneumococci) pathogens.21–26 In
contrast, iNKT cells can also exert harmful functions by
exacerbating lung inflammation, as observed during asthma
and chronic obstructive pulmonary disease for example.27,28

The potential function of iNKT cells in postinfluenza
bacterial superinfection has not previously been investigated.
The events that precede postinfluenza bacterial colonization
influence the host’s susceptibility to secondary infections. We
and others have emphasized the beneficial role of iNKT cells in
terms of anti-viral immunity and/or lung immunopathology
during influenza H1N1 and H3N2 infections in animal
models.29–32 The regulatory roles of iNKT cells are mediated
through their impact on (i) the generation and expansion of
IAV-specific CD8þ T lymphocytes and (ii) the controlled
recruitment of myeloid-derived suppressor cells and inflam-
matorymonocytes in the lungs.29,30,32 It has been suggested that
the early production of interleukin-22 (IL-22) by iNKT cells
might control lung tissue damage and reinforce barrier
functions during IAV infection31,33. Furthermore, IL-33
synthesis by iNKT cells was suggested to activate group
2 innate lymphoid cells,34 a population that has beneficial
functions on tissue repair during IAV infection.35 Given that
the response to a single IAV infection is not predictive of the
outcome of a superinfection,4,6 we decided to investigate the
role of iNKT cells in postinfluenza invasive pneumococcal
superinfection.

RESULTS

Invariant NKT cells limit the lethal synergy between IAV
and pneumococcal infections

Wild-type (WT) mice and iNKT-cell-deficient Ja18� /� mice
were intranasally infected with H3N2 IAV. Seven days
postinfection (dpi), the animals were inoculated with the
invasive S. pneumoniae serotype 1 (Figure 1a). Low viral and
bacterial inoculum levels were used to promote pathogen
synergy (Supplementary Figure 1 online). Whereas the dose
of S. pneumoniae was self-limiting as a single infection,
IAV-experienced mice were susceptible to pneumococcal
challenge as reflected by the presence of bacteria in the
lungs and spleen, indicating systemic dissemination
(Figure 1b). Interestingly, the absence of iNKT cells was
associated with greater bacterial loads in superinfected

Ja18� /� mice (relative to the WT), both within and
outside the lungs.

We next sought to assess the impact of iNKT cell deficiency
on the lung’s histopathological features. Lung samples from
influenza-pneumococcus-infected WT mice displayed mod-
erate-to-severe, multifocal, neutrophil-predominant pneumo-
nia with interstitial lymphohistiocytic infiltration (Figure 1c).
The histopathological features were more marked in
superinfected Ja18� /� mice, which displayed very severe,
fibrinopurulent, bronchial–interstitial pneumonia, large areas
of consolidation, and blocked airways.

Mortality during pneumococcal superinfection is due to
systemic bacterial dissemination and/or to excessive pneumo-
nia. Both causes of mortality were accentuated in superinfected
Ja18� /� mice (relative to the WT). Consistently, B70% of
IAV-experienced WT mice died 2–5 days after pneumococcal
infection, whereas all Ja18� /� mice died from bacterial
superinfection (Figure 1d). Taken as a whole, our results show
that a lack of iNKT cells worsens pneumococcal superinfection
and exacerbates disease.

Influenza curtails iNKT cell activation upon pneumococcal
challenge

We next looked at whether the positive impact of iNKT cells
during superinfection was due to indirect anti-bacterial effects.
In the context of S. pneumoniae infection alone, pulmonary
iNKT cells produced interferon-g (IFN-g) and (to a lesser
extent) IL-17A and the cells contributed to protection, as
evidenced by a greater bacterial load in Ja18� /� mice, relative
toWTanimals (Figure 2a and Supplementary Figure 2A). The
results of adoptive transfer experiments indicated that the
production of IFN-g (but not IL-17A, data not shown) by iNKT
cells is important for controlling bacterial outgrowth and
dissemination (Figure 2a and Supplementary Figure 2A, right
panels).

In the context of IAV infection, pulmonary iNKT cells failed
to produce IFN-g and IL-17A in response to S. pneumoniae
(Figure 2b). Abrogation of cytokine production was not due to
an intrinsic defect. Indeed, IAV-experienced iNKT cells
produced IFN-g and IL-17A in response to in vitro phorbol
myristate acetate/ionomycin stimulation (Figure 2c). These
findings suggested that iNKT cells are not exhausted and that
cell-extrinsic factors contribute to the lack of cytokine
production by iNKT cells in superinfected animals. The use
of neutralizing antibodies (Abs) indicated that IL-12, but not
CD1d, is critical for the activation of pulmonary iNKT cells
(at least IFN-g) in the context of S. pneumoniae infection
alone (Supplementary Figure 2B). Interestingly, iNKT cell
dysfunction was associated with low transcript levels of Il12p40
and Il12p35 in the lungs of superinfected animals
(Supplementary Figure 2C). Finally, as depicted in
Figure 2d, adoptive transfer of fresh iNKT cells to
IAV-experienced animals one day before the S. pneumoniae
challenge did not restore anti-bacterial host defenses as
reflected by bacterial counts. Collectively, IAV appears to
induce an immunosuppressive environment in the lungs that
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dampens iNKT cell activation in the context of secondary
pneumococcal infection.

Influenza-induced IL-10 abrogates iNKT cell activation
(IFN-c) upon pneumococcal challenge

We next monitored the expression of immunosuppressive
cytokines that might have accounted for the inhibition of
iNKT cell activation in superinfected animals. Influenza
induced a high level of IL-10 expression in lungs (mRNA
andprotein), whereas the expression of TGF-b (Tgfb) and IL-35
(Il12p35/Ebi3) was unchanged at 7 dpi (Figure 3a). Infection of
IL-10-b-lactamase reporter mice identified T lymphocytes as a
major source of IL-10 (Figure 3b and Supplementary
Figure 3A). Furthermore, NK cells and myeloid cells
(mostly inflammatory monocytes) expressed IL-10, whereas
iNKT cells did not (Supplementary Figure 3A,B and data not
shown).

We next assessed potential contribution of IL-10 to the
control of cytokine production by iNKT cells in superinfected
mice. In vivo blockade of IL-10 activity was sufficient to rescue
IFN-g production by iNKT cells but had no impact on IL-17A
production (Figure 3c). This effect was associated with
enhanced levels of Il12p40 and Il12p35 (but not Il18, Il1b,

and Il23p19) transcripts and bioactive IL-12 in the
lung (Figure 3d). These results show that influenza-induced
IL-10 is a critical factor in preventing the IL-12-driven
activation of pulmonary iNKT cells (IFN-g) upon
pneumococcal challenge.

IL-10 targets MoDCs to prevent iNKT cell activation (IFN-c)
in superinfected mice

IL-10 is known to suppress IL-12 production by accessory cells.
Before seeking to identify the accessory cells targeted by IL-10,
we first looked at whether IL-10 could act directly on iNKT
cells. Lung iNKT cells from IAV-infected mice did not express
detectable levels of IL-10 receptor, as assessed by flow cytometry
(Figure 4a, left panel). Furthermore, recombinant IL-10 had no
effect on IFN-g and IL-17A production by lung iNKT cells
stimulated in vitro with IL-12p70/IL-18 (a cocktail that
promotes IFN-g release under physiological conditions) or
IL1-b/IL-23 (for IL-17A), respectively (Figure 4a, right panel,
and Supplementary Figure 4A).

Strikingly, our analysis of accessory cells in the lung of
IAV-infected animals (7 dpi) revealed a very low number
of conventional DCs (Figure 4b), which are key activators
of iNKT cells during pneumococcal infections alone

Figure1 Role of invariant natural killer T (iNKT) cells in influenzaAvirus (IAV)-pneumococcal infection. (a) Anoverviewof the superinfectionprocedure.
First, age-matched wild-type (WT) and Ja18� /� male mice were intranasally infected with IAV (30 plaque-forming units). After 7 days, the mice were
challenged with Streptococcus pneumoniae (Sp, 103 colony-forming units (CFUs)). (b) The number of CFUs was determined in lungs and spleen 24 h
afterS. pneumoniae challenge. Each symbol represents onemouse; horizontal line indicates themedian value. No bacteria were found in single-infected
mice regardless of the mouse strain (data not shown). One of five representative experiments is shown. *Po0.05, ***Po0.001 (in a Mann–Whitney
t-test). (c) Analysis of lung inflammation in superinfected WT and Ja18� /� mice (36 h after S. pneumoniae challenge). Left panel: Representative
hematoxylin plus eosin-stained tissue sections (original magnification �100). Arrows indicate lung consolidation. Right upper panel: Lung sectionswere
scored blind for pneumonia. The data are reported as themean±s.d. (n¼ 12mice per group, combined from two independent experiments). ***Po0.001
(in aWilcoxon’s test). Right lower panel: The surfacedistributionof lesionswithin the lungsare codedas follows: 26–50% (light gray), 51–75% (dark gray),
and 475% (black). (d) The survival of superinfected WT and Ja18� /� mice was monitored (n¼12–16 mice per group, two pooled experiments).
*Po0.05 (in a Kaplan–Meier analysis and log-rank test).
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(Supplementary Figure 4B). In contrast, a strong influx
of monocyte-derived DCs (MoDCs) and inflammatory
monocytes was observed at 7 dpi (Figure 4b and
Supplementary Figures 4C,D). We then established
cocultures to test whether these accessory cells from
IAV-infected mice could activate naive iNKT cells. When
exposed ex vivo to pneumococci, MoDCs (but not
inflammatory monocytes) triggered IFN-g release by iNKT
cells; in contrast, there was little or no IL-17A release (Figure 4c
and data not shown). We next assessed whether IL-10
modulates the accessory activities of MoDCs to activate
iNKT cells. Flow cytometry experiments revealed that
MoDCs expressed the IL-10 receptor (Figure 4d).
Furthermore, in the above-mentioned coculture system,
addition of exogenous IL-10 fully abrogated IFN-g
production by iNKT cells (Figure 4c). We conclude that
MoDCs (but not inflammatory monocytes) from IAV-
infected mice can activate iNKT cells in the context of S.
pneumoniae exposure, and that this phenomenon is inhibited by
IL-10. To confirm this in vivo, IL-10 activity from IAV-infected

mice was neutralized just before S. pneumoniae challenge (using
the anti-IL-10 receptor Ab) and sorted MoDCs were cocultured
withnaive iNKTcells. Comparedwith the control,MoDCs sorted
from IL-10 receptor Ab-treated superinfected animals induced
higher levels of IFN-g release by iNKT cells (Figure 4e). This
effect was associated with increased Il12p40 and Il12p35 (but not
Il18) transcript expression by MoDCs (Supplementary
Figure 4E and not shown).

IL-10 neutralization tends to improve the outcome of
influenza-pneumococcal superinfection

We next investigated the functional consequences of
IL-10 neutralization on bacterial superinfection. Wild-type
IAV-infected mice treated with the anti-IL-10 receptor Ab just
before the pneumococcal challenge tended to display a lower
bacterial load than isotype-treated superinfected WT animals
(Figure 5a). Furthermore, neutralization of IL-10 activity
increased the survival rate of superinfectedWTmice, albeit in a
nonsignificantmanner (Figure 5b). To investigate whether this
partially protective effect was mediated by iNKT cells, the same

Figure 2 Role of invariant natural killer T (iNKT) cells during pneumococcal infection and influenza-pneumococcal infection. (a) Left panel: Mice were
infectedwithStreptococcus pneumoniae (106 colony-forming units (CFUs)). Gated iNKT cells (TCR-bþ PBS57-loadedCD1d tetramerþ ) were analyzed
for intracellular interferon-g (IFN-g) and interleukin-17 (IL-17A) production36 hafterS. pneumoniaechallenge.Themeanpercentagesof pulmonary iNKT
cells positive for IFN-g and IL-17A±s.d. is shown (n¼ 8, two pooled experiments). Right panel: Ja18� /� micewere reconstituted (or not) withWTor IFN-
g-deficient iNKT cells 24 h before infection. Wild-type (WT) and Ja18� /� mice were infected with S. pneumoniae (106CFUs). The number of CFUs in
lungs was determined 36 h after S. pneumoniae challenge. The horizontal lines indicate the median values. (b) Mock- or influenza A virus (IAV)-infected
mice (7 dpi) were intranasally infectedwithS. pneumoniae (106CFUs). The data correspond to pooled results from two independent experiments (n¼ 6–
8). (c) Pulmonary iNKT cells were sorted fromnaive and IAV-infectedmice (7 dpi) andwere stimulatedwith phorbol myristate acetate/ionomycin (100 ng/
1mgml� 1). IFN-g and IL-17A production was measured by enzyme-linked immunosorbent assay (ELISA) after 24 h. The results of two pooled
experiments are shown (mean±s.d.). (d) IAV-infected mice were inoculated (or not) at day 6 postinfection with iNKT cells 24 h before S. pneumoniae
challenge. The number of bacteria was determined in the lungs 24 h later. The experiment shown is representative of two. *Po0.05 and **Po0.01 (a
Mann–Whitney t-test or, in a, right panel, a Kruskal–Wallis one-way analysis of variance (ANOVA)). NS, nonsignificant.
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experiment was performed in Ja18� /� mice (iNKT cells
cannot be depleted in WT animals). Treatment with the anti-
IL10 receptor Ab reduced the bacterial load in superinfected
Ja18� /� mice (Figure 5a). However, this reduction in the
bacterial load (a key parameter in the outcome of bacterial
superinfection) was not as intense as in WT mice. Last,
neutralizing IL-10 increased the survival rate in superinfected
Ja18� /� mice, although the degree of protection was

lower relative to WT animals. We conclude that (i) IL-10
neutralization tends to improve the outcome of an
IAV-pneumococcal infection and (ii) this effect might
depend partly on iNKT cells.

DISCUSSION

Although murine iNKT cells clearly exert a positive role in
primary infections by serotype 3 pneumococci23–26 and the

Figure 3 Cell sources of interleukin-10 (IL-10) during primary influenza, and the role of IL-10 in the inhibition of invariant natural killer T (iNKT) cell
activation in superinfectedmice. (a) Left panel: RNAwas extracted from the lungs ofmock-infected and influenza A virus (IAV)-infectedmice (7 dpi). Il10,
Tgfb, Il12p35, andEpstein–Barr virus-induced gene 3 (EbI3)mRNA copy numbers weremeasured by quantitative reverse transcription-PCR (RT-PCR).
Data are expressed as the mean±s.d. fold increase over average gene expression in mock-treated mice (n¼6). Right panel: IL-10 production was
measured in bronchoalveolar lavage fluids at 7 dpi. One of two representative experiments is shown (n¼ 5). (b) Left panel: A representative dot plot of
CD45þ propidium iodide (PI)� cells expressing CCF4-blue fluorescence (corresponding to IL-10-b-lactamaseþ cells). Right panel: The percentage of
IL-10-b-lactamaseþ cells among myeloid cells (Siglec F� CD11bþ Ly6G� ), T lymphocytes (TCRbþ Gr1� ), NK cells (NKp46þ TCRb� ), B cells
(Ly6G� CD19þ ), and neutrophils (CD11bþ Ly6Gþ Siglec F� ) (n¼ 12, three independent experiments). (c) IAV-infected mice were injected with the
anti-IL-10 receptor (IL-10R) or the isotype controlmAb (1mg) 24 h beforeStreptococcus pneumoniae challenge. For each group, the percentage±s.d. of
IFN-g- and IL-17A-producing iNKT cells is shown (n¼6–12, three pooled experiments). (d) The same experiment as in (c) but with killing 24 h after
S. pneumoniae infection (36 h in c). Left panel: Data are expressed as the mean±s.d. fold increase over average gene expression in isotype-treated
superinfectedmice (n¼ 6). Right panel: Themean concentrations±s.d. of bioactive IL-12 and IL-18 (whole lung homogenates) are represented (n¼5).
Oneof two representative experiments is shown. *Po0.05, **Po0.01, and ***Po0.001 (Mann–Whitney t-test or, inc, a Kruskal–Wallis one-wayanalysis
of variance (ANOVA)). ELISA, enzyme-linked immunosorbent assay; NS, nonsignificant.

Figure 4 Mode of action of interleukin-10 (IL-10) in the inhibition of invariant natural killer T (iNKT) cell activation during coinfection. (a) Left panel: The
expression of the IL-10 receptor on iNKT cells (7 dpi). White histograms: Isotype control; gray histograms: IL-10 receptor. Right panel: Lung iNKT cells
from influenza A virus (IAV)-infectedmice were stimulated in an antigen-presenting cell-free systemwith IL-12p40 plus IL-18 in the presence or absence
of recombinantmouse IL-10 (10 ngml� 1). The concentration of interferon-g (IFN-g) (duplicates±s.d.) in the supernatant was determined after 24 h. Two
experiments were pooled. (b) The mean±s.d. proportions of conventional dendritic cells (DCs), monocyte-derived DCs (MoDCs), and inflammatory
monocytes (IMs) amongCD45þ cells were determined inmock- and IAV-infected (7 dpi) mice (n¼8, two pooled experiments). (c) MoDCs and IMswere
sorted from IAV-infectedmice, incubatedwithStreptococcuspneumoniae (at amultiplicity of infection of 1) for 1 h,washed, and then coculturedwith naive
pulmonary iNKT cells in the absence or presence of IL-10 (10 ngml� 1). The concentration of IFN-g (mean±s.d., triplicates) was determined after 48 h.
One of two representative experiments is shown. (d) The expression of the IL-10 receptor on MoDCs (7 dpi). White histograms: Isotype control; gray
histograms: IL-10 receptor. (e) IAV-infectedmicewere treatedwith theanti-IL-10 receptor or the isotypecontrolmonoclonal antibody (mAb) 24 hbeforeS.
pneumoniae challenge. In vivo S. pneumoniae-exposed MoDCs were then sorted (24 h after the pneumococcal challenge) and incubated with naive
pulmonary iNKT cells. The mean±s.d. concentration of IFN-g (in duplicate) is shown. One of two representative experiments is shown. *Po0.05,
**Po0.01, and ***Po0.001 (in a Mann–Whitney t-test in b or a Kruskal–Wallis one-way analysis of variance (ANOVA) in a and c).
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serotype 1 studied here (serotypes that differ in virulence,
pathogenicity, and invasiveness3), the potential role of iNKT
cells in pneumococcal superinfections following IAV infection
has yet to be characterized. In view of their role (under some
circumstances) in immune suppression and pulmonary
immunopathology,18,19,27,28,36 a harmful role of iNKT cells
in the lethal synergy between IAV and pneumococci could not
be ruled out. In the present study, we found that iNKTcells have
neither a detrimental, immunosuppressive role nor a harmful,
proinflammatory function in influenza-pneumococcal super-
infected mice. In fact, iNKT cells reduce susceptibility to
secondary pneumococcal infection and limit the lethal synergy
between IAV and pneumococci.

During IAV infection, events that precede bacterial
colonization impact on susceptibility to secondary infection.
We and others have shown that iNKT cells protect against
lung damage and alteration of barrier functions during
influenza.29–32 These previous observations and our present
demonstration that (i) iNKT cells were not activated in mice
infected with IAV and pneumococci (at least in terms of IFN-g
and IL-17A production) and that (ii) in vivo transfer of naive
iNKT cells to IAV-infected mice failed to restore protection
against pneumococci suggest that the beneficial action of iNKT
cells on superinfection is exerted upstream of bacterial
colonization and might be related to better physical defenses
(rather than better immune-based defenses). Further studies
are needed to accurately characterize the role of iNKT cells in
physical defenses against bacterial superinfections. This role
might be exerted through a variety of nonredundant mechan-
isms. By controlling the recruitment of epithelial-damaging
inflammatory monocytes during primary influenza,9,32 iNKT
cells might indirectly limit bacterial superinfection. One can
also hypothesize that the early synthesis of the epithelium-
protecting cytokine IL-22 by iNKT cells31,33might reinforce the
respiratory barrier,31,37,38 thus limiting secondary infections. It
is noteworthy that Il22� /� mice displayed better outcomes
following bacterial superinfection than WT counterparts.33

Last, through their ability to indirectly activate the synthesis of
protective barrier factors by other cells (e.g., amphiregulin by
group 2 innate lymphoid cells,34,35) iNKT cells might lower
epithelial damage during influenza and thus limit bacterial
superinfection.

Depending on the bacterial dose and serotype, IFN-g and/or
IL-17A have important functions in pneumococcal clear-
ance.3,22 Our results demonstrate that following IAV infection,
pulmonary iNKT cells become refractory to subsequent in vivo
stimulation with S. pneumoniae—suggesting that the primary
IAV infection inhibits the iNKT cells’ indirect bactericidal
activities. This finding is in line with the fact that influenza
cripples the functions of innate sensors (including Toll-like
receptors) and compromises innate immunity.39 Further
ex vivo analysis demonstrated that (i) iNKT cells conserved
their ability to respond to inflammatory cytokines released by
accessory cells and (ii) the lack of iNKT cell activation in
superinfected animals was independent of changes in lung DC
populations. Our results point toward a dominant role for IL-10
in curbing iNKT cell activation (at least IFN-g production) in
superinfectedmice, due to low IL-12 production. Virus-specific
T cells were shown to be the main producers of IL-10 during
IAV H1N1 infection.40,41 Our data extend these findings and
provide evidence that, along with T lymphocytes, NK cells and
myeloid cells (and especially inflammatory monocytes)
contribute to IL-10 secretion during H3N2 influenza infection.

The modes of action of IL-10 on iNKT cell functions are
unclear, although a recent study showed that this cytokine
induces human iNKT cells to become tolerogenic and
anergic.42 In our experimental system, IL-10 did not directly
target pulmonary iNKT cells but did affect accessory cells. At
7 dpi, MoDCs constituted a major population of accessory cells
in the lungs; these cells reportedly interact with newly recruited
effector CD8þ T lymphocytes and are involved in virus
clearance.43 We found that MoDCs sensitized both ex vivo and
(more importantly) in vivo with S. pneumoniae had the
potential to activate iNKT cells. This effect was inhibited by

Figure 5 Effect of interleukin-10 (IL-10) neutralization in superinfected wild-type (WT) and Ja18� /� mice. Influenza A virus (IAV)-infected WT and
Ja18� /� mice were injected with the anti-IL-10 receptor (IL-10R) or the isotype control mAb (1mg per mouse) 24 h before Streptococcus pneumoniae
challenge. (a) Bacteria in the lungs were counted 24 h later (two pooled experiments). The horizontal lines indicate the median values (**Po0.01)
(a Kruskal–Wallis one-way analysis of variance (ANOVA)). (b) The survival of superinfected mice was measured (n¼14–16 mice per group, for two
pooled experiments) and analyzed according to the Kaplan–Meier method and a log-rank test (**Po0.01).
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IL-10. MoDCs were not significant IL-10 producers (data not
shown) and were themselves targets of IL-10-producing cells. It
remains to be seen whether IL-10 produced by T cells, NK cells,
and/or inflammatory monocytes prompts MoDCs to inhibit the
activation of iNKT cells in the context of superinfection.

The lack of IFN-g and/or IL-17A production by iNKTcells in
influenza-pneumococcal-infected mice might be of relevance.
Indeed, Sun et al.11 suggested that excessive IFN-g production
(by targeting macrophages) might be harmful in bacterial
superinfections. In contrast, reduction of IFN-g-producing
IAV-specific T cells in the lungs of IAV-pneumococcus
contributes to postinfluenza superinfection.44 Last, in a model
of IAV-Staphylococcus aureus infection, Kudva et al.45 showed
that IFN-g has no role in bacterial outgrowth in superinfected
animals. Therefore, the role of IFN-g in IAV bacterial infection
might depend on the model used, and one can infer that
IL-10-mediated inhibition of IFN-g production by iNKT cells
might be of relevance in bacterial superinfections. Several
studies have demonstrated that defective synthesis of IL-17A
(e.g., by gd T cells) is associated with enhanced susceptibility to
respiratory bacterial infections after influenza.16,17,45,46 Con-
sistently, iNKT cells failed to produce IL-17A in superinfected
mice, a mechanism that might contribute to enhanced
susceptibility to secondary pneumococcal infection.

By using amodel of mild H1N1 IAV infection, Van der Sluijs
et al.14,47 showed that neutralization of IL-10 (14 dpi) reduced
the pulmonary outgrowth of S. pneumoniae (serotype 3) and
improved survival during secondary bacterial pneumonia. The
researchers attributed this positive effect to the enhancement of
anti-bacterial host defenses. In line with these data, we found
that neutralization of IL-10 during the acute phase of H3N2
influenza (7 dpi) tended to reduce the bacterial load and
improve the survival rate. Hence, IL-10 neutralization is
associated with (i) restoration of iNKT cell activation (at least
IFN-g) in superinfected animals and (ii) improved resistance to
bacterial superinfection. In this setting, cytokines and/or
chemokines released by iNKT cellsmight activatemacrophages
and/or neutrophils, which are important controllers of
pneumococci outgrowth.3 It is noteworthy that a partially
protective effect of IL-10 blockade was also observed in
superinfected Ja18� /� mice, indicating that IL-10 has an
iNKT-cell-independent action. In this setting, IL-10 might
negatively act on other upstream innate immune cells and/or
directly on macrophages and/or neutrophils.14

Taken as a whole, our present findings emphasize that iNKT
cells are early beneficial regulators of bacterial superinfection
and represent previously unrecognized targets of immuno-
suppression during influenza. Our results provide insight into
indirect IL-10-mediated inhibition of iNKT cell activation in a
context of IAV-pneumococcal superinfection. To control
postinfluenza bacterial superinfections, future therapeutic
approaches could seek to limit pulmonary damage upstream
of bacterial colonization and/or overcome the immunosup-
pression. In the clinic, exploitation of iNKT cells might
therefore be of great value in reducing disease morbidity and
mortality.

METHODS

Ethics statement. All animal work conformed with the Lille Pasteur
Institute’s regulations on animal care and use guidelines and was
approved by the regional investigational review board (Comité
d’Ethique en Expérimentation Animale Nord Pas-de-Calais: reference
AF 16/20090) and the French Ministry for Research (Ministère de
l’Education nationale, de l’Enseignement Supérieur et de la Recherche:
references CEAA75 and 00357.03).

Reagents and Abs. Recombinant mouse IL-10, IL-12p70, IL-18,
IL-1b, and IL-23 were purchased from Peprotech (London, UK),
CCF4-AM (b-lactamase substrate), probenecid, and Live/Dead Cell
Viability Kit were from Life Technologies (Saint Aubin, France), and
diphtheria toxin was from Sigma (Saint-Quentin Fallavier, France).
Monoclonal Abs (mAbs) against mouse TCR-b (FITC, APC, or
V450-conjugated), Ly6G (APCCy7 or FITC), Gr1 (AlexaFluor700 or
PE), CD19 (APC), CD11c (PECy7), CD64 (APC), Siglec F (Pacific-
Blue or PE), NKp46 (PECy7), CD45 (FITC, APCCy7, AlexaFluor700
or PE), MHC class II (Pacific-blue, BV605 or AlexaFluor700), CD11b
(Percp-Cy5.5), Ly6C (AlexaFluor700), IL-10 receptor (PE), IFN-g
(AlexaFluor-647 or PE), IL-17A (PE), and isotype controls were
purchased from BD Pharmingen (Le Pont de Claix, France). The
aqua fluorescent reactive dye (LIVE/DEAD) was purchased from
Life Technologies. Phycoerythrin-conjugated PBS-57- (a glycolipid
analog of a-galactosylceramide) loaded CD1d tetramer was from
the NIAID Tetramer Facility (Emory University, Atlanta, GA).
Neutralizing mAbs against IL-12p40 (C17.8), CD1d (19G11), IL-10
receptor (1B1.3A), and isotype control mAbs (2A3, LTF-2, HRPN)
were from Bio X Cell (West Lebanon, NH).

Animals. Eight-week-old male C57BL/6 mice were purchased from
Janvier (Le Genest-St-Isle, France). CD11c-DTR and Ja18 � /� mice
have been described previously.48,49 Ja18 � /� mice are completely
devoid of iNKT cells. Ifng� /� mice were obtained from the Jackson
Laboratory (Bar Harbor, ME). For IAV and S. pneumoniae infection,
mice were maintained in a biosafety level 2 facility in the Animal
Resource Center at the Lille Pasteur Institute (Lille, France). To
identify the cells that produced IL-10 during influenza, we took
advantage of the highly sensitive IL-10-b-lactamase reporter mouse
(the ITIB mouse).50

Infection with IAV and/or S. pneumoniae. For infection with IAV
alone, 50 ml of phosphate-buffered saline (PBS) containing (or not, in a
mock sample) 30 plaque-forming units of the high-pathogenicity,
mouse-adapted H3N2 IAV strain Scotland/20/74 were intranasally
administered to anesthetized mice. For infection with S. pneumoniae
serotype 1 (clinical isolate E1586) alone, 50 ml of a PBS suspension of
bacteria (106 colony-forming units, CFUs) were intranasally admi-
nistered. Superinfection was performed as follows. Mice infected with
IAV (30 plaque-forming units) 7 days earlier were intranasally
inoculated with 103 CFUs of S. pneumoniae serotype 1. In some cases,
IAV-infected mice were inoculated with 106 CFUs. The singly
(S. pneumoniae) or doubly (IAV/S. pneumoniae) infected mice were
monitored daily for mortality. Mice that were moribund (i.e. alive but
lacking purposeful movement after stimulation or having lost over
20% of their initial weight) were killed and considered to have died on
that day. Viable bacteria in the lungs and spleen were counted 36 h
(single infection) or 24 h (coinfection) after the S. pneumoniae
challenge by plating serial 10-fold dilutions of lung or spleen
homogenates onto blood agar plates. The plates were incubated at
37 1C overnight and CFUs were counted 24 h later.

Histological analysis. For histopathologic assessment, lungs were
fixed by inflation and immersion in 3.2% paraformaldehyde in PBS
and embedded in paraffin. To evaluate airway inflammation, we
stained the paraffin-embedded fixed lung slices (thickness: 5 mm) with
hematoxylin–eosin reagent. Lung sections were scored by an
experienced veterinary pathologist who was blinded to the

ARTICLES

MucosalImmunology | VOLUME 10 NUMBER 2 |MARCH 2017 467



composition of the groups. Bronchointerstitial pneumonia was scored
on a scale of 1–5, as described elsewhere.30

Assessment of gene expression by quantitative reverse tran-

scription-PCR. Total RNA from whole lungs or from sorted pul-
monary cells was extracted. The cDNAs were analyzed using
quantitative reverse transcription-PCRs, as described elsewhere.33

Specific primers for gapdh, 50-TGCCCAGAACATCATCCCTG-30

and 50-TCAGATCCACGACGGACACA-30; il1b, 50-TCCCCAACT
GGTACATCAGCA-30 and 50-ACACGGATTCCATGGTGAAGT-30;
il10, 50-CATTTGAATTCCCTGGGTGAGA-30 and 50-TGCTCCACT
GCCTTGCTCTT-30; il12p40, 50-GACCCTGCCCATTGAACTGG
C-30 and 50-CAACGTTGCATCCTAGGATCG-30, il12p35, 50-CACG
TCACCTCCTCTTTTTG-30 and 50-CAGCAGTGCAGGAATAATG
TT-30; Il18, 50-ATCAGACAACTTTGGCCGACT-30 and 50-TCA-
TATCCTCGAACACAGGCTG -30; Il23p19, 50-AATCTCTGCATGC
TAGCCTGG-30 and 50-GATTCATATGTCCCGCTGGTG-30; tgfb,
50-TGACGTCACTGGAGTTGTACGG-30 and 50-GGTTCATGTCA
TGGATGGTGC-30; ebi3, 50-CAATGCCATGCTTCTCGGTATC-30

and 50-GCCTGTAAGTGGCAATGAAGGA-30 were designed using
the Primer Express software (Applied Biosystems, Villebon sur
Yvette, France). Data were normalized against expression of the gapdh
gene and are expressed as a fold-increase over the mean gene
expression level in mock-infected mice or isotype-treated super-
infected animals.30

Analysis of iNKT activation and purification, adoptive transfer, and

culture. Fixed cells were permeabilized and incubated with conjugated
mAbs against IFN-g, IL-17A, or control rat IgG1 mAb. The data were
acquired on an LSRFortessa cytometer (BectonDickinson Biosciences,
Rungis, France) running FACSDiva software and were then analyzed
with the FlowJo software. To study the mechanisms of iNKT acti-
vation, mice were treated intraperitoneally with anti-IL-12p40 (200 mg
per mouse), CD1d (500 mg per mouse), or isotype controls 24 h before
S. pneumoniae challenge. To deplete conventional DCs,mice that were
heterozygous for the CD11c-DTR transgene were injected intra-
peritoneally with 100 ng diphtheria toxin, as described elsewhere.49

iNKT cells were purified by labeling mononuclear cells from the lung
or liver with phycoerythrin-conjugated, PBS-57-loaded CD1d tet-
ramer and an FITC-conjugated anti-TCRb Ab. After cell surface
labeling, the cells were sorted using a FACSAria cytometer
(BD Biosciences, Rungis, France). The purity of PBS57-loaded CD1d
tetramerþ TCRbþ cells after sorting was consistently498%. For cell
culture experiments, pulmonary iNKT cells (5� 103 cells per well)
from mock- or IAV-infected mice (7 dpi) were stimulated with
phorbol myristate acetate (100 ngml� 1) plus ionomycin (1 mgml� 1),
IL-12 (50 ngml� 1) plus IL-18 (1 ngml� 1), or IL-23 (1 ngml� 1) plus
IL-1b (1 ngml� 1). IFN-g and IL-17A production was quantified
in an enzyme-linked immunosorbent assay 24 h later. For recon-
stitution experiments, recipient Ja18� /� mice were inoculated
intravenously with 106 liver iNKT cells 24 h before the pneumococcal
challenge.

Analysis of IL-10-b-lactamase expression in pulmonary cells

following IAV infection. Lung mononuclear cells from naive or
IAV-infected ITIB mice and from a naive C57Bl/6 mouse were
pelleted, resuspended (107 cells per ml) in PBS containing CCF4-AM
substrate (1mM) supplemented with probenecid (2.5mM), and then
incubated in the dark for 45min at room temperature.50 The cells
were then washed two times with PBS/2% fetal calf serum, labeled with
appropriate Abs (for cell identification) and propidium iodide
(to exclude dead cells) and analyzed by flow cytometry.

Analysis of pulmonary conventional DCs, MoDCs, and inflam-

matory monocytes. Lung mononuclear cells from naive or
IAV-infected mice were initially labeled for dead cells with the
Live/Dead Cell Viability Kit according to the manufacturer’s protocol.
To identify conventional DCs and MoDCs, lung mononuclear

cells were labeled with appropriate dilutions of FITC-conjugated
anti-CD45, Brilliant-Violet 421-conjugated anti-Siglec-F, APC
(allophycocyanin)-H7-conjugated anti-Ly6G, PE-Cy7-conjugated
anti-CD11c, AlexaFluor 700-conjugated anti-MHC Class II, and
APC-conjugated anti-CD64 Abs. Although cell types are CD45þ

Siglec-F� Ly6G� CD11cþ and MHC IIþ , conventional DCs
are CD64-negative and MoDCs are CD64-positive. Inflamma-
tory monocytes were identified as CD45þ Siglec-F� Ly6G� Ly6Cþ

CD11bþ CCR2þ cells.

Purification of pulmonary MoDCs and inflammatory monocytes,

and coculture experiments. MoDCs and inflammatory monocytes
sorted from IAV-infected mice were exposed for 1 h to S. pneumoniae
(at a multiplicity of infection of 1), washed two times with PBS
containing antibiotics, and then cocultured with cell-sorted naive
pulmonary iNKT cells (2� 104 accessory cells/5� 103 iNKT cells per
well) in the presence or absence of recombinant IL-10 (1 ngml� 1) or
anti-IL10 receptor Ab (10 ngml� 1). IFN-g and IL-17 production was
quantified by enzyme-linked immunosorbent assay 48 h later. In some
cases, MoDCs were sorted from coinfected mice having been treated
with anti-IL-10 receptor or isotype control Abs.

Statistical analyses. A Mann–Whitney unpaired t-test was used to
compare two groups, unless otherwise specified. Comparisons ofmore
than two groups were performed with a nonparametric Kruskal–
Wallis one-way analysis of variance, followed by Dunn’s post-test
(using PRISM software, v.5 GraphPad, SanDiego, CA). The survival of
infectedmice was analyzed using the Kaplan–Meiermethod and a log-
rank test. Results are expressed as the mean±s.d., unless otherwise
stated. The threshold for statistical significance was set to Po0.05.
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