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Abstract

Lung inflammation is tightly controlled to balance microbial clearance with the tissue damage that
accompanies this response. Bacterial pathogens including Streptococcus pneumoniae modulate
immune regulation by promoting secretion of the anti-inflammatory cytokine 1L-10. The important
cellular sources of 1L-10 that impact protection against different bacterial infections are not well
characterized. We find that S. pneumoniae activates IL-10 secretion from natural killer (NK) cells
in the lung, which restrict host protection in a mouse model of sublethal infection. Direct transfer
of wild-type NK cells into the lungs of I1L-10-deficient mice drives bacterial expansion, identifying
NK cells as a critical source of IL-10 promoting S. pneumoniae infection. The S. prneumoniae
virulence protein Spr1875 was found to elicit NK cell IL-10 production in purified cells and in the
lungs of live animals. These findings reveal therapeutic targets to combat bacterial-driven immune
regulation in the lung.

Introduction

Streptococcus pneumoniae (the pneumococcus) contributes to a major burden of disease.
Despite widespread vaccine use, S. pneumoniae remains the number one cause of
pneumonia and is a major source of bacterial otitis media (ear infections) and meningitis?:2,
Community acquired pneumonia is the leading cause of death in children worldwide and is
the most common infectious cause of death in the elderly3#. Pneumonia is characterized by
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inflammation of the air sacs in the lung, leading to fluid accumulation and making gas
exchange more difficult®. Innate immune cells including alveolar macrophages, neutrophils
and inflammatory monocytes are critical for bacterial clearance but also cause tissue damage
through the secretion of pro-inflammatory cytokines®:7. These issues highlight the
importance of understanding the host and microbial factors that drive the regulation of lung
inflammation during bacterial infection.

S. pneumoniae has evolved several mechanisms to modulate the immune response. During
colonization, which is typically asymptomatic, S. pneumoniae promotes inflammation,
which improves transmission and bacterial growth in the nasopharynx®. In contrast, S.
pneumoniae invasion to the lung is associated with host production of the anti-inflammatory
cytokine 1L-10910, The outcome of this response is dependent on the severity of the
infection. In the absence of IL-10, neutrophil recruitment is improved along with survival for
systemic infection®, but only up to a point. At higher infectious doses, increased tissue
damage reduces survival in 1L-10-deficient animals!0. Regardless of infectious dose, I1L-10
restricts bacterial clearance in the lung and systemic tissues during lethal infection®10. The
cellular sources of immune regulatory I1L-10 during S. pneumoniae infection, and the
bacterial products that stimulate this response, are not clear. While almost all leukocytes are
capable of IL-10 secretion, diverse signaling pathways regulate 1L-10 production by
different cell types!?.

Natural killer (NK) cells are innate lymphoid cells (ILC) that serve as an early source of
IL-10 in several animal models of microbial infection}2-14, Human NK cells secrete I1L-10
in response to viral and bacterial products4-16, and circulating IL-10* NK cells are found in
people with chronic viral infections’~19, While NK cells improve resistance against tumors
and acute viral infection?0-21, they instead limit protection against some bacterial, parasite,
and chronic viral infections!2.14:2223 The lung contains the highest proportion of NK cells
in the body24. However, it is unclear how NK cells in the lung regulate the immune response
to microbial infection. In one study, NK cell depletion resulted in lower burdens of S.
pneumoniae in the lungs?®, but the mechanism for this effect was not established.
Circulating 1L-10" NK cells have been observed in the context of systemic infections2, but
it has been unclear whether respiratory tract infections activate NK cell IL-10 production in
the lung.

Previously, we found that intravenous infection with the bacterial pathogen Listeria
monocytogenes stimulates a systemic NK cell IL-10 response that drives bacterial expansion
in the liver and spleenl?. L. monocytogenes secretes a virulence protein containing a LysM
domain, p60, which induces mouse and human NK cell secretion of IL-10 in purified cell
co-cultures with dendritic cells (DCs). Similarly, S. pneumoniae expresses a virulence
protein, Spri875, that contains a LysM domain26. This led us to investigate whether S.
pneumoniae activates 1L-10 production by NK cells in the lung, how this response impacts
bacterial clearance, and the potential for Spr1875 to promote NK cell IL-10 production.
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Material and Methods

Animals

All mice used in this study were purchased or generated on the C57BL/6J background,
including the following strains: C57BL/6J (WT), CD45.1* B6./i/107'~ (il1077), and B6.//10-
GFP reporter (Tiger) mice. Male and female mice between 8-12 weeks of age were used in
all experiments. Animals were maintained in specific pathogen-free conditions in the
University of Colorado Office of Laboratory Animal Resources.

Infections and NK cell depletion

Type 2 S. pneumoniae strain D39 was a kind gift from Dr. Edward N. Janoff. S. pneumoniae
was thawed from frozen starter cultures for dilution in Todd-Hewitt Broth with 0.5% yeast
extract (MP Biomedicals) and grown to mid-log phase in static cultures at 37°C in a CO»-
enriched environment. Mid-log phase bacterial cultures were diluted in PBS and used to
inoculate isoflurane anesthetized mice intranasally (i.n.) at a sublethal dose of 107 colony
forming units (CFU) per mouse in a volume of 50 pL. For cell depletions, mice were treated
intraperitoneally (i.p.) with PBS containing 200 g of isotype control 1gG2a antibody (clone
C1.18, Bio X Cell), aNK1.1 antibody (clone PK136, Bio X Cell), or antisera to the
ganglioside asialo-GM1 (anti-GM1, Wako USA). Mice were treated with antibodies 24 h
prior to infection, and depletions were confirmed at the time of sacrifice by flow cytometry.
Organs harvested for CFU enumeration were homogenized in PBS with a tissue
homogenizer (IKA Works) and serial dilutions were plated on Tryptic Soy agar plates
supplemented with neomycin (5 pg/mL) and catalase (5,000 Units per plate, Worthington)
and grown overnight at 37°C in a CO,-enriched environment.

Flow Cytometry

Lungs harvested for the preparation of single cells for flow cytometry were perfused by
transcardial injection of 10 mL PBS prior to collection. Perfused lungs were harvested into
HBSS plus cations media (Invitrogen) supplemented with DNAsel (30 pg/mL, Sigma) and
type 4 collagenase (1 mg/mL, Worthington). Minced lungs were incubated for 25 min at
37°C, and digested tissue was passaged through a 70 UM strainer. Remaining red blood cells
were removed by rapid RBC lysis buffer treatment (30 s). Cells were incubated in anti-
CD16/32 (2.4G2 hybridoma supernatant) for 30 min at 4°C to block Fc receptors. Cells were
stained in FACS buffer (1% BSA, 0.01% NaN3, PBS) and fixed in 1% paraformaldehyde.
Antibodies for staining included anti-CD3 (clone 1452C11), anti-NK1.1 (clone PK136),
anti-NKp46 (clone 29A1.4), anti-CD49b (clone HMa.2), anti-CD45.2 (clone 104), anti-
CD45.1 (clone A20), anti-Ly6C (clone KH1.4), anti-CD11b (clone M1/70), anti-Ly6G
(clone 1A8), anti-CD11c (clone N418), and anti-Siglec F (clone E50-2440). Antibodies
were purchased from eBioScience, BioLegend and BD Biosciences. For GFP (IL-10)
analysis in GFP reporter (Tiger) mice, cells were treated with saponin and IL-10-GFP signal
was amplified by staining with rabbit monoclonal anti-GFP followed by goat anti-rabbit 1gG
Alexa Fluor 488 (Life Technologies). A minimum of 100,000 events per sample were
collected on an LSRII (BD Biosciences) using BD FACSDiva and FlowJo software (Tree
Star Technologies) for data analysis.
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Cell Isolation and Stimulations

NK cells were purified for cell transfers and cell cultures by negative selection from the
spleens or lungs of mice using the EasySep Mouse NK cell Isolation Kit (StemCell
Technologies). Purified NK cell populations were >80% NK1.1*CD3~ cells. For /n vivo cell
transfers, 1-2 x 10° cells were injected intratracheally (i.t.) into mice anesthetized with 150
uL i.p. of 100 mg/kg ketamine + 10 mg/kg xylazine (MWI Vet Supply). For co-culture
experiments, 7/07'~ BMDCs were cultured in GM-CSF for 6 d prior to plating 3 x 10° cells/
well (>90% CD11c*) overnight in 24-well plates. For cell stimulations, 10 ng/mL LPS
(L8294 Sigma) and 30 pg/mL purified Spr1875 protein were added to BMDCs for 1 h, as
indicated. The Spr1875 protein was expressed in Escherichia coliin a pTrcHis construct
(Invitrogen) for purification in a Nickel column by affinity purification as previously
described?’. Protein purity was assessed by running fractions on a 10% SDS-PAGE gel
under reducing conditions and staining with Coomassie Blue and by Western Blotting
following protein transfer to a nitrocellulose membrane and probing with anti-His antibody
(Invitrogen). The nucleotide sequence used for Spr1875 expression was obtained from the
full genome sequence for S. pneumoniae strain R6, GenBank accession number
AEO007317.1 (positions 1844525-1845667, locus tag ‘spr1875”). For co-culture infections,
mid-log phase S. pneumoniae was added at a multiplicity of 1 bacterium per BMDC for 1 h.
BMDCs were washed and gentamycin was added to fresh media at 10 pg/mL prior to the
addition of purified NK cells at a ratio of 1:10 (NK cells:BMDCs). Supernatants were
harvested at 72 h for analysis of IL-10 using an ELISA kit (BD Biosciences).

Study Approval

These studies were approved by the Animal Care and Use Committee (protocol #00313) and
the Institutional Biosafety Committee of the University of Colorado School of Medicine.

Statistical Analysis

Results

Prism (GraphPad) software was used for graphing and statistical analysis. Significance was
determined using #tests and ANOVA analysis. p < 0.05 was considered significant.

IL-10 is produced by lung NK cells and increases S. pneumoniae burdens

NK cell IL-10 production peaks by day 3-4 post-infection in several animal models of
systemic microbial infection1214.28_ Tiger IL-10 GFP reporter mice were used to determine
whether S. pneumoniae infection of the respiratory tract similarly stimulates 1L-10
production by NK cells in the lung and periphery. In contrast to other IL-10 reporter strains
including Vert-X mice, post-transcriptional regulation of //10is preserved in Tiger reporter
mice due to an unaltered 3’UTR, permitting an accurate readout for IL-10 production
without re-stimulation ex vive??. Mice were intranasally infected with S. preumoniae (type
2 strain D39, 107 CFU/mouse), and cells from the lung and blood were collected at 72 hours
post-infection (hpi) for analysis of GFP (IL-10) expression by flow cytometry. NK cells
(NK1.1*CD3") from both the lung and blood were found to express GFP (IL-10) in mice
infected with S. pneumoniae, including approximately 50% of the total NK cell population
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in the lung (Figure 1A-B). In contrast, we found no detectable GFP (IL-10) in NK cells
from naive mice. While NK cells are an early source of IFN-y at 24 in several microbial
infections including S. pneumoniae [Horowitz 2013, Baranek 2017], by 72 hpi NK cells in
the lung and blood were not producing detectable amounts of IFNy (Supplemental Figure
1A-B). Other lung cells, including alveolar macrophages, neutrophils, DCs and T cells, did
not have detectable GFP (IL-10) expression at 72 hpi (Figure 1C). These results indicate that
respiratory tract infection with S. pneumoniae stimulates both mucosal lung and circulating
NK cells to produce I1L-10.

IL-10 improves resistance to lethal S. pneumoniae infection but also hinders bacterial
clearance at early timepoints1?. IL-10-deficient mice (//207~) were used to determine
whether IL-10 restricts bacterial clearance in the lung and systemic tissues during sublethal
S. pneumoniae infection. Bacterial burdens were compared following intranasal infection
(107 CFU/mouse) at 96 hpi in wild-type (WT) and IL-10-deficient mice. We found that
bacterial burdens were significantly reduced in the lungs of IL-10-deficient mice compared
to WT mice, where burdens were ~2 logs higher (Figure 1D). IL-10 also promoted bacterial
invasion to other tissues, as fewer IL-10-deficient mice had detectable burdens in the spleen
and liver (Figure 1E). Systemic IL-10 production at this timepoint was confirmed by
detection of IL-10 in the serum of WT, but not IL-10-deficient, mice (Figure 1F). These data
indicate that 1L-10 restricts bacterial clearance during sublethal S. pneumoniae infection,
promoting bacterial growth in the lungs and enhancing systemic infection.

NK cells restrict clearance of S. pneumoniae in the lung and systemic tissues

NK cells are a source of both pro-inflammatory IFN-y and anti-inflammatory I1L-10, which
can play opposing roles in the immune response to microbial infection30. To determine
whether NK cells negatively regulate sublethal S. pneumoniae infection, we examined
bacterial burdens and IL-10 production in NK cell depleted mice. NK cells were depleted 24
h prior to infection by injection of a purified monoclonal aNK1.1 antibody and compared to
mice injected with an isotype control antibody, 1gG2a. Because NK1.1 is expressed by both
NK cells and NKT cells, we treated a separate group of mice with antisera specific for the
ganglioside asialo-GM1, which depletes NK cells but not conventional NKT cells31.
Specific depletion of CD3"NK1.1*NKp46* NK cells in the lungs of mice treated with
aNK1.1 and asialo-GM1 antisera was sustained up to 96 hpi, as confirmed by flow
cytometry (Supplemental Figure 2A). Depleted cells included CD49b* traditional NK cells,
but not non-NK innate lymphoid cells (ILC1) (Supplemental Figure 2B). Bacterial clearance
was significantly improved in the lungs of both groups of NK cell depleted mice compared
isotype control treated mice at 96 hpi (Figure 2A). 1L-10 in lung tissue homogenates was
also much lower in NK cell depleted mice compared to isotype control treated animals
(Figure 2B). These results indicate that NK cells have an overall detrimental impact on
clearance of S. pneumoniae from the lung. Further, these findings demonstrate that NK cells
are a major source of IL-10 in the lung during S. pneumoniae infection.

The impact of NK cell depletion on bacterial invasion to other host tissues was also
determined. S. prneumoniae burdens in the spleen and liver at 96 hpi were significantly
reduced in NK cell depleted mice compared to isotype control treated mice (Figure 2C),
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indicating that NK cells promote bacterial growth in sites beyond the lung. We also observed
an almost complete loss of systemic IL-10 in NK cell depleted mice relative to isotype
treated controls (Figure 2D). These results suggest that NK cells both contribute to 1L-10
production in the lung and constitute the major circulating source of IL-10 during S.
pneumoniae infection. NK cells, rather than NKT cells, are predominantly responsible for
restricting bacterial clearance and producing IL-10, as lung bacterial burdens and 1L-10 were
similarly reduced in mice treated with aNK1.1 antibody and anti-GM1 sera. Based on these
findings we conclude that NK cells promote bacterial growth in the lungs and invasion to
other host sites during sublethal respiratory tract infection.

NK cells and IL-10 limit innate immune cell recruitment to the lung

NK cells were previously shown to restrict infiltration of inflammatory myeloid cells to the
spleen during systemic infection with L. monocytogenest#. Similarly, 1L-10-deficient mice
have increased neutrophils in the lungs at early timepoints during lethal S. pneumoniae
infection10. We next compared the impact of NK cells and 1L-10 on the accumulation of
myeloid cells in the lung during sublethal S. pneumoniae infection. WT mice were treated
with either aNK1.1 antibody or isotype control antibody 24 h prior to S. pneumoniae
infection, and innate immune cell populations in the lung were compared to those in I1L-10-
deficient mice at 96 hpi. Neutrophil (Ly6G*CD11b"), inflammatory monocyte (Ly6G
~Ly6CNCD11b*), and alveolar macrophage (Siglec F*CD11c*) populations in the lung were
identified by flow cytometry (Supplemental Figure 3A-B). NK cell depletion significantly
increased the percentages and total cell numbers of neutrophils and inflammatory monocytes
compared to isotype control treated mice infected with S. pneumoniae (Figure 3A-B).
Increased total numbers, but not percentages, of alveolar macrophages in the lungs (Figure
3C) and bronchoalveolar lavage fluid (BALF) (Supplemental Figure 3C) was also observed
for NK cell depleted mice compared to controls. These data indicate that NK cells limit
innate immune cell accumulation in the lung tissue of S. pneumoniae infected mice.

Analysis of the innate immune cell populations in the lungs of IL-10-deficient mice infected
with S. pneumoniae revealed a similar phenotype to NK cell depleted mice. IL-10-deficient
mice had significantly increased percentages and total cell numbers of neutrophils and
inflammatory monocytes compared to WT mice at 96 hpi (Figure 3A-B). There was also a
slight increase in the percentage (but not total cell number) of alveolar macrophages in the
lungs of IL-10-deficient animals (Figure 3C). These findings indicate that NK cells and
IL-10 similarly restrict the recruitment of myeloid cells including neutrophils and
inflammatory monocytes to the lung during sublethal S. pneumoniae infection. The reduced
presence of such cell types is anticipated to directly impact bacterial clearance, as
neutrophils and monocytes are important mediators of bacterial phagocytosis and killing in
the lung32:33. Alveolar macrophages, which were also slightly increased in the absence of
NK cells and IL-10, also contribute to bacterial clearance at early timepoints34. Together,
these data indicate that NK cells and IL-10 similarly restrict the recruitment of protective
myeloid cell populations to the lung during sublethal S. pneumoniae infection.
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NK cells are the critical cellular source of IL-10 limiting protection against S. pneumoniae

IL-10 is produced by diverse immune cells, making it unclear which cell types mediate
IL-10-dependent susceptibility to S. pneumoniae infection. Our data thus far indicated that
NK cells are a major source of lung and systemic IL-10 during S. pneumoniae infection, but
do not rule out a contribution from other cell types. To address this, we conducted a cell
transfer experiment using WT and IL-10-deficient mice. NK cells were purified from the
lungs of naive IL-10 sufficient (WT) and deficient (#//207~) mice. Donor NK cells were
injected directly into the lungs of IL-10-deficient recipient mice infected with S.
pneumoniae at 24 hpi (Figure 4A). Bacterial burdens, 1L-10, and lung myeloid cell
populations were analyzed at 96 hpi. In this system, donor NK cells are the only source of
IL-10 in S. pneumoniae infected mice. We confirmed the presence of a small population of
transferred NK cells (CD45.2* donor cells) in the lungs of recipient mice (CD45.1%) at 96
hpi (Figure 4B). Lung bacterial burdens were similar between 1L-10-deficient mice that
received no cells and recipients of IL-10-deficient NK cells, as expected (Figure 4C).
Strikingly, mice that received WT NK cells had increased bacterial burdens in the lung
relative to recipients of no cells or IL-10-deficient NK cells (Figure 4C). IL-10 was also only
detected in the lung tissue of mice that received WT NK, but not IL-10-deficient, donor NK
cells (Figure 4D). These results demonstrate a critical role for IL-10 from NK cells in
promoting bacterial growth in the lung.

Comparison of the innate immune cell populations in infected recipients revealed a higher
percentage and total cell number of neutrophils and alveolar macrophages in mice that
received IL-10-deficient NK cells compared to WT NK cells (Figure 4E). In contrast,
inflammatory monocytes were similar between both groups. These findings demonstrate that
IL-10 expression in NK cells alone restricts neutrophil accumulation and alveolar
macrophage recovery in the lung during S. pneumoniae infection. The corresponding
increase in lung bacterial burdens for recipients of WT NK cells, but not IL-10-deficient NK
cells, further implicates NK cell dependent IL-10 in the suppression of bacterial clearance.

In contrast to the lung, bacterial burdens in systemic tissues were not significantly altered
following WT NK cell transfer (Figure 4F). However, systemic I1L-10 was detected in mice
that received WT, but not I1L-10-deficient, NK cells (Figure 4G). Thus, circulating IL-10 was
not sufficient to increase bacterial burdens beyond the lung. Together, these findings indicate
that NK cells are the important immune restricting source of IL-10 in the lung during
sublethal S. pneumoniae infection. Further, NK cell production of IL-10 limits recruitment
of myeloid cells including neutrophils and alveolar macrophages to this tissue.

The S. pneumoniae virulence protein Spr1875 elicits IL-10 production by NK cells

We used a defined co-culture system comprised of bone marrow-derived dendritic cells
(BMDCs) and purified NK cells to examine the host and bacterial signals that drive the
production of IL-10 by lung NK cells. This co-culture system was previously developed to
define the requirements for NK cell responses to L. monocytogenest*3538. BMDCs were
prepared from IL-10-deficient mice to isolate I1L-10 production by NK cells. We first
compared 1L-10 production in co-cultures of NK cells purified from the lung and spleen
following BMDC infection with S. pneumoniae. BMDCs were infected for 1 h and then
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treated with antibiotics to remove all extracellular bacteria prior to the addition of purified
NK cells (Figure 5A). Measurement of IL-10 in co-culture supernatants at 72 hpi revealed
that NK cells from both the lung and spleen produced IL-10 in response to BMDC infection
with S. pneumoniae (Figure 5B). These data indicate that DCs are sufficient to promote NK
cell secretion of IL-10 in response to S. prieumoniae infection in the absence of other cells or
soluble signals in the lung or periphery.

The bacterial products that induce 1L-10 production by NK cells are not well characterized.
We previously found that the Listeria monocytogenes virulence protein p60 is sufficient to
stimulate NK cell activation in co-cultures!436. The S. pneumoniae virulence protein
Sprl875 contains a LysM domain with homology to the critical LysM domain required for
p60 activation of NK cells36. To determine the potential for Spri875 to induce 1L-10
production by lung NK cells, full length (His tagged) protein was expressed in £. coliand
isolated by affinity purification (Figure 5C). We found that 1 h stimulation of BMDCs with
Sprl875 was sufficient to induce IL-10 secretion by purified lung or spleen NK cells (Figure
5A, D). The toll-like receptor (TLR) agonist lipopolysaccharide (LPS) was included in these
experiments to promote DC priming and did not itself stimulate NK cell activation. Thus,
both lung and spleen NK cells co-cultured with S. prneumoniae-infected or Spr1875-treated
BMDCs were stimulated to produce IL-10.

We next assayed if purified Spr1875 could induce NK cell IL-10 production in the lung.
Spr1875 was administered intratracheally (i.t.) into naive (Tiger) 1L-10 GFP reporter mice.
Upon harvest 72 h later, GFP (IL-10) expression was detected in NK cells in mice treated
with Spri875 but not PBS (Figure 5E). These GFP (I1L-10)" cells comprised approximately
10% of the total NK cell population in the lung (Figure 5E). 1L-10 protein could also be
detected in lung homogenates from Spr1875 treated, but not PBS treated, mice (Figure 5F).
These data indicate that the S. pneumoniae virulence protein Spr1875 suffices to elicit IL-10
production by lung NK cells both /n vitro and when administered /n vivo.

Discussion

With the rising clinical relevance of immune therapy, understanding how pathogens exploit
immune regulatory pathways is of increasing importance. A prominent example is microbial
activation of host cell IL-10 production, which can suppress otherwise protective immune
responses3’. While diverse signaling pathways regulate 1L-10 expression in different cell
types, the bacterial molecules that initiate this response and the critical sources of immune
restricting 1L-10 are not well defined. Here, we report that S. pneumoniae infection or
treatment with the virulence protein Spr1875 can stimulate IL-10 production by NK cells in
the lung. NK cell dependent IL-10 limits myeloid cell recruitment, exacerbating S.
pneumoniae infection in the lung and invasion to other host tissues.

NK cells have a dual role during microbial infections. In addition to IL-10, NK cells produce
the pro-inflammatory cytokine IFN+y, which contributes to host resistance against some lung
infections38-40. However, our data show that NK cells impair bacterial clearance from the
lung during sublethal S. pneumoniae infection. This finding is consistent with earlier work
demonstrating that the absence of NK cells improved S. preumoniae clearance2541, despite
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their production of IFNy#142, One prior study further showed that NK cell depletion
reduced burdens in the lung, but not liver2>. We similarly observed a negative impact on
pulmonary, but not systemic, infection following transfer of donor NK cells into I1L-10-
deficient mice. These findings together suggest that in the context of pulmonary S.
pneumoniae infection, NK cell IL-10 production has a dominant negative impact on host
resistance. Targeting the signaling pathways that promote NK cell IL-10 in the lung may
therefore improve outcome of this pulmonary infection.

Previously, systemic infections including L. monocytogenes, Toxoplasma gondii, and
Leishmania majorwere found to promote a detrimental NK cell IL-10 responsel2-14, |n
contrast, NK cell IL-10 was not seen during lung infections by influenza A virus and
attenuated Yersinia pestis'?. It was therefore proposed that only systemic infections elicit
IL-10 production by NK cells. Our findings here argue against this interpretation and instead
suggest lung mucosal infections can promote NK cell IL-10 production. The failure to
observe NK cell IL-10 production in the context of influenza A or attenuated Y. pestis lung
infections may thus be due to a failure of these pathogens to stimulate 1L-10 production by
NK cells. The IL-10 production reported in these earlier studies was dependent on STAT4
activation and attributed to 1L-1212, while we previously found that L. monocytogenes
protein p60 activation of NK cell IL-10 requires STAT3 and is independent of the IL-12/
STAT4 pathway*344. It remains to be determined if NK cell activation by S. pneumoniae
(and Spr1875) requires STAT3 or STAT4. However, it is worth noting that exogenous I1L-12
increases protection against S. pneumoniae™, suggesting that 1L-12 also fails to drive the
NK cell IL-10 response in this infection.

Our finding that IL-10 restricts neutrophil recruitment during S. pneumoniae infection is
consistent with previous reports demonstrating increased neutrophil accumulation at 48 hpi
in IL-10-deficient micel046, We further observed that the suppressive effect of I1L-10 on
neutrophil infiltration is sustained up to 96 hpi, at which time inflammatory monocyte
populations are similarly reduced in WT relative to IL-10-deficient mice, with a more
modest reduction in alveolar macrophages. This phenotype in IL-10-deficient mice is
mirrored in mice depleted of NK cells, arguing that NK cells are important for coordinating
myeloid cell recruitment in the critical first few days following S. pneumoniae infection.
However, the transfer of WT NK cells reduced the recruitment of neutrophils, but not
inflammatory monocytes, into the lungs of 1L-10-deficient mice. These findings suggest that
acute NK cell IL-10 production preferentially restricts neutrophil infiltration into S.
pneumoniae infected lungs. S. pneumoniae expression of bacterial capsule and pneumolysin,
two key virulence factors, contribute to the evasion of neutrophil phagocytosis and killing®’.
Our data suggest that bacterial activation of NK cell IL-10 to dampen neutrophil influx may
be another critical mechanism for evasion of neutrophil mediated protection. Whether 1L-10
directly impacts neutrophil activation and phagocytosis of S. pneumoniae remains an
important area for further investigation. Under normal circumstances, resolution of S.
pneumoniae infection requires the participation of additional cell types beyond neutrophils
for complete bacterial clearance?8. Hence, interventions to increase neutrophil recruitment
and activation could improve the anti-bacterial efficacy of these cells.
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New vaccine strategies for S. pneumoniae mucosal infections are critical for reducing the
widespread disease burden. While S. prieumoniae vaccines have dramatically reduced
invasive infections, pulmonary infections remain prevalent!. Vaccines targeting virulence
factors that support bacterial growth in the lung may therefore improve protection against
pneumonia caused by S. pneumoniae. Our finding that Spr1875 activates I1L-10 production
by NK cells in the lung suggests that this protein, either alone or in combination with others
inducing this response, promotes S. pneumoniae expansion during pulmonary infection.
Sprl875, which is widely conserved among S. pneumoniae clinical isolates, was originally
identified in a screen for protein fragments recognized by antibodies from people who had
recovered from S. pneumoniae infection?®. Specifically, the LysM domain of Spr1875 is
critical for protection by protein immunization in mice26. The swine pathogen Streptococcus
suis also expresses an immunogenic LysM protein that contributes to bacterial virulence®?,
and the LysM domain of the L. monocytogenes virulence protein p60 is required for both
virulence and activation of NK cell responsesl436. Therefore, vaccination against the LysM
region of these proteins could be used to elicit protective antibodies that interfere with
bacterial stimulation of NK cell IL-10. Indeed, immunization with a LysM protein made by
group B Streptococcus generates protective immunity®C. Further work may thus demonstrate
the potential value of targeting bacterial LysM proteins in vaccines.

In people, higher levels of IL-10 correlate with increased mortality from S. pneumoniae
infection®L. Individuals infected with human immunodeficiency virus (HIV) have increased
circulating 1L-10" NK cells compared to those without HIV19, together with a well-
documented increased susceptibility to S. preumoniae®?. Similarly, individuals with chronic
hepatitis C virus (HCV) infection produce higher amounts of I1L-10 compared to HCV
negative controls!’, and these patients had a higher mortality rate in the context of invasive
S. pneumoniae co-infection®3. Circulating lymphocytes from children with Down’s
syndrome secrete increased IL-10 following stimulation with S. pneumoniae compared to
children without Down’s syndrome®* and suffer increased mortality from respiratory tract
infections®®. Together, these findings emphasize the impact of 1L-10 on susceptibility to S.
pneumoniae infection in humans and highlight the potential for the therapeutic impact of
targeting NK cell IL-10 production.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Brief Commentary
Background

While Natural killer (NK) cells are best known for their anti-viral activity, diverse
infections promote immune regulatory NK cells that secrete IL-10. It was unclear
whether this response, which restricts clearance of systemic infections, is activated in
mucosal tissues.

Translational Significance

We find that IL-10 production by NK cells in the lung dampens the immune response to
Streptococcus pneumoniae, increasing bacterial growth and systemic invasion. We also
identify a bacterial protein, Spr1875, that is sufficient to drive NK cell 1L-10 production
in the lung. These findings reveal NK cell IL-10 as a target for S. pneumoniae vaccine
and immunotherapy strategies.
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Figure 1. IL-10 is produced by lung NK cells and increases S. pneumoniae burdens.
Histograms of GFP (1L-10) expression in NK cells (NK1.1*CD3") from the lung (A) and

blood (B) of naive IL-10 GFP reporter mice (solid grey) compared to those at 72 hpi (green)
with S. pneumoniae (10’ CFU/mouse i.n.). Histograms of GFP (1L-10) expression are also
shown for lung alveolar macrophages (SiglecF*CD11c*), neutrophils (Ly6G*CD11b*), DCs
(SiglecF~ CD11c*) and T cells (CD3™") in naive (solid grey) IL-10 GFP reporter mice
compared to those at 72 hpi (green) (C). Bacterial burdens in the lung (D), spleen and liver
(E) and serum IL-10 (F) in WT and /207~ mice at 96 hpi with S. pneumonize. Data are
pooled from three independent experiments with n = 3 mice/group, *p<.05, ***p<.001 as
measured by #test.
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Figure 2. NK cells restrict clearance of S. pneumoniae in the lung and systemic tissues.
Lung bacterial burdens (A) and lung homogenate 1L-10 (B) in WT naive mice and 96 hpi in

WT mice treated with isotype control antibody (anti-lgG2a), aNK1.1 antibody, or aGM1
serum and infected 24 h later with S. preumoniae (107 CFU/mouse i.n.). Bacterial burdens
in the spleen and liver (C) and serum IL-10 (D) in WT naive mice and 96 hpi in WT mice
treated with isotype control antibody, aNK1.1 antibody, or a GM1 serum and infected 24 h
later with S. pneumoniae. Data are pooled from three experiments with n = 3-5 mice/group,
*p<.05, **p<.01, ***p<.001 as measured by #test.
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Figure 3. NK cells and IL-10 limit innate immune cell recruitment to the lung.
Representative flow plots of neutrophils (Ly6G*CD11b*) (A), inflammatory monocytes

(Ly6G~ Ly6CNiCD11b*) (B), and alveolar macrophages (Siglec F*CD11c*) (C) at 96 hpi in
the lungs of WT mice treated with isotype control (IgG2a) antibody or aNK1.1 antibody 24
h prior to infection or /207~ (untreated) mice infected with S. preumoniae (107 CFU/mouse
i.n.). Summary of cell percentages and total numbers for each group is also shown. Data are
pooled from three independent experiments with n = 3-5 mice/group, *p<.05, **p<.01,
***n<,001 as measured by #test.
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Figure 4. NK cells are the critical cellular source of IL-10 limiting protection against S.
pneumoniae.

Schematic of NK cell transfer experiment, where NK cells were purified from naive donor
mice and transferred i.t. to IL-10-deficient recipients (A). Dot plot of transferred WT NK

cells (CD45.2*) in /107~ recipients (CD45.1%) (B). Lung bacterial burdens (C) and
homogenate IL-10 (D) in /207~ recipients of no cells, /107~ NK cells, or WT NK cel
hpi with S. pneumoniae (107 CFU/mouse i.n.). Summary of percentage and total cell

Is 24

numbers of neutrophils (Ly6G*CD11b*), inflammatory monocytes (Ly6G~Ly6ChCD11b*),
and alveolar macrophages (Siglec F*CD11c*) at 96 hpi in the lungs of /207~ recipients of
il107"= or WT NK cells 24 hpi with S. pneumonize (E). Bacterial burdens in the liver and
spleen (F) and serum IL-10 (G) at 96 hpi in /207~ recipients of no cells, /207"~ NK cells, or

WT NK cells 24 hpi with S. pneumoniae. Data are representative of three independent
experiments with n = 3 mice/group, *p<.05, **p<.01 as measured by #test.
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Figure 5. The S. pneumoniae virulence protein Spri875 elicits IL-10 production by NK cells.
Schematic of co-culture experiment with IL-10-deficient BMDCs, where BMDCs were

infected or stimulated with protein prior to the addition of NK cells purified from the lungs
or spleens of naive mice (A). Supernatant IL-10 in 72 h cultures of NK cells purified from
the lungs or spleens following co-culture with IL-10-deficient BMDCs infected for 1 h with
S. pneumoniae (Spn) (B). Representative gel of Spr1875 protein fractions stained with
Coomassie (left) and anti-His immunoblot of pooled protein fractions (right) (C).
Supernatant IL-10 in 72 h cultures of NK cells purified from the lungs or spleens following
co-culture with IL-10-deficient BMDCs stimulated with LPS or LPS + Spr1875 for 1 h (D).
Histogram of GFP (IL-10) expression in NK cells (NK1.1*CD3") from the lungs of I1L-10
GFP reporter mice 72 h following injection with either PBS (solid grey) or Spr1875 i.t.
(purple) (E). Summary of % GFP+ NK cells for each group is also shown. Lung homogenate
IL-10 in PBS versus Spr1875 treated mice is compared at 72 h (F). /n vitro data (B, D) are
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pooled from three independent experiments with technical replicates in triplicate, **p<.01,
***n<,001 as measured by t-test. /n vivodata (E-F) are pooled from three independent
experiments with n = 3 mice/group, **p<.01 as measured by #test.
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