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Abstract

The early immune response to bacterial pneumonia requires a careful balance between pathogen clearance and tissue damage. The anti-
inflammatory cytokine interleukin (IL)-10 is critical for restraining otherwise lethal pulmonary inflammation. However, pathogen-
induced IL-10 is associated with bacterial persistence in the lungs. In this study, we used mice with myeloid cell specific deletion of IL-
10R to investigate the cellular targets of IL-10 immune suppression during infection with Streptococcus pneumoniae, the most common
bacterial cause of pneumonia. Our findings suggest that IL-10 restricts the neutrophil response to S. pneumoniae, as neutrophil
recruitment to the lungs was elevated in myeloid IL-10 receptor (IL-10R)-deficient mice and neutrophils in the lungs of these mice
were more effective at killing S. pneumoniae. Improved killing of S. pneumoniae was associated with increased production of reactive
oxygen species and serine protease activity in IL-10R-deficient neutrophils. Similarly, IL-10 suppressed the ability of human
neutrophils to kill S. pneumoniae. Burdens of S. pneumoniae were lower in myeloid IL-10R-deficient mice compared with wild-type mice,
and adoptive transfer of IL-10R-deficient neutrophils into wild-type mice significantly improved pathogen clearance. Despite the
potential for neutrophils to contribute to tissue damage, lung pathology scores were similar between genotypes. This contrasts with
total IL-10 deficiency, which is associated with increased immunopathology during S. pneumoniae infection. Together, these findings
identify neutrophils as a critical target of S. pneumoniae-induced immune suppression and highlight myeloid IL-10R abrogation as a
mechanism to selectively reduce pathogen burdens without exacerbating pulmonary damage.
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1 Introduction

Streptococcus pneumoniae (the pneumococcus) is the leading cause
of community-acquired pneumonia,* which is particularly deadly
in children under 5 years of age and adults over 65 years of age.*?
Pneumococcal lung infections remain common due to the circula-
tion of serotypes not covered by current vaccines and the contin-
ued rise of antibiotic resistance.”® Innate immune cells including
macrophages and neutrophils are critical for early clearance of S.
pneumoniae from the lungs. However, pneumococcal burdens be-
yond a certain threshold overwhelms innate immune-mediated
clearance, and S. pneumoniae virulence factors support evasion
of phagocytic cell lysis.® The loss of infection control in the lungs
is associated with tissue damage and airway barrier dysfunction
due to persistent inflammation. The lungs are particularly sensi-
tive to immunopathology, which drives mortality in pneumonia
patients even after clearance of the causative agent.” Identifying
the key signaling pathways that contribute to pathogen elimin-
ation versus those which worsen immunopathology is critical
for addressing the clinical burden of pneumococcal pneumonia.
The anti-inflammatory cytokine IL-10 is an important regulator
of the immune response to bacterial pneumonia. The IL-10 recep-
tor (IL-10R) comprises IL-10R1 (IL-10 specific) and IL-10R2 (shared
with other cytokines) subunits. IL-10 receptor engagement leads
to activation of the transcription factor signal transducer activa-
tor of transcription 3 (STAT3), which suppresses diverse cellular
responses through both transcriptional and posttranscriptional

mechanisms.®° At high infectious doses, IL-10 serves a beneficial
role by improving host survival during S. pneumoniae infection. '
However, in the context of sublethal infection, IL-10 contributes
to pathogen persistence.*® IL-10 is produced by several immune
cell types in the lungs during S. pneumoniae infection'®™?.
Macrophage production of IL-10 delays protective IL-17A re-
sponses in infant mice infected with S. pneumoniae.®®
Neutrophil-derived IL-10 limits S. pneumoniae clearance from the
lungs by 48 h postinfection.*®** By 72 to 96 h postinfection, a viru-
lence protein expressed by S. pneumoniae called Spr1875 induces
IL-10 production in natural killer (NK) cells, which facilitate bac-
terial persistence in the lung.** NK cell-derived IL-10 limits the ex-
pansion of neutrophil, inflammatory monocyte, and alveolar
macrophage (AM) populations in the lung.'* These observations
indicate that lung myeloid cells are affected by the IL-10 response
during acute S. pneumoniae lung infection.

Neutrophils are the primary producers of alveolar serine pro-
teases including cathepsin G and elastase, which directly contrib-
ute to S. pneumoniae killing.*>*® However, extracellular release of
neutrophil elastase can degrade host toll-like receptors and proin-
flammatory cytokines,'” impair macrophage phagocytosis, and
degrade the extracellular matrix.*® The dual nature of neutrophil
activity during pneumococcal infection is exemplified by the ef-
fect of neutrophil depletion at different time points. While deple-
tion prior to infection reduces both host survival and S. pneumoniae
clearance, suggesting a protective role, depletion at 18h
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postinfection instead increases host survival.?? It is unclear which
signaling pathways control the loss of neutrophil-mediated pro-
tective activity.

To address the question of how S. pneumoniae-induced IL-10
regulates the function of myeloid cells including neutrophils,
we generated mice with IL-10R deficiency on LysM* (myeloid)
cells. Using this model, we investigated the critical cellular tar-
gets of IL-10 mediated suppression of S. pneumoniae clearance
from the lung. Our goal was to determine whether IL-10 im-
pedes protective antipneumococcal myeloid cell responses.
We hypothesized that phagocytic clearance of S. pneumoniae
would be elevated in the absence of myeloid cell IL-10 respon-
siveness, resulting in reduced pneumococcal lung burdens but
potentially at the cost of increased immunopathology. Our find-
ings indicate that the protective function of neutrophils is im-
proved in the absence of IL-10 signaling, including an
increased capacity to kill S. pneumoniae. Somewhat unexpected-
ly, neutrophil-enhanced pathogen clearance did not correlate
with worsened tissue pathology, suggesting that IL-10R expres-
sion at early time points restrains largely beneficial antibacter-
ial neutrophil activity.

2 Materials and methods

2.1 Animals

C57BL/6] (wild-type [WT]) and B6.129i110™1€€ (11107/~) were pur-
chased from the Jackson Laboratory (stocks #000664 and #002251,
respectively). LysM®xIL-10R* mice were a kind gift from Laurel
L. Lenz, University of Colorado. This strain was generated by
crossing LysM®® (The Jackson Laboratory; stock #004781) with
IL-10R129¥8%% mice 2° Cre expression and floxed IL-10R1 were con-
firmed by polymerease chain reaction. All mice used in experi-
ments were heterozygous for Cre and homozygous for floxed
[L-10R1, denoted as LysM®°xIL-10R™®* mice. Similar results were
found between Cre-negative, floxed IL-10R mice (LysM®~/~
xIL-10R™*; myeloid cell IL-10R maintained) and WT mice. All
strains are on the C57BL/6] genetic background. Adult male and
female mice were used for these studies at age 6 to 12 wk.
Animals were maintained in the University of Colorado Office of
Laboratory Animal Resources.

2.2 Bacterial infections

A streptomycin-resistant variant of Streptococcus pneumoniae sero-
type 2 strain D39 was used for these studies (kind gift from Dr.
Jeffrey N. Weiser, New York University). Bacteria were grown in
Todd Hewitt Broth with 0.5% Yeast Extract (BD Bacto) supple-
mented with 50 pg/mL streptomycin (Sigma) at 37 °C with 5%
CO, under static conditions. For infections, S. pneumoniae frozen
stocks were used to initiate cultures grown to mid-log phase prior
to centrifugation at >20,000 g for 10 min to pellet bacteria, which
were then resuspended in phosphate-buffered saline (PBS) at the
desired infectious dose. Inoculum burdens were determined by
serial dilution for enumeration of colony-forming units (CFUs) in-
jected per mouse. Intratracheal infections conducted in a volume
of 50 pL were performed on mice anesthetized with inhaled iso-
flurane. At the indicated days postinfection, lungs and spleens
were homogenized using a Bullet Blender tissue homogenizer
(Stellar Scientific) prior to serial dilution on Tryptic Soy agar plates
containing neomycin (5 pg/mL; Sigma) and streptomycin (50 pg/
mL) prepared with fresh catalase (5000 units/plate;
Worthington Biochemical Corporation). Plates were incubated at
37 °C with 5% CO, overnight (18 h) prior to CFU enumeration.
For the neutrophil depletion experiments, mice were injected
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intraperitoneally 24h prior to S. pneumoniae infection with
200 pg/mouse isotype control IgG2A antibody (Bio X Cell; clone
C1.18; catalog #BE0085, lot #722719J2) or anti-Ly6G antibody (Bio
X Cell; clone 1A8; catalog #BE0071-1, lot #80772101). Serum cyto-
kines were measured using mouse IL-10, tumor necrosis factor a
(TNFa), and interferon y enzyme-linked immunosorbent assay
(ELISA) kits (BD), with analytes detected on a Synergy HT
Microplate Reader (BioTek). Cytokines and chemokines collected
in 1 mL PBS bronchoalveolar lavage (BAL) fluid were measured us-
ing a LEGENDplex panel (catalog #740622; BioLegend), with analy-
tes detected on an LSR Fortessa X-20 in the ImmunoMicro Flow
Cytometry Shared Resource Laboratory at the University of
Colorado Anschutz Medical Campus (RRID:SCR_021321). BAL
MIP-2 (CXCL2) was measured using a mouse CXCL2/MIP-2 ELISA
kit (R&D Systems).

2.3 Flow cytometry

Flow cytometry was conducted on single cells prepared from
lungs of infected mice following transcardial perfusion with
10 mL PBS.'* Single cells were prepared by mechanical and
enzymatic digestion (DNAsel 30 pg/mL [Sigma] and type 4 colla-
genase 1mg/mL (Worthington Biochemical Corporation) fol-
lowed by filtration (70 uM). Residual red blood cells were lysed
using RBC lysis buffer (0.15M NH,Cl, 10 mM KHCOs, 0.1 mM
Na,EDTA, pH 7.4). Cells were incubated in Fc block (anti-CD16/
32,2.4G2 hybridoma supernatant) prior to staining in FACS buf-
fer (1% bovine serum albumin, 0.01% NaNjs, PBS). Live/dead
staining was conducted using a fixable dead cell stain kit
(LIVE/DEAD Fixable Blue Dead Cell Stain Kit, #134961; Thermo
Fisher Scientific). For intracellular staining, cells were incubated
in Brefeldin A (BD Biosciences) for 4 h prior to staining and per-
meabilized with 1 mg/mL saponin (Sigma). Reactive oxygen spe-
cies (ROS) was detected by flow cytometry using the probe
DHR-123 (catalog #D1054; Sigma) as previously described.?
Briefly, single-cell suspensions were incubated with 10 ug/mL
DHR-123 for 20 min at 37 °C prior to washing and staining with
cell surface antibodies. All cells were fixed in 1% paraformalde-
hyde prior to flow cytometric analysis on an LSR Fortessa X-20 in
the ImmunoMicro Flow Cytometry Shared Resource Laboratory
at the University of Colorado Anschutz Medical Campus (RRID:
SCR_021321). Data analysis was performed using FlowJo
Software, version 9.9.6 (BD Life Sciences).

The following antibodies were used for this study at a 1:200 di-
lution: anti-mouse Siglec F (BD; catalog #562681, clone E50-2440,
lot #B302914), anti-mouse MHCII (BioLegend,; catalog #107643,
clone M5/114.15.2, lot #B317262), anti-mouse Ly6G (BioLegend;
catalog #127614, clone 1A8, lot #B292772), anti-mouse Ly6C
(BioLegend; catalog #128012, clone HK1.4, lot #B250462), anti-
mouse CD45.2 (BD; catalog #564616, clone 104, lot #1083734), anti-
mouse CD1lc (BioLegend; catalog #117338, clone N418, lot
#B290360), anti-human/mouse CD11b (BioLegend; catalog
#101212, clone M1/70, lot #B281906), anti-mouse TNFa (Thermo
Fisher Scientific; catalog #25-7321-82, clone MP6-XT22, lot
#2044683), anti-mouse CD210 (BioLegend; catalog #112706, clone
1B1.3A, lot #B282078), anti-human CD45 (BioLegend; catalog
#304085, clone HI30, lot #B364861), anti-human CD66b
(BioLegend; catalog #392915, clone 6/4 °C, lot #B348382), and anti-
human CD14 (BioLegend; catalog #367117, clone 63D3, lot
#B262992). In addition to analysis of population percentages and
total cell numbers, IL-10R, Ly6G, CD11b, and TNFa expression
on murine cells was compared using median fluorescence inten-
sity (MFI).
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2.4 Lung pathology assessment

Total protein in the BAL fluid was measured using a Pierce BCA
protein assay kit (Thermo Fisher Scientific). BAL albumin was
measured by ELISA (Eagle Biosciences Inc., Thermo Fisher
Scientific) with analytes detected on a Synergy HT Microplate
Reader (BioTek). Lung wet/dry ratios were calculated using tissue
weight measured postexcision and after incubation at 60 °C for
3 d. For histology, lungs were preserved in 70% EtOH prior to par-
affin embedding, tissue slicing, and hematoxylin and eosin stain-
ing by the UCD Research Histology Core. High-resolution
whole-slide images were collected using Aperio digital pathology
slide scanning and analyzed wusing ImageScope (Leica
Biosystems). Histology scores were assigned following blinded
analysis (Supplementary Table 1).

2.5 Neutrophil functional assays

Bone marrow neutrophils were purified using Histopaque density
gradient centrifugation®® following isolation from the femurs of
naive mice. Purity was confirmed by flow cytometry (>80%
Ly6G" cells). Lung neutrophils were purified from mice 48 h post-
infection with S. pneumoniae using positive selection with anti-
mouse Ly6G-PE antibody (MojoSort PE positive selection kit;
BioLegend). Purity was confirmed by flow cytometry (>90%
Ly6G* cells). For cell transfer experiments, neutrophils purified
from the bone marrow of donor mice were labeled with CFSE
(CFSE Cell Division Tracker Kit; BioLegend) prior to transfer of
10° cells per mouse intratracheally into recipient mice anesthe-
tized with inhaled isoflurane. Opsonophagocytic killing assays
were conducted with 10 mid-log phase S. pneumoniae opsonized
with 3% fresh mouse serum (source of complement) for 30 min.
During this time, purified neutrophils were incubated with or
without recombinant mouse IL-10 for 1 h (100 pg/mL; BioLegend)
Following opsonization, bacteria were incubated with 10° neutro-
phils in Hank’s Balanced Salt Solution with calcium and magne-
sium (Thermo Fisher Scientific) containing 0.1% glucose (Sigma)
for 45 min at 37 °C under rotation. Reactions were stopped by in-
cubation on ice followed by neutrophil lysis using water prior to
plating serial dilutions for S. pneumoniae CFU enumeration. For
killing assays with neutrophils from infected mice, baseline neu-
trophil CFUs were subtracted from totals. Percent killing was de-
termined relative to control reactions without neutrophils.
Human neutrophils were purified from the blood of healthy
adult volunteers who consented to participation under
Institutional Review Board approval. Blood was collected into tubes
containing acid citrate/dextrose, and neutrophils were isolated by
erythrocyte sedimentation followed by Histopaque 1077 centrifuga-
tion, as previously described.?® Isolated neutrophils were confirmed
by flow cytometry to be 90% CD11lb*CD66b*CD14~ cells.
Neutrophils were preincubated with or without recombinant hu-
man IL-10 (100 ng/mL; BioLegend; catalog #571002) or anti-human
IL-10R (1 pg/mL; BioLegend; catalog #308802, clone 3F9) for 30 min
at 37 °C prior to killing assays. For killing assays with human neu-
trophils, 10° neutrophils were incubated with 10° S. pneumoniae,
which was opsonized with baby rabbit serum (10 pL, source of com-
plement) for 30 min at 37 °C in Hank’s Balanced Salt Solution with
calcium and magnesium (Thermo Fisher Scientific) containing 0.1%
glucose (Sigma) in total volumes of 130 pL. Reactions were incu-
bated at 37 °C for 45 min with rotation. Reactions were stopped
on ice followed by plating serial dilutions for S. pneumoniae enumer-
ation and calculating percent killing as done previously.
Neutrophil serine protease activity was determined using sub-
strates specific to cathepsin G (0.1 mM Succinyl-Ala-Ala-Pro-

Phe-pNA; Sigma) and elastase (0.85 mM MeOSuc-Ala-Ala-Pro-
Val-pNA; Sigma)?* in the presence or absence of 1x Halt protease
inhibitor cocktail (Thermo Fisher Scientific). Neutrophils were in-
cubated with protease inhibitors for 30 min prior to washing, fol-
lowed by lysis in 0.1% Triton X-100. Substrates were added to cell
lysates and incubated for 45 min at 37 °C followed by measure-
ment of absorbance at OD4yo using a Synergy HT Microplate
Reader (BioTek). Substrate activity was calculated relative to con-
trol reactions with no neutrophils. Neutrophil ROS was detected
using a luminol assay.? Briefly, 10° neutrophils equilibrated for
15 min in KRP buffer (5 mM glucose, 1 mM CaCl,, 1 mM MgSO,
in PBS) were plated onto Greiner Bio-One LUMITRAC plates
(Thermo Fisher Scientific), to which 50 pM luminol (Thermo
Fisher Scientific) was added. Luminescence was measured over
1h at 37 °C using a Synergy HT Microplate Reader (BioTek). The
area under the curve was determined relative to control wells
with no neutrophils.

2.6 Western blotting

Cells were purified by positive selection (MojoSort PE positive se-
lection kit; BioLegend) from the spleens of naive mice using anti-
mouse CD64-PE (BioLegend; clone X54-F/7.1, catalog #139304, lot
#B349153) to enrich for myeloid cells and anti-mouse CD3-PE
(BioLegend; clone 17A2, catalog #100206, lot #B292677) to enrich
for T cells. Cells were exposed to rIL-10 (100 pg/mL) for 1 h prior
to lysate preparation. Lysates were run on a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gel under reducing
conditions, with protein transferred to nitrocellulose membranes
using semi-dry transfer. Membranes were blocked in Odyssey
Blocking Buffer (LI-COR) and probed for p-STAT3 (Y705, clone
D3A7; Cell Signaling Technology) and B-actin (clone 8H10D10;
Cell Signaling Technology). Secondary antibodies against rabbit
IgG (LI-COR; anti-rabbit IRDye 800 CW; catalog #827-08365, lot
#C90123-1) or mouse IgG (LI-COR; anti-mouse IRDye 680RD; cata-
log #926-68170, lot #C90715-01) were used to detect expression on
an Odyssey imaging system (LI-COR). Images were analyzed using
Image Studio software version 5.0.21 (LI-COR).

2.7 Study approval

Animal studies were approved by the Animal Care and Use
Committee of the University of Colorado School of Medicine
(protocol #927). Studies involving biohazardous materials were
approved by the Institutional Biosafety Committee (protocol
#1418). Human subject studies were approved by the
Institutional Review Board (protocol #05-0993).

2.8 Statistical analysis

Statistical analyses were conducted using Prism (GraphPad
Software; version 9). Data with normal distributions
(Shapiro-Wilk test) were analyzed using 2-tailed Student’s t tests
or 1-way analysis of variance for multiple comparisons. Data
with non-Gaussian distributions were analyzed using 2-tailed
Mann-Whitney U tests or Kruskal-Wallis tests for multiple com-
parisons. P values of <0.05 were considered significant.

3 Results

3.1 IL-10R expression in myeloid cells reduces
clearance of S. pneumoniae

To generate a mouse strain with defective myeloid cell respon-
siveness to IL-10R, we crossed LysM® with IL-10R1191%% mice
to generate LysM®xIL-10R1* mice, which lack IL-10R1 on LysM*
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(myeloid lineage) cells.®?*?” To confirm myeloid cell-specific loss of
IL-10R function, we compared activation of the transcription factor
STAT3 by recombinant IL-10 in CD64" (myeloid cells) vs CD3* (T
cells) purified from the spleens of naive mice. STAT3 activation
by rIL-10 was confirmed in T cells from both WT and
LysM®xIL-10R™°* mice, while activation was lost in myeloid cells
from LysM®°xIL-10R™°* mice (Supplementary Fig. 1A, B). During
infection with S. pneumoniae, we used flow cytometry to detect
IL-10R on the surface of lung myeloid cell populations and found
that IL-10R MFI was significantly reduced in myeloid cell types in-
cluding neutrophils, AMs, dendritic cells (DCs), and inflammatory
monocytes in LysM®°xIL-10R™°* mice compared with WT mice
(Supplementary Fig. 1C). In contrast, IL-10R MFI on T cells and
NK cells was equivalent between genotypes (Supplementary
Fig. 1D).

We next evaluated the impact of myeloid IL-10R expression on
pneumococcal clearance from the lungs by comparing bacterial
burdens in WT and LysM®xIL-10R™* mice. At 24 h postinfection,
before a detectable systemic IL-10 response,** there was no differ-
ence in lung burdens of S. pneumoniae (Fig. 1A). Previously, we
found that NK cell-derived IL-10 peaks in the lungs and serum
by 72 to 96 h postinfection.™ In contrast to 24 h postinfection, at
72 h postinfection bacterial burdens were significantly lower in
the lungs of LysM“®xIL-10R™®* mice compared with WT mice
(Fig. 1B). There were also fewer systemic infections in
LysM“eXIL&ORﬂOX mice, in contrast to WT mice, in which S. pneu-
moniae was detected in the spleens of all mice by 72 h postinfec-
tion (Fig. 1B). These data suggest that myeloid cell IL-10R
impedes S. pneumoniae clearance.

Comparison of the cytokine and chemokine profiles in the BAL
fluid of WT and LysM“xIL-10R™* mice at 72 h postinfection re-
vealed that in addition to improved S. pneumoniae clearance,
LysM®**xIL-10R"°* mice had significantly lower levels of the proin-
flammatory cytokine TNFo and the chemokine IP-10 (CXCL10)
(Fig. 1C). BAL levels of IL-10 were slightly elevated in
LysM®°xIL-10R™°* mice compared with WT, though this was not
statistically significant (Fig. 1C). While 72 h postinfection is past
the peak of systemic proinflammatory responses including TNFa
and interferon vy, both cytokines were still detected in the serum
of infected mice at this time point above the level present in
naive mice, with significantly lower levels of systemic TNFa in
LysM°xIL-10R™°* mice (Fig. 1D). In contrast, systemic IL-10 was
similar between LysM“®xIL-10R™®* and WT mice (Fig. 1D). As sys-
temic I1.-10 is associated with S. pneumoniae persistence,* the im-
proved pathogen clearance in LysM®xIL-10R™* mice, despite the
availability of systemic and pulmonary IL-10, suggests that IL-10R
suppresses myeloid cell-mediated protection against S. pneumo-
niae lung infection.

3.2 IL-10R expression limits neutrophil
recruitment to the lungs during S. pneumoniae
infection

We next used flow cytometry to determine the impact of IL-10R on
individual myeloid cell populations in the lungs following S. pneu-
moniae infection. Previously, we found that in 1110~/~ mice, there
was an increased infiltration of several myeloid cell populations
to the lungs, including inflammatory monocytes and neutrophils,
as well as an elevated number of alveolar macrophages.'! In con-
trast, we observed a selective impact on neutrophil recruitmentin
LysMS°xIL-10R™°* mice. By 72 h postinfection, there were signifi-
cantly increased numbers of neutrophils in the lungs of myeloid
cell IL-10R-deficient mice compared with WT mice (Fig. 2A).
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In contrast, populations of inflammatory monocytes, AMs, and in-
flammatory CD11b™ DCs remained unchanged between geno-
types (Fig. 2B-D). Differential neutrophil recruitment resulted in
a higher percentage and total number of neutrophils producing
TNFa in the lungs of LysM®xIL-10R™* mice compared with WT
mice (Fig. 2E). In contrast, there was no detectable difference in
TNFa production by other lung myeloid cell types including in-
flammatory monocytes, AMs, and CD11b™ DCs (Supplementary
Fig. 2). These findings suggest that myeloid cell expression of
IL-10R suppresses neutrophil recruitment during S. pneumoniae
lung infection.

Lung neutrophils are a heterogeneous population, with varying
developmental and activation states during pneumococcal infec-
tion. Compared with neutrophils in the lungs of WT mice at 72 h
postinfection, neutrophils from LysM®xIL-10R"°* mice had ele-
vated Ly6G MFI, which has been associated with improved
pneumococcal clearance in the spleen,'® while CD11b and TNFa
MFIs were comparable between genotypes (Supplementary Fig.
3A). In addition to TNFa, ~38% of lung neutrophils in WT mice ex-
pressed ROS at 72 h postinfection (Supplementary Fig. 3B), indica-
tive of activation. However, IL-10R expression increased during
pneumococcal infection in WT mice, as the percentage of neutro-
phils with detectable surface IL-10R expression was significantly
elevated by 72h postinfection compared with nalve mice
(Supplementary Fig. 3C). This finding suggests that neutrophil ac-
tivation at 72 h postinfection may be counterbalanced by the ex-
pression of IL-10R.

3.3 Neutrophil killing of S. pneumoniae is
enhanced in the absence of IL-10R

The enhanced neutrophil recruitment we observed in
LysM®xIL-10R1* mice infected with S. pneumoniae prompted our
investigation of the impact of IL-10R expression on neutrophil-
mediated killing of S. pneumoniae. Neutrophils isolated from the
bone marrow of naive LysM®®xIL-10R™* mice had a slightly en-
hanced capacity to kill S. pneumoniae compared with neutrophils
from naive WT mice (Fig. 3A). The addition of rIL-10 suppressed kill-
ing of S. pneumoniae by neutrophils from WT mice, as others have
shown.?® In contrast, rIL-10 had no impact on the ability of neutro-
phils from LysM®°xIL-10R°* mice to kill S. pneumoniae (Fig. 3A).
Unlike neutrophils, AMs from naive LysM®xIL-10R™®* mice had a
reduced capacity to kill S. pneumoniae compared with AMs from
WT mice (Supplementary Fig. 4A), indicating selective restriction
of neutrophil killing by IL-10R signaling. The two primary mecha-
nisms of neutrophil-mediated killing of S. pneumoniae involve the
production of ROS and the activity of serine proteases including
cathepsin G and elastase. Consistent with the enhanced baseline
killing of neutrophils in LysM®xIL-10R1* mice, we found that neu-
trophils purified from the bone marrow of these mice had elevated
production of ROS (Fig. 3B, Supplementary Fig. 4B) as well as cath-
epsin G and elastase activity (Fig. 3C). To determine whether these
phenotypes translated to increased neutrophil functional activity
in the lungs during S. pneumoniae infection, we purified neutrophils
from the lungs of WT and LysM®®xIL-10R™** mice at 48 h postinfec-
tion. Lung neutrophils from LysM®°xIL-10R"* mice had improved
killing of S. pneumoniae and higher levels of elastase activity com-
pared with lung neutrophils from WT mice (Fig. 3D). These findings
indicate that IL-10R expression restricts neutrophil functional ac-
tivity, including killing of S. pneumoniae.

To determine whether the impact of IL-10 on S. pneumoniae kill-
ing translated to human neutrophils, we compared killing of S.
pneumoniae by neutrophils isolated from healthy human donors
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Fig. 1. IL-10R expression in myeloid cells reduces clearance of Streptococcus pneumoniae. (A, B) Lung and spleen S. pneumoniae burdens at 24 h (n=9-11
mice/group) (A) and 72 h (n=10-11 mice/group) (B) postinfection with 10° CFU/mouse intratracheally in WT or LysM®xIL-10R°* mice. (C) BAL
cytokines and chemokines detected in mice 72 h postinfection (n = 10-11 mice/group). (D) Serum cytokines detected in naive mice and in mice 72 h
postinfection (n=10-11 mice/group). Data are pooled from 3 independent experiments and are displayed as mean + SEM. *P < 0.05, **P <0.01, **P <
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with or without the addition of recombinant IL-10. Additional re-
actions included rIL-10 together with anti-human IL-10R antibody
to block IL-10 signaling. For all donors in which neutrophil killing
was observed, the addition of rIL-10 significantly reduced S. pneu-
moniae killing, and this effect was abrogated by the inclusion of
anti-IL-10R antibody (Fig. 4). Together, these data suggest that
IL-10R signaling suppresses both murine and human neutrophil
killing of S. pneumoniae.

3.4 S. pneumoniae clearance is improved by
IL-10R-deficient neutrophils

We next compared the impact of neutrophil depletion on S. pneu-
moniae infection in WT and 1110~~ mice using anti-Ly6G antibody
treatment (Supplementary Fig. 4C, D). Neutrophil depletion prior
to infection reduced clearance of S. pneumoniae in WT mice
(Fig. 5A), suggesting a protective role at early time points, as others
have shown.' In 1110~~ mice, neutrophil depletion had a similar


http://academic.oup.com/jleukbio/article-lookup/doi/10.1093/jleuko/qiad070#supplementary-data

LysMC® x IL-10Rfox

Ly6G* (%)

Q

[
)
o

Hornetal. | 9

-Neutrophils-

o

20
15
10
(o]
0,
0

WT LysM®® WT LysMe°®
xIL-10Rflox xIL-10Rflox
C -AMs- D -CD11b" DCs-
20 20
— n.s. —_ <ro
< S 15 s < 15
< < o o X
+ ~ O
5 110 o ) .EO a0
% 8 0 olo a 2
7] D5 o = 5
%) [m]
© o
0 0

WT LysMc°e WT LysMmcre WT LysM°® WT LysMere WT LysM°® WT LysMmcre
xIL-10Rflox xIL-10Rflox xIL-10Rfox xIL-10Rflox xIL-10Rfox xIL-10Rflox
E -Neutrophil TNFa-
cre flox .
LysM®® x IL-10R' ~ 5 —
23.1 9 =) o
;, X 40
LE TE 30
zZ
g Z 2 -
O +
<3 :; 2 10
| j 0
_ WT LysM°®® WT LysMm®e
v xIL-10Rflox xIL-10Rflox

Fig. 2. IL-10R expression limits neutrophil recruitment to the lungs during Streptococcus pneumoniae infection. (A-D) Percentage and total number of
neutrophils (CD45 * SiglecF~Ly6G * CD11b*) (A), inflammatory monocytes (CD45 * SiglecF"Ly6G Ly6C * CD11b*) (B), AMs (CD45 * SiglecF * CD11b™") (C),
and CD11b™ DCs (CD45 * CD11c * SiglecF"MHCII * CD11b™) (D) detected by flow cytometry in the lungs at 72 h postinfection with S. pneumoniae 10° CFU/
mouse intratracheally in WT or LysM°xIL-10R™ mice (n = 10-11 mice/group). (E) Percentage and total number of TNFa* neutrophils from population
gated in panel A detected by intracellular flow cytometry. Representative plots are shown for neutrophil and neutrophil TNFa gates. Data are pooled
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impact, resulting in increased S. pneumoniae burdens compared
with nondepleted mice (Fig. 5A). These findings indicate the cap-
acity for neutrophil-mediated protection in the absence of IL-10.
To test the hypothesis that neutrophils which are no longer re-
sponsive to IL-10 improve clearance of S. pneumoniae, we con-
ducted an adoptive transfer experiment in which neutrophils
isolated from the bone marrow of naive WT or LysM“°xIL-
10R™* mice were injected into the lungs of WT mice at 24 h post-
infection (Fig. 5B). Neutrophils purified from either genotype had
equivalent survival ex vivo as determined by live/dead staining
(Supplementary Fig. 4E), suggesting similar baseline viability.
Four hours following transfer, donor neutrophils labeled with
CFSE comprised a significant portion of total neutrophils in the
BAL (~30%) and a minor population in lung tissue (~7%) of
recipient mice, which declined over time (Supplementary Fig.
4F). By 72 h postinfection, the small number of donor neutro-
phils remaining was similar between genotypes (Fig. 5C). In
contrast to recipients of WT neutrophils, recipients of
LysMexIL-10R%°* neutrophils had reduced lung burdens of S.
pneumoniae (Fig. 5D). The reduced pathogen burdens in recipi-
ents of LysM®xIL-10R"°* neutrophils suggests that IL-10

responsiveness impairs neutrophil-mediated clearance of

S. pneumoniae from the lungs.

3.5 Limited impact of myeloid cell IL-10R
expression on lung immunopathology during
acute infection

Neutrophils contribute to early S. pneumoniae killing but can also in-
duce lung damage. To establish the impact of myeloid IL-10R ex-
pression on lung immunopathology, we compared measurements
of airway barrier permeability and tissue damage in the lungs of
WT and LysM®xIL-10R* mice at 72 h postinfection. We found
that LysM®°xIL-10R™* mice had reduced total protein and albumin
detected in the BAL compared with WT mice (Fig. 6A-B), correlating
with improved S. pneumoniae clearance at this time point. Using the
lung wet-to-dry ratio as an indicator of pulmonary edema, we
found no difference between WT and LysM®xIL-10R%* infected
mice (Fig. 6C). Lung histopathological scores were also similar be-
tween genotypes (Fig. 6D, Supplementary Table 1). These findings
suggest that myeloid cell IL-10R deficiency does not exacerbate
lung immunopathology in mice infected with S. pneumoniae.
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Fig. 3. Neutrophil killing of Streptococcus pneumoniae is enhanced in myeloid IL-10R-deficient mice. (A) Percent of S. pneumoniae killed by neutrophils
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4 Discussion

Our findings identify neutrophils as a key cellular target of S. pneu-
moniae-induced immune suppression during acute pulmonary in-
fection. In the absence of myeloid IL-10R expression, neutrophils
had an enhanced capacity to kill S. pneumoniae, which was associ-
ated with improved pulmonary clearance. These observations
were confirmed in human neutrophils, as IL-10 signaling reduced
S. pneumoniae killing. In prior work, we found that S. pneumoniae in-
duces a systemic NK cell-dependent IL-10 response by 72 h post-
infection.*! In that study, transfer of WT NK cells into the lungs of
IL-10-deficient recipient mice reduced neutrophil recruitment.**
Here, we build on these findings by demonstrating that myeloid
cell IL-10R is responsible for the impaired neutrophil recruitment
induced by IL-10 during S. pneumoniae infection. Together, these
data implicate S. pneumoniae-induced IL-10 in the restraint of
neutrophil-mediated protection against pneumococcal infection.

Neutrophils themselves are a source of IL-10 prior to peak in-
duction of the systemic NX cell IL-10 response. IL-10 production
in neutrophils is limited by expression of the ectonucleotidase
CD73, which generates extracellular adenosine, and by the tran-
scription factor Kriippel-like factor 4 (KLF4).?®%° Regulation of
neutrophil-mediated killing by adenosine signaling, including
CD73 and the adenosine receptor A2B, primarily impacts neutro-
phil production of ROS,?®3° in contrast to the broader effect that
we observed on both ROS and serine protease activity for
IL-10R—deficient neutrophils. The reduced neutrophil killing re-
ported in the absence of KLF4 and CD73, when neutrophils are se-
cretingmore IL-10, may therefore be amplified by IL-10R feedback.

IL-10 has distinct cell type-specific effects on gene transcription.®!
In neutrophils, IL-10 signaling through the JAK/STAT3 pathway
reduces the transcription of cytokines including TNFa and sup-
presses ROS production through the inhibition of extracellular
signal regulated kinase 1/2 activity.***? The connection between
IL-10 signaling and serine protease activity remains uncharacter-
ized and is likely indirect, as serine proteases including cathepsin
G and elastase are stored intracellularly in azurophilic granules,
with release regulated by several proteins including clade A and
B serpins.®* Together, these findings imply that neutrophil killing
is regulated by both neutrophil-derived IL-10 and neutrophil ex-
pression of IL-10R.

Neutrophils which are nonresponsive to IL-10 are sufficient to
improve S. pneumoniae clearance from the lungs, as suggested by
the reduced pneumococcal lung burdens we observed in recipi-
ents of IL-10R—deficient neutrophils. These findings complement
arecent study demonstrating that the reverseis also true; transfer
of WT neutrophils which can produce IL-10, and are less functional,
reduce S. pneumoniae clearance from the lungs of IL-10-deficient re-
cipients.™ In either case, S. pneumoniae clearance is affected by neu-
trophil phenotype, with neutrophil-associated IL-10 production and
signaling resulting in defective clearance. In human neutrophils,
IL-10R expression is increased in response to inflammatory stim-
uli,® as with our observation of increased surface IL-10R expression
during pneumococcal infection. Neutrophils from septic patients
have elevated IL-10R expression, and neutrophil production of
proinflammatory cytokines is reduced following IL-10 exposure.
Similarly, we found that IL-10 limited the ability of human
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neutrophils to kill S. pneumoniae, consistent with prior studies dem-
onstrating that IL-10 reduces human neutrophil phagocytosis and
killing of other bacteria.***” These data indicate that IL-10 signaling
limits neutrophil-mediated killing of S. pneumoniae.

IL-10 regulates lung immunopathology during bacterial pneu-
monia, as tissue damage is elevated in IL-10-deficient mice.®
Strikingly, the heightened neutrophil functional activity that we
observed in the absence of myeloid IL-10R did not come at the

cost of worsened immunopathology by 72 h postinfection. While
the number of TNFo" neutrophils in myeloid IL-10R-deficient
mice was elevated, total pulmonary proinflammatory cytokine
and chemokine production was either equivalent to WT, or in
the case of TNFa and IP-10, levels were reduced. Histology scores
were similar between genotypes, and lower BAL albumin and pro-
tein content suggest reduced alveolar-capillary membrane per-
meability in myeloid IL-10R-deficient mice. It is unclear why the



12 | Journal of Leukocyte Biology, 2024, Vol. 115, No. 1

A B
—~ 1500+ —~ 1500+
-
E E
B) *k g’
£ 10004 f ! < 1000+
c £
5 R E
o i o
5 500 % 5004
- -
= <
0! m 9
WT LysMere WT LysMee
xIL-10Rflox xIL-10Rflox
D

C

25+ n.s.

204 ©
2 o
§15— °
g 104 0|0,
(0]
= 5

0

WT LysM°®
xIL-10Rflox

10+ n.s.
(0]
B 8- o
[&]
n
>
(@]
fe)
o
@
T
WT LysMce®
xIL-10Rflex

Fig. 6. Limited impact of myeloid cell IL-10R expression on lung immunopathology during acute infection. (A, B) Total protein (A) and albumin (B)

detected in bronchoalveolar lavage fluid collected from WT or LysM®xIL-10R™** mice 72 h postinfection with Streptococcus pneumoniae 10° CFU/mouse
intratracheally (n=9-11 mice/group). (C) Wet/dry ratio detected for lungs collected 72 h postinfection from WT or LysM®xIL-10R1* mice (n=10-11
mice/group). (D) Representative lung tissue sections stained with hematoxylin and eosin at x100 magnification and histopathological scores for lung
tissue collected 72 h postinfection from WT or LysM®xIL-10R"* mice (n = 10-12 mice/group). Data are pooled from 3 independent experiments and are

displayed as mean + SEM. *P < 0.01, *P < 0.001; 2-tailed t test.

lung wet/dry ratios, serving as an indicator of pulmonary edema,
were not also reduced in myeloid IL-10R-deficient mice, though
this is considered a less precise measurement compared with
BAL albumin.*® Regardless, we did not find evidence for increased
lungimmunopathology in the myeloid IL-10R-deficient mice, des-
pite the loss of IL-10 signaling in myeloid cells.

Regarding the absence of a barrier defect in myeloid IL-10R-
deficient mice, one possibility is that other lung cell types are suf-
ficient to maintain barrier integrity. The lack of IL-10R expression
in epithelial cells®® indicates lymphocytes such as tissue resident
innate lymphoid cells or T cells as probable targets. Neutrophils
produce several factors which are cytotoxic, including ROS, pro-
teases, and proinflammatory cytokines, which can induce cell
death indirectly.*® Among these, NADPH oxidase-dependent
ROS production was not responsible for increased airway barrier
permeability induced by neutrophil influx,** though the role of
mitochondrial ROS was not evaluated. In the context of acute re-
spiratory distress syndrome, immunopathology is associated with
increased lung neutrophils.*? However, neutrophils in the lungs of
acute respiratory distress syndrome patients are dysfunctional,
with a reduced capacity to kill pathogens and increased release
of neutrophil extracellular traps, which contain several pro-
teases.*?*? Extracellular release of neutrophil elastase, which oc-
curs during NETosis, damages the extracellular matrix,
contributing to tissue pathology.***> Together, these studies sug-
gest that neutrophil-mediated damage is elevated in the context
of neutrophil dysfunction and the release of extracellular pro-
teases. The elevated damage coincident with neutrophil dysfunc-
tion may differ from a setting where neutrophil functional activity

is increased, as we observe in the absence of myeloid IL-10R. For
example, myeloid-targeted deletion of KLF4 increased S. pneumo-
niae burdens, lung pathology, and barrier permeability, despite
elevated systemic IL-10.¢ Together with our findings of increased
neutrophil-mediated killing, bacterial clearance, and barrier
function in myeloid IL-10R-deficient mice, this suggests that total
pathogen burden is a more informative indicator of pulmonary
tissue damage during pneumococcal pneumonia than the pres-
ence of neutrophils alone. S. pneumoniae also contributes to tissue
damage through expression of the pore-forming toxin pneumoly-
sin (ply). Ply is cytotoxic and increases release of extracellular
neutrophil elastase.’® Pneumococcal-driven immunopathology
and neutrophil dysfunction could therefore serve as early indica-
tors of airway barrier loss, while neutrophils with reduced IL-10
responsiveness may instead have a largely beneficial role during
acute lung infection.

Beyond S. pneumoniae, diverse bacteria activate production of
IL-10, including Mycobacterium bovis BCG and Bordatella pertus-
sis.*’**® Clearance of both M. bovis BCG and B. pertussis is improved
in the absence of IL-10, and neutrophil depletion results in in-
creased BCG burdens,”’ as with S. pneumoniae. Bordatella-induced
IL-10 suppresses neutrophil infiltration,*® as we find during
pneumococcal infection. There are numerous cellular targets of
IL-10 during bacterial infection. IL-10 induced by Staphylococcus
aureus suppresses Th17 and IL-22 responses, leading to reduced
bacterial clearance® and increased systemic infection.”®
Blocking IL-10R improves control of Mycobacterium tuberculosis in-
fection as well as BCG-induced memory T cell responses.” It is un-
clear whether loss of IL-10R similarly impacts the induction of



vaccine immunity against S. pneumoniae. As with the positive feed-
back indicated for neutrophils, a toxin produced by group B
Streptococcus induces macrophage IL-10, which suppresses macro-
phage activation.”® These studies highlight IL-10-mediated sup-
pression of otherwise protective immune activity as a recurring
theme during microbial infection. Our data indicate that neutro-
phils are a key cellular target of the IL-10 response induced by
S. pneumoniae during acute lung infection.

In addition to myeloid cells, alveolar type 2 cells express LysM
during development.”® However, the lack of IL-10R expression in
epithelial cells including alveolar type 2 cells®* limits the likeli-
hood of an impact in the setting of our LysM“®xIL-10R™"* model.
For this study, we restricted our analysis to early time points fol-
lowing pneumococcal infection. Kinetic analysis of responses be-
yond 72 h postinfection will be important in future studies to
determine whether the abrogation of neutrophil responsiveness
toIL-10 has a longer-term impact on recovery from pneumococcal
infection. In addition, restraint of neutrophil activity may be crit-
ical for the defense against S. pneumoniae in other contexts, such as
duringbacterial or viral co-infections as well as following invasion
to other host sites.

In summary, we find that loss of IL-10 responsiveness in mye-
loid cells has a positive impact on neutrophil-mediated clearance
of S. pneumoniae from the lungs during acute infection. These find-
ings denote a rare point of separation between innate immune re-
sponses that contribute to pathogen clearance versus those that
exacerbate barrier damage, as the loss of IL-10R expression in
myeloid cells improved S. pneumoniae killing without associated
tissue damage during acute lung infection. Targeting IL-10R sig-
naling on myeloid cells including neutrophils may therefore im-
prove the innate immune response to pneumococcal pneumonia.
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