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Abstract

Lower respiratory tract infections caused by bacteria are a major
cause of death in humans irrespective of sex, race, or geography.
Indeed, accumulated data indicate greater mortality and morbidity
due to these infections than cancer, malaria, or HIV infection.
Successful recognition of, followed by an appropriate response to,
bacterial pathogens in the lungs is crucial for effective pulmonary
host defense. Although the early recruitment and activation of
neutrophils in the lungs is key in the response against invading
microbial pathogens, other sentinels, such as alveolar macrophages,
epithelial cells, dendritic cells, and CD4™" T cells, also contribute to
the elimination of the bacterial burden. Pattern recognition receptors,
such as Toll-like receptors (TLRs) and nucleotide-binding
oligomerization domain-like receptors, are important for

recognizing and responding to microbes during pulmonary
infections. However, bacterial pathogens have acquired crafty evasive
strategies to circumvent the pattern recognition receptor response
and thus establish infection. Increased understanding of the
function of TLRs and evasive mechanisms used by pathogens
during pulmonary infection will deepen our knowledge of
immunopathogenesis and is crucial for developing effective
therapeutic and/or prophylactic measures. This review
summarizes current knowledge of the multiple roles of TLRs

in bacterial lung infections and highlights the mechanisms used
by pathogens to modulate or interfere with TLR signaling in
the lungs.
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Innate and Adaptive Immune
Responses during Bacterial
Lung Infections

Lower respiratory tract infections,
particularly pneumonia, are a major threat
to human health (1). The global burden
of pneumonia and pneumonia-associated
complications in humans is staggering,
particularly in children, as more than 2
million children across the world annually
die from pneumonia (2). Bacteria are
frequent causes of severe pneumonia (1).
Bacterial pneumonia can be superimposed
on existing host inflammatory conditions
such as chronic obstructive pulmonary
disease (3) or influenza (4). Although

the pulmonary immune system has
sophisticated mechanisms for generating
innate and acquired immune responses
against infection (4), bacteria often breach
host defense, leading to rapid bacterial
multiplication in the lungs and dissemination
to distant organs. Therefore, an effective early
immune response in the lungs is critical for
a successful elimination of bacteria.

The major cellular players of innate
immunity against respiratory infections are
the phagocytes, such as neutrophils and
macrophages, as well as epithelial cells,
dendritic cells (DCs), v delta (yd) T cells,
and natural killer (NK) T cells (4, 5).
When bacteria enter the lung, circulatory
neutrophils recruit to the lung (5).

Although neutrophils are critical for host
defense, excessive neutrophil accumulation
leads to parenchymal damage that can
contribute to poor disease outcomes (3, 5).
Recruited neutrophils clear the engulfed
bacteria by producing bactericidal agents,
including, reactive oxygen species,
antimicrobial proteins, and proteolytic
enzymes (e.g., elastase, cathepsins, etc.)
(5). In addition, neutrophils also form
neutrophil extracellular traps, which

are chromatin networks containing
antibacterial proteins that can trap and
kill extracellular bacteria (5). Although
epithelial cells and DCs regulate the
inflammatory response in lung during
infection, y3 and NK T cells provide
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defense against phospho-antigens and
glycolipid antigens produced by multiple
respiratory bacterial pathogens, including
Streptococcus pneumoniae (4). Moreover,
adaptive immune cells, particularly CD4 "
T cells, are required for effective bacterial
clearance in the lung and for the host to
acquire long-term immunity to infection or
vaccines. CD4" Th1 cells are primarily
involved in pulmonary immunity to
intracellular bacteria, whereas IL-
17-producing CD4" T cells are critical for
host defense against intracellular and
extracellular bacteria. The key role of CD4 ™"
T cells in pulmonary defense is unequivocally
demonstrated in humans in whom either
primary or acquired (during HIV infection)
deficiency of these cells enhances susceptibility
to severe bacterial lung infections (4).

Toll-like Receptors

Innate immunity relies on the signals
generated from membrane-bound and
cytosolic pattern recognition receptors
(PRRs). Toll-like receptors (TLRs) were the
first PRRs to be identified and have been
subsequently well characterized. TLRs are
germ-line-encoded receptors that sense
distinct pathogen-associated molecular
patterns derived from pathogens (6). PRRs
also detect molecules released by stressed or
damaged host cells, known as damage-
associated molecular patterns (5). TLR-
mediated innate immune responses are
one of the primary mechanisms for
containment of bacterial growth at the

site of infection and consequently for
minimizing bacterial dissemination. A
wide range of bacteria are eliminated by
antimicrobial pathways triggered by the
various membrane-bound and/or cytosolic
TLRs (3, 5). Each TLR is composed of

a cytoplasmic signaling domain, called

a Toll/IL-1 receptor domain, a central
transmembrane domain, and an
extracellular domain containing a leucine-
rich repeat (6). To date, 12 functional TLRs
in mice and 10 TLRs in humans have been
identified along with several TLR ligands
and adaptor molecules (6). Engagement
of specific adaptor proteins results in
activation of two distinct signaling pathways
downstream of TLRs, a MyD88-dependent
pathway involving TLR1, 2, 4, 5, 6, 7, 8, 9,
and 10 and a TIR-domain-containing
adapter-inducing IFN-B (TRIF)-dependent
pathway involving TLR 3 and 4 (6)
(Figure 1).
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Other PRRs, particularly nucleotide-
binding oligomerization domain (NOD)-
like receptors (NLRs), also cooperate with
TLRs to regulate host defense (5, 7).
Importantly, few members of NLR family,
such as NLRP12, NLRC3, and NLRP6, were
also demonstrated to impair TLR signaling
and thus NF-kB activation in mice against
bacterial infection (7). However, their
negative roles in TLR signaling in the
context of lung infections are unclear. TLRs
induce a range of events involved in
antibacterial defense in the lung, including
activation of transcription factors (e.g.,
NF-kB, mitogen-activated protein kinases
[MAPKs], AP-1, and IRF-3) resulting
in up-regulation of proinflammatory
cytokines and chemokines as well as
adhesion molecules important for
recruitment and activation of phagocytes
(Figure 1). Signaling through TLRs also
induces DC maturation and production of
IL-12 and transforming growth factor-{.
The latter cytokine, together with IL-6, can
stimulate the differentiation of ThO to Th17
cells, whereas IL-12 alone can stimulate ThO
cells to Th1 cell differentiation, to generate
effective adaptive immune responses (3, 5)
(Figure 1). On the other hand, pathogens
have developed strategies to avoid and/or
antagonize TLR-mediated defense. Indeed,

a complete understanding of the mechanisms
underlying TLR-mediated immune evasion
by pulmonary bacterial pathogens is critical
to understand the pathogenesis of disease.
Such knowledge will facilitate the design

of therapeutic and/or prevention strategies
against fatal lower respiratory tract infections.
In this review, we discuss the function of
specific TLRs and their signaling molecules in
the pulmonary antibacterial response for
extracellular as well as intracellular bacterial
pathogens (Figure 1, Table 1). In addition,
the potential evasive mechanisms used by
bacteria to modulate TLR signaling in lung
are discussed (Figure 2). Understanding the
mechanisms underlying the evasion of TLR
signaling is critical to design therapeutic
and/or prevention strategies against bacterial
infections in the lungs.

Role of TLRs in Bacterial
Lung Infections: Evidences
from In Vivo Mouse Model

TLR2
TLR2 is a vital member of the TLR family
that forms a heterodimer with either TLR1

or TLR6 to transmit signals (6). The TLR2
complex can recognize the molecular
structures associated with gram-positive
bacteria, gram-negative bacteria,
mycoplasma, mycobacteria, and yeast,
including lipoproteins, lipopeptides,
B-glucan, glycoproteins, and zymosan,
leading to the recruitment of the adaptors
toll-IL receptor domain-containing adaptor
protein (TIRAP) and MyD88 (Figure 1)
(6). Although several molecular patterns
associated with gram-positive bacteria can
activate TLR2 signaling, it appears that
TLR2 complex has a minor role in host
defense against bacterial pathogens. For
example, TLR2 signaling has been
demonstrated to play a role in the
inflammatory response but is dispensable
for bacterial clearance as well as survival
of mice infected with S. pneumoniae (8).
Likewise, in Staphylococcus aureus—-induced
lung infection, survival and bacterial
burden in lungs and other distant organs
of MyD88 knockout mice were similar
compared with wild-type (WT) mice,
although the levels of inflammatory
cytokines and chemokines were diminished
in knockout compared with WT mice (9).
Furthermore, TLR2 mediates only partial
resistance to other pathogens that cause
lung infections, including Legionella
pneumophila (10), Brucella melitensis

(11), and Acinetobacter baumannii (12),
suggesting the importance of TLR2-
independent pathways for the complete
protection of the host. Moreover, although
TLR2 confers an effective protective
response against the lethal intracellular
pathogen Francisella tularensis after
aerosolized infection of mice (13), this
receptor was found to impair host defense
and survival during pulmonary infection
with another intracellular bacterium,
Burkholderia pseudomallei (14).

Despite having the ability to recognize
multiple components of mycobacteria (e.g.,
lipoarabinomannan, lipopeptides), TLR2
does not play a major role in acute resistance
to low-dose Mycobacterium tuberculosis
pulmonary infection (15); however, it does
play a significant role in protection against
chronic M. tuberculosis infection by
inducing recruitment of Foxp3™ regulatory
T cells (Tregs) to the lung (16). TLR2 is also
involved in the induction and maintenance
of a protective Th17 response on infection
with M. tuberculosis in mice. Furthermore,
TLR2 induces expression of IL-23 and
thus in the maintenance of Th17 cell
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Figure 1. Signaling cascades on activation of pattern recognition receptors by pulmonary
pathogens. Plasma membrane-bound Toll-like receptors (TLRs) (TLR1, 2, 4, 5) and endosome
membrane-bound TLRs (TLR9) recognize bacteria in the lungs. After bacterial recognition, TLR2 (with
TLR1 or 6), TLR4 (in association with MD-2 and CD14), TLR5, and TLR9 recruit MyD88, whereas
TLR2 and TLR4 recruit both MyD88 and Toll-IL-1R domain-containing adapter protein (TIRAP). All of
these TLRs activate IL-1 receptor-associated kinase (IRAK) after MyD88 recruitment, followed by
recruitment of tumor necrosis factor receptor-associated factor 6 (TRAF6), ultimately resulting in
activation of the transcription factor nuclear factor-xB (NF-«kB) and mitogen-activated protein kinases
(MAPKSs). MAPK activation, in turn, results in the induction of transcription factors AP-1 and c-fos. In
addition, TLR3 and TLR4 recruit the adaptor TIR-domain—containing adapter-inducing IFN-B (TRIF),
ultimately leading to IRF3-mediated IFN-a/B and inducible nitric oxide synthase (iNOS) production
through the intermediate signaling molecule TRAM, which is the bridging adaptor for TRIF-mediated
signaling. In addition, pulmonary bacterial pathogens release ligands during infection that are
recognized by nucleotide-binding oligomerization domains (NODs) and activate subsequent signaling
pathways leading to NF-kB activation. Furthermore, when stimulated by ligands, the NOD-like
receptor proteins (NLRP) induce activation of effector caspase-1, which cleaves the pro forms of
IL-18 and IL-18. In turn, cytokine activation results in differentiation of naive T cells into Th1, Th17,
or regulatory T cells (Tregs), thereby leading to pulmonary host defense or, in the case of Treg
accumulation, resulting in host pathology. A. baumannii = Acinetobacter baumannii; E. coli =
Escherichia coli; F. tularensis = Francisella tularensis; H. influenzae = Haemophilus influenzae; K.
pneumoniae = Klebsiella pneumoniae; L. pneumophila = Legionella pneumophila; M. tuberculosis =
Mycobacterium tuberculosis; P. aeruginosa = Pseudomonas aeruginosa; S. pneumoniae =
Streptococcus pneumoniae.

or a bacillus Calmette-Guérin strain
containing the RD1 gene of M. tuberculosis,
a region that also encodes the early secreted
antigenic target protein 6 (a predominant
antigen expressed by M. tuberculosis), was
shown to enhance the Th17 response in

a TLR2-dependent manner (18). It is well

responses during M. tuberculosis infection
(17). Also, a potentially key role of TLR2
in the induction of the Th17 response

in an experimental vaccine model of

M. tuberculosis has been identified. Reinfection
with virulent M. tuberculosis (strain
H37Rv) after prior infection with H37Rv
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established that IL-17/IL-17R signaling is
critical for the control of several infectious
diseases of the lung, including lung
infections caused by Klebsiella pneumoniae
and M. tuberculosis (4).

TLR4

TLR4, one of the well-characterized TLRs,
senses LPS of bacteria and induces
pulmonary immunity to many gram-
negative pathogens, including K.
pneumoniae (19), Haemophilus influenzae
(20), Bordetella pertussis (21), and A.
baumannii (22) (Figure 1, Table 1).
Although TLR4 plays an important role in
the induction of host defense against
gram-positive bacterial lung infections,
discrepancies exist between studies that
may be due to different doses, strains,
and/or routes of infection used to induce
bacterial lung infections in mice. For
example, similar to TLR2, TLR4 has

also been demonstrated to up-regulate
inflammatory cytokines in response to

S. pneumoniae and its toxin pneumolysin
(23). TLR4 exerts a protective effect and
improves host survival, based on the
enhanced mortality rate observed in TLR4
knockout mice compared with WT mice.
These protective effects were observed even
after instillation of a high infectious dose
(2 X 107 cfu/mouse) of S. preumoniae via the
nasopharynx (23). Although TLR4 was
protective in terms of survival and bacterial
clearance against low-dose (6,000 cfu/
mouse) intranasal S. pneumoniae challenge,
it was dispensable to protect mice when

a higher dose (60,000 cfu/mouse) was used
(24). Similar to TLR2, TLR4 was not critical
for the control of an acute M. tuberculosis
infection either at low or high doses (15),
although this receptor has an important
role in controlling the bacterial burden
and dissemination and improving host
outcomes during chronic infection (25).

In addition, TLR4 signaling was
observed to be critical for in vivo IL-17
production by CD4" T cells and exerted an
important role in host defense against
K. pneumoniae (26). In support of this, we
demonstrated the requirement of both
MyD88 and TRIF signaling for induction
of IL-17A in the lungs to augment host
defense against K. pneumoniae (27).

TLR5

TLR5 recognizes flagellin, the major protein
moiety of bacterial flagella, and plays a key
role in detecting invasive flagellated bacteria
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Table 1. Role of Toll-like Receptors in Bacterial Lung Infection Using Gene-Deficient Mice

Phenotype*
Lung
Pneumonia Neutrophil Bacterial Bacterial Adaptive Immune
Caused by  Survival Inflammationt  Influx$ Burden Dissemination" Response’ Reference
TLR
TLR2 Streptococcus NA | NA NA NA ND 8
pneumoniae
Legionella 1 NA NA 1 NA 10
pneumophila
Acinetobacter NA NA, IL-6 (1) NA ) NA ND 12
baumannii
Mycobacterium NA ! ND NA NA NA on T-cell activation 15
tuberculosis
(acute)
Mycobacterium ! 1 1 0 ND | Treg accumulation 16
tuberculosis
(chronic)
Brucella NA ND ND ) NA | 1gG production 11
melitensis
Francisella | | ND 1 1 ND 13
tularensis
Burkholderia 1 1 ND l 1 ND 14
pseudomallei
TLR4 Acinetobacter ND ! 1 ) 1 ND 22
baumannii
Haemophilus ND | | 1 ND ND 20
influenzae
Klebsiella l l ND 1 t ND 19
pneumoniae
Klebsiella ND ND ND ND ND Induces IL-17 26
pneumoniae production from both
CD4" and CD8*
T cells
Streptococcus l 1 ND 1 NA ND 23
pneumoniae
Mycobacterium NA NA ND NA ND ND 15
tuberculosis
(acute)
Mycobacterium | 1 1 ) 1 ND 25
tuberculosis
(chronic)
TLR5 Legionella ND 1 l NA ND ND 30
pneumophila
TLR9 Klebsiella 1 ND NA 1 1 | DC accumulation and 31
pneumoniae activation
Legionella ! ND NA ) NA | Accumulation and 32
pneumophila activation of DC and
CD4* T cells
Staphylococcus 1 ND NA 1 ND ND 34
aureus
Pseudomonas 1 ! 1 l ND ND 33
aeruginosa
TLR adaptors
MyD88  Escherichia coli ND ND 1 ND ND ND 74
Klebsiella ! ! 1 ) 1 ND 27
pneumoniae
Legionella ! ! ! ) 1 ND 10
pneumophila
Pseudomonas | | Early, 1 late | 1 1 ND 9
aeruginosa
Staphylococcus NA NA l NA NA ND 9
aureus
Burkholderia NA 1 ) 1 ND 40
pseudomallei
(Continued)
Pulmonary Perspective 725



Table 1. (Continued)

Phenotype*
Lung
Pneumonia Neutrophil Bacterial Bacterial Adaptive Immune
Caused by  Survival Inflammation*  Influx$ Burden Dissemination" Response’ Reference
TIRAP/  Kilebsiella l l l 1 1 ND 75
Mal pheumoniae
Pseudomonas NA NA NA NA NA ND 75
aeruginosa
TRIF Escherichia coli NA ND l ) 1 ND 74
Klebsiella | | | 1 1 ND 27
pneumoniae
Burkholderia NA ND ND ND ND ND 40
pseudomallei

Definition of abbreviations: DC = dendritic cell; NA = not altered significantly; ND = not determined; TIRAP = Toll-IL-1R domain-containing adapter protein;
TLR = Toll-like receptor; Treg = regulatory T cell; TRIF = TIR-domain—containing adapter-inducing IFN-f3.

“Phenotype was determined using gene-deficient (or mutant) mice after infection.

TAdaptive immune response was determined using gene-deficient (or mutant) mice after infection.
*Inflammation was determined in lungs based on different parameters after infection.

SNeutrophil influx was determined in bronchoalveolar lavage fluid and/or lung parenchyma.
"Bacterial dissemination was ascertained as bacterial presence or growth in blood, spleen, or liver.

in the respiratory tract. Myeloid cells such
as alveolar macrophages and neutrophils,
and stromal cells such as epithelial cells

of the respiratory tract, express TLR5 (28).
TLRS5 is crucial for enhanced clearance

of Pseudomonas aeruginosa by alveolar
macrophages (in vitro) and in vivo, an effect
primarily mediated by IL-13 (29). TLR5 is
modestly involved in neutrophil recruitment
and cytokine/chemokine production in
response to pulmonary L. pneumophila
infection; however, TLR5 knockout mice
exhibited no difference in bacterial burden
compared with WT mice (30).

The host defense initiated via TLR5
activation in the lungs was observed not
only against flagellated bacteria but also
against nonflagellated bacteria such as
S. pneumoniae (28). On exogenous
administration of flagellin at the time
of intranasal pneumococcal infection,
resistance to infection, neutrophil
infiltration, and the expression of IL-6,
tumor necrosis factor-a (TNF-a), CXCL1,
CXCL2, and CCL20 were enhanced (28),
suggesting a potential value of flagellin as
a therapeutic agent to control pulmonary
infection.

TLR9

TLR9 senses unmethylated CpG motifs
found in microbial DNA (6). TLR9 plays
both host-protective and detrimental roles
in response to bacterial lung infections.
Unlike other TLRs that orchestrate
neutrophil influx and activation in the lung

726

during lower respiratory tract infections,
TLR9 was found to invoke pulmonary
defense by inducing accumulation and
activation of DCs and macrophages. In this
context, it was demonstrated that TLR9
activation induces the accumulation and
maturation of DCs in addition to activating
lung macrophages and T cells to produce
an effective Th1 response for the control of
lung infections caused by K. pneumoniae or
L. pneumophila (31, 32). Because TLR9

is primarily expressed in DCs and B cells in
mice, and to lesser extent in macrophages,
these above studies (31, 32) may
indicate the involvement of specific cell
type-associated TLRY signaling in
pulmonary defense. Activation of TLR9 has
been shown to prevent the shift of classical
macrophage activation to the alternative
pathway via facilitating the accumulation of
DCs to lung (32). In contrast, a detrimental
role of TLRY during the pulmonary host
response was observed during both

P. aeruginosa and methicillin-resistant

S. aureus pneumonia. For P. aeruginosa,
signaling through TLR9 reduces production
of IL-1B and nitric oxide (NO), impairing
the ability of activated macrophages to
clear bacteria (33). Additionally, during
methicillin-resistant S. aureus pneumonia,
deleterious type I IFN signaling and TNF-a
up-regulation are induced downstream of
TLR9 in DCs (34). Nonetheless, there is

a paucity of information regarding whether
the shift in roles, between host protective
or detrimental, by TLRY is a direct

consequence of recognition of bacterial
CpG DNA during infection or, rather, is
mediated through indirect signaling events.
It is well known, however, that IFN-
y-producing CD4 " Th1 cells are critical for
controlling pulmonary infections due to
M. tuberculosis, and TLR9 may play a role in
this process (4). Thus, TLRY, but not TLR2,
contributes to the generation of Th1 cell
responses in M. tuberculosis-infected mice
via recruitment of IFN-y-producing CD4™
T cells and production of IL-12 from
DCs (35). Of note, IFN-vy is known to
increase the bactericidal activity of
monocytes/macrophages via several
mechanisms, most importantly by
increasing the level of reactive nitrogen
species such as NO (36).

Cross-Talk between Signaling
Downstream of TLRs and Other

PRRs and Non-PRRs in Mice

Multiple, rather than single, TLRs and
associated signaling molecules are required
for full protection against bacterial
pneumonia (6, 27, 35). Moreover,
cooperative interactions between TLRs
and other PRRs exist (Figure 1). For
example, in addition to its role in TLR
signaling, MyD88 is also involved
downstream of cytokines such as IL-1 and
IL-18, and, thus, it is believed that both
TLR-dependent and -independent MyD88
signals cooperate to play a crucial role in
the induction of immune response. In this
regard, mice deficient in MyD88 or IL-1R1
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Figure 2. Regulation of Toll-like receptor (TLR) signaling during bacterial lung infections. Negative
regulators of TLRs (shown in red in pale green ellipses), IL-1 receptor-associated kinase-M (IRAK-M),
suppressor of cytokine signaling 1 (SOCS-1), SOCS-3, cylindromatosis (CYLD), and A20, target
different molecules within the TLR signaling pathway to inhibit their expression or activation. Positive
regulators (shown in blue in darker green ellipses), triggering receptor expressed on myeloid cell 1
(TREM-1), receptor for advanced glycation end products (RAGE), secretory molecules of bacterial

nucleus

secretion system, amplify the TLR signaling response by activating nuclear factor (NF)-kB and/or
mitogen-activated protein kinases (MAPKS). B. pseudomallei = Burkholderia pseudomallei; C.
pneumoniae = Chlamydophila pneumoniae; F. tularensis = Francisella tularensis; H. influenzae =
Haemophilus influenzae; K. pneumoniae = Klebsiella pneumoniae; L. pneumophila = Legionella
pneumophila; P. aeruginosa = Pseudomonas aeruginosa; S. aureus = Staphylococcus aureus;

S. pneumoniae = Streptococcus pneumoniae.

exhibit similar mortality rates within 4
weeks of infection, as well as enhanced lung
bacterial burden, compared with WT mice
after low dose of intrapulmonary M.
tuberculosis infection (37). Furthermore,
MyD88 knockout mice display a more
pronounced defect in IL-13 production
compared with IL-1R knockout mice,
suggesting the involvement of MyD88
signaling in both TLR-mediated and
IL-1R-mediated IL-1p expression (37).
Although several studies have established the
major roles of both TLR-dependent and
-independent MyD88 signaling in pulmonary
defense (5), it is unclear how the TLR-
independent MyD88 signaling axis is involved
in promoting host defense responses.

In addition to the induction of IL-13
and IL-18 by TLRs, evidence suggests that
the NLRs, particularly NOD1, NOD2,
and the inflammasome complex (hetero-
oligomeric structures formed by NLRs
such as NLRC4 and NLRP3) directly or

Pulmonary Perspective

indirectly contribute to the production of
these cytokines (7) (Figure 1). For instance,
during S. pneumoniae pulmonary infection,
IL-1B production was observed to be
dependent on both NLRP3 and TLR2 (38).
IL-18R and MyD88, but not TRIF, have also
been shown to contribute to pulmonary
defense, through induction of IFN-vy, during
fatal B. pseudomallei infection (39, 40). From
these studies, it is clear that MyD88 has
redundant but physiologically important
protective roles in both TLR and non-PRR
signaling during the control of pulmonary
bacterial infections (39).

Role of TLRs in Bacterial
Lung Infection in Humans:
Evidence from Genetic
Variation Studies

Although the signaling pathways and
effector responses initiated by TLRs in the

host response against bacterial lung
infections are much explored in mice,
correlations between TLR family gene
polymorphisms and susceptibility to
bacterial lung infections in humans continue
to emerge. However, few case-control

or genetic association studies of TLR
polymorphisms (e.g., single nucleotide
polymorphisms [SNPs]) and bacterial
infection susceptibility conducted in human
subjects of different races and geographical
areas have identified a protective role for
TLRs (shown in Table 2). Moreover,

some existing data indicate a potentially
deleterious role for TLRs, similar to that
observed in mouse models. Consistent
with a minor role (if any) for TLR2 in
pneumonia in mice, a TLR2 SNP
(Arg753GlIn) in humans was found not to
affect susceptibility to S. aureus infections,
including but not limited to pneumonia,
in a large case-control study conducted

in the UK (41); however, this SNP was
observed to enhance the risk of developing
tuberculosis among a Turkish population
(42). Similarly, the TLR2 Arg677Trp SNP and
insertion (I)/deletion (D) polymorphism
(-196 to -174) were associated with
tuberculosis in the Tunisian population, and
white and African populations, respectively
(43), underscoring the importance of TLR2 in
the control of tuberculosis in humans.

Two common TLR4 polymorphisms
(D299G and T399I), which are in linkage
disequilibrium, are associated with LPS
hyporesponsiveness (44) and enhanced
susceptibility to sepsis due to gram-negative
bacterial infections (45). Moreover, both
polymorphisms have been shown to confer
resistance to L. pneumophila pneumonia
(46), suggesting the examples of balanced
polymorphism where the D299G or T3991
polymorphism has opposing (favorable
and deleterious) effects depending on the
environment, which may permit these
SNPs to be retained at relatively high rates
in the human genome. Another study
demonstrated that a common stop codon
polymorphism in the ligand-binding
domain of TLR5 confers an inability
to respond to flagellin and increased
susceptibility to Legionella pneumonia (47).
In contrast, a large case-control study
conducted in the Thai population suggested
that SNP TLR5;,74c = T is associated
with reduced organ failure and improved
survival of B. pseudomallei-infected
patients and further suggested that such
a protective effect among carriers of
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Table 2. Toll-like Receptor Polymorphism and Suscepitibility to Bacterial Lung

Infection in Humans

Host Response

Pathogens (Pulmonary) to
Polymorphism Studied Infection Reference
TLRs
TLR2 Arg753GiIn Staphylococcus No impact 41
aureus
Arg753GIn Mycobacterium Susceptible 42
tuberculosis
TLR4 D299G and T399I Gram-negative Susceptible 45
bacteria
D299G and T399I Legionella Resistance 46
pneumophila
TLR5 Stop codon SNPs Legionella Susceptible 47
(11747 pneumophila
and 1775G)
1174C > T Burkholderia Resistance 48
pseudomallei
TLR6 rs5743808 (359T > C) Legionella Susceptible 76
pneumophila
TLR9 rs352139 (A > G) Mycobacterium Susceptible 77
tuberculosis
TLR signaling molecules
MyD88  In-frame MYD88 Streptococcus Susceptible to 50
deletion or pneumoniae pyogenic
missense mutations  Staphylococcus infections (ND)
aureus
Pseudomonas
aeruginosa
IRAK-4  Deletion (82ldelT) or Streptococcus Susceptible to 49
substitution pneumoniae pyogenic
(0293X) in IRAK-4 Staphylococcus infections (ND)
aureus
TRIF/Mal
TIRAP S180L Streptococcus Protective to 78
pneumoniae invasive
Mycobacterium pneumococcal
tuberculosis disease
and

tuberculosis

Definition of abbreviations: ND = not determined; SNP = single-nucleotide polymorphism; TIRAP =
Toll-IL-1R domain-containing adapter protein; TLR = Toll-like receptor; TRIF = TIR-domain-

containing adapter-inducing IFN-.

TLR5,,74¢c > T variant might be mediated
via reduced production of IL-10 (48).

In addition to the association studies
of TLR polymorphisms and disease
susceptibility, available information
regarding the impact of primary genetic
deficiencies in TLR signaling molecules on
disease outcomes underscores the critical
role of TLRs in host defense. For example,
similar to that seen in MyD88 or IL-1
receptor-associated kinase (IRAK)-4
knockout mice, a weaker immunological
response and increased susceptibility to
pyogenic infection caused by S. pneumoniae
and S. aureus were observed in children
with inherited MyD88 or IRAK-4
deficiencies (49, 50). However, whether
such deficiencies also make children more
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vulnerable to pneumonia or pneumonia-
associated complications such as sepsis is
not known. Moreover, patients with IRAK-
4 deficiency appear to improve with age,
where other compensatory mechanisms,
such as T-cell and B-cell responses, appear
to provide patients with host defense
against common microbial pathogens,
including pulmonary bacteria (49),
suggesting that the age of patients has
a definitive role in phenotypic expression
of IRAK-4 polymorphism.

The conflicting reports regarding
the effect of various TLR polymorphisms
on disease susceptibility likely relates
to differences in the pathogens and
populations studied as well as small sample
sizes without statistical adjustments for

multiple comparisons and validation by
independent cohorts in some studies.
Finally, in contrast to monogenic diseases,
TLR polymorphisms likely interact with
other genetic predispositions as well as
environmental factors in a complex manner to
either predispose or confer protection to disease
(51). Future investigations will be required

to define the mechanisms underlying these
discrepant responses of TLRs to pulmonary
infections in both humans and mice.

Methods Used by Pathogenic
Pulmonary Bacteria to
Circumvent TLR Signaling
and Promote Infection in
Mice and Humans

Although TLRs are key in generating
protective host response against bacterial
infections in the lung, their expression and
function can be modulated by different
extrinsic (i.e., bacterial origin) and intrinsic
(i.e., induced/activated in the host by
bacteria) regulators (Figure 2), which
eventually give the pathogens the upper
hand over the hostile environment of host
and thus promote infection. Pulmonary
bacteria exploit a plethora of built-in
regulators, such as those of the bacterial
secretion system, to modulate TLR
signaling. In addition, the use of intrinsic
regulators to modulate TLR responses
varies among pathogens and may depend
on a pathogen’s virulence strategy in the
host. In either case, TLR signaling can

be regulated to either provoke or down-
regulate immune effects (52). In the former
case, it may occur via over-activation of
signaling molecules or transcription factors
by bacterial effectors directly (53) or
indirectly via up-regulation of positive
regulators in the host, such as the
Triggering Receptor Expressed on Myeloid
cell 1 (TREM-1), an amplifier of TLR-
mediated inflammation (52). Furthermore,
microarray-based analyses have shown the
direct involvement of the Dot/Icm type IV
secretion system of L. pneumophila in the
activation of NF-kB and MAPKs (53).
The Dot/Icm system of L. pneumophila is
known to translocate a large number of
effectors that can modulate host cell
functions (53). Through this secretion
system, L. pneumophila may prolong the
activation window of NF-kB and MAPKs
leading to the inhibition of apoptosis,

a critical host defense mechanism for the
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control of this pathogen (53); however,
involvement of these phenomena during
in vivo pulmonary L. pneumophila infection
is less well understood. P. aeruginosa
has been observed to use such
hyperinflammation-mediated strategies,
including the type III secretion system,

for its survival and growth in a murine
pneumonia model (54). This includes

the promotion of unrestrained IL-18
production, which exacerbates acute

lung inflammation and attenuates IL-17
production and IL-17-driven antimicrobial
peptide production (54).

Studies have shown a significant
correlation between TREM-1 up-regulation
and poor disease outcome among patients
with pneumonia caused by S. pneumoniae,
S. aureus, P. aeruginosa, H. influenzae,
or B. pseudomallei (55, 56). Similarly, the
receptor for advanced glycation end
products (RAGE), a TLR amplifier
with a structure similar to TREM-1, is
up-regulated in the lungs during
S. pneumoniae pneumonia in mice and
enhances the pulmonary inflammatory
response resulting in reduced bacterial
clearance and enhanced dissemination (57).
Although the mechanisms underlying
TREM-1- and RAGE-mediated dampening
of antibacterial defense remain to be
defined, it is possible that hyperinflammation
caused by these inflammatory regulators
may interfere with cell survival or bacterial
killing mechanisms and thus hamper
bacterial elimination.

It is believed that bacteria can use
various strategies to down-regulate host
TLR signaling. One common mechanism is
by directly abrogating the expression or
function of TLRs and/or TLR signaling
molecules via negative regulators, whereas
other strategies likely include: (1) evading
the TLR recognition, and (2) inducing the
production of antiinflammatory cytokines
(e.g., IL-10).

Bacteria can induce negative regulators
in the host, resulting in down-regulation of
TLRs or their signaling molecules during
infection. For example, expression of the
suppressor of cytokine signaling 1 (SOCS-1),
a negative regulator that targets the Mal/
TIRAP adaptor for degradation, is induced
by Chlamydophila pneumoniae in a STAT-1
and IFN-af3-dependent manner in lungs
and attenuates the host inflammatory
response and bacterial clearance by
interfering with secretion of IFN-y and
consequent NO production (58). Similarly,
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involvement of cylindromatosis (CYLD),
a deubiquitinating enzyme that causes
target molecule degradation, in host defense
and survival against S. pneumoniae has
been demonstrated and likely occurs via
regulation of p38 MAPK activity (59).
Furthermore, the early lethality induced
by S. pneumoniae during pneumonia is
believed to be caused by its toxin,
pneumolysin, which may act through
CYLD induction (59). In addition,

CYLD has also been observed to impair
inflammatory responses during
nontypeable H. influenzae lung infections
via inhibition of NF-kB activation caused
by the deubiquitination of the upstream
TRAF 6 and 7 molecules (60).

Rather than targeting TLR signaling
molecules for degradation, some negative
regulators inhibit the activity of these
molecules, leading to impairment of
subsequent downstream signal transduction
and host defense. For example, signals from
CD44 (a transmembrane receptor that can
bind hyaluronic acid) have been shown to
impair various components of host defense
during gram-negative pneumonia (61), but
not gram-positive pneumonia (62), by
inducing expression of negative regulators
(e.g., A20, IRAK-M etc.) (Figure 2).
Similarly, the importance of single
immunoglobulin IL-1 receptor-related
molecule (SIGIRR), a transmembrane
molecule that inhibits TLR signaling, in
attenuating the antibacterial response was
observed in pneumococcal pneumonia (63),
whereas its deficiency proved beneficial
for survival and bacterial clearance during
P. aeruginosa-induced pneumonia (64),
indicating the nonredundant but specific
role of this negative regulator in lower
respiratory tract infection. Additionally,

S. pneumoniae and Klebsiella both exploit
host IRAK-M, a regulator that inhibits the
activity of IRAKs, to evade pulmonary
immune responses (65, 66). Additionally,
it has recently been shown that

M. tuberculosis suppresses Thl activation
via DAP12-mediated induction of IRAK-M,
which in turn induces IL-10 expression by
antigen-presenting cells (67).

Some pulmonary bacteria, such as
L. pneumophila, C. pneumoniae, and
B. pseudomallei, possess unusual lipid A
moieties in their LPS or express tetra-
acylated LPS structure in vivo during
infection (Francisella tularensis and
Yersinia pestis) to evade recognition by host
TLR4 (Figure 2). In fact, the decreased

stimulatory nature of LPS from these
pathogens is similar to the muted immune
response seen during lung infections in
TLR4- or TRIF-deficient mice (40, 68).
Although these bacteria can trigger other
TLRs (e.g., TLR5 and TLR2), failure to
stimulate TLR4 signaling, and in particular,
to activate TRIF, has a substantial effect on
many host defense phenomena, such as
induction of autophagy (69), neutrophil
recruitment (27), and expression of
inducible nitric oxide synthase (36).

It is well known that TLR stimulation
produces IL-10 and thus can inhibit
the production of key proinflammatory
cytokines and chemokines. Accordingly,
accumulating data suggest that the
expression of IL-10 is detrimental to the host
during bacterial pneumonia. In this regard,
one study has shown that overexpression of
IL-10 in the lung impaired the survival
of mice in response to P. aeruginosa
pneumonia (70), whereas neutralization of
IL-10 with anti-IL-10 serum improved
survival of mice with K. pneumoniae
pneumonia (71). Furthermore, IL-10
expression correlated with decreased
antibacterial responses, such as reduced
cytokine/chemokine expression and
bacterial clearance, in these studies (70, 71).
Moreover, IL-10 up-regulation was
observed to correlate with reduced IFN-vy
expression, leading to increased bacterial
burden and mortality in neutrophil-
depleted mice with either L. pneumophila
(72) or M. tuberculosis infections (73),
suggesting a pivotal negative role of IL-10
in neutrophil recruitment and reversion of
the Th2 response back to a Thl response.

Conclusions

Although bacterial lung infections continue
to be a major global public health threat, the
immunopathogenesis of bacterial lung
infections remains poorly understood. It is
now appreciated that TLRs not only trigger
host innate responses but also regulate
specific adaptive immune responses. TLRs
are critical receptors in the induction of
protective pulmonary immune responses in
humans and mice. Although the detrimental
roles played by TLRs during bacterial
pneumonia have only recently been
uncovered, it is now clear that the host/
pathogen interaction in the lung dictates
whether activation of TLRs will be
protective or detrimental to the host. Thus,
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it is imperative that we broaden our
knowledge on the regulation of TLR-
mediated immune responses to lung
infection. Generally, pathogens are believed
to exploit a variety of regulators to
modulate TLR signaling and interfere with
host responses, but controversies and
discrepancies still exist regarding the cellular

and molecular mechanisms. As our
understanding of the interplay between
TLR signaling and bacterial pneumonia
grows, the ultimate goal of applying this
knowledge to the development of better
therapeutic options for the treatment of
bacterial pneumonia may be realized.
Host-targeted immunotherapies are

a promising new strategy to fight
infectious diseases because of the
emergence of antibiotic resistance and
the necessity to include pathogen
evolution in vaccines.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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