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A
	

bstract. Both the increasing number of immunocompromised patients susceptible to pneumonia and th


e devel-

o� pment of bacterial resistance are significant problems related to the treatment of pneumo� nia. The primary
o� utcome of treatment for pneumonia is to tip the balance towards a successful host response. An ideal approach
w� ould be a combination of immunomodulation and conventional antimicrobial therapy. It is of increasing import-
a
 nce to understand the components of innate immunity, before immunomodulatory therapy ca
 n be applied to
p� atients. Much of our knowledge of the role of alveolar macrophages, cytokines and chemokin� es in the pathogen-
e� sis of pneumonia is derived from animal studies on experimental pneumonia. This article summarizes current
information on the role of an alveolar macrophage (AM) and AM-derived mediators in host defense against
p� neumonia.
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Introduction

B
�

acteria may invade the lower respiratory tract by
a
 spiration of oropharyngeal organisms, inhalation of
a
 erosols containing bacteria, or, less frequently, by he-
m� atogenous spread from a distant body site. In addi-
t

�
ion, bacterial translocation from the gastrointestinal

t
�
ract, most frequently through gastric aspiration, has

b
�
een hypothesized as a mechanism for infection. Bac-

t
�
eria can also gain entry into the lower respiratory tract

o� f hospitalized patients through inhalation of aerosols
g� enerated primarily by contaminated respiratory-ther-
a
 py or anesthesia breathing equipment. Both the grow-
ing number of immunocompromised patients suscep-
t

�
ible to pneumonia and the development of bacterial

resistance are significant problems related to the treat-

ment of pneumonia. The primary outcome of treatment
for pneumonia is to tip the balance towards a successful
h



ost response. Immunotherapy may serve as an import-

a
 nt adjuvant to antibiotic therapy in the treatment of
i

�
nfectious diseases. More specifically, immunotherapy

a
 imed at modulating the pulmonary host response may
b

�
e a novel therapeutic approach for pneumonia. How-

e� ver, before such immunotherapies can become a seri-
o� us tool in the treatment of severe pneumonia, know-
ledge of the immune host defense needs to increase.

T
�

he normal pulmonary host defense includes both
innate and acquired immune responses. While the in-
nate immune system, consisting of structural defenses,
a
 ntimicrobial molecules generated in the airways, and
p� hagocytosis by resident alveolar macrophages (AM)
a
 nd recruited polymorphonuclear cells (PMN), is pri-
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m� arily responsible for the elimination of bacterial pa-
t

�
hogens from the alveolar spaces, the specific immune

system, consisting of antigen-specific cell-mediated
a
 nd antibody-mediated immune responses, is involved
in the eradication of encapsulated pathogens as well as
t

�
hose that survive after phagocytosis. The first line of

d
�
efense during respiratory tract infection is the AM. At

low levels of bacterial challenge, or challenge with low-
-virulent bacteria, AM are capable of eradicating the
i

�
nvading pathogens. At higher inoculums, or challenges

w� ith more virulent pathogens, these cells become over-
w� helmed and are unable to overcome the invasion.
T

�
hen, a complex network of cytokines is activated,

necessary for the recruitment and activation of PMN
a
 nd monocytes. After initiation, the innate immune re-
sponse needs to be restricted to the site of infection, and
d

�
uring the resolution of infection the immune response

needs to be reinforced and, finally, resolved. Numerous
c� ytokines have been implicated in the initiation and
reinforcement of pulmonary host defense (e.g. tumor
n� ecrosis factor α (TNF), interleukin 1β (IL-1β)

�
, IL-6,

I
�
L-10, interferon γ�  (IFN-γ� )

�
 and cytokines with chemo-

t
�
actic activities).

C
�

onsiderable evidence suggests that the success of
a
  particular immunomodulating therapy during pneu-
monia can be dependent on the causative pathogen.
T

�
his may be of influence on the future use of immuno-

-modulating strategies. In this review, the role of AM
a
 nd cytokines in innate immunity against different res-
p� iratory pathogens will be discussed.

T
�

he Principle Accessories of Innate Immunity

Alveolar macrophages

I
�
n the respiratory tract, AM respond to pathogens

b
�
y two means. First, AM directly bind, phagocytose,

a
 nd kill pathogens. Second, AM secrete a large range
o� f mediators, some acting directly on the pathogens,
w� hile others, such as chemokines, exert their effects
indirectly by recruiting other components of the host
d

�
efense system. Therefore, AM (or AM-derived sub-

stances) play a crucial role in the pathogenesis of acute
l

 
ung injury during pneumonia. The crucial role of AM

in the recruitment of PMN in response to invading pa-
t

�
hogens or their products has become clear from several

studies23, 24. The role of AM as regulators of inflamma-
t

�
ion has been illustrated by studies demonstrating that

AM engulf apoptotic PMN and release anti-inflamma-
t

�
ory mediators11, 42. These data indicate that the role of

AM in host defense is not limited to the generation of

t
�
he initial inflammatory response, but extends to regu-

lation of inflammation, including elimination of phago-
c� ytosed pathogens.

Cytokines

A
!

M and recruited PMN orchestrate the immune re-
sponse by initiating a complex network of pro-inflam-
matory and anti-inflammatory cytokines. Cytokines can
b

�
e considered to be involved in the early response after

t
�
he recognition of a pathogen (e.g. the pro-inflamma-
t

�
ory cytokines TNF and IL-1β)

�
, in the recruitment of

i
�
mmune cells to the site of infection (chemokines, such

a
 s IL-8), or in the activation of AM and recruited PMN
(e.g. pro-inflammatory cytokines, such as IFN-γ� , IL-12,
I

�
L-17, IL-18, cytokine with both anti- and pro-inflam-

matory activities, such as IL-6, and anti-inflammatory
c� ytokines, such as IL-10).

TNF and IL-1β."  The pro-inflammatory cytokine
TNF activates both AM and PMN, leading to
a
 ugmented phagocytosis, oxidative burst, protein re-
l

 
ease and bacterial killing3

�
, 37. TNF contributes to the

recruitment of PMN by stimulating the expression of
a
 dhesion molecules3

�
7, 56 and inducing the production of

c� hemokines2
�
7, 40. IL-1β is another potent pro-inflamma-

t
�
ory cytokine that has been implicated in numerous

p� hysiological processes as well as in inflammatory dis-
e� ases15. IL-1β is an important mediator of pulmonary
inflammation induced by bacteria and bacterial pro-
d

�
ucts. IL-1β is produced in the lungs after intratracheal

a
 dministration of lipopolysaccharide (LPS), and inhibi-
t

�
ion of IL-1 activity attenuates lung inflammation

c� aused by LPS6
#

1, 62. In addition, recombinant IL-1
c� auses neutrophil infiltration in the lung comparable to
LPS6

#
2, 63.

TNF and IL-1β have both been studied in pulmonary
h



ost defense. Increased expression of TNF and IL-1β

has been observed in bacterial pneumonia, both in hu-
m� ans13 and in animals6

#
, 19, 35, 55, 64. Several lines of

e� vidence suggest that TNF is an important component
o� f host defense in bacterial pneumonia1, 2, 6, 35, 53, 55, 64.
Similar data exist for IL-143, 49.

Chemokines. Chemokines are low-molecular-weight
c� ytokines involved in the recruitment of immune cells
t

�
o the site of infection. CXC chemokines (e.g. IL-8,

e� pithelial neutrophil-activating protein (ENA)-78 in hu-
mans; macrophage inflammatory protein (MIP)-2 and KC
in mice) exhibit chemotactic and activating effects on
P

$
MN.

Elevated levels of IL-8 have been found in the bron-
c� hoalveolar lavage fluid of patients with pneumonia5

%
, 45,

a
 nd IL-8 levels correlated with PMN counts in, and
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P
$

MN chemotactic activity of, pleural fluid8. Similarly,
e� levated chemokine levels have been detected in the
lungs of mice with pneumonia22, 33, 43, 50, 51, 59. Several
studies suggest a regulatory role for chemokines in
p� neumonia. Administration of chemokine-neutralizing
a
 ntibodies resulted in a reduction in PMN influx, which
w� as associated with an impaired bacterial clearance
from the lungs, and an increased incidence of bactere-
mia in several murine pneumonia models22, 38, 58,
w� hereas local chemokine over-expression in the lungs
o� f transgenic mice led to an increase in PMN influx
a
 fter intratracheal administration of bacteria, which was
a
 ssociated with a striking improvement in survival, in-
c� reased bacterial clearance from the lungs, and reduced
i

�
ncidence of bacteremia5

%
9.

I
&
FN-γ�  and IL-12. IFN-γ�  is a cytokine mainly pro-

d
�
uced by antigen-activated T and natural killer (NK)

c� ells. The secretion of IFN-γ�  is induced by TNF and
I

�
L-12. IFN-γ�  exerts several immune regulatory acti-

v' ities, including activation of phagocytes, stimulation
o� f antigen presentation by increasing the expression of
m� ajor histocompatibility complex (MHC) molecules
c� lass I and II on antigen-presenting cells, orchestration
o� f leukocyte-endothelium interactions, and stimulation
o� f the respiratory burst4

(
, 39. Macrophages are stimulated

b
�
y IFN-γ�  to secrete TNF and IL-12, setting up a para-

c� rine positive-feedback cycle4.
The production of the pro-inflammatory cytokine

IFN-γ�  has been found to be enhanced during murine
p� neumonia20, 44, 46, 50, 60, 64, 68. Similarly, the expression
o� f another pro-inflammatory cytokine, IL-12, is en-
hanced in bacterial pneumonia20, 44. The roles of IL-12
a
 nd IFN-γ�  in host defense during pneumonia have been
d

�
emonstrated in different animal studies2

�
0, 30–32, 36, 44, 46, 50.

IL-6. IL-6 is both a pro-inflammatory and an anti- 
-inflammatory cytokine. The production of IL-6 is
u) nder the influence of TNF and IL-1β. Many cell types,
including macrophages, T and B cells, and parenchy-
m� al cells, produce IL-6. IL-6 is produced in the lung
d

�
uring pneumonia5

%
. Evidence for the importance of IL-6

in host defense during pneumonia was obtained from
o� ne animal study6

#
5.

I
&
L-10. IL-10 is a cytokine that attenuates the pro-

d
�
uction of TNF, IL-1β, chemokines, IFN-γ� , and IL-12,

a
 nd has potent inhibitory effects on PMN, resulting in
reduced phagocytosis and bactericidal killing3

�
4, 40, 41.

IL-10 is produced in the pulmonary compartment in
mice with pneumonia21, 66. Considerable evidence
e� xists that the anti-inflammatory cytokine IL-10 plays
a
  detrimental role in the clearance of bacteria during
p� ulmonary infections21, 66.

R
*

esults of Immunomodulating Strategies: 
Animal Studies

U
+

ntil now, several immunomodulating therapies
have been applied to animals with experimental respir-
a
 tory tract infections. Results of immunotherapies de-
p� end on the causative pathogen (Table 1).

S
,

treptococcus pneumoniae pneumonia

C
�

onsiderable evidence exists for the importance of
AM in the host defense against this pathogen. We re-
c� ently demonstrated that depletion of AM resulted in
i

�
mpaired survival of mice in a S

,
. pneumoniae pneu-

monia model2
�
9. The detrimental outcome was accom-

p� anied by pronounced elevations of pro-inflammatory
c� ytokines (TNF, IL-1β)

�
 and the chemokine KC, en-

hanced recruitment of PMN, and excessive inflamma-
t

�
ion in the lungs as indicated by histopathology. In this

model, we observed no difference in bacterial spread2
�

9.
W

-
e, and others, have demonstrated that systemic

neutralization of TNF attenuated host defense in pul-
m� onary bacterial infections with S

,
. pneumoniae, result-

ing in increased mortality5
%

5, 64. Similar data exist for
I

�
L-1. After a bacterial challenge, IL-1 receptor type I

d
�
eficient mice demonstrated an impaired clearance of

S
,

. pneumoniae and a reduced capacity to form inflam-
matory infiltrates43. Of considerable interest, treatment
w� ith a neutralizing anti-TNF antibody made IL-1 re-
c� eptor (R) deficient mice extremely susceptible to
p� neumococcal pneumonia, more so than I

&
L-1 R

. –/– mice
t

�
reated with a control antibody and wild-type mice

t
�
reated with anti-TNF (Fig. 1)4

(
3. These data indicate

t
�
hat the concurrent action of TNF and IL-1 is required

Table 1. The role of alveolar macrophages and cytokines in host
defense during respiratory tract infections with three different pa-
thogens

S
/

. pneu-
moniae

K
0

. pneu-
m1 oniae

P. aerugi-
n2 osa

Alveolar macrophages
TNF
IL-1β

3

CXC chemokines
IL-10
IL-6
IL-12
IL-17
IL-18
IFN-γ4

+
+
+
?
–
+
0

5

?
+

+/–

?
+6

?
+6

–
?
+6

+6

?
?

–
+6 /–
–
+

+6 /–
?

7

?
7

?
7

?
7

+6 /–

+ beneficial role in case of respiratory infection with the specified
pathogen; – detrimental role in case of respiratory infection with the
specified pathogen; +/– conflicting data; ? no data available; 0 no
effect. See text for details.
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f
8
or an adequate host defense against pneumococcal

p� neumonia.
I

�
nvestigations examining the role of IL-12 and IFN-γ�

in host defense during pneumococcal pneumonia re-
v' ealed different data. IL-12–/– mice had a normal host
d

�
efense against S

,
. pneumoniae, i.e. bacterial spread in

lung tissue and survival were similar to wild-type mice
in a pneumonia model with this pathogen3

�
6. The role of

I
�
FN-γ�  in the setting of pneumococcal pneumonia is less

c� lear. Whereas in one study IFN-γ� –/– mice demonstrated
higher mortality compared with wild-type mice46, other
d

�
ata suggest that endogenous IFN-γ�  may impair an ef-

fective pulmonary defense in pneumococcal pneumon-
ia, since pulmonary clearance of S

,
. pneumoniae was

a
 ttenuated in I
&
FN-γ�  R

. –/– mice as well as in I
&
FN-γ� –/– mice

c� ompared with wild-type mice4
(

4.
IL-18 deficient mice demonstrated a reduced clear-

a
 nce of S
,

. pneumoniae and were more susceptible to
p� rogression to systemic infection at 24 and 48 h after
i

�
ntranasal challenge with this pathogen3

�
6. Although sur-

v' ival was not different between knock-out mice and
w� ild-type mice, these data suggest that IL-18 plays
a
  protective role in the early host response during pneu-
m� ococcal pneumonia.

Evidence of the importance of IL-6 in host defense
d

�
uring pneumonia was obtained from a study on pneu-

m� ococcal pneumonia in I
&
L-6–/– mice6

#
5. I

&
L-6–/– mice had

more bacteria in their lungs after intranasal challenge
w� ith this pathogen, and died significantly earlier than
n� ormal mice (Fig. 2).

The anti-inflammatory cytokine IL-10 plays a det-
r9 imental role in the clearance of bacteria during pul-
m� onary infections. Administration of exogenous IL-10
reduced survival and increased the spread of bacteria in
t

�
he lungs of mice with S

,
. pneumoniae pneumonia6

#
6.

C
�

onversely, neutralization of endogenous IL-10 led to an
e� nhanced clearance of bacteria and improved survival in
m� ice with pulmonary infection with S

,
. pneumoniae6

#
6.

K
:

lebsiella pneumoniae pneumonia

As in pneumococcal pneumonia, systemic neutral-
i

�
zation of TNF attenuated host defense in pulmonary

b
�
acterial infections with K

:
. pneumoniae, resulting in

d
�
ecreased survival3

�
5, while augmentation of the local

e� xpression of TNF in the lungs through gene therapy
significantly diminished mortality and enhanced bac-
t

�
erial clearance from the pulmonary compartment dur-

i
�
ng severe pneumonia with this pathogens5

%
3.

Several studies have suggested a regulatory role for
c� hemokines in Klebsiella p� neumonia. Administration
o� f chemokine-neutralizing antibodies resulted in a re-
d

�
uction in PMN influx, which was associated with an

a
 ttenuation of bacterial clearance from the lung and an
i

�
ncreased incidence of bacteremia in K

:
lebsiella pneu-

monia models22, 38, 58, whereas local chemokine over- 
-expression in the lungs of transgenic mice led to an
i

�
ncrease in PMN influx after intratracheal administra-

t
�
ion of bacteria, which was associated with a striking
improvement in survival, increased bacterial clearance
f

8
rom the lungs, and reduced incidence of bacteremia5

%
9.

The role of IL-12 in host defense against K. pneu-
m; oniae has been investigated in a murine pneumonia
m� odel with this pathogen. Neutralization of IL-12 led
t

�
o reduced bacterial clearance and increased mortality

Fig. 1. The roles of IL-1 and TNF in lethality induced by pneumo-
c< occal pneumonia. Survival of mice, inoculated with 105

=
 CFU

S
/

. pneumoniae. Mice were treated with a neutralizing anti-mouse
TNF mAb at T = –2 h and T = 24 h, 0.5 mg per mouse, or an
e> quivalent amount of an isotype-matched control mAb. N=12–15
p? er group. *  p<0.05 vs. wild-type mice; † p<0.05 vs. I

@
L-1 R

A –/– mice;
# p<0.05 vs. wild-type mice and anti-TNF

Fig. 2. Induction of pneumonia in normal mice by intranasal ino-
culation with S. pneumoniae resulted in sustained IL-6 levels in
lungs (■-■) and plasma (•-•)

B
 (A). IL-6-deficient mice (•-•) died

significantly earlier from pneumococcal pneumonia than normal
mice (o-o) after an intranasal bacterial challenge (B). Lungs (C

C
)

B
 and

blood (D) harvested from IL-6 deficient mice (solid bars) 40 h after
inoculation contained more S. pneumoniae CFU’s compared with
normal mice (open bars)
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o� f mice with K
:

. pneumoniae pneumonia, while overex-
p� ression of IL-12 reduced mortality20.

The release of IL-17 in the lungs in K. pneumoniae
p� neumonia has been demonstrated recently6

#
7. I

&
L-17 R–/–

mice were extremely sensitive to intranasal K. pneu-
m; oniae, with 100% lethality after 48 h compared with
4

D
0% mortality in control mice. The I

&
L-17 R–/– mice

d
�
isplayed a significant delay in PMN recruitment into

t
�
he lungs, associated with significant reductions in local

g� ranulocyte colony-stimulating factor and MIP-2 le-
v' els6

#
7. From these data it can be concluded that IL-17

signaling is critical for the host defense against
K

:
. pneumoniae.

C
�

omparable to the role of IL-10 in pneumococcal
p� neumonia, evidence exist that the anti-inflammatory
c� ytokine IL-10 plays a detrimental role in the clearance
o� f bacteria during infections with K. pneumoniae: Neu-
t

�
ralization of endogenous IL-10 led to the enhanced

c� learance of bacteria and improved survival in mice
w� ith pulmonary infection with this pathogen21.

M
E

ycoplasma pneumonia

In a murine Mycoplasma pneumonia model, AM
d

�
epletion in mice resulted in an enhanced spread of

Mycoplasma from the lungs26. In this study, AM deple-
t

�
ion exacerbated the M

E
ycoplasma infection in M

E
yco-

pF lasma-resistant mice by reducing the killing of the
p� athogen to a level comparable to that in Mycoplasma-
-susceptible mice without AM depletion, suggesting that
d

�
efective AM function is the likely explanation for the

d
�
ifference between susceptible and resistant mice. In-

t
�
erestingly, higher levels of PMN in lavage fluids were

recovered from the AM depleted mice, indicating that
t

�
he differences in the killing of the invading pathogen

c� ould not be explained by an effect on neutrophil re-
c� ruitment. Furthermore, depletion of AM in a K

:
. pneu-

m; oniae pneumonia model in mice influenced mortality
d

�
ramatically, with 100% lethality after 3 days in AM

d
�
epleted mice compared with 100% long-term survival

in non-depleted mice9
G
. This was accompanied by an

increased spread of K. pneumoniae from lungs and
b

�
lood in AM depleted mice and, similar to the former

study, an increase in PMN influx into the pulmonary
c� ompartment together with elevated levels of TNF and
MIP-2. Decreased bacterial clearance in this murine
Klebsiella pneumonia model was confirmed by others10.

Legionella pneumophila pneumonia

C
�

ellular immunity in concert with cytokine and
c� hemokine responses is believed to be essential for the

r9 esolution of infection with this pathogen, since intra-
c� ellular growth is a critical characteristic of L. pneumo-
pF hila. TNF plays an important role in the resolution of
L

H
egionella pneumonia, as inhibition of endogenous

TNF activity, via in vivo administration of TNF-neutra-
lizing antibody, resulted in enhanced growth of L. pneu-
m; ophila6

#
. Furthermore, important roles for IFN-γ� 14, and

IL-127
I
 have been found. The role of chemokines was

recently investigated in a murine Legionella pneumonia
m� odel5

%
7. Administration of anti-KC or anti-MIP-2 anti-

b
�
ody resulted in an approximately 20% decrease in

neutrophil recruitment on day 2. This did not influence
m� ortality. In contrast, blockade of CXC chemokine re-
c� eptor 2 (CXCR2), a receptor for CXC chemokines,
such as KC and MIP-2, strikingly enhanced mortality.
I

�
nterestingly, anti-CXCR2 antibody did not affect bac-

t
�
erial growth on day 2, even in the presence of a lethal

c� hallenge of L. pneumophila. Unexpectedly, a signifi-
c� ant decrease in IL-12 levels, in contrast to the in-
c� reases in KC, MIP-2, and LIX levels, was demon-
strated for CXCR2-blocked mice5

%
7. These data indicate

t
�
hat CXCR2-mediated neutrophil accumulation plays

a
  crucial role in the host defense against Legionella
p� neumonia. The decrease in the levels of IL-12 may
e� xplain the high mortality in the setting of reduced neu-
t

�
rophil recruitment.

P
J

seudomonas aeruginosa pneumonia

C
�

ompared with studies on the above-mentioned res-
p� iratory pathogens, studies on the effect of immuno-
modulating therapies in Pseudomonas pneumonia de-
m� onstrate opposite results.

In a murine pneumonia model with P. aeruginosa,
AM depletion resulted in higher local chemokine le-
v' els, a prolonged inflammatory PMN recruitment, and
a
  delayed bacterial clearance compared with control
mice3

�
3. Furthermore, destruction of alveolar structures

a
 nd thickening of the interstitial spaces were evident in
t

�
he AM depleted mice. In contrast to the respiratory

infections with S
,

. pneumoniae or Mycoplasma spp.,
however, it was also demonstrated that, early after the
i

�
nitiation of pneumonia, AM depleted mice had lower

c� oncentrations of chemokines and less PMN in BALF,
a
 nd a significant improvement in lung edema compared
w� ith control mice. Importantly, although AM-depletion
improved early-phase inflammation, late survival was
not altered.

W
-

hile endogenous TNF was important for the clear-
a
 nce of S

,
. pneumoniae and K. pneumoniae3

�
5, 64 from

m� ouse lungs, it has been demonstrated that TNF im-
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p� airs host defense mechanisms during pneumonia with
P. aeruginosa5

%
2. Similarly, while IL-1 receptor I defi-

c� ient mice demonstrated an impaired bacterial clear-
a
 nce and a reduced capacity to form inflammatory in-
filtrates during infection with S

,
. pneumoniae4

(
3, during

infection with P. aeruginosa IL-1 receptor I deficient
m� ice demonstrated an enhanced bacterial clearance
(Fig. 3)49. In line with these results, we recently found
t

�
hat IFN-γ�  R–/– mice had an accelerated clearance of

P
J

seudomonas from their lungs compared with normal
w� ild-type mice (Fig. 4)5

%
0. Furthermore, while endogen-

o� us IL-10 hampered bacterial clearance in mouse mod-
e� ls of S

,
. pneumoniae and K

:
. pneumoniae2

�
1, 66, IL-10

improved host defense in a model of pneumonia caused
b

�
y P

J
. aeruginosa48. It is not clear whether the protec-

t
�
ive role of IL-10 in P

J
. aeruginosa pneumonia repre-

sented IL-10-mediated protection from systemic endo-
t

�
oxin exposure.

I
�
L-10 appears to be important in sepsis-induced im-

munosuppression. Mice with abdominal sepsis induced
b

�
y cecal ligation and puncture were more susceptible

f
8
or intratracheally administered P

J
. aeruginosa, with

a
  higher lethality than normal mice or mice undergoing
sham abdominal surgery5

%
4. The development of pneu-

m� onia in animals undergoing cecal ligation and punc-
t

�
ure was associated with a marked increase of IL-10
e� xpression in the lungs, and administration of IL-10-neu-
t

�
ralizing antibodies resulted in enhanced bacterial clear-

a
 nce from the lungs and reduced mortality.

Considerations

The data on AM depletion before induction of pneu-
monia with different respiratory pathogens illustrate
b

�
oth the beneficial and deleterious effects of AM dur-

i
�
ng the orchestration of inflammation during pneumo-

nia. Depletion of AM in the early phase of Pseudomon-
aK s pneumonia may initially improve lung injury, but
may worsen the eventual outcome, as seen in the mod-
e� ls of pneumonia with this pathogen and, such as pa-
t

�
hogens like K. pneumoniae, S

,
. pneumoniae, and

M
E

. pneumoniae. It remains unclear why the overzea-
lous PMN infiltration, as seen in the absence of AM,
d

�
oes not lead to a complete clearance of bacteria from

t
�
he lungs in these models, but this again indicates
a
  prominent role of AM in host defense.

AM are regarded as major modulators of pulmonary
h



ost defense. Whereas early on AM readily phagocy-

t
�
ose and (thereby) eliminate certain inhaled pathogens,

t
�
hey later represent important effector cells in the

resolution process12, 25. The above-mentioned observa-

t
�
ion of overzealous and persistent PMN infiltration in

t
�
he absence of AM may be related to the equally im-

p� ortant function of AM during the resolution of inflam-
mation. To restitute tissue homeostasis, all the pro-
c� esses involved in the initiation of inflammation must
b

�
e reversed, and one important prerequisite for resolu-

t
�
ion to occur is the removal of extravasated PMN. Sev-

e� ral lines of evidence support the hypothesis that PMN
u) ndergo programmed cell death (apoptosis) followed
b

�
y rapid clearance by AM12, 28. Apoptosis thereby pro-

v' ides an injury-limiting mechanism, since the mem-
b

�
rane of PMN remains intact, preventing potentially

injurious granule contents from being released. Thus,
t

�
o prevent the potentially harmful event of secondary

necrosis, where membrane integrity gets lost and histo-
t

�
oxic granule contents are exposed to the surrounding

t
�
issue, the immediate recognition of apoptotic PMN by

AM is required. A variety of recognition mechanisms,
including phosphatidylserine, exposed on apoptotic cell
surfaces, have been described so far18, 47. Moreover, it
has been nicely demonstrated that the uptake of apop-

Fig. 3. Clearance of P
L

. aeruginosa is enhanced in mice lacking the
IL-1 signal. Mean (±SE) P. aeruginosa CFU in lungs 6 and 24 h
after intranasal inoculation with 2 ×M  104, 105

=
 and 2 ×M  106

N
 CFU in

wild-type (open bars), and IL-1 R–/– mice (solid bars). N = 6–8 mice
per group at each time point

Fig. 4. Mean (± SE) P. aeruginosa CFU in lungs 6 and 24 h after
intranasal inoculation with 105

=
 CFU in wild-type mice (open bars)

and IFN-γ4  R–/– mice (solid bars). N = 8 per strain at each time point.
*  p<0.05 vs. wild-type mice
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t
�
otic PMN by macrophages not only cleared PMN, but

a
 lso actively induced anti-inflammatory properties in
human macrophages, illustrated by the suppressed re-
l

 
ease of pro-inflammatory cytokines (IL-1β, IL-8,

TNF) and an increased release of agents with anti-in-
flammatory properties (such as transforming growth
f

8
actor-α and prostaglandin-E2)

� 16–18, 47.
It is important to emphasize that the role of cyto-

kines in the innate immune response to respiratory tract
i

�
nfections differs in models in which different patho-

g� ens are used. The overall conclusion that can be drawn
from the investigations on the role of cytokines during
p� neumonia is that pro-inflammatory cytokines induced
b

�
y P. aeruginosa in models of subacute pneumonia,

such as TNF, IL-1, and IFN-γ� , are likely to impair bac-
t

�
erial clearance from the pulmonary compartment, and

t
�
hat the anti-inflammatory cytokine IL-10 induced by

P. aeruginosa diminishes bacterial spread in this
m� odel. In contrast, in experimental pneumonia caused
b

�
y the Gram-negative bacterium K. pneumoniae, pro- 

-inflammatory cytokines are important for the clearance
o� f bacteria from the lungs, whereas the anti-inflamma-
t

�
ory cytokine IL-10 impairs host defense in this model.

Similar results have been found for pneumonia with
S

,
. pneumoniae. At present it is unclear what the cause

o� f these overt differences between these models is.
A

!
 possible explanation includes differences in the ex-

t
�
ent and rapidity by which these strains induce inflam-

mation in the lung. One could speculate that in more
g� radually developing pneumonias, such as those caused
b

�
y S

,
. pneumoniae and K

:
. pneumoniae, a certain pro-in-

flammatory cytokine response within the pulmonary
c� ompartment is required to combat the invading micro-
o� rganism, while in a more acute form of pneumonia,
such as that caused by P. aeruginosa, an excessive in-
flammatory response contributes to an adverse outcome.

Conclusions

W
-

e have reviewed the literature on innate immunity
a
 gainst respiratory pathogens.

I
�
n the last decade, we have come to a better under-

standing of the host response during pulmonary infec-
t

�
ion through detailed analysis of the cytokine networks

d
�
uring experimental pneumonia. Manipulation of in-

nate immunity through deletion of AM or modulation
o� f the cytokine cascade may serve in the future as an
a
 djuvant therapy in the treatment of patients with
severe pneumonia. However, several limitations exist.
T

�
argeting only AM or only one cytokine may be too

simplistic, as the innate responses are complex, and as

c� ytokines have pleotropic effects, which can lead to
u) nexpected effects when used in an intervention in vivo.
Furthermore, host responses against different respir-
a
 tory pathogens differ quite substantially. Additional
studies are necessary to overcome these issues.
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