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Abstract

Acute pulmonary infection by Streptococcus pneumoniae is characterized by high bacterial
numbers in the lung, a robust alveolar influx of polymorphonuclear cells (PMNs) and a risk of
systemic spread of the bacterium. We investigated host-mediators of S. pneumoniae-induced PMN
migration and the role of inflammation in septicemia following pneumococcal lung infection.
Hepoxilin Az (HXA3) is a PMN chemoattractant and a metabolite of the 12-lipoxygenase (12-
LOX) pathway. We observed that S. pneumoniae infection induced the production of 12-
lipoxygenase in cultured pulmonary epithelium and in the lungs of infected mice. Inhibition of the
12- LOX pathway prevented pathogen-induced PMN transepithelial migration /n vitro and
dramatically reduced lung inflammation upon high-dose pulmonary challenge with S. prneumoniae
in vivo, thus implicating HXA3 in pneumococcus-induced pulmonary inflammation. PMN
basolateral-to-apical transmigration /n vitro significantly increased apical-to-basolateral
transepithelial migration of bacteria. Mice suppressed in the expression of 12-lipoxygenase
exhibited little or no bacteremia and survived an otherwise lethal pulmonary challenge. Our data
suggest that pneumococcal pulmonary inflammation is required for high level bacteremia and
systemic infection, partly by disrupting lung epithelium through 12-LOX-dependent HXA3
production and subsequent PMN transepithelial migration.

INTRODUCTION

Streptococcus pneumoniae (pneumococcus), the most common cause of community-
acquired bacterial pneumonia, is a Gram-positive pathogen that asymptomatically colonizes
the nasopharynx of up to 50% of adults but is also capable of causing lethal disease. Local
infection can result in sinusitis and otitis media (1, 2), while migration of pneumococci to
lower respiratory tract may result in robust bacterial growth in the lung. Indeed, pneumonia
is one of the most important manifestations of invasive pneumococcal disease. Entry of S.
pneumoniae from alveolar spaces into bloodstream can result in life-threatening septicemia,
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as a pneumococcal antiphagocytic polysaccharide capsule diminishes bloodstream clearance
and fosters high-level bacterial growth (3). Invasive pneumococcal infections result in
approximately one million deaths annually worldwide (4).

The massive influx of polymorphonuclear leukocytes (PMNs, aka neutrophils) into
pulmonary alveolar spaces is a hallmark of pneumococcal pneumonia (5, 6). PMNs are
integral to innate immunity, but poorly controlled inflammation can result in tissue
destruction, obstruction of gaseous exchange and ultimately lung failure (7, 8). Mobilization
of PMNs from the circulation to the mucosal surface during pathogenic insult is a complex
multistep process, involving PMN interactions with multiple tissue components such as
endothelium, interstitium, and epithelium (8, 9, 10). This process requires a fine-tuned
coordination of cytokine networks, multiple receptor-ligand interactions, as well as the
temporal and localized secretion of various PMN chemokines and chemoattractants,
including 1L-8 (CXCLS8), CXCLJ5, and PGP, the CXCR ligand derived from extracellular
matrix degradation (8, 11-14, 15, 16). Despite significant progress in this area of study, our
understanding of the molecular mechanisms governing each step of this highly complex
process remains incomplete. For example, although IL-8 is a well-documented neutrophil
chemoattractant known to be induced in cultured respiratory epithelial cells and to play an
important role in pulmonary inflammation during lung infection (17), it is unclear if 1L-8
production by lung epithelial cells is sufficient for mediating transepithelial PMN migration
(18, 19). In fact, several model systems indicate that IL-8 is basolaterally secreted at
mucosal surfaces, and thus may play an important role in recruiting PMNs from the
vasculature to interstitial spaces where a second distinct signal would be required to guide
PMNs across the epithelium to the airspace (18). Furthermore, IL-8, as well as a number of
other potentially important molecules, such as selectins, VLA-4, PECAM-1, CD11/CD18,
and ICAM-1, are dispensable for PMN migration in the lung, implying that PMN
recruitment as a consequence of S. pneumoniae infections is subject to novel regulatory
processes (20-23).

Eicosanoids, including cyclooxygenase and lipoxygenase-catalyzed products of arachidonic
acid, are lipids affecting inflammation of the lung and other tissues (24). One such
compound is hepoxilin Az (HXAj3), a hydroxy epoxide derived from arachidonic acid via the
12-lipoxygenase (12-LOX) pathway (10, 25, 26). HXA3 has been shown to play a role in a
number of biological processes, ranging from glucose-dependent insulin secretion to
vascular permeability (25-27). Recent studies have also shown that this molecule is capable
of activating PMNs and promoting PMN migration across intestinal epithelia in response to
Salmonella enterica serovar Typhimurium or Shigella flexneri (25, 28), as well as across
pulmonary epithelium in response to Pseudomonas aeruginosa (18, 29). The polarized
secretion of HXAj3 from the apical side of mucosal epithelia creates a chemoattractant
gradient that ultimately directs the PMNs to cross the epithelial barrier (25). In this role, it is
inferred that HXAg serves a critical function as the “gate keeper” of the mucosal epithelium,
since it emanates from the site of infection to establish a chemotactic gradient that guides
PMNs across mucosal surfaces, the final step in PMN recruitment to the mucosal lumen.

In progressing from pneumonia to life-threatening septicemia, pneumococci must
translocate from alveolar space into bloodstream and in doing so, must breach the epithelial
barrier. The purpose of the current study was to identify the critical chemoattractant(s)
promoting PMN migration across the epithelium during acute pulmonary infection and to
test whether this inflammatory process contributes to the retrograde migration of bacteria
and systemic disease.
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MATERIALS AND METHODS

Bacteria

S. pneumoniae strains TIGR4 (serotype 4), D39 (serotype 2), G54 (serotype 19F) and R6
(the capsular mutant of D39) were grown in Todd-Hewitt broth (BD Biosciences)
supplemented with 0.5% yeast extract and used at late log phase. The capsular mutant
(AcpsA-L::spec) of TIGR4 was a gift from Andrew Camilli, Tufts University, Boston, MA,
and was grown and used in a manner similar to the wild type TIGR4 strain. For mice
experiments, bacteria were stored at —80°C in media with 25% (v/v) glycerol, and thawed,
and diluted in PBS to appropriate concentrations, as required. Bacterial number in stocks
was confirmed by plating serial dilutions on blood agar. B. subtilis strain 168 was grown
overnight at 37°C in Luria broth. When required, S. pneumoniae strains were heat killed at
65 °C for 1h (30).

Growth and maintenance of epithelial cells

Animals

Human pulmonary mucoepidermoid carcinoma-derived NCI-H292 (H292) cells were grown
on the underside of collagen-coated Transwell filters (0.33-cm2, Corning Life Sciences) in
RPMI 1640 medium (ATCC) with 2 mM L-glutamine, 10% FBS, and 100 U penicillin/
streptomycin. As the transepithelial resistance of lung epithelial monolayers are typically
very low (31), integrity of monolayers was assessed by horseradish peroxidase assay, as
described (18).

C57BL/6J mice and Alox12/15 knockout (Alox1577) mice (B6.129S2-AL OX15tmIFunyj)
were obtained from Jackson Laboratories. All animal experiments were performed in
accordance with Tufts University Animal Care and Use Committee approved protocols.

PMN transmigration assay

PMNs were isolated from whole blood obtained from healthy human volunteers using
previously described protocols involving HBSS without calcium and magnesium (18, 32).
PMN transmigration assay was performed following a previously described protocol, using
HBSS (containing calcium and magnesium, termed “HBSS+Ca/Mg”) (32), but with
bacterial infection and PMN migration times of 2%2h each. For PMN migration in response
to lipid extracts (generated as stated below), extracts were re-constituted in 600ul of HBSS
+Ca/Mg and added to the apical side of uninfected monolayers. For all assays, formylated
Met-Leu-Phe (“fMLP”) and HBSS+Ca/Mg were used as positive and negative controls,
respectively.

Pneumococcal translocation across epithelial monolayer

Apical sides of H292 monolayers were infected with S. pneumoniae (1x107 cfu in 1ml
HBSS+Ca/Mg), while 200 pl HBSS+Ca/Mg was added to the basolateral side. After 2%h at
37°C, 1x10% PMNs (in 100ul HBSS+Ca/Mg) were added to the basolateral side. In separate
control experiments, PMNs were added to the apical rather than the basolateral side of the
monolayers. Aliquots (50ul) were removed from the basolateral chambers of wells after
PMNs were added and serial dilutions were plated on blood agar. Previous experiments have
shown that S. pneumoniae cannot grow significantly in HBSS+Ca/Mg over the time periods
tested here.

RT-PCR and Western blotting

Total RNA was isolated from infected or uninfected H292 cells, and semi-quantitative RT-
PCR for ALOX12and ALOX15was performed using specific primers (29). GAPDH was
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used as internal control. Whole cell lysates were prepared from infected monolayers using
the protocol of Hurley et al., 2004 (18), and probed with either anti-12-LOX or anti-15-LOX
Ab (Santa Cruz). Band intensities were quantified after normalization to GAPDH.

Lipid extraction

Monolayers were infected with TIGR4 for 2 and 3 hours, washed, and incubated in HBSS
+Ca/Mg for 1-3 hrs at 37°C, 5% CO,. The conditioned buffer was collected and stored at
—80°C. Whenever required, monolayers were pretreated with 50 pM CDC or 1M baicalein
for 3h and 24h, respectively. Samples were size-fractionated by hydrophobic surface
chromatography and eluted with methanol. Eluted fractions were vacuum dried and their
activity was analyzed by PMN migration assay through uninfected H292 monolayers, as
stated above.

Treatment of monolayers with inhibitors

Cinnamyl-3,4-dihydroxy- a-cyanocinnamate (CDC), baicalein (bcn), and caffeic acid (CA)
were obtained from Enzo Life Sciences, Plymouth Meeting, PA. Cells were pretreated with
caffeic acid for 1h; with CDC for 3h; with cycloheximide (Sigma) for 18h; and with
baicalein for 24h. Drug concentrations were maintained during infection. To minimize
potential direct effects of the inhibitors, drugs were removed by washing before adding
PMNs.

Binding assay

Bacteria were added to the apical side of H292 monolayers in 1ml HBSS+Ca/Mg, while the
basolateral chamber received 100ul HBSS+Ca/Mg. After incubation at 37°C, 5% CO,, for
40 min, monolayers were washed and incubated in trypsin-EDTA for 1h. Serial dilutions
were plated on blood agar to quantitate bound bacteria. Alternatively, after washing, the
monolayers were fixed in paraformaldehyde (4% w/v in PBS) for 1h, and stained with
0.007% crystal violet overnight. Filters were cut out and number of bound bacteria was
counted in five random fields of vision.

Determination of barrier integrity

Compromise of barrier integrity due to bacteria-elicited PMN migration was measured as
described (44). The apical side of H292 monolayers was infected with S. pneumoniae and
1x10% PMNSs were added to the basolateral side. Twenty pg/ml FITC-dextran (MW 40 kDa)
was added to the apical side and FITC-dextran migration to the basolateral side was
measured by quantitating fluorescence of basolateral media at the indicated times.

Murine infection studies

Mice were intratracheally challenged with TIGR4 (2x 10° cfu in 50 pl PBS). Control mice
received PBS. Effect of 12/15-lipoxygenase on S. pneumoniae-induced inflammation was
studied in C57BL/6 (wild type) mice treated with CDC, or Alox15~~ mice; and compared to
inflammation in infected wild type, untreated mice. CDC (8 mg/kg, in DMSQ) was injected
intraperitoneally at 24h, 18h, 3h, and 2h preinfection and then 2h, 3h, 18h, and 24h
postinfection.

For histological studies, mice were euthanized at 48h postinfection, then whole lungs were
isolated, fixed in 10% formalin (Sigma-Aldrich), and paraffin embedded. Lung blocks were
sectioned at 5pm and adhered to silanized slides. Three mice per group were analyzed.
Three sections from each mouse were stained with hematoxylin/eosin and analyzed using a
Nikon Eclipse E800 microscope, fitted with a Canon EOS 30D camera. For analysis of
bronchoalveolar lavage fluid (BALF), mice were euthanized at 48h postinfection; BALF
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was collected by washing the lungs twice with 1ml PBS via a cannula. BALF was
centrifuged in a cytospin (150xg, 10 min, 4°C), cells were stained with Hemacolor staining
kit (EMD Biochemicals Ltd, Gibbstown, NJ) and counted for differential analysis. For
analysis of 12-LOX and 15-LOX levels in the lungs, equal amounts of lung homogenates
were run on SDS-PAGE and immunoblotted with either anti-12-LOX or anti-15-LOX Ab
(Santa Cruz). Immunoblotting with anti-tubulin provided a loading control. KC and MIP-2
levels in blood were determined using commercial ELISA kits (Sigma) following the
manufacturer’s instructions. To enumerate the bacterial load in the lung at 48h, whole lungs
were isolated, homogenized in PBS and serial dilutions were plated on blood agar. Serial
dilutions of BALF were plated on blood agar to enumerate bacteria in the airways.

Mice were also monitored for sickness and survival over 7 days. For survival assays, six
animals per group were analyzed. Following infection, mice were monitored for sickness
each day and moribund animals were euthanized as per a protocol approved by the Tufts
University Animal Care and Use Committee. Progression of bacteremia was monitored by
plating dilutions of tail blood on blood agar plates every 24h post-infection.

Flow Cytometry

For flow cytometry studies, anti-Ly-6G-PE (clone 1A8), anti-CD11c-FITC (clone N418),
anti-F4-80-PE-Cy7 (clone BM8) and anti-TCRB-APC (clone H57-597) were obtained from
BD Biosciences. Mice were euthanized at 48h post-infection and BALF was collected as
stated above. Lung tissues were digested with 1 mg/ml Type Il collagenase (Worthington)
and 50 U/ml DNase (Worthington) to obtain a single-cell suspension as previously described
(52). Cells present in the digested lungs and BALF were stained on ice for 30 min with
relevant MAbs and then washed. Following this, the cells were run through a FACSCalibur
flow cytometer (BD Biosciences) and the fluorescence intensities of the stained cells were
determined. Collected data were analyzed using FlowJo software (Tree Star, Inc.) to
determine the numbers of PMNs (Ly6G+), T cells (TCRp+), macrophages (F4/80+) and DC
(F4/80-, CD11c+) in both the lung digests and BALF.

Statistical analyses

RESULTS

Statistical analysis was carried out using GraphPad Prism program (GraphPad Software, San
Diego, CA). Log-rank (Mantel-Cox) test was performed for analysis of survival curves. For
comparison between two groups, Mann-Whitney test was performed. P values <0.05 were
considered significant in all cases.

Diverse serotypes of S. pneumoniae elicit PMN migration in vitro in a manner promoted by
the polysaccharide capsule

To investigate how S. pneumoniae induces an acute inflammatory response in the lung, we
established an /n7 vitro model of PMN migration using polarized monolayers of human
mucoepidermoid pulmonary carcinoma cell line NCI-H292 (“H292”). This cell line forms
polarized barriers when grown on permeable filters and has been used extensively for PMN
transepithelial migration studies (33, 34). Using this model, we examined three
pneumococcal isolates, capsular serotype 4 strain TIGR4, serotype 2 strain D39 and
serotype 19F strain G54 (35, 36, 37). Whereas infection with the soil bacterium B. subtilis,
which bound efficiently to the monolayers (data not shown), resulted in barely detectable
PMN migration, each pneumococcal strain elicited strong PMN transmigration response
(Fig. 1A; p< 0.0001 compared to B. subtilis). Although D39 bound to epithelial cells
somewhat more efficiently than either of the other pneumococcal strains (data not shown),
TIGRA4 generated the strongest PMN migration response, with a dose of 1x107 cfu/
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monolayer (i.e., a multiplicity of infection of approximately 10) resulting in a maximal
response. The PMN migration response to TIGR4 infection occurred in a time-dependent
manner, reaching a maximum at 2.5h (Fig. 1B).

Given that one difference in the S. pneumoniae strains tested here is their capsular
polysaccharide serotype, we examined whether the capsule promotes PMN migration. The
capsule-deficient TIGR4 and D39 strains bound to the polarized monolayers
indistinguishably when compared to their respective wild type strains (data not shown), but
induced levels of PMN migration two- (p<0.01) and 3.5-fold (p<0.0001) lower than their
wild type parental strains, respectively (Fig. 1C), suggesting that the pneumococcal capsule
directly or indirectly promotes PMN transmigration /in vitro. The observation that the
capsular mutants did not completely abrogate PMN transepithelial migration suggests that
multiple bacterial factors contribute to the PMN transmigration response.

Bacterial viability appeared to be essential for PMN migration because heat-killed bacteria
induced 280-fold less PMN migration (p<0.0001) (Figure 2A), in spite of binding to H292
cells as efficiently as the live bacteria (data not shown). Pretreatment of H292 monolayers
with cycloheximide resulted in a 26-fold decrease (p<0.0001) in PMN migration, suggesting
that de novo host protein synthesis was required (Fig. 2B). The dual requirements of
bacterial viability and host cell protein synthesis suggest that this inflammatory response
involves an active dialogue between microbe and host.

12-lipoxygenases are induced upon pneumococcal infection of pulmonary epithelial
monolayers and required for PMN transmigration

Since the eicosanoid HXAgz promotes PMN migration across polarized monolayers of
human alveolar adenocarcinoma cells in response to Pseudomonas aeruginosa (18, 29), we
sought to determine the significance of lipid-mediated signaling in the PMN transepithelial
migration in response to S. pneumoniae infection. Purified HXAg promoted PMN migration
across H292 monolayers (data not shown). In addition, lipids from apical supernatants of S.
pneumoniae-infected H292 cells exhibited significantly (p<0.0001) more chemotactic
activity than lipids from uninfected cells (Fig. 3A).

12-lipoxygenase is central to HXAg synthesis (38), and of the three functional human
isoforms of 12-lipoxygenase (i.e. 15-LOX-1, 12R-LOX and the platelet-type p12-LOX), 15-
LOX-1 has been shown to contribute to HXAz-mediated PMN migration across the
intestinal epithelium (28). 15-LOX-1, which also displays 15-lipoxygenase activity, is
highly expressed in airway epithelium and may contribute significantly to HXAgz generation
during pulmonary inflammation (39, 40). Transcriptional analysis showed that ALOX15,
which encodes 15-LOX-1, as well as ALOX1Z, which encodes p12 LOX, were elevated
within 30 minutes of infection of H292 monolayers with S. pneumoniae (Fig. 3B). Western
blot analysis of lysates from infected cells at 1 and 2h post-infection showed increased
levels of the corresponding proteins (Fig. 3C).

Consistent with a role for HXAg3 as an essential chemoattractant in this process, pretreatment
of H292 monolayers with either of the 12-lipoxygenase inhibitors CDC or baicalein (18, 25),
which did not alter bacterial growth or bacterial binding to the monolayers (data not shown),
significantly reduced S. pneumoniae-induced PMN migration (Fig. 3D). In contrast, caffeic
acid, a 5-lipoxygenase inhibitor that prevents the synthesis of another bioactive lipid, LTB4
(18, 25), or the solvent control (DMSO), had no inhibitory effect on PMN transepithelial
migration (Fig. 3D). Neither CDC nor baicalein adversely influenced PMN migration in
response to formylated Met-Leu-Phe (fMLP; data not shown). As predicted, both CDC and
baicalein diminished the chemoattractant activity of lipid extracted from supernatants of
infected H292 cells (Fig. 3A). These data suggest that infection of H292 cells by S.
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pneumoniae leads to induction of 12-lipoxygenases, possibly leading to the production of
HXAg3, and blocking 12-lipoxygenase activity by using pharmacological inhibitors abrogates
PMN migration across H292 monolayers.

12-lipoxygenase activity promotes migration of PMNs into the airways in the absence of

infection

To test whether 12-lipoxygenase plays a role in the recruitment of PMNs in the airways
under basal, i.e. uninfected, conditions, we measured airway PMNs in C57BL/6 mice that
were pharmacologically inhibited for 12-lipoxygenase activity by CDC treatment, or in
Alox15~~ mice, which are deficient in leukocyte-type 12/15-LOX. Whereas human 15-
LOX-1 displays greater 15-lipoxygenase than 12-lipoxygenase activity, its murine homolog,
leukocyte-type 12/15-LOX, primarily acts as a 12-lipoxygenase (39, 40). Notably, the
numbers of PMNs in bronchoalveolar lavage fluid (BALF) of CDC-treated C57BL/6 mice
or Alox15~~ mice were six- or three-fold lower than the PMNSs in the BALF of untreated
C57BL/6 mice, respectively (Fig 4). These differences were not due to differences in total
pulmonary PMNs, which were indistinguishable among the three experimental groups,
indicating that in the absence of exogenous insult, 12-lipoxygenase plays a specific role in
recruitment of PMNSs into the alveoli.

12-lipoxygenase activity is required for pulmonary inflammation during acute S.
pneumoniae infection

Infection of cultured H292 pulmonary epithelial cells with S. pneumoniae resulted in an
induction of 12- and 15-LOX proteins (Fig. 3C), so we tested whether the levels of these
proteins increase in a well-established murine acute infection model (22). In fact, western
blot analysis of lung homogenates revealed that both 12- and 15-LOX were induced upon
infection of C57BL/6 mice with S. pneumoniae TIGR4 (Fig. 5). 12- and 15-LOX
immunoblotting revealed multiple bands, which may represent the products of splice
variants.

Upon finding that 12-LOX is induced during pneumococcal pneumonia in mice, we tested
whether 12-lipoxygenase activity is essential for eliciting PMN transepithelial migration
during acute infection. We infected untreated wild type (WT) C57BL/6 mice, C57BL/6 mice
treated with the 12-lipoxygenase inhibitor CDC, or Alox15~~ mice, with S. pneumoniae
TIGR4. Hematoxylin and eosin (H&E) staining of the lung 48h post-infection showed that
S. pneumoniae infection of untreated WT mice elicited a robust acute inflammatory
response, with congested vasculature and alveolar infiltration by PMNs and erythrocytes
(compare Fig. 6A(i) and (ii)). Consistent with this histological assessment, flow cytometry
of pulmonary single cell suspensions revealed six-fold greater numbers of PMNs in lung
tissue of infected WT mice compared to the uninfected mice (Fig. 6B, top). Infection was
also associated with a two-fold greater number of pulmonary macrophages, but no increase
in dendritic or T cells (Fig. 6B, top). The broncheoalveolar lavage fluid contained
dramatically higher numbers of inflammatory cells, including dendritic and T cells as well
as PMNs and macrophages, indicating that a broad population of inflammatory cells migrate
into airway spaces during acute pneumococcal infection (Fig. 6B, bottom).

Infection-associated inflammation was dependent on 12-lipoxygenase activity:
pharmacologic inhibition of 12-lipoxygenase activity by treatment with CDC or genetic
ablation of leukocyte-type 12/15-LOX dramatically reduced pulmonary inflammation, as
assessed by histology (compare Fig. 6A(i) vs. (iii) or (iv)). Similarly, analysis of pulmonary
single cell suspensions by flow cytometry showed that the PMN and macrophage responses
in lung tissue of CDC-treated WT mice or Alox15~~ mice were entirely blunted (Fig. 6B,
top). Similarly, analysis of inflammatory cells in BALF demonstrated that airway infiltration
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by inflammatory cells was almost entirely dependent on 12-lipoxygenase activity (Fig. 6B,
bottom). Consistent with these results, although serum levels of the two inflammatory
cytokines, KC and MIP-2, increased five-to six-fold during pneumococcal infection of each
of the three groups of mice tested, their levels were not affected by 12-lipoxygenase activity
(data not shown). Interestingly, 12-lipoxygenase-mediated inflammation did not promote
host defense because the numbers of bacteria in either lung homogenate or BALF at 48h
post-infection were indistinguishable in wild type, CDC-treated and A/oxZ5~~ mice (data
not shown). Thus, during acute S. pneumoniae lung infection, 12-lipoxygenase (and by
implication HXAj3) is required for a robust innate inflammatory response that does not
appear to promote microbial clearance, perhaps in part due to the pneumococcal production
of an antiphagocytic capsule (41).

S. pneumoniae-elicited PMN migration compromises epithelial barrier integrity and
facilitates pneumococcal transepithelial migration

Pneumococcal entry into the circulation is a critical event that may foreshadow the
development of infection to a life-threatening phase. Inflammatory signaling may promote
pneumococcal penetration of epithelial monolayers (42, 43, 45). Our finding that 12-
lipoxygenase is essential for PMN transepithelial migration and pulmonary inflammation
during infection provided a means to investigate the role of PMN migration in disruption of
epithelial barrier integrity and transmigration of S. pneumoniae. To assess the barrier
function of H292 monolayers, we measured the apical-to-basolateral flux of the paracellular
marker FITC-labeled dextran (44) following treatment with S. prneumoniae and/or PMNs.
While PMNs alone did not compromise the epithelial barrier, apical infection with S.
pneumoniae resulted in a significant increase in FITC-dextran flux (Fig. 7A), consistent with
previous studies (45). Notably however, addition of PMNSs to the basolateral surface of
infected H292 monolayers resulted in an approximately two-fold increase in FITC-dextran
movement across monolayers (Fig. 7A), suggesting that S. pneumoniae-induced PMN
migration significantly alters the barrier function of H292 monolayers.

To assess the extent to which this PMN-associated compromise in barrier function facilitates
apical-to-basolateral bacterial translocation across the airway epithelium, we quantified
viable bacteria in the basolateral chamber after the basolateral addition of PMNs. In the
absence of PMNSs, S. pneumoniae exhibited barely detectable movement across the
monolayer (Fig. 7B). In contrast, upon the basolateral addition of PMNSs, the rate of
pneumococcal transepithelial migration increased by one to two orders of magnitude (Fig.
7B). The addition of PMNSs to the apical side of H292 monolayers had only a minor effect
on the apparent apical-to-basolateral bacterial migration, suggesting that transepithelial
PMN migration was critical for bacterial penetration of the epithelial monolayer (Fig. 7C).
Indeed, pretreatment of monolayers with CDC abrogated PMN-associated bacterial
penetration of the H292 monolayers (Fig. 7D). Thus, the simplest model to explain these
findings is that the basolateral-to-apical movement of PMNs across the monolayer results in
a transient disruption of cellular junctions, permitting the retrograde movement of bacteria
across the monolayer.

12-LOX-mediated inflammation promotes bacteremia and lethality during experimental

infection

To determine if the 12-lipoxygenase pathway promotes invasive disease during infection,
we monitored S. prneumoniae bacteremia by measuring CFU in tail vein blood after
intratracheal inoculation of untreated mice, mice treated with the 12-lipoxygenase inhibitor
CDC, or Alox157~ mice, inoculated with a high dose of infection. At 24h post-infection,
mock-treated WT mice suffered moderate (>10%/ml) bacteremia, and by 48h exhibited high
level (> 108/ml) bacteremia (Fig. 8A). By day three post-infection, a time point associated
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with > 108 TIGR4/ml of blood, approximately half of untreated mice succumbed to infection
or were moribund and thus euthanized (Fig. 8B). One day later, no untreated mice were
alive. In contrast, infection of CDC-treated WT mice resulted in no detectable bacteremia at
any time point (Fig. 8A). Alox15~~ mice suffered only low-level (< 5 x 103/ml) bacteremia
at 24 and 48h post-infection, and were devoid of bloodstream bacteria by 72h. The failure of
S. pneumonize to achieve high-level bacteremia in the CDC-treated or A/ox157~ mice was
associated with uniform survival through the termination of the experiment at 7 days post-
infection (Fig. 8B).

DISCUSSION

The potent lipid chemoattractant HXAg3 (10, 25) has been demonstrated to mediate intestinal
inflammation in response to several bacterial pathogens (25, 28), and to promote pulmonary
inflammation in response to Pseudomonas infection (18, 29). We found that the addition of
purified HXAg3 to the apical side of polarized H292 pulmonary epithelial cell monolayers
elicited basolateral-to-apical migration of PMNs (data not shown), and that S. pneumoniae
infection of H292 cells increased the expression of 12-lipoxygenase, the enzyme required
for HXAj synthesis. In an /in vitro inflammation model, inhibition of 12-lipoxygenase
diminished PMN transmigration across H292 monolayers. Importantly, pharmacological
inhibition of 12-lipoxygenase or genetic ablation of A/ox15 diminished the levels of airway
inflammatory cells in uninfected mice, and dramatically diminished pulmonary
inflammation after intratracheal challenge with S. pneumoniae. Thus, although our results
do not rule out a role for other bioactive products of the 12-lipoxygenase pathway or the
additional regulation of HXAg3 production or secretion by pneumococcal infection (28, 38),
they indicate that 12-lipoxygenase, and likely HXAg, play an important role in the migration
of PMNSs into the airway under both basal conditions and during acute S. pneumoniae
infection.

We observed that infected mice deficient in 12-lipoxygenase activity by chemical inhibition
or genetic ablation demonstrated not just lower levels of PMNs in the alveolar space, but
also significantly lower numbers of total pulmonary PMNSs. In addition, upon high dose S.
pneumoniae pulmonary challenge, 12-lipoxygenase activity was required to achieve
maximal numbers of macrophages in the lung, and maximal numbers of macrophages,
dendritic cells and T cells in the airways. Thus, although our /n vitro studies have
exclusively assayed transmigration of PMNs across epithelium, 12-lipoxygenase may play a
broad role in pulmonary inflammation. It is possible that unique features of the pulmonary
architecture, e.g., a minimal subepithelial space separating the epithelium and endothelium,
may foster a particularly prominent role for HXA3 in egress of PMNs from the pulmonary
vasculature. Additionally, 12-lipoxygenase-mediated PMN migration across airway
epithelium may enhance other events, e.g., a reduction in barrier integrity leading to the
invasion of bacteria or extravasation of inflammatory cells, resulting in more generalized
inflammation.

PMNs are an integral component of innate immunity, yet inhibition of PMN migration had
no effect on the bacterial load in the lung or the airway fluid, at least in the time frame
observed in our murine model. These results are consistent with the previous finding that
PMN-depletion resulted in diminished pulmonary histopathology and bacteremia, as well as
enhanced survival, during murine infection (46). Virulent S. pneumoniae, including the
TIGR4 strain utilized in our animal infections, encodes a thick polysaccharide capsule that
inhibits phagocytosis that may limit the degree of PMN-mediated clearance in this infection
model (41).
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The evolution of lung infection to life-threatening septicemia involves pneumococcal entry
into the circulation upon breaching of the mucosal barrier, a step that has been modeled /n
vitro using polarized epithelial monolayers (43, 45). Pneumococci have been reported to
bind E-cadherin, which participates in cell-cell adherence, and this binding activity might
localize the bacterium to cell junctions as a step in bacterial transmigration (53). In addition,
several studies suggest that bacterial transmigration involves a host-bacterium crosstalk that
results in the paracellular movement of pneumococci across the monolayer. For example,
pneumococci can cross cultured epithelial and endothelial monolayers by binding and
activating host plasminogen, which subsequently cleaves critical components of the cellular
junctions (43). A common finding is that inflammatory signaling contributes to barrier
compromise, e.g., pneumococcal activation of the pattern recognition receptors leads to
inflammatory signaling and diminished production of critical tight junction components (42,
45).

We found that induction of 12-lipoxygenase/HXAgz, when coupled to the addition of PMNs
to the basolateral surface of H292 cells, greatly increased bacterial transepithelial migration.
HXAg is capable of activating PMNs (10), but the dramatic increase in apical-to-basolateral
bacterial transmigration depended on the concomitant basolateral-to-apical PMN
transmigration: abrogation of PMN transmigration, either by the addition of PMNSs to the
apical rather than basolateral epithelial surface or by chemical inhibition of 12-lipoxygenase,
diminished bacterial movement across monolayers. These results reinforce previous studies
indicating that the transient disruption of epithelial barrier function can facilitate the
translocation of toxins or pathogens across polarized epithelial monolayers (45, 47).

Importantly, just as disruption of HXAg synthesis blocked bacterial transmigration /n vitro,
we found that inhibition of 12-lipoxygenase activity or genetic ablation of A/ox15in mice
virtually eliminated bacteremia following intratracheal challenge. This finding suggests that
PMN transmigration across respiratory epithelium may promote retrograde movement of
pneumococci into the circulation, although it is also possible that acute pulmonary
inflammation promotes systemic disease in additional ways, such as inflammatory damage
to mucosal surface or seeding of the bloodstream by bacteria in (the enhanced) lymphatic
drainage (7, 48, 49). Remarkably, the dramatic decrease in bacteremia corresponded to an
equally dramatic effect on survival, and the virtual lack of demonstrable disease in mice
unable to generate a 12-lipoxygenase-mediated acute inflammatory response provides stark
evidence that a robust innate immune response contributes to, and indeed is essential for,
lethality during experimental pneumococcal infection.

That the nonpathogenic bacterium B. subtilis did not elicit PMN transmigration in our /n
vitro model suggests that the induction of HXAg production and/or secretion by respiratory
epithelial cells is pathogen-specific. S. pneumoniae strains deficient in the synthesis of the
polysaccharide capsule, a major virulence factor, induced reduced levels of PMN migration
in vitro, suggesting that the pneumococcal capsule may be one of the bacterial factors that
contribute to inflammation. It is possible that the polysaccharide capsule directly signals
epithelial cells to produce and/or secrete HXA3. Alternatively, capsule production may
indirectly promote 12-lipoxygenase induction by increasing the production or surface
expression of the putative critical bacterial factor(s), or by enhancing the longevity of
bacteria in the presence of PMNs added to the assay (54). Identification of S. pneumoniae
factors that contribute to this host cell response would provide both a potential avenue to
distinguish strains with low or high invasive potential as well as bacterial products that,
when targeted, might diminish systemic disease. Finally, this study supports the possibility
that anti-inflammatory agents, in particular those that block 12-lipoxygenase-mediated PMN
migration, may provide a strategy to combat invasive pneumococcal infection. Given that
12-lipoxygenase-mediated inflammation appears central to other pulmonary disorders, such
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asthma and acute lung injury (50, 51), inhibitors of these inflammatory pathways may

have broad therapeutic value.
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Fig. 1.

Diverse serotypes of S. pneumoniae elicit robust PMN migration /in vitro in a dose, time and
capsule-dependent manner. A, H292 monolayers were infected with the indicated doses of
S. pneumoniae or B. subtilis.1x10% PMNs were added to the basolateral side and PMN
migration to the apical side was quantified by MPO assay. Shown is a representative of two
experiments. B, Apical sides of H292 monolayers were infected with 1x107 S. pneumoniae
TIGR4. 1x108 PMNs were added to the basolateral side, and allowed to migrate for the
indicated time periods. PMN migration to the apical side was quantified by MPO assay.
Shown is a representative of two experiments. C, H292 monolayers were infected with
1x107 S. pneumoniae TIGR4, its capsular mutant (Acps), S. pneumoniae D39, or its capsular
mutant R6. Basolateral-to-apical PMN migration was quantified by MPO assay. Positive and
negative control wells received formylated-Met-Leu-Phe (“fMLP”) and HBSS+Ca/Mg,
respectively. Shown is a representative of two experiments.
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Fig. 2.

Live bacteria and de novo protein synthesis by the host cells are required for S. pneumoniae-
induced PMN migration. A, Apical sides of H292 monolayers were infected with either live
or heat-killed S. pneumoniae TIGR4. PMNs were added basolaterally and PMN migration to
the apical side was quantified by MPO assay. fMLP and HBSS+Ca/Mg were used as
positive and negative controls, respectively. Binding of live and heat-killed bacteria to H292
monolayers, when assessed by viable counts or microscopically, were statistically
indistinguishable. Shown is a representative of two experiments. B, Protein synthesis in
H292 monolayers was blocked by treatment with cycloheximide before infection with S.
pneumoniae TIGR4 (1x107/monolayer), and PMN migration was assessed as described in
Materials and Methods. Shown is a representative of two experiments.
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Fig. 3.

12-lipoxygenase is induced upon pneumococcal infection of pulmonary epithelial
monolayers and is required for PMN transmigration. A, Mock-treated H292 monolayers, or
monolayers pretreated with 1uM baicalein or 50 uM CDC, were infected with TIGR4. After
infection, lipid extracts were prepared from the conditioned buffer, as stated in Materials and
Methods. PMN migration in response to extracted lipids was measured as stated before.
Shown is a representative of two experiments; B, Semi-quantitative RT-PCR analyses of
ALOX1Z2and ALOX15 levels were performed using total RNA from infected or uninfected
H292 cells, using - specific primers. GAPDH was used as the internal control. Shown is a
representative gel picture from three independent experiments. Band intensities normalized
to the band intensities of GAPDH, which was taken as 1, are presented below each band.
Data represent means from three independent experiments. C, Lysates of H292 monolayers
infected with TIGR4 were analyzed by immunoblotting using anti- ALOX12, ALOX15 or
GAPDH antibodies. Band intensities were normalized to the band intensities of GAPDH and
their values are given below each blot. Shown are the means from two independent
experiments. D, H292 monolayers were pretreated with the indicated doses (uM) of CDC,
baicalein (“Bcn”), or caffeic acid (“CA”) prior to infection with TIGR4. PMNs were added
to the basolateral side and migration was quantified by MPO assay. fMLP, HBSS+Ca/Mg or
DMSO were used as positive, negative and solvent controls, respectively. Shown is a
representative of two experiments.
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Fig. 4.

12-lipoxygenase activity is required for alveolar neutrophil recruitment even during absence
of S. pneumoniae infection. Wild type C57BL/6 mice, with or without CDC treatment, or
Alox15~~ mice were sacrificed and PMNs present in BALF or lungs were analyzed by flow
cytometry as described in Materials and Methods. Shown is a representative of two
independent experiments.
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Fig. 5.

12-lipoxygenase is induced /n vivo upon pneumococcal infection. Wild type C57BL/6 mice
(with or without CDC pretreatment) or A/ox15~~ mice were intratracheally challenged with
2x10° S. pneumoniae TIGR4. Control mice received only PBS. Mice were euthanized, lung
homogenates were immunoblotted and probed using anti-ALOX12, ALOX15 or tubulin
antibodies. Shown is a representative figure from two independent experiments.
Corresponding molecular weight markers are denoted.
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Fig. 6.

12-lipoxygenase activity is required for pulmonary inflammation during S. pneumoniae
infection of mice. Untreated [“+TIGR4”; panel A(ii)] or CDC-treated [“+CDC, +TIGR4”;
panel A(iii)] wild type (“WT”) C57BL/6 mice, or Alox157 [panel A(iv)] mice were
inoculated intratracheally with TIGR4, or with PBS alone [panel A(i)], as described in
Materials and Methods. Mice were sacrificed, and hematoxylin and eosin stained lung
sections (at 20x magnification) were examined by light microscopy. Inset: lung sections at
40x magnification; arrowheads denote PMNSs. Figures are representative of two independent
experiments. Bronchoalveolar lavage fluid (BALF) was isolated and cytospin preparations
were prepared. PMNs were counted from Wright-Giemsa stained preparations by
observation at 100x. Average number of PMNs per 5 fields of observation is noted in the
corresponding histology figures. For flow cytometry, BALF and lungs from infected WT
(with or without CDC treatment) or A/ox15~~ mice were collected. Cells present in the
digested lungs and BALF were stained with relevant MAbs and the fluorescence intensities
of the stained cells were determined by flow cytometry. Collected data were analyzed to
determine the numbers of PMNs, macrophages (M), dendritic cells or T cells in the lungs
(B, top) and in the BALF (B, bottom).
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Fig. 7.

S. pneumoniae-elicited PMN migration compromises epithelial barrier integrity and
facilitates pneumococcal transepithelial migration. A, Compromise in barrier integrity due to
S. pneumoniae -elicited PMN migration was measured using the migration of fluorescein
isothiocyanate (FITC) labelled-dextran (MW 40kDa, Sigma). Infection and PMN migration
times were 2%4h each. Control monolayers received either bacteria or PMNs. Shown is a
representative of two experiments. B, Apical sides of H292 monolayers were infected with
TIGR4, and PMNs, or HBSS+Ca/Mg alone, were added the basolateral side. Transepithelial
migration of bacteria was quantitated as stated in Materials and Methods. Shown is a
representative of two experiments. C, Apical sides of H292 monolayers were infected with
TIGR4, and PMNs were added to either basolateral or apical side of the monolayers. Control
monolayers received HBSS+Ca/Mg instead of PMNs. Transepithelial migration of bacteria
was quantitated as stated in Materials and Methods. Shown is a representative of two
experiments. D, H292 monolayers were pretreated with CDC, and the apical side was
infected with TIGR4. PMNSs, or HBSS+Ca/Mg alone, were added the basolateral side.
Bacterial migration was determined as stated in Material and Methods. Shown is a
representative of two experiments.
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Fig. 8.

12-L. OX mediated inflammation promotes bacteremia and lethality during S. pneumoniae
infection of mice. Mock-treated wild type C57BL/6 mice (“WT”), CDC-treated wild type
mice, or Alox157~ mice were intratracheally inoculated with TIGR4 (see Materials and
Methods). A control group of wild type mice received PBS. Six mice per group were used
for the experiment. A, The cfu in the murine blood was determined at the specified time
points. Shown is a representative of two experiments. B, The survival of mice was
monitored over a 7 day post-infection period. Shown is a representative of two experiments.
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