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Introduction 

Bacterial pneumonia is a major cause of morbidity and mortality worldwide, despite 
the armamentarium of antibacterial agents, advanced diagnostic technologies and 
sophisticated, sometimes aggressive treatments used in intensive care facilities. In 
developing countries community-acquired pneumonia causes ten times as many 
deaths as all infectious diseases together [1]. Pneumonia is the second most frequent 
cause of hospital-acquired infection in the United States [2]. 

Adult patients on the intensive care unit receiving mechanical ventilation suffer 
the highest occurrence rate and mortality is particulary high in these critically ill 
patients. Treatment of bacterial pneumonia is hampered by the increased antibiotic
resistance of pathogens [3]. Immune host defense continues to play an important 
role in the outcome of bacterial pneumonia, and modulation of the inflammatory 
response has been considered as an adjunctive treatment strategy. 

Normally, bacteria are prevented from reaching the alveoli by several defense 
mechanisms located along the upper airway. Bacteria reaching the alveoli are usual
ly phagocytosed and killed by alveolar macrophages. When these normal protective 
mechanisms are overwhelmed, several complex defense systems are triggered. The 
invasion of pathogens produces a vigorous inflammatory response, including the 
recruitment of neutrophils. Neutrophils exert microbicidal effects involving several 
oxidative and enzymatic processes [4, 5]. In addition, complement products can 
promote the killing of bacteria by neutrophils and macrophages [6, 7]. 

Multiple lines of scientific evidence have demonstrated the crucial role of a com
plex network of cytokines in the initiation and maintenance of inflammation during 
bacterial infection. Much of our understanding of the role of cytokines is based on 
results from studies on overwhelming immune activation in the absence of a loca
lized source, such as is induced by intravenous administration of bacterial products. 
Although excessive pro-inflammatory cytokine production during severe infection 
may have deleterious effects, more recent studies support the beneficial role of pro
inflammatory cytokines in local host defense. 

Cytokines in Systemic Infections and Experimental Endotoxemia 

Cytokines are small glycoproteins (6-30 kD) that can be produced by, and have 
effects on a large variety of cell types. The affinity of cytokines for their receptors is 
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very high, enabling effects at picomolar concentrations. Mononuclear activation by 
bacteria or bacterial products, like lipopolysaccharide (LPS),leads to the production 
of the pro-inflammatory cytokines tumor necrosis factor-alpha (TNF-u), interleu
kin (IL)-I, IL-6 and IL-8 [8,9], as well as the anti-inflammatory cytokine IL-I0 [8]. 
TNF, IL-lO and interferon-y (IFN-y) are also produced by T cells and B cells after 
anti-genic stimulation. The pro- and anti-inflammatory cytokines interact in a com
plex network, in which they can influence each other's production and/or activity. 

Much of our knowledge about the function of the cytokine network is derived 
from studies on systemic infections. Severe bacterial infection can result in pro
found physiologic changes including hypotension, fever, tissue necrosis, multiple 
organ dysfunction and finally death. In Gram-negative infections, these changes are 
due, at least in part, to endotoxin, the LPS component of the bacterial cell wall. 
Injection of LPS into animals produces changes that are typical of the sepsis syn
drome. During such overwhelming immune activation, TNF and IL-l are considered 
to be important mediators of systemic inflammatory responses [9, 10]. TNF and 
IL-l ~ have pleiotropic effects, including activation of neutrophils and the extrinsic 
pathway of coagulation, and stimulation of neutrophilic adherence to endothelial 
cells. It is clear that these cytokines play an orchestrating role in the generation of 
inflammation after an intravenous bolus of LPS in healthy humans. TNF is the first 
cytokine to appear [8] with peak plasma levels reached within 90 minutes following 
LPS administration. After the release of TNF, serum concentrations of other cyto
kines such as IL-6 and IL-8 increase. TNF is responsible for the r.elease of these cyto
kines, since neutralization of TNF activity prevents the appearance of these second
ary cytokines during endotoxemia [11]. Elimination of IL-6 activity does not affect 
the induction of other cytokines [12], indicating that IL-6 is a more distal cytokine 
in the LPS-induced cytokine cascade. 

IL-I0 is produced under different conditions of immune activation by different 
cell types, including T -cells, B-cells and monocytes [13]. In sepsis and after LPS 
administration, circulating levels of IL-I0 are elevated. IL-lO production is also 
enhanced in various models of infection, like experimental endotoxemia, staphylo
coccal enterotoxin B-induced lethal shock, and septic peritonitis. IL-I0 can inhibit 
the LPS-stimulated production of pro-inflammatory cytokines in vitro and in vivo. 
IL-I0 plays a protective role in models of overzealous inflammation, since admi
nistration of IL-I0 reduces LPS-mortality in animals, and neutralization of IL-I0 
results in increased lethality in LPS-challenged mice [13]. 

An important problem in interpreting models of Gram-negative sepsis and expe
rimental endotoxemia is that they do not provide insight into the local production 
and interactions of cytokines at the site of an infection, e.g., within the lung during 
pneumonia. In recent years, several studies have provided information about local 
cytokine production during pneumonia, in human as well as in animal models. 

The Cytokine Cascade in Pulmonary Infection 

In local infection, like pneumonia, the initiation, maintenance and resolution of 
inflammation are considered to be dependent upon the expression of the complex 
network of pro-inflammatory and anti-inflammatory cytokines. In the last decade 



58 M.J. Schultz et al. 

numerous studies have been performed to determine systemic and local levels of 
pro-inflammatory and anti-inflammatory cytokines in patients with pneumonia. In 
a study comprising 64 patients with community-acquired pneumonia with a well
defined etiology, Kragsbjerg et al. [14] found high concentrations of TNF, IL-6, IL-8 
and IFN-y in sera taken on admission to the hospital. Serum TNF was elevated in 
most patients, irrespective of the etiology, while serum IL-6 was highest in patients 
with pneumococcal pneumonia, and patients with pneumonia due to Legionella 
species. None of the patients with pneumonia due to pathogens like Haemophilus 
inJluenzae, Moraxella catarrhalis and Chlamydia pneumoniae, had a serum IL-6 
level above 500 pg/ml. On the other hand, serum IFN -y concentrations were elevated 
in most of the patients with viral or intracellular bacterial disease, the highest values 
being detected in patients with pneumonia due to Legionella species and Chlamydia 
pneumoniae. Elevated IFN-y levels were seen in a minority of patients with pneu
mococcal pneumonia. In the second study by Kragsbjerg et al. [15], involving 63 pa
tients with acute respiratory tract infection, serum IL-8 levels on admission were 
significantly higher among patients with bacteremic pneumococcal pneumonia, 
than in patients with Chlamydia pneumonia, Legionella pneumonia or influenza A 
virus infection. Other studies have confirmed the presence of elevated serum con
centrations of TNF, IL-l~ and IL-6 in patients with community-acquired pneumonia 
[16,17]. 

Investigations examining cytokine concentrations in pleural and bronchoalveo
lar lavage (BAL) fluid have suggested that during pneumonia, cytokines are produc
ed locally at the site of the infection. In a study of 102 patients with pleural effusion 
of different etiologies, Silva-Mejias et al. [18] found that IL-llevels were elevated in 
pleural fluids of all 14 patients with empyema. In pleural effusions of other etio
logies (transudates, parapneumonic, tuberculous, neoplastic and miscellanous), 
only 3 patients, 2 with parapneumonic pleural effusion and 1 with tuberculous 
pleural effusion, had elevated IL-l ~ levels in the pleural fluid [18]. Broaddus et al. 
[19] found higher IL-8levels in pleural empyema fluids, compared with other types 
of effusion. IL-8levels correlated with neutrophil counts in pleural fluid, and pleural 
fluid neutrophil chemotactic activity [19]. Interestingly an anti-IL-8 antibody de
creased the neutrophil chemotactic activity of pleural fluid, suggesting that IL-8 
plays an important role in the recruitment of neutrophils in empyema. 

Dehoux et al. [20] and Boutten et al. [21] studied local cytokine production by 
measuring cytokine levels in BAL fluid from 15 patients admitted for unilateral 
community-acquired pneumonia. Cytokine concentrations in BAL fluid from the 
infected lung were compared with those in BAL fluid from the contralateral, non
involved lung and in BAL fluid from healthy individuals. In addition, cytokine levels 
were determined in sera, to enable comparison between local and systemic cytokine 
concentrations. It was found that TNF, IL-l~, IL-6 and IL-8 concentrations were 
significantly higher in the infected lung than in the non-involved lung or serum, in
dicating that the cytokine response during unilateral pneumonia is compartmenta
lized and limited to the site of infection (Fig. l). Schutte et al. [22] compared cyto
kine concentrations in BAL fluid and serum of patients with acute respiratory fail
ure due to cardiogenic pulmonary edema (6 patients), adult respiratory distress 
syndrome (ARDS, 12 patients), primary severe pneumonia (38 patients) or a combi
nation (pneumonia and ARDS, 18 patients). In all patients with ARDS and/or pneu-
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Fig. I. Compartmentalized cytokine production during pneumonia. Mean (± SE) cytokine concen
trations in bronchoalveolar lavage (BAL) fluid obtained from patients with unilateral community 
acquired pneumonia. Open bars represent cytokine levels in BAL fluid from the non-involved lung, 
hatched bars represent cytokine levels in BAL fluid from the infected lung. (Adapted from [20] and 
[21] with permission) 

monia elevated BAL fluid levels of IL-6 and IL-8 were detected. Serum IL-6 levels 
were also elevated in these patients, whereas IL-8 levels were increased inconsis
tently. 

In addition to cytokine measurements in BAL fluid and serum, Dehoux et al. [20] 
also examined cytokine production by alveolar and peripheral macrophages ex vivo. 
Alveolar macrophages recovered from the infected lung spontaneously released 
more TNF, IL-lp and IL-6 into cell culture supernatants than macrophages eva
cuated from the non-involved lung. The spontaneous release of these cytokines by 
macrophages from the non-involved lung was comparable to those from lungs of 
healthy controls. After stimulation with LPS ex vivo, cytokine concentrations reach
ed in cell culture supernatants were similar when cells from the involved lung and 
non-involved lung of the patients were compared, but much lower than those mea
sured in control subjects. This hypo-responsiveness to in vitro LPS stimulation was 
not observed in the cultures of peripheral monocytes. These data are in line with 
reports on LPS hyporesponsiveness of mononuclear cells from peripheral blood 
of patients with severe systemic infections [23], and support the existence of a 
compartmentalized inflammatory response during pneumonia. Huang et al. [24] 
measured cytokine release from alveolar macrophages obtained from patients with 
acquired immunodeficiency syndrome (AIDS) and Pneumocystis carinii pneu
monia who received or did not receive corticosteroids. LPS stimulation resulted in 
significantly less TNF and IL-lp release from alveolar macrophages of patients re
ceiving corticosteroids, indicating that local cytokine production can be down
regulated by this steroid hormone. 

At present no studies have been published concerning the local production of 
anti-inflammatory cytokines in pneumonia in humans. 
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Studies on Cytokine Production in Animal Models of Pneumonia 

Recently, several studies in animals with experimental respiratory tract infections 
have confirmed the suggestion that in pneumonia, like in systemic infections, in
flammation is orchestrated by pro-inflammatory and anti-inflammatory cytokines 
(Table 1). In murine pneumococcal pneumonia, induced by intranasal instillation of 
106 colony forming units (CFU) of Streptococcus pneumoniae, increased levels of 
TNF were found from day 1 in serum and from day 3 in lungs, concomitant with an 
increase in bacterial counts in lungs [25]. The experimental infection was worsened 
by intravenous administration of an anti-TNF antibody, since this treatment en
hanced bacterial proliferation in the blood, compared with mice treated with nor
mal rabbit serum. These results suggest that TNF prevents the onset of bacteremia, 
and plays a protective role in experimental pneumococcal pneumonia. Indeed mor
tality was significantly higher in anti-TNF-treated mice. Similar results were ob
tained in another murine pneumococcal pneumonia investigation [26]. Intranasal 
inoculation of 106 CFU of Streptococcus pneumoniae resulted in a sustained release 
of TNF in lung homogenates reaching a plateau between 12 and 72 hours. Intra
peritoneal treatment with a neutralizing anti-TNF antibody two hours before inocu
lation strongly reduced TNF levels in lungs, while IL-1 P levels were only modestly 
affected and IL-6, IL-lO and IFN -y concentrations were unchanged. Mice treated 
with anti-TNF had four fold more Streptococcus pneumoniae CFU isolated from 
lungs than control mice 40 hours after inoculation, and died significantly earlier 
from pneumococcal pneumonia (Fig. 2). Compelling evidence in support of TNF as 
an important mediator in bacterial pneumonia with other than Gram-positive 
pathogens is derived from models of Gram-negative bacterial respiratory tract in
fections. In murine pneumonia induced by an intratracheal challenge with 102 CFU 
of Klebsiella pneumoniae, anti-TNF treatment was associated with a markedly 
decreased survival, increased bacterial growth in lung homogenates and blood, and 
a significant reduction in BAL neutrophils at 48 hours after inoculation [27]. Anti
TNF had the same effect on growth of Legionella pneumophila in lungs in a pneu
monia model induced by intratracheal inoculation of 106 CFU of this microorga
nism [28]. In mice with pneumonia caused by Pneumocystis carinii anti-TNF almost 
completely prevented the clearance of Pneumocystis from the lungs [29]. In addition, 
treatment of granulocytopenic mice with low doses of TNF and/or IL-1p signifi
cantly diminished mortality and enhanced pulmonary clearance of Pseudomonas 

Table 1. Role of endogenous cytokines, pro
duced within the pulmonary compartment, 
during pneumonia in mice 

Protective 

TNF 

IL-6 
IFN-y 

IL-12 
MIP-2 

Detrimental 

IL-1O 



Fig. 2. Anti-TNF impairs host defense 
during murine pneumococcal pneu
monia. Mice were intranasally inoculated 
with 10" CFU Streptococcus pneumoniae 
after intraperitoneal administration of a 
neutralizing anti-TNF mAb (1 mg) or an 
irrelevant control mAb at t = - 2 hours. 
(Adapted from [26] with permission) 
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aeruginosa during severe pneumonia [30]. Hence, endogenously produced TNF is 
important for host defense during experimental pneumonia induced by different 
microorganisms. 

Macrophage inflammatory protein-2 (MIP-2) is an important mediator of inflam
mation, inducing potent chemotaxis of neutrophils. Greenberger et al. [31] found 
time-dependent expression of MIP-2 mRNA and protein within the lung during 
murine Klebsiella pneumonia. Treatment of mice with an anti-MIP-2 antibody caus
ed a 60% decrease in lung neutrophil influx, a significant increase of Klebsiella pneu
moniae CFU in lungs and liver homogenates, and a decrease in early survival. These 
results indicate the important role of MIP-2 in neutrophil influx and bacterial 
clearance during pneumonia. 

Evidence for the importance of IL-6 in host defense is obtained from a study 
on pneumococcal pneumonia in IL-6 deficient mice [32]. Intranasal inoculation of 
106 CFU of Streptococcus pneumoniae, resulted in sustained expression of IL-6 
mRNA and protein in lungs. Higher levels of the pro-inflammatory cytokines TNF, 
IL-1p and IFN-y and the anti-inflammatory cytokine IL-lO were found in the lungs 
of IL-6 deficient mice with pneumonia. IL-6 deficient mice had more CFU of Strep
tococcus pneumoniae in their lungs, and died significantly earlier than normal mice. 
Hence, IL-6 down-regulates the activation of the cytokine network within the lung 
during pneumonia and contributes to host defense. 

IFN-y is another pro-inflammatory cytokine that seems to be important for re
sistance against Gram-positive respiratory tract infections. IFN-y production is 
enhanced during murine pneumococcal pneumonia [26, 33], and IFN-y deficient 
mice show a markedly increased susceptibility to infection with Streptococcus pneu
moniae [33]. However, anti-IFN-y treatment had no detectable effect on the clear
ance of Pneumocystis carinii from lungs [29]. 

The importance of another pro-inflammatory cytokine, IL-12, was recently de
monstrated in mice suffering from pneumonia with Klebsiella pneumoniae [34]. 
Intratracheal challenge with 102 CFU Klebsiella pneumoniae resulted in a time de
pendent expression of 1L-12 mRNA and protein in the lung. Passive immunization 
with a polyclonal anti-IL-12 antibody at the time of infection with Klebsiella pneu
moniae resulted in a marked increase in bacterial counts in lung homogenates 
48 hours after inoculation, as compared with mice receiving control serum. More-
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over, treatment with anti-IL-12 decreased survival. Overexpression of IL-12 within 
the lung by intratracheal administration of an adenoviral vector containing the 
human cytomegalovirus promoter and cDNA coding for IL-12, resulted in 45% long 
term survival in Klebsiella pneumonia, while none of the mice receiving control 
adenovirus survived. In the same experiment [34), passive immunization against 
TNF or IFN -y led to a failure of IL-12 overexpression to protect mice, indicating that 
IL-12 does not act alone in the defense against invading microorganisms. 

Considerable evidence exists that the anti-inflammatory cytokine IL-IO plays a 
detrimental role in the clearance of bacteria during pulmonary infections [35,36). 
Intratracheal installation of 103 CFU Klebsiella pneumoniae was associated with 
increased IL-IO mRNA and protein levels in lung homogenates [35). Passive im
munization of mice with a polyclonal anti-IL-IO antibody resulted in significantly 
higher levels of TNF in lung homogenates, than in mice that received pre-immune 
serum. Importantly, Klebsiella pneumoniae CFU in lungs of mice treated with anti
IL-1O were approximately eight fold less, than in mice treated with pre-immune 
serum, while Klebsiella pneumoniae CFU in plasma were over a hundred fold less. 
Although intratracheal instillation of Klebsiella pneumoniae resulted in 100% lethal
ity in all mice, survival was significantly longer in anti-IL-1O treated mice. Similar 
results were obtained in studies with experimental pneumonia with Gram-positive 
bacteria [36). Intranasal administration of Streptococcus pneumoniae resulted in a 
marked increase in IL-1O in lung homogenates, the highest lung IL-IO levels being 
measured at 72 hours after inoculation with pneumococci. Treatment of mice with 
recombinant IL-l 0 resulted in a decrease in lung TNF levels, while administration of 
an anti-IL-1O antibody resulted in a three and a half fold rise in lung TNF and IFN-y 
levels. In animals treated with anti-IL-1O, bacterial counts from lung and blood were 
lower and survival was significantly increased (Fig. 3). Together with the results 
from the study of Greenberger et al. [35), these results indicate that during pneu
monia, IL-IO attenuates the pro-inflammatory cytokine response within the lungs, 
hampers effective clearance of infection and shortens survival. 
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Fig. 3. Anti-IL-lO protects mice against let
hality during pneumococcal pneumonia . 
Mice were intranasally inoculated with 
3 X 103 CFU Streptococcus pneumoniae after 
intraperitoneal administration of a neutra
lizing anti-IL-10 mAb (2 mg; closed circles) 
or an irrelevant control mAb (open circles) 
at t = - 2 hours. (Adapted from [36] with 
permission) 
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Conclusion 

As in systemic infection, inflammation during pneumonia is orchestrated by locally 
produced pro-inflammatory and anti-inflammatory cytokines. There are however 
some important differences between the role of cytokines during localized infection 
and during fulminant systemic infection. Whereas excessive production of pro
inflammatory cytokines at the systemic level causes organ failure and death in ani
mal models of fulminant sepsis, the local production of these cytokines important
ly contributes to host defense against pneumonia. Conversely, while the anti-inflam
matory cytokine 1L-10 is protective in models of overzealous immune activation, it 
impairs host defense during pneumonia. These findings emphasize the importance 
of clinically relevant animal models to fully understand the role of cytokines in the 
pathogenesis of bacterial infection. Local modulation of the cytokine network may 
serve as an important addition to antibiotic therapy, especially when faced with 
multi-drug resistant organisms and/or immunocompromised hosts. 
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