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NEUTROPHILS
In the past, several investigations have pointed to the involvement of neutrophils as key players in invoking innate
immune responses (54, 65, 71, 87). Although the number of
neutrophils in the peripheral blood is usually fairly constant,
the host is capable of markedly increasing numbers of circulating neutrophils (29, 44), particularly through the accelerated
release of neutrophils from the bone marrow reserve pool.
Originally, it was noted in 1920 that lower respiratory tract
bacterial infection caused the appearance of morphologically
immature neutrophils in the circulation or a “left shift,” resulting from a massive release of neutrophils from the marrow
(25–26, 49, 20). In addition, the fundamental role of neutrophils protecting the host against S. pneumoniae (30), K. pneumoniae (41), and L. pneumophila (82) has been demonstrated
by experiments that showed that (i) selective depletion of the
neutrophil cell population results in profound defects in the
clearance of bacteria from the lungs and (ii) repletion of neutrophils in neutropenic mice restores host defense. Investigations have also shown that efficient neutrophil accumulation is
important to induce a successful adaptive immune response in
the host. For example, studies have demonstrated a significant
reduction of interleukin-12 (IL-12) in the lungs of CXC chemokine receptor 2 (CXCR2)-blocked mice in response to L.
pneumophila (83).
The ability of polymorphonuclear leukocytes (neutrophils)
to sense bacteria and/or their components and migrate across
epithelia along a chemotactic gradient is intriguing. Neutrophil
sequestration is an essential antibacterial defense mechanism
in the lung which involves multiple steps, including the activa-

CLINICAL IMPORTANCE
The World Health Organization estimates that lower respiratory tract infections account for nearly 35% of all deaths
from infectious diseases, causing an annual mortality of nearly
4 million adults and children (55). They cause a greater disease
burden in the world than many other infections, such as human
immunodeficiency virus infection and malaria (55–56). Bacteria are the most common cause of lower respiratory tract
infections (55). Despite the development of broad-spectrum
antibiotics, lower respiratory tract bacterial infections continue
to be a major cause of morbidity and mortality in both industrialized and developing countries (55–56). Furthermore, antibiotic-resistant S. pneumoniae, H. influenzae, and S. aureus
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have been isolated from patients suffering from lower respiratory tract infections in recent years (11, 19, 24, 77). The emergence of antibiotic-resistant pulmonary bacteria and the growing number of immunocompromised individuals have made
the treatment of these infections increasingly difficult (48, 49,
50, 51, 52, 53), emphasizing the importance of modulating host
defense in treating and/or preventing severe bacterial infections without these adverse effects. In the lung, effective host
defense against bacterial infection is dependent primarily upon
the rapid clearance of the etiologic agent from the respiratory
tract. The innate immune response is the principal pathway
through which this occurs (50, 92), and its failure may result in
excessive microbial colonization and subsequent infection of
the lung parenchyma and septicemia.

In the respiratory system, the upper tract is colonized with
commensal bacteria, whereas the lower tract is sterile. The
respiratory system is continuously exposed to a variety of bacteria. To combat these intruders, the lung has developed a
multifaceted system of defense. One of the most important
components of the initial innate immune response in the lung
against bacterial infection is the vigorous recruitment of neutrophils. However, several life-threatening bacterial lung diseases are caused by excessive neutrophil-mediated inflammation. The mechanisms underlying neutrophil accumulation
during lower respiratory tract bacterial infection is learned
from experimental animal models, particularly with mice (61).
A better understanding of the mechanisms underlying the regulation of neutrophil influx is crucial to designing improved
therapies to augment host defense and attenuate detrimental
lung inflammation. The aim of this review is to highlight some
of the most important recent advances in neutrophil infiltration, particularly in the roles of Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), transcription factors, chemokines, and adhesion
molecules in acute lower respiratory tract bacterial infections.
This minireview includes important gram-positive and gramnegative pathogens, including Streptococcus pneumoniae,
Klebsiella pneumoniae, Legionella pneumophila, Haemophilus
influenzae, and Staphylococcus aureus.
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tion of transcription factors, production of chemokines, upregulation of cell adhesion molecules, and enhancement of
cell-cell interactions (Fig. 1). Elucidating the key molecules
involved with innate pulmonary defense and mapping out the
steps of these complex signal transduction pathways upon recognition of bacteria by pattern recognition receptors, such as
TLRs and NLRs, are formidable tasks.
TLRs. TLRs are germ line-encoded pattern recognition receptors, and more than 11 members have been identified (2, 3).
Several TLRs recognize different bacterial products (2, 3):
TLR2 recognizes specific components of Mycobacterium spp.
(lipoarabinomannan), fungi (zymosan), and gram-positive bacteria (lipoteichoic acid, lipoproteins); TLR4 recognizes endotoxin or lipopolysaccharide (LPS) (36); TLR5 recognizes and is
activated by bacterial flagellin; and TLR9 recognizes unmethylated DNA containing CpG motifs. Investigations have shown
that TLRs are important for pulmonary innate defense against
bacterial pathogens. For example, TLR4 has been shown to be
required for effective pulmonary innate immunity against H.
influenzae (88) and K. pneumoniae (13). Furthermore, C3H/
HeJ mice, which have defective TLR4 signaling, displayed increased mortality, impaired bacterial clearance, and delayed
expression of inflammatory cytokines in response to intrapul-

monary K. pneumoniae challenge (75). It has also been demonstrated that TLR4 plays a limited role in antibacterial defense in response to a low dose of pneumococci (22). However,
TLR4 mutant mice are not more susceptible than control mice
to pulmonary infection due to L. pneumophila, suggesting that
other TLRs are essential for the initiation of immunity against
this pathogen (46). Furthermore, TLR2 has been shown to be
important for host defense against L. pneumophila (7, 28, 33),
S. pneumoniae (21), and Porphyromonas gingivalis (1), whereas
TLR2 and TLR4 have been shown to be significant for host
defense against Acinetobacter baumannii pneumonia (43).
Moreover, TLR5 has been identified as an important molecule
to induce neutrophil recruitment to the lung at an early time
point (4 h) during L. pneumophila infection (32). Further,
TLR9 plays an essential role in host defense against both
extracellular pathogens, such as K. pneumoniae (9) and S.
pneumoniae (4), and intracellular pathogens, such as L. pneumophila (10), via a mechanism that is not associated with
neutrophil influx in the lungs. These studies have further demonstrated that TLR9-induced recruitment of myeloid dendritic
cells to the lung is such a mechanism (9–10). Further investigations suggest that innate host responses against both extracellular and intracellular bacterial pathogens, including
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FIG. 1. Schematic representation describing the cascade of events by which bacteria induce neutrophil sequestration and eventual lung damage
associated with lower respiratory tract infection. Bacteria initially interact with the cells in the alveoli, including alveolar epithelial cells and macrophages
(1), and induce the secretion of cytokines and neutrophil chemoattractants (2). These cytokines upregulate the expression of cell adhesion molecules on
capillary endothelia (3) and subsequently mediate the transmigration of neutrophils into alveolar spaces based on the chemotactic gradient (4). The
transmigrated neutrophils produce proteases, reactive oxygen species (ROS), and reactive nitrogen species (RNS) (5), which act on cells that are infected
and induce necrotic cell death (6). Gradually, all of these events lead to extensive lung injury. RBCs, red blood cells.
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proteins, whereas NOD1 recognizes meso-diaminopimelic
acid-containing stem peptides from gram-negative peptidoglycan, although it is not clear how cytosolic NODs can find their
ligands (76, 84). The modular nature of NOD proteins and the
presence of the leucine-rich repeats, which are also found in
TLRs and are responsible for TLRs’ recognition of intracellular pathogens and their products, support the hypothesis that
NOD proteins are the intracellular equivalent of the TLR
system. Upon ligand binding, NOD1 and NOD2 induce a signaling cascade independent of TLRs to activate NF-B and
mitogen-activated protein (Jun N-terminal protein and p38)
kinases via an adaptor protein, RIP2, which is a serine/threonine kinase (76, 84). RICK/RIP2/CARDIAK can bind to a
variety of CARD-containing molecules through CARDCARD interactions (76, 84). Studies have demonstrated that
Ipaf or NLRC4 is expressed in myeloid cells and is known to
activate caspase-1 within a multiprotein complex termed the
“inflammasome” (reviewed in reference 51). This event seems
to be important for antibacterial host defense against P. aeruginosa and L. pneumophila. The underlying mechanisms in the
activation of NLRC4-mediated caspase-1 have been recently
elucidated. The type III secretion systems of Salmonella spp.,
Shigella spp., and P. aeruginosa and the type IV secretion
system of L. pneumophila are required for the activation of the
inflammasome (reviewed in reference 51). The role of NLRs in
lung bacterial infections has not been well characterized, although cell culture studies have suggested that NLRs play an
important role in lung bacterial infections. For example, an
investigation has demonstrated, using a bronchial epithelial
cell line, BEAS-2B, that NOD2 is essential to induce signaling
cascades associated with NF-B activation against internalized
S. pneumoniae (69). Moreover, the cytokine secretion pattern
and bacterial killing are impaired in NOD1-deficient cells infected with P. aeruginosa (85), demonstrating a clear role for
NOD1 against this respiratory pathogen. Although NOD1 activation selectively induces neutrophil influx in the peritoneums of mice in response to KiE-DAP compounds (KF1B) (51),
less is known about the role of NLRs in respiratory bacterial
infections.
Transcription factors. Transcription factors are proteins
that bind to promoter regions and induce the expression of
genes. Although several transcription factors have been identified, NF-B is the most studied factor (34). In resting cells,
NF-B is present as an inactive, IB-bound complex in the
cytosol. Upon stimulation, IB is degraded, allowing active
NF-B to enter the nucleus, and activates the expression of
several immune response genes. Numerous signals can activate
NF-B (34). The MyD88-dependent cascade in TLR signaling
leads to the expression of proinflammatory genes, including
those for cytokines/chemokines and adhesion molecules,
through the early activation of NF-B, consisting of p65 and
p50 (2–3). On the other hand, the MyD88-independent cascade leads to the expression of inflammatory genes through the
late activation of NF-B (2, 3). Recent studies have demonstrated that NOD-dependent signaling cascades can also
activate NF-B (76, 84). Furthermore, several neutrophil chemokine genes, including those for keratinocyte-derived chemokine (KC), macrophage inflammatory protein 2 (MIP-2), and
CXC ligand 5 (CXCL5), contain NF-B binding sites in their
5⬘ untranslated regions (70). Moreover, the transcription fac-
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Pseudomonas aeruginosa and L. pneumophila, are more noticeably impaired in mice that are deficient in signaling via multiple TLRs than in mice that are deficient in a single TLR (7, 33,
73, 78, 80, 89). These more remarkable phenotypes in multipleTLR-gene-deficient mice are most likely due to the redundancy in TLR signaling cascades. Another explanation for
these phenotypes of multiple-TLR-gene-disrupted mice is that
the TLRs can interact either synergistically or sequentially to
maximally amplify protective responses against a specific bacterium. In this context, it has been shown that innate signals
produced early (4 h) in response to challenge with K. pneumoniae are markedly reduced in mice with defective TLR4
signaling but that later responses (16 h) remain intact (13, 89).
The specificity of TLR signaling is due in part to the recruitment of adaptor molecules (52, 68). There have been five TIR
domain-containing TLR adaptor proteins discovered to date:
myeloid differentiation marker 88 (MyD88), TIR domain-containing adaptor protein (TIRAP) (also known as MyD88 adaptor-like protein, or MAL), TIR domain-containing adaptorinducing beta interferon (TRIF), and TRIF-related adaptor
molecule (TRAM). A role for SARM, the fifth adaptor protein, has only recently been described (14). MyD88 is recruited
to the TLR complex by TIRAP and plays a key role in the early
activation and translocation to the nucleus of nuclear factor B
(NF-B) (52, 68) in the TLR2 and TLR4 signaling cascades,
whereas MyD88 is directly activated by other TLRs in the
absence of TIRAP (2, 3, 52, 68). The TLR4-induced MyD88independent cascade, which results in late NF-B activation
and downstream expression of type 1 interferons, is mediated
by TRIF (2, 3, 52, 68). It is now well documented that TLR
adaptor molecules play an essential role in pulmonary host
defense against bacterial pathogens. For example, it has been
shown that MyD88 is critical for host defense against P. aeruginosa (73, 78, 80), S. pneumoniae (4), and H. influenzae (91) but
not S. aureus (78). Furthermore, MyD88 is important for host
defense against L. pneumophila (7, 33). Experiments with
TIRAP-, MyD88-, and TRIF-deficient mice demonstrated a
reduced immune response to intrapulmonary Escherichia coli
challenge, indicating that both the MyD88-dependent and
MyD88-independent cascades contribute to the recognition of
this pathogen (38, 40). Data obtained from TIRAP gene-deficient mice showed an attenuated host response to K. pneumonia but not to P. aeruginosa, demonstrating that the TIRAPmediated cascade is important for innate host defense against
selected microbes (41). Table 1 summarizes the roles of TLRs
and their adaptors in lower respiratory tract bacterial infections.
NLRs. NLRs are cytoplasmic proteins and have three domains that are thought to integrate into different intracellular
signaling pathways (51). The human NLRs comprise more
than 22 members, such as NOD1, NOD2, NAIP, cryopyrin,
and interleukin-converting enzyme–protease-activating factor
(Ipaf; NLRC4). Caspase recruitment domains (CARDs) place
certain, but not all, NOD proteins in pathways leading to
apoptosis. The central nucleotide-binding domain is found in
several NLRs and is implicated in signal transduction cascades
and in protein-protein interactions. Most importantly, a series
of leucine-rich repeats in NOD1 and NOD2 is thought to
recognize bacterial cell wall components (76). To date, muramyl dipeptide is the only identified ligand for the NOD2
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TABLE 1. Roles of TLRs and TLR adaptors in acute lower respiratory tract bacterial infections
Phenotypea
TLR or TLR
adaptor

TLRs
TLR2

Infection-causing bacterium (reference关s兴)
Survival

Neutrophil
influxb

Bacterial
burdenc

Bacterial
disseminationd

2
2
ND
ND
2

2
2
NS
NS
2

ND
1
1
1 (early)
1

ND
1
ND
ND
1

TLR4

Acinetobacter baumannii (43)
Haemophilus influenzae (88)
Klebsiella pneumoniae (13)
Pseudomonas aeruginosa (73)
Streptococcus pneumoniae (22)

2
2
2
ND
2

2
2
ND
2 (late)
2

1
1
1
NS
1

1
ND
ND
ND
ND

TLR5

Legionella pneumophila (32)

ND

2 (early)

NS

ND

TLR9

Klebsiella pneumoniae (9)
Legionella pneumophila (10)
Streptococcus pneumoniae (4)

2
2
2

NS
NS
NS

1
1
1

1
ND
1

Escherichia coli (38, 40)
Haemophilus influenzae (91)
Klebsiella pneumoniae (41)
Legionella pneumophila (7, 33)
Pseudomonas aeruginosa (73, 78, 80)
Staphylococcus aureus (78)
Streptococcus pneumoniae (4)

2
ND
ND
2
2
ND
2

2
ND
2
2
2
2
2

ND
2
ND
1
1
ND
1

ND
ND
ND
1
1
ND
1

TIRAP

Klebsiella pneumoniae (41)
Pseudomonas aeruginosa (41)

2
ND

2
2

1
1

1
ND

TRIF

Escherichia coli (38, 40)

2

2

1

1

TLR adaptors
MyD88

a

Phenotype was determined using gene-deficient or mutant mice after intrapulmonary infection. 2, decreased; 1, increased; ND, not determined; NS, no significant
difference.
b
Neutrophil influx was determined using bronchoalveolar lavage fluid and/or lung parenchyma.
c
Bacterial burden was measured as the number of CFU in the lungs.
d
Bacterial dissemination was measured as the number of CFU in the blood or spleen.

tors are important for neutrophil influx in the lungs. For example, it has been documented that intratracheal LPS administration results in the nuclear translocation of NF-B in the
lungs and subsequent neutrophil influx in the lungs (59). Extended observations using RelA and tumor necrosis factor
receptor 1 (TNF-R1) or RelA and TNF-␣ double-gene-deficient mice lead to the attenuation of neutrophil accumulation
in the lungs in response to LPS challenge or viable E. coli
challenge compared with the neutrophil accumulation of either
TNF-R1 or TNF-␣ single-gene-deficient mice, demonstrating
that NF-B is an important mediator of neutrophil recruitment
into the lungs (5). A further advancement in our understanding
of transcriptional factors is the finding that RelA deficiency (in
the TNF-R1 knockout background) resulted in the attenuation
of neutrophil influx during E. coli (58) and pneumococcal (42,
72) pneumonia.
Neutrophil chemokines. The secretion of chemokines, which
are small protein molecules that induce the chemotactic migration of neutrophils, is the first critical step of infiltration
(47). Chemokines are categorized into four groups based on
their compositions of a cysteine motif positioned near the N

terminus: C, CC, CXC, and CX3C. The CXC family of chemokines has four cysteine residues at the N terminus, the first
two of which are separated by a nonconserved amino acid. This
group is further categorized by the presence or absence of an
ELR (glutamic acid-leucine-arginine) motif immediately before the CXC sequence. Importantly, ELR-positive (ELR⫹)
CXC chemokines exert potent neutrophil chemotactic and activating properties both in vitro and in vivo (8). Seven members
of this class have been identified so far in humans: IL-8; neutrophil-activating peptide 2; growth-related oncogenes ␣, ß,
and ␥; epithelium-derived neutrophil-activating peptide 78
(ENA-78/human CXCL5); and granulocyte chemotactic protein 2 (GCP-2).
Compelling evidence exists to support an important role for
ELR⫹ CXC chemokines in the lung’s antibacterial host defense. Human ELR⫹ CXC chemokines, most notably IL-8,
have been shown to be present in increased quantities in patients with pulmonary bacterial infection (8). Additionally,
expression of murine ELR⫹ chemokines, such as KC (the
functional murine homolog of IL-8), MIP-2, CXCL5/LIX
(LPS-induced CXC chemokine), and lungkine, is upregulated
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Acinetobacter baumannii (43)
Legionella pneumophila (7, 28, 33)
Porphyromonas gingivalis (1)
Pseudomonas aeruginosa (73)
Streptococcus pneumoniae (21)
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[ICAMs]), play an important role in neutrophil trafficking
(54). Neutrophil recruitment to the lungs in response to S.
pneumoniae infection was not attenuated in mice lacking Por E-selectin, suggesting that S. pneumoniae-induced neutrophil migration involves molecules other than P- or
E-selectin (60). Earlier studies have reported that CD18deficient neutrophils have a reduced capacity to emigrate to
the lungs in response to intratracheal E. coli LPS or P.
aeruginosa challenge (57, 62), whereas CD18-deficient neutrophils do not have a reduced ability to migrate to the lungs
during S. pneumoniae pneumonia (64), demonstrating that
CD18 plays a pathogen-specific role in eliciting neutrophil
influx in the lungs. Additional investigations suggest that
very late antigen 4 (VLA-4) plays a small role in CD18independent neutrophil emigration to the lungs despite the
fact that most of the CD18-independent neutrophil migration induced by pneumococci in the lungs occurs through
VLA-4-independent cascades (81). The roles of other cell
adhesion molecules in pneumonia in animals were delineated primarily using blocking antibodies. Evidence obtained from those studies demonstrate that ICAM-1 is important for neutrophil recruitment to the lungs in response
to K. pneumoniae (67). In this regard, we observed reduced
VCAM-1 and ICAM-1 upregulation in the lungs of TIRAP
gene-disrupted mice compared with levels of upregulation
in controls, and this reduced upregulation correlates well
with reduced neutrophil influx in the lungs of TIRAP genedisrupted mice against E. coli challenge (38).
PERSPECTIVE
Neutrophil-mediated innate immune responses against
bacteria in the lungs determine the outcome of infection; an
insufficient neutrophil recruitment can lead to life-threatening infection despite the fact that an extreme accumulation
of neutrophils can result in excessive lung injury associated
with inflammation. Therefore, the ideal therapeutic approach for targeting neutrophils is to attenuate their destructive potential while maintaining their critical role in
antibacterial defense. Since the identification of neutrophil
influx is a major pathological hallmark of lower respiratory
tract bacterial infections, our understanding regarding the
molecular and cellular mechanisms responsible for neutrophil recruitment, priming, and activation in the lungs has
been substantially increased in recent years using animal
models. Despite limitations with using mice, the availability
of transgenic mice and ample reagents makes the murine
model more attractive than other animal models. A better
understanding of the signal transduction pathways initiated
by the binding of microbial products to TLRs and NLRs and
the culmination of our knowledge of the precise mechanisms underlying neutrophil-mediated lung damage may enable well-focused strategies to attenuate excessive neutrophil accumulation in the lungs. Investigating the complex
interactions between pathogens and lung cells and the biology of proinflammatory mediators may lead to the development of novel therapeutic strategies to modulate neutrophil-mediated lung damage. This is extremely important in
view of the emergence of antibiotic-resistant microbes,
which pose a threat to human health and constitute an
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in the murine lung in response to intratracheal bacterial challenge (8). Inhibition of selected ELR⫹ chemokines, such as KC
and MIP-2, impair neutrophil influx into the lung in response
to bacteria and/or their products (12, 27, 31). In addition, it has
been demonstrated that the influx of neutrophils via the production of a neutrophil chemokine, such as KC, can be modulated by TNF-R1 and IL-R1 during E. coli pneumonia (58).
However, lungkine does not appear to induce neutrophil influx
into the lung parenchyma (16). In our initial studies, we observed the upregulation of a neutrophil chemokine, CXCL5, in
murine lungs in response to LPS (39, 77). CXCL5 upregulation
was also observed in the lungs in response to the gram-negative
pathogens L. pneumophila, P. aeruginosa, K. pneumoniae, and
Bordetella bronchiseptica (13, 82, 83, 90).
ELR⫹ chemokines are produced by numerous types of lung
cells, including myeloid and nonmyeloid cells. The role of
myeloid cells in the production of neutrophil chemokines in
response to bacterial lung inflammation is well established (6,
35, 66). In addition, alveolar endothelial cells are also important for neutrophil recruitment in the lungs in response to LPS
challenge (17). Furthermore, recent studies have demonstrated the role of non-bone marrow-derived cells, including
respiratory epithelial cells, in regulating neutrophil influx in
patients with lung inflammation induced by bacteria and/or
their products (18, 79). Neutrophil chemokines such as KC and
MIP-2 are produced primarily by myeloid cells, whereas
lungkine is produced primarily by bronchial/airway epithelial
cells (12, 16, 27, 31). However, the cells which express CXCL5
and the signaling cascades required to produce CXCL5 were
not defined until recently. We have demonstrated that alveolar
epithelial type II (AEII) cells in mice exposed to LPS produce
CXCL5 via the TLR4-dependent, MyD88-mediated pathway
(37, 39). These results suggest that alveolar epithelial type II
cells sense bacteria and contribute to the influx of neutrophils
via the production of CXCL5.
CXC chemokines induce a signaling cascade via CXCRs on
the surfaces of myeloid and nonmyeloid (resident) cells. Five
CXCRs have been identified to date (CXCR1 to -5). CXCR1
and CXCR2 are the receptors for ELR⫹ CXC chemokines (15,
45, 74), whereas CXCR3 is the receptor for ELR-negative
CXC chemokines (15, 45, 74). Human IL-8 binds to both
CXCR1 and CXCR2 (15, 45, 74). Although it was widely
believed that CXCR2 is the only functional receptor to induce
downstream signaling upon ELR⫹ CXC chemokine binding in
mice, a recent investigation demonstrated that murine CXCR1
is also functional (23). All known murine neutrophil chemoattractants, including KC, MIP-2, CXCL5, and lungkine, bind to
murine CXCR2 (15, 45, 74). Furthermore, in vivo studies using
either blocking antibodies or gene-disrupted mice have demonstrated that CXCR2 is important for neutrophil-associated
lung inflammation induced by Pseudomonas aeruginosa, Nocardia asteroides, or L. pneumophila (63, 82, 86).
Adhesion molecules. The recruitment of neutrophils into
the lungs from the bloodstream involves (i) transient attachment to endothelial cells (tethering), (ii) firm attachment to
the endothelium, and (iii) eventual migration into the extravascular space. Studies have obtained evidence that selectins and ␤2 integrins (CD11/CD18), as well as other
cell adhesion molecules (vascular cell adhesion molecules
[VCAMs] and intracellular cell adhesion molecules

INFECT. IMMUN.

VOL. 77, 2009

MINIREVIEW

economic burden for the health care system. The challenge
for the next decade, therefore, is to develop approaches to
keep neutrophils in the lung for defensive functions while
modulating their undesirable effects leading to inflammatory lung damage.
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