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Introduction 

The neutrophil plays a key role in host defense against microbial infections. Neu
trophils move to sites of infection in response to chemotactic substances generated 
by infectious agents. At the site of infection, the neutrophils identify and engulf in
vading agents through specific cell surface receptors. A complex array of oxidative 
and non-oxidative mechanisms present in the neutrophil then kills invading micro
organisms [1]. Reductions in neutrophil count or functions predispose the host to 
infections. For example, regular reductions in neutrophil numbers, which occurs in 
a rare human disease (cyclic neutropenia), predispose the inflicted individuals to re
curring symptoms of infectious disease [2,3]. Furthermore, in patients undergoing 
chemotherapy, incidence and prevalence of infections decrease with increasing 
numbers of neutrophils [4]. Functional abnormalities of neutrophils may also mean 
a predisposition to infections. Functional failure of neutrophils occurs in chronic 
granulomatous disease. Neutrophils of patients with this inherited disease lack the 
capacity to have a respiratory burst. Since the respiratory burst is essential in phag
ocytic killing of microorganisms, patients with this disease have recurrent bouts of 
serious infections despite normal neutrophil counts [1]. 

The array of enzymes and functional capabilities of the neutrophil, though essen
tial in killing microorganisms, may, when directed at the host, produce tissue injury. 
The neutrophil has therefore also been implicated in the pathogenesis of tissue inju
ry in inflammatory and septic syndromes [5,6]. The acute respiratory distress syn
drome (ARDS) is accompanied by local neutrophil infiltration and release of en
zymes (elastase, collagenase, myeloperoxidase) and oxidative products which lead to 
tissue destruction [6]. Thus, although the neutrophil plays a central role in host de
fense, it can also cause tissue injury. 

These examples underline the difficulties associated in using the neutrophil as a 
therapeutic target in septic states. Increasing neutrophil counts with pharmacologi
cal agents may increase the propensity of the host in killing microorganisms but 
may lead to more tissue injury. Conversely, decreasing neutrophil activity may re
duce tissue injury but may lead to increased complications of uncontrolled infec
tions. Predicting which of the two strategies will prove beneficial can depend on 
many factors (i.e. site of infection, stage of infection, infectious agent, host immune 
status, and activity of the neutrophils, etc.). 

Characterizing neutrophil function during sepsis may help define probability of 
success with these therapies. The functional capacity of the neutrophil may encom-
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pass activities such as phagocytosis, respiratory burst, and chemotaxis. The func
tional capacity of the neutrophil changes with evolving stages of sepsis. Some stud
ies suggest that early on during sepsis, neutrophil activity, expressed in the capacity 
of oxidative burst in response to stimuli, is enhanced whereas later on this capacity 
is diminished. Tschaikowski et al. [7] found that receptors for the formylated peptide 
N-formylmethionyl-Ieucyl-phenylalanine (fMLP), a potent activator of neutrophil 
respiratory burst, was upregulated during the first days of sepsis but downregulated 
later on. fMLP-stimulated superoxide production correlated well with the numbers 
of fMLP receptors present on the neutrophil. Our studies show that functional ca
pacity of the leukocytes both qualitatively and quantitatively changes with evolving 
severity of the inflammatory/septic process [8]. Depending on activating stimuli and 
qualitative analysis of the oxidants produced, oxidant output of the individual leu
kocyte may decrease, increase, or remain unchanged with increasing severity of the 
inflammatory/septic process. With increasing severity of the inflammatory process, 
total oxidant production increased when leukocytes were stimulated with phorbol
phorbol-myristate-acetate (PMA), remained unchanged when stimulated with op
sonized zymosan, and actually decreased when stimulated with fMLP. With increas
ing severity of the inflammatory process, superoxide production of the leukocytes 
decreased with all three stimuli. What these complex changes in neutrophil function 
means in terms of targeting the neutrophil for immunotherapy is unknown. In con
clusion, studies of neutrophil activity cannot at this point provide information con
cerning the appropriateness of inhibitory or stimulatory therapies directed at the 
neutrophil. 

Nevertheless, despite uncertainty concerning specific indications, a large number 
of experimental and a smaller number of clinical studies have been conducted in 
which neutrophil function was either inhibited or stimulated. Although all immu
nomodulatory therapies of sepsis may in some ways alter neutrophil function, our 
discussion will focus on studies specifically targeting the neutrophil. 

Studies Focusing on Inhibiting Leukocyte Activity (Table 1) 

Neutrophil-endothelial interaction is essential in sequestration of neutrophils in 
areas of infection or inflammation, and precedes neutrophil-mediated organ injury 
[9, 10]. Therefore, inhibiting neutrophil-endothelial interaction is one means of 
ameliorating organ injury during inflammatory disease. The process of neutrophil 
extravasation takes place in the post-capillary venules and comprises several steps 
[11]. The first step is tethering of the neutrophil by weak and transient bonds. This 
process slows down the neutrophil and allows subsequent interactions. The second 
step is tight adhesion of the neutrophil to the endothelial surface. The last step is 
transendothelial migration. All these processes are mediated by specific families of 
receptors present both on neutrophils and on the endothelial surface. Inflammatory 
mediators play an important role in the expression of these surface receptors. Selec
tins are the family of receptors which mediate rolling at slow speed along the endo
thelial surface. Once the neutrophil has been slowed down through the select in 
interaction, it is activated by chemokines (interleukin-8, IL-8) present on the endo
thelial surface to express integrins, the next family of receptors involved in neu-
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trophil recruitment. Integrins mediate tight adhesion of neutrophils to the endo
thelium. Migration, the next step, is promoted under the influence of many promig
ratory factors (chemokines) produced by the host or by the infecting organism 
(Fig. 1). 

Table 1. The effects of inhibiting leukocyte-endothelial interaction in a selected number of animal 
models of sepsis 

Adhesion molecule Animal model Main 
targeted used effects 

CDllb/CD18 intravascular TNF beneficial 

Select in non bacterial meningitis beneficial 

CDllb/CD18 rabbit bacterial meningitis beneficial 

CDllb/CD18 intravascular bacteria beneficial 
(5-h observation) 

CDllb/CD18 endotoxic and bacterial beneficial 
peritonitis 

Selectin intravascular bacteria beneficial 
(5-h observation) 

CDllb/CD18 subcutaneous abscess deleterious 

CDllb/CD18 bacterial peritonitis deleterious 

CDllb/CD18 rat pneumonia deleterious 
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Fig. 1. Sequential steps in adhesion of leukocytes to endothelium. The first step is tethering of the 
leukocyte by weak and transient forces which causes it to slow down and "roll" on the endothelial 
surface. This process triggers the integrins which mediate subsequent tight adhesion of the leuko
cyte to the endothelial surface. Subsequent migration into tissue is mediated by chemokines secret
ed by subendothelial inflammatory cells. (Modified from [11] with permission) 
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Many studies show that inhibiting neutrophil-endothelial interaction may ame
liorate the effects of acute neutrophil-mediated inflammatory injury. Inhibiting neu
trophil-endothelial interaction has been found beneficial in studies using inflamma
tory stimuli such as endotoxin [12,13], tumor necrosis factor (TNF) [14], and in re
perfusion models of organ injury [15-17]. In a canine model, intravenous TNF 
administration led to cardiovascular derangement, pulmonary injury and consider
able mortality. Inhibiting leukocyte CD11b/CDI8 integrin prolonged early survival 
and reduced hypoxemia. However, overall mortality was not improved [14]. In an oc
clusion-reperfusion model of pulmonary injury, antibodies directed against 
CD11b/CDI8 prevented neutrophil adhesion to pulmonary artery endothelial cells, 
prevented the increase in lung myeloperoxidase content, and prevented an increase 
in the pulmonary capillary filtration coefficient [17]. In an ischemia/reperfusion 
study of the heart, antibodies against CD18 attenuated neutrophil-mediated con
tractile dysfunction [16]. Inhibiting neutrophil migration may also help prevent tis
sue damage in transplantation procedures [11]. Thus, these studies suggest that in
hibiting neutrophil-endothelial interaction during (non-infectious) inflammation 
may reduce organ injury and prove to be beneficial. Inhibiting neutrophil function 
during inflammatory disease may thus find clinical application in the future. 

Inhibiting neutrophil-endothelial interaction in infectious-inflammatory (septic) 
models has produced conflicting results: 

Beneficial Effects 

During bacterial meningitis, accumulation of neutrophils in cerebrospinal fluid is 
accompanied by disruption of the blood-brain barrier and is associated with poor 
prognosis [18]. Reducing inflammatory injury during bacterial meningitis has been 
found to reduce brain damage and reduce mortality. Both integrins and selectins are 
involved in the migration of neutrophils to the cerebrospinal fluid during meningi
tis [18-20]. Inhibiting tight adhesion of neutrophils with monoclonal antibodies di
rected against CD18 reduced inflammation, brain damage, and mortality in an ani
mal model of acute active bacterial meningitis [19]. Inhibiting leukocyte rolling with 
fucoidin also prevented subarachnoidalleukocyte accumulation and reduced cere
brospinal protein content during intrathecal challenge with killed pneumococci [18]. 

Beneficial effects of inhibiting neutrophil-endothelial interaction has also been 
reported in abdominal and in intravascular models of sepsis. In a rabbit peritonitis 
model, three-day treatment with antibodies directed against CD 18 improved 10-day 
survival and did not increase cardiovascular derangement [12]. In an acute 
(300 min) intravascular model of Pseudomonas sepsis, antibodies directed against 
CD18 reduced broncho-alveolar protein content and reduced lung water accumula
tion, but did not attenuate cardiovascular derangement [21]. The authors concluded 
that anti-CDl8 antibodies attenuate alveolar capillary membrane injury during 
Gram-negative sepsis. Using an antibody directed against selectins, these findings 
were reproduced in a similar intravascular Pseudomonas model of sepsis [22]. Thus, 
some studies do suggest that neutrophil-endothelial interaction is involved in sep
sis-induced organ injury and suggest that inhibiting these interactions may have 
beneficial effects. 



Neutrophil Function in Severe Infections and Sepsis 127 

Deleterious Effects 

In a clinically relevant model of sepsis, dogs were challenged intraperitoneally with 
an Escherichia coli clot. Inhibiting CDllb/CDl8 with appropriate antibodies [23] in 
this model worsened serum endotoxemia, acidosis, cardiovascular function, and 
possibly tissue perfusion. In a soft tissue infection model of sepsis, different doses of 
Staphylococcus aureus were inoculated subcutaneously in rabbits [24]. Pretreatment 
with monoclonal antibodies against CDl8 (MAb 60.3) resulted in delayed leukocyte 
migration to infected tissues, weight loss, increased incidence of abscess formation, 
increased abscess size, and increased mortality. In an animal model of bacterial 
pneumonia, rats were inoculated intrabronchially with Escherichia coli [25]. 
Although indices of pulmonary injury (reduced pulmonary neutrophil influx, wet to 
dry ratio, oxygenation, histological indices) were reduced in CD 11 b/CD 18 antibody
treated rats, mortality significantly increased in this group. Finally, inherited defi
ciency of the CDll/CD18 complex in a rare human disease is associated with re
duced leukocyte adherence [26]. These patients have chronic infections which fre
quently progress to sepsis with its associated mortality. 

These conflicting results suggest that inhibiting neutrophil-endothelial interac
tion may ameliorate inflammation accompanying sepsis, but may increase incidence 
and severity of infectious complications. When infection can be controlled by anti
biotics or other means, and inflammation is the main determinant of mortality, as 
may be the case with bacterial meningitis, inhibiting neutrophil recruitment may 
prove beneficial. However, when the neutrophil is instrumental in the control of in
fection, and inflammation accompanying infection is not the main determinant of 
survival, inhibiting neutrophil recruitment may be deleterious. This may depend on 
site of infection, stage of disease, and, possibly, type of infectious agent. More stud
ies are needed to define the special circumstances under which inhibiting neutrophil 
recruitment during sepsis may prove helpful. 

Studies Focusing on Increasing Neutrophil Number and Activity (Table 2) 

Granulocyte colony-stimulating factor (G-CSF) is a hematopoetic growth factor 
which increases neutrophil counts and stimulates activity of both mature and im
mature neutrophils [27]. G-CSF is important in regulating neutrophil counts. Ad
ministration of G-CSF to animals and humans dose-dependently increases periph
eral neutrophil counts [27,28]. Animal models of G-CSF deficiency (G-CSF knock
out mice) have chronic neutropenia and do not develop neutrophilia in response to 
infection [29]. To elucidate the pivotal role of G-CSF in regulating neutrophil num
ber, dogs were treated repeatedly with human G-CSF [30]. These dogs developed 
antibodies directed against G-CSF which subsequently led to profound neutropenia. 
G-CSF also stimulates neutrophil functions such as phagocytosis, respiratory burst, 
and bactericidal activity, and induces cell surface expression of certain adhesion re
ceptors [27,31]. All these functions are important in host defense against microor
ganisms. G-CSF is now routinely used in various forms of neutropenia to augment 
neutrophil numbers and reduce infection rate. Furthermore, G-CSF is routinely ad
ministered during various forms of chemotherapy in humans to prevent neutrope-



128 W. Karzai and K. Reinhart 

Table 2. The effects of G-CSF administration in a selected number of animals models of sepsis 

Time of G-CSF Animal model Main Reference 
administration used effects 

Before endotoxin intravenous endotoxin not deleterious [44) 

Before endotoxin intratracheal endotoxin deleterious [45) 

Before sepsis bacterial peritonitis beneficial [35,46) 

Before or concurrent cecal ligation and puncture beneficial [47) 

After sepsis cecal ligation and puncture beneficial [37) 

After sepsis bacterial peritonitis no effect or [38) 
deleterious 

Before sepsis bacterial pneumonia beneficial [48) 

After sepsis bacterial pneumonia no effect [41) 

Before sepsis bacterial pneumonia deleterious [25,42) 

nia and its associated infectious morbidity, and to enable continuation of chemo
therapy [32]. Large clinical trials have documented the effects of G-CSF in decreas
ing neutropenia and infectious rates in patients under chemotherapy [33]. The role 
of G-CSF in treatment of infections in a non-neutropenic host is making progress 
and now moving from the experimental to the clinical stage. 

The effects of G-CSF therapy has been studied in various models of sepsis. In 
some models, G-CSF administration was prophylactic, in others therapeutic. Despite 
antibiotic therapy and surgical intervention, peritonitis remains a leading cause of 
sepsis in humans [34]. To study the cardiopulmonary effects of pretreatment with G
CSF in a peritonitis model, Eichacker et al. [35] implanted infected clots into the ab
dominal cavity of dogs. In this controlled study, G-CSF pretreatment increased neu
trophil numbers five-fold and prolonged survival, improved mean arterial pressure 
and cardiac function, reduced TNF plasma levels, reduced endotoxemia, and did not 
impair oxygenation. The effects of G-CSF were also studied in various models of ce
cal ligation and puncture (CLP), a clinically relevant model of peritonitis. In one mu
rine CLP model of sepsis, G-CSF increased survival when administered before or at 
the time of CLP [36]. In another peritonitis model, Toda et al. [37] studied the effects 
of G-CSF administration after onset of sepsis. In this model, G-CSF treatment signif
icantly improved survival and reduced organ injury as assessed by histological 
methods. The effects of administering G-CSF therapeutically were also studied in 
dogs made septic by intraperitoneal implantation of an infected clot [38]. Therapeu
tic administration (after onset of sepsis) of two-dose ranges of G-CSF failed to de
crease mortality and in the higher doses showed a tendency towards increased mor
tality. Thus prophylactic G-CSF administration has improved survival in most ani
mal models of peritonitis, whereas therapeutic G-CSF administration (after onset of 
peritonitis) has produced either beneficial or deleterious effects. 

Pneumonia is another frequent cause of clinical sepsis. Nelson and colleagues [39] 
studied the effects of G-CSF in Klebsiella pneumonia in normal and ethanol-treated 
animals. G-CSF increased recruitment of neutrophils in the lungs, reduced lung bac
terial counts, and reduced mortality in non-ethanol-treated animals. In humans, 
viral infections frequently precede bacterial pneumonia. To study the effects of G-
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CSF in this setting, chinchillas were infected with Influenza A virus and superinfect
ed with S. pneumoniae three days later. G-CSF treatment in this model increased res
piratory burst capabilities of neutrophils and did not increase the incidence and 
mortality of S. pneumoniae infection [40]. In another animal model, pneumonia was 
induced in rabbits with Pasteurella multicoda, a Gram-negative organism. Treat
ment with G-CSF or placebo was begun one day after infection. Overall survival did 
not differ among groups, but G-CSF did show a survival benefit in a sub-group of an
imals who had developed neutropenia in the first 24 h (before G-CSF administra
tion) [41]. However, studies are emerging which suggest that increased neutrophil 
counts may be detrimental in certain forms of infections. In a rat model of Escheri
chia coli pneumonia, G-CSF pretreatment increased pulmonary injury and mortal
ity [42]. Thus both prophylactic and therapeutic G-CSF administration during pneu
monia have produced mixed results with a tendency towards no improvement. 

Clinical treatment of infections with G-CSF has started and results of preliminary 
studies are now available. In a large study, the safety and efficacy of adjunctive G
CSF administration was evaluated in hospitalized patients with community-ac
quired pneumonia [43]. G-CSF administration was safe but did not affect time to 
resolution of morbidity, hospital stay, or mortality in this study. Complication rates 
of pneumonia may have been lower in the G-CSF-treated group. 

Altogether, these findings suggest that G-CSF may either be beneficial, ineffective, 
or deleterious in the non-neutropenic host with sepsis. The precise dose, the timing 
of administration, and the stage of patient illness may all be factors which need to be 
evaluated before indications for use in the non-neutropenic host can be made. 

Conclusion 

After the failure of multiple immunomodulatory studies to reduce morbidity and 
mortality of clinical sepsis, reconsideration of the pathogenesis of sepsis has taken 
place. Although it is recognized that inflammatory cytokines playa major role in the 
pathogenesis of sepsis, this does not necessarily guarantee success of therapies tar
geting anyone of the cytokines involved [38]. Patients during sepsis may undergo 
various stages of disease, in each of which pro- or anti-inflammatory processes pre
dominate. In these cases, determining the stage of disease may be helpful in identi
fying the indications of inhibiting or augmenting certain aspects of the inflammato
ry response. In some cases, where harmful effects of neutrophils outweigh their effi
ciency in killing microorganisms, inhibiting neutrophil function may be beneficial. 
This seems to be the case in bacterial meningitis where rapid sequestration of neu
trophil in the brain may produce irreversible tissue injury and death. However, aug
menting neutrophil function does not seem to be beneficial in cases where control 
of infection seems to be instrumental in reducing mortality. Increasing neutrophil 
function and numbers during sepsis seem to be associated with an overall favorable 
outcome. However, in some models of sepsis (i.e. Gram-negative pneumonia) in
creased numbers of neutrophils do not lead to reduction in mortality or morbidity 
and may prove detrimental. Future experimental and clinical studies may help de
fine under which circumstances inhibiting or augmenting neutrophil function or 
count may be a helpful adjunctive therapy for sepsis. 
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