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Abstract

Regulation of the inflammatory infiltrate is critical to the successful outcome of pneumonia.
Alveolar macrophage apoptosis is a feature of pneumococcal infection and aids disease resolution.
The host benefits of macrophage apoptosis during the innate response to bacterial infection are
however incompletely defined. Since nitric oxide is required for optimal macrophage apoptosis
during pneumococcal infection, we have explored the role of macrophage apoptosis in regulating
inflammatory responses during pneumococcal pneumonia, using inducible nitric oxide synthase
(iNOS)-deficient mice. iNOS™- mice demonstrated decreased numbers of apoptotic alveolar
macrophages as compared to wild-type C57BL/6 mice following pneumococcal challenge. In
association with this, iNOS™- mice demonstrated greater recruitment of neutrophils to the lung
and enhanced expression of TNF-a.. Pharmacologic inhibition of iNOS produced similar results.
Greater pulmonary inflammation was associated with greater levels of early bacteremia, IL-6
production, lung inflammation and mortality within the first 48 h in iNOS”- mice. Labelled
apoptotic alveolar macrophages were phagocytosed by resident macrophages in the lung and
intratracheal instillation of exogenous apoptotic macrophages decreased neutrophil recruitment
in iNOS™- mice and decreased TNF-a. mRNA in lungs and protein in bronchial alveolar

lavage, as well as chemokines and cytokines including IL-6. These changes were associated

with a lower probability of mice becoming bacteremic. This demonstrates the potential of
apoptotic macrophages to downregulate the inflammatory response and for the first time /n

vivo demonstrates that clearance of apoptotic macrophages decreases neutrophil recruitment and
invasive bacterial disease during pneumonia.
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Introduction

Macrophages play a critical function during bacterial infection by co-ordinating the

innate immune response (1) and are long-lived tissue cells with a low incidence of
constitutive apoptosis (2). Modulation of macrophage lifespan is, however, an important
mechanism for regulation of macrophage function. Although multiple pathogens induce
macrophage apoptosis as a mechanism of immune evasion, the existence of host benefits
from macrophage apoptosis has been more controversial (3). Nevertheless, it has become
apparent that macrophage apoptosis can represent a host response that contributes to
bacterial killing of chronic intracellular pathogens (4) and organisms that do not persist for
prolonged periods intracellularly but are killed efficiently after phagocytosis (5). However,
the functional consequences of host-induced macrophage apoptosis are incompletely
characterised.

Infection with the Gram-positive diplococcus Streptococcus pneumoniae represents the

most frequent cause of community-acquired pneumonia (6). Although anti-pneumococcal
antibody is critical in determining the outcome of infection (7), the importance of

innate responses is increasingly recognised (8). Tissue macrophages, including alveolar
macrophages (AM)3, are critical to the innate response, phagocytosing bacteria and co-
ordinating the innate response to infection (1). AM depletion results in a reduction in

the number of pneumococci that are required to trigger neutrophil recruitment to the lung
(9). During established pneumonia AM also contribute to resolution of the inflammatory
response but are no longer critical for bacterial clearance since neutrophils become the major
cell phagocytosing bacteria (10).

Host-mediated macrophage apoptosis is a feature of pneumococcal infection and its
inhibition /n vitro decreases pneumococcal clearance (5). In murine models decreased

AM apoptosis is associated with greater rates of invasive pneumococcal disease (9).

We have previously identified a key role for NO production in the activation of the
apoptotic cascade during pneumococcal disease (11). Apoptosis is believed to contribute

to resolution of inflammation in the lung and pneumococcal pneumonia has been regarded
as the paradigm for a host-response that involves pulmonary inflammation with subsequent
complete resolution without lung injury (12). The role of neutrophil apoptosis is well
established but AM apoptosis may also facilitate resolution of the inflammatory response in
the lung. Macrophages produce anti-inflammatory cytokines after phagocytosing apoptotic
bodies (13), although the pattern of cytokines produced is modified in the presence of Toll-
like receptor ligation (14). It remains unclear whether macrophage apoptosis influences the
inflammatory response during pneumonia. In view of the important roles of macrophages
and of host-mediated apoptosis in host defence against S. pneumoniae, pneumococcal
infection represents a relevant model with which to investigate the effects of macrophage
apoptosis on regulation of the inflammatory response. Since we have identified a critical
role for NO in regulating initiation of macrophage apoptosis during pneumococcal infection
we chose to study the effect of decreasing macrophage apoptosis /77 vivo using the well

3Abbreviations used in this paper: AM - alveolar macrophage, iNOS - inducible nitric oxide synthase, BAL - bronchial alveolar
lavage

J Immunol. Author manuscript; available in PMC 2021 September 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Marriott et al. Page 3

characterised (iNOS)-deficient mouse (15). On the basis of our prior /in vitro findings we
predicted that these mice could have decreased AM apoptosis and this model could then be
examined to determine the effects of decreased AM apoptosis, as opposed to NO deficiency,
on the regulation of the inflammatory response, using a model of pneumococcal pneumonia.

We demonstrate that INOS™" mice have decreased rates of AM apoptosis /7 vivo and

that this is associated with a greater degree of inflammation in the lung. Furthermore,

we demonstrate that instillation of apoptotic macrophages into mouse lungs decreases the
greater lung inflammation observed in iNOS™- mice and decreases the likelihood of early
invasive pneumococcal disease.

Materials And Methods

Animals

iNOS deficient mice backcrossed onto a C57BL/6 background were obtained from Jackson
Laboratories and maintained as a homozygous colony. C57BL/6 mice (Harlan) were used
as wild type controls. Female mice were used throughout. For aminoguanidine treatment
C57BL/6 mice were treated with 2.5% aminoguanidine in their drinking water, with 5%
glucose added to increase palatability, starting 7 days prior to pneumococcal infection (16).
Control mice were treated with an equivalent dose of glucose. All animal experiments were
conducted in accordance with the Home Office Animals (Scientific Procedures) Act of 1986
and received local ethical committee approval.

In vivo pneumococcal infection model

Infection of mice with 10’ CFU type 2 pneumococci (strain D39) or mock infection with
PBS was by direct tracheal instillation after anaesthesia with ketamine (100 mg/kg £p.) and
acepromazine (5 mg/kg 7p.) as previously described (9). In survival studies mice showing
physical signs of severe illness were culled and their time of death recorded as the time at
which they were culled.

Collection of bronchial alveolar lavage, blood and lungs

Mice were killed by overdose of sodium pentabarbitone and exsanguinated by cardiac
puncture. Bronchial alveolar lavage (BAL) was performed as described (9). The cell
differential was by review of cytospin preparations (9). Viable bacterial counts in lung and
blood were obtained as described (17).

Detection of apoptosis

Apoptosis detection was by Annexin V (BD Biosciences)/ToPro 3 (Molecular Probes)
staining and flow cytometry or by nuclear morphology on cytospin preparations as described
(9). AM were identified by F4/80 fluorescence intensity (anti-mouse F4/80:FITC (CI:A3-1
clone), Serotec) and forward vs. side scatter characteristics and neutrophils by positive Ly6G
staining (anti-mouse Ly6G:FITC (1A8 clone), BD Biosciences) (9, 18).

J Immunol. Author manuscript; available in PMC 2021 September 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Marriott et al. Page 4

Cytokine/chemokine mRNA detection

Whole lung was harvested and immediately stored in RNAlater (Sigma). Total RNA

was extracted from lung tissue by homogenisation into TRIZOL (Invitrogen) following

the manufacturers protocol. RNase Protection Assays were performed using 5ug RNA

and mCK-2h, mCK-5c¢ and custom probe sets according to the RiboQuant protocol

(BD Biosciences). Bands were quantitated using Image J 1.32 software (NIH) and were
normalised to GAPDH. To perform TagMan real-time PCR RNA was DNA digested
(Ambion) following the manufacturer’s protocol for routine DNase treatment. cDNAS were
synthesised from RNA by reverse transcription using random hexamer primers. Relative
expression of TNF-a normalised to B-actin was by TagMan gene expression assays (Applied
Biosystems) for TNF-a. (Mm00443258_m1) and B-actin (Mm00607939_s1) following the
manufacturer’s protocol.

Cytokine production

Cytokines in BAL were measured using DuoSet ELISA development kits (R&D Systems)
for mouse TNF-a, KC (CXCL1), MIP-2 (CXCL2) and IL-6 following the manufacturer’s
protocols (19). Limits of detection were 15pg/ml.

Lung Injury

Protein levels in BAL were measured using a BCA protein assay (Pierce), following the
manufacturer’s protocol (20).

Histopathology

Unlavaged lungs were fixed via the trachea with 10% buffered formalin at 20 cmH-0O,
paraffin-embedded sections prepared, sectioned, stained with haematoxylin and eosin and
independently evaluated by two pathologists (PGl and SSC) using a BH2 Olympus
microscope.

Instillation of apoptotic bodies

Apoptotic AM were generated from AM obtained from BAL of donor C57BL/6 mice. BAL
was spun for 5 mins at 1000 x g and cells resuspended in RPMI (Invitrogen) plus 10%

heat inactivated FCS (Bioclear), 100ug/ml streptomycin and 100U/ml penicillin (Invitrogen)
and incubated at 37°C for 4 h to allow macrophage adherence. AM were washed and
labelled with 2uM CellTracker Red (Molecular Probes) for 30 min at 37°C. Apoptosis was
induced by exposure to 120mJ/cm? irradiation (Stratalinker 1800, Stratagene). 12h post UV
treatment AM were gently scraped and washed in PBS. After this treatment mean values for
AM were 69% AnnexinV*, 8% ToPro3* and 65% showed loss of Aym (9, 11). In additional
experiments AM were made apoptotic by treatment with 10uM staurosporine for 16 h. Cells
were resuspended in PBS at 5x10 cells/ml. 1x10* apoptotic AM were delivered to the
lungs by direct intra-tracheal instillation immediately after pneumococcal infection. This
number was chosen to provide approximately enough apoptotic cells to restore the numbers
of apoptotic cells in the INOS™~ mice to the level observed in the C57BL/6 mice. 12-48 h
post infection mice were killed and BAL performed. To confirm phagocytosis of apoptotic
bodies, resident AM of some C57BL/6 mice were labelled with PKH2 green fluorescent
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phagocytic cell linker compound (Sigma) (21). PKH2 dye (stock 1x10-3M) was diluted 1
in 5 with diluent B and 100ul was administered intravenously. 42 h post PKH2 treatment
apoptotic AM were delivered to the lungs by direct intra-tracheal instillation. Lungs were
lavaged 30 min post instillation and cytospin preparations made from lung cells. Coverslips
were mounted with VectaShield containing DAPI (Vector), and the cells imaged with a
DeltaVision Microscope.

Ex-vivo AM pneumococcal infection

Statistics

Results

C57BL/6 and iNOS deficient mice were killed with an overdose of sodium pentabarbitone
and bronchial alveolar lavage (BAL) was performed as described using RPMI (Invitrogen)
plus 10% heat inactivated FCS (Bioclear), 100ug/ml streptomycin and 100U/ml penicillin
(Invitrogen) (9). BAL was spun for 5 mins at 1000 x g and cells resuspended in RPMI

plus 10% heat inactivated FCS without antibiotics and incubated at 37°C for at least 4 h to
allow macrophage adherence. Infection was with type 1 pneumococci opsonized with serum
from mice immunised with pneumovax vaccine at a MOI of 10 (5). Killing was assessed

by analysing colony counts in supernatants at 4 and 20 h post infection (22). Apoptosis was
assessed at 20 h post infection by nuclear morphology after DAPI staining as described (22).

Results are recorded as mean and SEM. Survival was calculated by Kaplan-Meier followed
by log rank analysis. Parametric or non-parametric testing was performed with the indicated
tests using Prism 4.0 software (GraphPad Inc.). Significance was defined as p<0.05.

Alveolar macrophage apoptosis is reduced in iNOS”- mice during pneumococcal infection

Since NO contributes to apoptosis of human macrophages during pneumococcal infection
in vitro (11), but important differences exist between rodent and human macrophages with
regard to the level of NO produced (23), we first confirmed that NO also played a role

in apoptosis in murine AM when cultured ex vivo and challenged with pneumococci.

As shown murine AM from iNOS™- mice demonstrated lower levels of apoptosis (Figure
1A) and decreased killing of bacteria (Figure 1B) as compared to wild-type cells, thus
confirming a similar phenotype to that previously found in human macrophages (11). We
next examined levels of macrophage apoptosis in vivoin iNOS™" mice (15). Pneumococcal-
infected C57BL/6 mice had significantly greater percentages of apoptotic cells in BAL

in comparison to mock-infected mice (Figure 2A). Pneumococcal-infected iNOS™" mice,
however, had significantly fewer apoptotic cells in BAL than did pneumococcal-infected
C57BL/6 mice (Figure 2A). Since the BAL fluid from the pneumococcal infected mice
contained significant numbers of neutrophils at each time-point we determined the level

of apoptosis in the macrophage population by flow cytometry (9). There were greater
percentages of apoptotic macrophages in pneumococcal-infected C57BL/6 mice than in
mock-infected mice, but the levels of apoptotic macrophages were significantly decreased
in iNOS™~ mice as opposed to C57BL/6 mice (Figure 2B). When apoptosis was measured
in neutrophils we also found evidence of decreased neutrophil apoptosis in iNOS™- mice as
opposed to C57BL/6 mice after pneumococcal infection (Figure 2C).
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Effect of iINOS deficiency on neutrophil numbers in BAL

There was a significant increase in the number of neutrophils in BAL from iNOS™”- mice

as compared to C57BL/6 mice 24-48 h post-infection (Figure 3A). Although there was
evidence of increased neutrophil viability in iNOS™- mice (reduced PMN apoptosis (Figure
2C) and no increase in necrosis, data not shown), increased recruitment was also likely to
contribute to increased neutrophil numbers. The iNOS™" mice had no significant increase

in bacteria in the lung at 12-48 h (Table 1), excluding the possibility that a significantly
greater bacterial load was the stimulus for neutrophil recruitment. Similarly peripheral blood
neutrophil counts were similar between C57BL/6 mice and iNOS™- mice suggesting an
intrinsic difference in neutrophil numbers did not explain the differences in numbers of BAL
neutrophils after infection, data not shown.

Neutrophil recruitment in pneumococcal infection demonstrates important differences as
compared to other stimuli such as LPS with a prominent upstream role for TNF-a (24). We
performed RNAse Protection assays on lungs 12h after infection to identify cytokines and
chemokines that were upregulated in iNOS”- mice and were able to demonstrate significant
upregulation of TNF-a message (Figure 3B-C). We also observed upregulation of mMRNA
for the chemokines KC and MCP3, (Figure 3B-C), chemokines known to be associated
with neutrophil recruitment in pneumococcal infection (24) and in iINOS deficiency (25).
Measurement of cytokines in BAL revealed iNOS™- mice had a significant increase in
TNF-a production relative to C57BL/6 mice 12 h post infection and a non-significant trend
towards greater production at 24 h following pneumococcal infection (Figure 3D). Levels
of TNF-a in PBS treated mice of both strains were below the level of detection. KC

values in BAL fluid 12 h after infection from iNOS™" vs. C57BL/6 mice were 803+28.6 vs.
578.84+96.58, pg/ml, p<0.05, n=4.

Pharmacologic inhibition of INOS modulates macrophage apoptosis and
neutrophil recruitment—To investigate whether these findings were related to decreased
production of NO and/or one of its reaction products or whether they resulted from some
non-specific effect associated with iNOS deficiency, for example increased levels of a
co-factor or metabolite required for the functional activity of iNOS, we inhibited iNOS
activity pharamacologically. Inhibition with aminoguanidine, a specific inhibitor of INOS
(26), replicated the findings in iNOS- mice with decreased total or macrophage apoptosis
and increased neutrophil numbers or TNF-a levels in BAL all observed (Figure 4 A-E).

iNOS™ mice demonstrate enhanced levels of lung inflammation and bacteremia

The increased numbers of neutrophils and pro-inflammatory cytokines in the lung in iNOS™-
mice were associated with enhanced early mortality in the first 42h after infection, 22.0%
iNOS™" vs. 4.9% C57BL/6 mice, p<0.05, Fisher’s Exact Test, but this was not associated
with a significant decrease in clearance of bacteria from the lung, Table I. However, by 10
days there was no difference in overall mortality in the two groups of mice 54% iNOS™-

vs. 48% C57BL/6 mice, Figure 5A. We have previously shown that decreased levels of
macrophage apoptosis are associated with invasive pneumococcal disease (5, 9) and in
keeping with this finding iNOS”- mice had >1 log higher bacterial colony counts in the
blood at 12-48 h after infection, Figure 5B. IL-6 production is a marker of sepsis-related
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mortality and poor outcomes in models of pneumococcal disease (27) and increased I1L-6
production in the lungs of pneumococcal-infected mice was apparent 48 h after infection
(Figure 5C). In both strains the levels of IL-6 were below the limit of detection after PBS
treatment. iNOS™ mice also demonstrated increased levels of protein leak into the BAL, in
keeping with greater lung inflammation (Figure 5D). In keeping with these findings lung
histology performed on mouse lungs also illustrated a greater degree of neutrophilic lung
inflammation in the iINOS™- mice in association with a greater degree of disruption to the
alveolar units, suggesting greater epithelial cell injury (Figure 6).

Macrophages in iNOS”- mice contain fewer apoptotic bodies—Since there are
fewer apoptotic cells in the lungs of iINOS™~ mice we addressed whether this translated into
a difference in the number of apoptotic bodies being phagocytosed /7 vivo. The phagocytic
capacity of AM for apoptotic cells in vitrois low in comparison to the capacity to ingest
opsonized particles (18) or the capacity of peritoneal macrophages to phagocytose apoptotic
cells (28). Nevertheless macrophages with internalized apoptotic cells are observed in BAL
from mice with pneumococcal infection (9) We estimated the percentage of extracellular
apoptotic cells per cytospin, i.e. apoptotic cells that had not been phagocytosed by
macropahges (Figure 7A), and the percentage of intracellular apoptotic cells (Figure 7B).
Although, over all the time points studied, only a relatively low percentage of macrophages
(C57BL/6 4.4+0.3%; iNOS™- 5.7+0.5%), contained apoptotic cells these apoptotic cells
accounted for a significant percentage of the total apoptotic events (C57BL/6 44+2.4%;
iNOS™- 55.7+3.5%), arguing in favour of a relatively efficient clearance mechanism for
apoptotic cells /n vivo during pneumococcal infection. As illustrated there were a lower
percentage of intracellular apoptotic bodies in iNOS™* mice at all time points (Figure 7B).

Instillation of apoptotic macrophages into the lung corrects markers of greater lung
inflammation in iINOS™" mice

Since clearance of apoptotic cells can downregulate pro-inflammatory cytokines (13)

we tested whether exogenous apoptotic macrophages could decrease the pulmonary
inflammation observed during pneumococcal infection. UV treatment induces high levels
of macrophage apoptosis (5) and efficiently induced AM apoptosis. A suspension of
apoptotic AM had no residual antimicrobial effect as there was no difference between
bacterial colony counts in the lung 24 h after infection in the presence or absence of these
cells: median and interquartile range for C57BL/6 mice in the presence of apoptotic cells
1.6x10°% CFU (0.5 103-1.3 x108) vs 1 x10° CFU (8.3 x 103-8.3x107) in the absence of
apoptotic cells, n=11, p=0.81, Mann Whitney. Instilled Cell Tracker Red labelled apoptotic
AM were phagocytosed by resident AM labelled with the green fluorescent dye, PKH2
(Figure 8A). The greater numbers of recruited neutrophils in the lungs of iNOS™- mice
could be the direct result of NO deficiency increasing production of pro-inflammatory
cytokines (29, 30). However, instillation of apoptotic AM decreased inflammation in the
lung (Figure 8B). There were decreased numbers of recruited neutrophils in the lung 12-48
h after instillation of apoptotic macrophages in iNOS™" mice and to a lesser extent in
C57BL/6 mice (Figure 8B). In the iNOS”mice instillation of apoptotic AM reduced the
numbers of neutrophils in the lung to a level comparable to the number that were recruited
into C57BL/6 mice not instilled with apoptotic AM. Results were identical regardless

J Immunol. Author manuscript; available in PMC 2021 September 28.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Marriott et al.

Page 8

of whether AM were derived from iNOS™- or C57BL/6 mice and in preliminary data if

AM were made apoptotic by staurosporine treatment as opposed to UV exposure (data

not shown). Therefore decreased numbers of apoptotic macrophages contribute to the
increased lung inflammation during pneumococcal infection of iNOS™” mice and instillation
of additional apoptotic macrophages reverses the pro-inflammatory phenotype associated
with NO deficiency following pulmonary challenge with pneumococci.

Effect of apoptotic cells on TNF-a expression in iNOS™- mice

In keeping with the pivotal role of TNF-a expression in recruitment and activation of
neutrophils during pneumococcal pneumonia (24) we found that TNF-a mMRNA expression
in the lung was reduced by instillation of apoptotic cells in iNOS™- mice, Figure 9A-B.
Similar findings were observed by qRT-PCR, Figure 9C. This was confirmed by significant
reduction in TNF-a expression by ELISA, following instillation of apoptotic cells to iNOS™-
mice, Figure 9D. These alterations were persistent for up to 48 h after infection (data not
shown). Further screen of lung RNAse protection assays and BAL ELISAs showed other
changes in early cytokine/chemokine expression such as changes in IL-1 isoforms, MCP3
(data not shown), KC (Figure 10A) and MIP-2 (Figure 10B), but these differences were not
as marked as for TNF-a expression. 1L-6, however showed a marked reduction in expression
after instillation of apoptotic cells (Figure 10C). Further support for the beneficial effect of
phagocytosis of apoptotic macrophages in iNOS™" mice infected with pneumococci comes
from the observation that reduction in the number of neutrophils and cytokines such as
TNF-a and IL-6 expression was associated with a decreased likelihood of mice developing
invasive pneumococcal disease after instillation of apoptotic cells, Figure 11.

Discussion

We demonstrate decreased rates of macrophage apoptosis in the lungs of iNOS™- and
aminoguanidine treated mice during pneumococcal infection. The decrease in macrophage
apoptosis in iNOS™- mice is associated with development of earlier bacteraemia and death,
but also with increased markers of inflammation in the lung. Instillation of apoptotic
macrophages into the lungs of INOS™~ mice reversed the features of increased inflammation
and reduced the development of invasive bacterial disease.

The potential benefits of host-mediated macrophage apoptosis in the innate response to
infection are not fully understood. Apoptosis is a mechanism which removes unwanted cells,
thus limiting inflammation and tissue injury (31). It is plausible that macrophage apoptosis
during bacterial infection plays a role in downregulating the inflammatory response in
addition to its role in enhancing microbial killing (5). The innate response to pneumococci
involves pulmonary inflammation (32), induction of host-mediated macrophage apoptosis
(9) and a requirement for resolution of the inflammatory response for a successful

outcome (12). Since iNOS™” mice have decreased levels of macrophage apoptosis during
pneumococcal infection, we anticipated this model would provide insights into the
relationship between regulation of inflammation and induction of macrophage apoptosis.

The roles of NO in murine models of pneumococcal pneumonia have been conflicting
reflecting the variety of strains of mice studied, varying doses and strains of bacteria and the
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use of pharmacologic agents as opposed to genetically modified mice (33—-35). Our findings
with type 2 pneumococci have been reproduced with type 1 pneumococci, demonstrating
that the findings of less macrophage apoptosis and greater neutrophil infiltration and TNF-a
expression in the lung were not specific to the strain we used (data not shown). Although we
have previously found that NO contributes to macrophage killing of pneumococci (11), we
have also demonstrated that during low-dose infection other elements of the host response,
including recruited neutrophils can compensate for decreased bacterial killing by AM (9).
Clearly NO is only one factor involved in both microbicidal killing and AM apoptosis
induction and clearly other factors also contribute. Furthermore NO also contributes to host
defense by mechanisms independent of its effects on macrophage function (29, 36). On the
basis of our findings of increased inflammation in iNOS™~ mice we cannot exclude a role
for NO produced in other cells for the phenotype we observed. However, the removal of
one factor involved in host defense resets the AM response, and indeed the total innate

host response in the lung, leading to an altered threshold at which the next element in

the host response becomes critical to controlling infection. As Kerr and colleagues have
clearly illustrated at intermediate doses of pneumococci (albeit in mice of a different genetic
background to those we studied) host defense is unable to compensate for NO-deficiency
and larger numbers of bacteria are recovered from the lung of iNOS™- mice (35). In the
current study, we have used a high dose of pneumococci and have been unable to document
any overall defect in bacterial killing in the lungs but have demonstrated greater lung
inflammation, consistent with prior fulminant infection models using NO inhibitors (34).
Our inability to demonstrate a clear microbiologic or survival difference in iNOS™- mice
suggests significant redundancy and compensation exists in this aspect of innate immunity
in the lung and also that at the high doses we used the compensatory measures are
overwhelmed so they are no longer the critical determinant of outcome in the setting of
iNOS deficiency.

Nevertheless, decreased macrophage apoptosis, in the setting of decreased NO production,
was associated with increased levels of bacteremia, in keeping with our previous observation
that inhibition of macrophage apoptosis is associated in particular with increased levels of
invasive pneumococcal disease (5, 11). Importantly, instillation of apoptotic AM in iNOS™-
mice reversed many of the features of increased inflammation, even though these mice had
the same defects in NO production in macrophages and other cells as the iNOS™- mice

that did not receive apoptotic cells. This suggests that a relative deficiency in numbers

of apoptotic cells and their clearance is at least a contributory factor to increased lung
inflammation and bacterial tissue invasion. Nevertheless, the pathogenesis of bacteremia is
multifactorial and many other factors play a role.

NO has a wide range of actions including cell signalling function (37). The pro-
inflammatory effects of NO deficiency in the lung have been demonstrated both by
pharmacologic inhibition of iINOS, and also by study of iNOS™" mice (38). NO modifies
levels of the transcription factor NFxB (39) and decreases NFxB binding to the regulatory
region of pro-inflammatory cytokine genes such as TNF-a and IL-6 (30). Nevertheless, it
remains possible that the effects we observed are mediated by a reaction product of NO not
by NO itself but the fact that pharmacologic inhibition of iNOS replicated the phenotype of
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iNOS™~ mice argued in favour of mediation by NO or a reactive nitrogen species rather than
a non-specific result of deletion of the iINOS gene (36).

In addition to its signalling role, NO also plays a role in the regulation of apoptosis

(40). Ingestion of apoptotic bodies by macrophages modifies cytokine production following
stimulation with microbial products (14). Although phagocytosis of apoptotic bodies in

the unstimulated macrophage results in production of anti-inflammatory cytokines such

as TGF-B (13), the effect of their ingestion in the context of stimulation of Toll-like
receptors /n vitrois to shorten the duration of pro-inflammatory cytokine production (14).
We instilled apoptotic AM to address whether decreased levels of phagocytosis of apoptotic
macrophages, contributes to decreased pulmonary inflammation during pneumococcal
infection. Having demonstrated this we conclude that one mechanism by which NO
deficiency contributes to lung inflammation is by decreasing macrophage apoptosis and one
consequence of this is that macrophages are less likely to phagocytose apoptotic cells and
therefore reset their cytokine expression profile. Interestingly, we previously demonstrated
that AM depletion also increased neutrophil recruitment during pneumococcal infection

in vivo (9). Whilst AM depletion would be anticipated to decrease total NO production

it would also decrease the number of AM undergoing apoptosis during infection and the
number of AM phagocytosing apoptotic cells. Although absolute NO deficiency or high
level AM deficiency is unlikely during bacterial pneumonia our findings raise the possibility
that subtle manipulation of NO generation or levels of macrophage apoptosis could exert
beneficial effects on the degree of pulmonary inflammation during bacterial pneumonia.

Although the clearance of apoptotic cells alters cytokine expression profiles, these data have
been generated /n vitro using apoptotic neutrophils or lymphocytes (41, 42). This study
provides, to our knowledge, the first data on the role of apoptotic macrophages in the
regulation of the inflammatory phenotype during a model of pneumonia. Importantly, we
have replaced the same cell type as that which is undergoing apoptosis in the pathologic
condition we are studying rather than using transformed cell lines. Although our study used
UV-treated AM rather than pneumococcal-exposed AM we believe this was reasonable as it
increased the yield of apoptotic cells and it excluded the possibility of instilling additional
bacteria with the apoptotic cells, a potential confounding effect in prior studies (42). We
show that these exogenous apoptotic cells, downregulate pulmonary inflammation during
pneumonia. This provides clear evidence that, in the context of pneumonia, macrophage
apoptosis helps decrease the production of inflammation which is of potential benefit to

the host and raises the possibility that enhancing levels of macrophage apoptosis or the
clearance of apoptotic cells could modulate levels of lung inflammation in other pulmonary
diseases.

The mechanism by which apoptotic macrophages exert this effect during pneumococcal
pneumonia involves decreased TNF-a production. TNF-a production is a critical upstream
cytokine in pneumococcal pneumonia which in combination with IL-1 isoforms mediates
neutrophil recruitment in murine models of pneumococcal pneumonia via the CXC
chemokines
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KC and MIP-2 (24). TNF-a production peaks at 12h after infection and contributes

to microbiologic outcome and survival (33, 43), while enhanced generation of TNF-

a compensates for absence of IL-1 signalling during pneumococcal pneumonia (44).
Nevertheless, excessive TNF-a production, via its effects on neutrophil activation,
contributes to lung injury in a variety of diseases (45-47) and may worsen disease outcome
during septic shock (48, 49). AM are the major source of TNF-a during pneumococcal
pneumonia (50), thus it is not surprising that phagocytosis of apoptotic macrophages might
alter the expression of this cytokine during pneumococcal pneumonia. Prior studies have
shown that macrophage TNF-a expression is altered by phagocytosis of apoptotic cells
(13, 51). Downstream consequences of phagocytosis of apoptotic macrophages, such as
chemokine expression profiles, might be less obvious, even though there was clearly a
sustained effect on neutrophil numbers to 48h, since the experimental design involved the
instillation of apoptotic cells at the same time as bacteria. Instillation of iINOS™* mice with
apoptotic AM reduced TNF-a (and other cytokines/chemokines) expression. In addition

to its potential to contribute to cytotoxicity, TNF-a expression can cause upregulation of
receptors implicated in tissue invasion of pneumococci such as the platelet activating factor
(PAF) receptor (52). Macropahge apoptosis can therefore exert two important effects on
microbiologic outcome. The direct effect is to enhance macrophage killing of phagocytosed
bacteria, as we have observed /in vitro (11, 53) and confirmed in low-dose infection models
in which AM killing of bacteria is critical to preventing clinical disease (5, 11). A second
indirect effect is mediated by the phagocytosis of apoptotic macrophages, and is associated
with downregulation of TNF-a.. This decreases the development of bacteremia by decreasing
inflammation and /or the cytokine mediated expression of receptors required for tissue
invasion.

The clinical picture is likely to be complex with an optimal number of apoptotic cells and
cytokine profile required. This is illustrated by the observation that restoration of apoptotic
numbers in iINOS™~ mice reduced inflammation and invasive disease, but when numbers of
apoptotic macrophages were optimal, as seen in the C57BL/6 mice, instillation of additional
apoptotic cells had less impact on microbiologic and inflammatory outcomes. While our
data supports a beneficial role for AM apoptosis in the lung, apoptosis in other settings

may be harmful. Inhibition of lymphocyte apoptosis in sepsis improves disease outcome
(54, 55). In the current study the increased levels of bacteremia in INOS”- mice did not
worsen outcome, in keeping with the observation that iINOS™" mice are better able to tolerate
bacteremia (35). Since NO contributes to lymphocyte apoptosis in a variety of settings (56,
57), these findings may illustrate how modulation of apoptosis in one anatomic location can
be harmful and yet in another distinct location can benefit host defence.

In conclusion, we provide evidence, in a model of pneumonia, that phagocytosis of
apoptotic AM is associated with reduced TNF-a expression, neutrophil recruitment and
invasive pneumococcal disease. These studies further define the role of host-mediated
macrophage apoptosis during bacterial infection and highlight its impact on microbiologic
and inflammatory outcomes.
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Figure 1. INOS deficiency is associated with areduction in AM apoptosis and bacterial killing
cells after pneumococcal challenge ex vivo.

A) Percentage apoptotic cells in cultures of alveolar macrophages (AM) isolated from
wild type (C57BL/6) and iNOS deficient mice (iNOS™") 20 h after /n vitro challenge

with opsonized type 2 pneumococci (Spn), n=6. B) Concentration of bacteria in culture
supernatants of C57BL/6 and iNOS™" mice 4 and 20 h after Jn vitro challenge with
opsonized type 2 pneumococci (Spn), n=3. Data is derived from triplicate points and is
representative of two independent experiments. Mean+SEM, *p<0.05, *** p<0.001, t-test,

M cs78L/6, [liNosT-.
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Figure 2. INOS deficiency is associated with reduction in apoptatic cellsin bronchial lavage fluid
after pneumococcal infection.

A) The percentage of apoptotic events (apoptotic cells and bodies) in cytospins of bronchial
alveolar lavage (BAL) from wild type controls (C57BL/6) and iNOS deficient mice
(iNOS™") at the indicated time points after instillation of 107 CFU type 2 pneumococci
(Spn) or PBS Percentage B) macrophage (AM) or C) neutrophil (PMN) apoptosis (Annexin
V-PE*/ToPro 37, flow cytometry) in BAL from the same experiments as A). 12h; n=6-8,
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24 h; n=3-9, 48 h; n=5-16. Mean+SEM, * p<0.05, ** p<0.01, *** p<0.001, t- test, EA
cs7eL/6. PBS, A iNnos’ pes, Il c578L /6 Spn, L]iNOS* Spn.
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Figure 3. Increased number s of neutrophilsin the bronchial alveolar lavage from lungs of

iNOS’" mice after pneumococcal infection.

A) Numbers of neutrophils (#PMN) in bronchial alveolar lavage (BAL) from wild type

controls (C57BL/6) and iNOS deficient mice (iNOS™") at the indicated time points
after intratracheal instillation of 107 CFU type 2 pneumococci. B) Representative RNase
protection assay of RNA from whole lung from wild type controls (C57BL/6) and iNOS

deficient mice (iNOS™") 12 h post instillation of 107 CFU type 2 pneumococci. C) Levels
of TNF-a,, KC and monocyte chemotactic protein-3 (MCP3) mRNA as quantified by

densitometry and normalised to GAPDH, n=4. D) TNF-a concentration in BAL in the
same experiments as A) 12h; n=11-13, 24 h; n=8-14, 48 h; n=13-16. Mean+SEM, * p<0.05,

**p<0.01, ***p<0.001, t-test, IBcs78L/6, L] iNOS™~.
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Figure 4. iNOS inhibition reduces apoptosis and increases pulmonary inflammation after

pneumococcal infection.

A) The percentage of apoptotic events (apoptotic cells and bodies) in cytospins of bronchial
alveolar lavage (BAL) from C57BL/6 mice 24 h after instillation of 107 CFU type 2
pneumococci (Spn), in the absence (H,0) or presence of aminoguanidine (AG) treatment.
B) Representative dot plots to show the percentage macrophage apoptosis (Annexin V-PE*/
ToPro 3-cells as determined by flow cytometry), C) Percentage apoptotic macrophages, D)
number of recruited neutrophils (#PMN) and E) TNF-a concentration in BAL in the same

experiments as A), n=8. Mean+SEM, * p<0.05, ***p<0.001, t-test, -HZO, M Ac.
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Figure5. Increased lung inflammation in iNOS™" mice after pneumococcal infection.
A) Survival of wild type iNOS sufficient mice (C57BL/6) and iNOS deficient (iINOS™")

mice after intratracheal instillation of 10’ CFU type 2 pneumococci, n=23-24 per group.
B) Concentration of bacteria in blood of C57BL/6 and iNOS™" mice 12 and 48 h after
intratracheal instillation of 107 CFU type 2 pneumococci. The percentage of C57BL/6 vs.
iNOS™- mice with bacteremia at 12 h was 53 vs. 82% and at 48 h was 61 vs. 81%. C-D)
Concentration of C) IL-6 and D) protein in bronchial alveolar lavage (BAL) 48 h after
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intratracheal instillation of 107 CFU type 2 pneumococci n=8-16. Mean+SEM, * p<0.05,
**n<0.01, ***p<0.001, t-test, IMcs78L/6, L iNOS -,
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Figure 6. Histologic appear ance of increased lung inflammation in iNOS”" mice after
pneumococcal infection.

Representative appearances of lung sections stained with haematoxylin and eosin from
C57BL/6 and iNOS deficient mice (iNOS™") 48 h after intratracheal instillation of 107 CFU
type 2 pneumococci as viewed by 10x and 40x objective. Images were obtained from one of
four mice in each group reviewed by two independent pathologists.
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Figure 7. M acrophages phagocytose apoptotic cells during pneumococcal infection.
A) The percentage of extracellular apoptotic cells (AC) and B) intracellular AC in cytospins

of bronchial alveolar lavage (BAL) from wild type controls (C57BL/6) and iNOS deficient
mice (iINOS™) at the indicated time points after instillation of 107 CFU type 2 pneumococci

(Spn) or PBS, n=4-16. Mean+SEM, **p<0.01, ***p<0.001, t-test, B C57BL/6 PBS,

iNnos™- pas, Illcs7BL/6 spn, L_1iNOS™ Spn.
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Figure 8. Instillation of apoptotic macrophagesinto lungs reduces neutrophil numbersin
bronchial alveolar lavage after pneumococcal infection.

A) Resident alveolar macrophages (AM) of C57BL/6 mice were labelled 7n vivo with PKH2
green fluorescent phagocytic cell linker compound. AM from donor mice were labelled /in
vitrowith CellTracker Red and apoptosis induced by UV irradiation. Apoptotic AM were
delivered by intra-tracheal instillation. Lungs were lavaged 30 min post instillation and
cytospin preparations made from lung cells. AM nuclei were counterstained with DAPI.
Arrows indicate red apoptotic donor cells located in green resident AM. B) Numbers

of neutrophils (#PMN) in BAL from wild type controls (C57BL/6) iNOS deficient mice
(iNOS™") at the indicated time points after instillation of 107 CFU type 2 pneumococci in the
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absence or presence of apoptotic AM (AC), n=3-7. Mean+SEM, * p<0.05, ** p<0.01, t-test,
I cs781L/6, M c57BL/6 AC, L] iNos []iNos AC.
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Figure 9. Instillation of apoptotic macrophagesinto lungs of iNOS™" mice reduces TNF-a levels
in lung and bronchial alveolar lavage after pneumococcal infection.

A) Representative RNase protection assay of RNA from whole lung from wild type controls

(C57BL/6) and iNOS deficient mice (iNOS™) 12 h post instillation of 107 CFU type 2

pneumococci in the absence or presence of apoptotic alveolar macrophages (AC). B) Levels

of TNF-a mRNA as quantified by densitometry and normalised to GAPDH, n=3-4. C)

Levels of TNF-a mRNA as quantified by RT-PCR and normalised to p-actin, in the same

mice as B). D) Concentration of TNF-a in bronchial alveolar lavage (BAL) 12 h after
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instillation of 107 CFU type 2 pneumococci with and without AC, n=3-4. Mean+SEM, *
p<0.05, t-test, IMcs7L/6, Bl c578L/6 AC, L1iNos, ] inos- AC.
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Figure 10. Instillation of apoptotic macrophagesinto lungs of iNOS™" mice reduces
proinflammatory cytokine levelsin bronchial alveolar lavage after pneumococcal infection.

Concentration of A) MIP-2, B) KC in bronchial alveolar lavage (BAL) 12 h after or C)
IL-6 24 h after instillation of 107 CFU type 2 pneumococci with and without AC. n=3-4.

Mean+SEM, * p<0.05, t-test, Il cs78L/6, Bl c57BL/6 AC, [1iNos-, (] iNos™ AC.
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Figure 11. Instillation of apoptotic macrophagesinto lungs of iNOS”" mice reduces bacteremia
after pneumococcal infection.

Percentage of wild type controls (C57BL/6) and iNOS deficient mice (iNOS™) with
detectable bacteremia 12 h post instillation of 107 CFU type 2 pneumococci in the absence

or presence of apoptotic alveolar macrophages (AC), n=4-5. (| C57BL/6, B cs7BL/6
Ac, [linos* [JiNos* Ac.
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Table |
Microbiological outcomes

12h 48h

C57BL/6  1.8x10%(1.5x105-3.1x10%), 100%, n=17  2.0x10%(5.0x102-3.0x107), 81%, n=21

iNOS” 5 0x105(1.2x105—2.8x105)a 100%7n=17  1.7x105(8.3x103-2.5x107), 87%, n=23

a. oo .
Median (interquartile range)

b, . i )
% with detectible bacteria.
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