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ABSTRACT

Neutrophils are an important component of innate immunity in the lungs. During
bacterial pneumonia, neutrophils are recruited from the capillaries of the pulmonary cir-
culation in the gas-exchanging regions of the lungs. This process requires the coordinated
activation of many cells within the lungs, including neutrophils and capillary endothelial
cells. Cellular activation during innate immune responses is mediated in part by tumor
necrosis factor-alpha (TNF-a) and interleukin (IL)-1–initiated signaling through their
receptors, activation of nuclear factor kappa B (NF-kB) and downstream gene transcrip-
tion, endothelial cell signaling initiated by neutrophil adherence to intercellular adhesion
molecule (ICAM)-1, and binding of leukocyte adhesion molecules to cellular and matrix
ligands. These events are essential to effective host defense during pneumonia.
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Objectives:Upon completion of this article, the reader should be able to: (1) summarize the roles of the cytokines tumor necrosis factor-

alpha (TNF-a) and interleukin (IL)-1 and the transcription nuclear factor-kappa B (NF-kB) in innate immunity; and (2) describe neutrophil

adhesion pathways and signaling induced by ligation of intercellular adhesion molecule (ICAM)-1.
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Neutrophils are a critical arm of innate immu-
nity in the lungs. Neutrophil recruitment in response
to inflammatory stimuli within the lungs is regulated
through complex parallel and sequential events. This
review focuses primarily on neutrophil recruitment
within the distal gas-exchanging regions of the lungs,
where emigration occurs primarily through the pulmon-
ary circulation rather than through the bronchial vessels.
Most neutrophil emigration in the pulmonary circula-
tion takes place in the capillaries rather than in the
postcapillary venules of the systemic circulation. In re-
sponse to many stimuli, initial events include the pro-
duction of the cytokines, tumor necrosis factor alpha
(TNF-a) and interleukin-1 (IL-1a and IL-1b). Activa-

tion of the transcription factor nuclear factor-kappa B
(NF-kB) is also often an early event in host defense, and
TNF-a and IL-1 are important regulators of NF-kB
activation. One of the genes regulated by NF-kB is
intercellular adhesion molecule (ICAM)-1, an adhesion
molecule that serves as the major endothelial cell
receptor for CD11/CD18. When CD11/CD18
and ICAM-1 bind, intracellular signaling is in-
duced in both cell types. CD11/CD18 is not always
required for neutrophil emigration, and innate im-
mune responses to organisms that induce common
community-acquired pneumonias may result in neutro-
phil emigration through CD11/CD18-independent
pathways.
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This review examines these four aspects of neu-
trophil recruitment during innate immune responses,
TNF-a and IL-1–initiated signaling through their re-
ceptors, activation of NF-kB and downstream gene
transcription, endothelial cell signaling initiated by neu-
trophil adherence to ICAM-1, and adhesion pathways
mediating neutrophil emigration.

TNF-a AND IL-1
Neutrophil recruitment requires the coordinated expres-
sion of genes for adhesion molecules and chemokines.
During pneumonia, gene transcription is likely induced
initially in cells in the air spaces whose pattern-recogni-
tion receptors, such as Toll-like receptors,1 bind con-
served microbial structures, such as lipopolysaccharide
(LPS) or unmethylated CpG deoxyribonucleic acid
(DNA). This initial wave of gene transcription also
results in the expression of the early-response cytokines,
TNF-a and IL-1. These cytokines induce the expression
of adhesion molecules and chemokines in cells that have
not been directly activated by microbe-derived li-
gands.2,3 In this way, proinflammatory signals originally
elicited by microbes in the alveolar air spaces may be
communicated to other cells in the lungs and to cells in
extrapulmonary tissues.

TNF-a is elaborated as a membrane protein and
released from the cell surface by TNF-a cleaving en-
zyme.4 Two different receptors signal in response
to TNF-a: TNF receptor 1 (TNFR1) and TNF re-
ceptor 2 (TNFR2).5 Soluble TNF-a signals primarily
through TNFR1, whereas TNFR2 responds preferen-
tially to membrane-bound TNF-a.6,7 Both receptors
activate NF-kB transcription factors and induce gene
transcription.

IL-1a and IL-1b are also initially elaborated as
cytosolic proteins that are released to the extracellular
milieu subsequent to proteolytic processing by calpain,
for IL-1a, or caspase-1, for IL-1b.8 The type I IL-1
receptor (IL1RI) binds to both IL-1a and IL-1b,
functioning as a signaling receptor that activates NF-
kB and induces gene expression.9 In contrast, the type II
IL-1 receptor (IL1RII) does not contain an intracellular
signaling domain. By functioning as a decoy receptor,
IL1RII decreases signaling from IL-1a and IL-1b.9

Thus signaling from IL-1a and IL-1b is mediated
exclusively by IL1RI.

TNF-a, IL-1a, and IL-1b are expressed during
pneumonia in the lungs of experimental animals and
patients.10–17 To test the hypothesis that TNF-a and/or
IL-1a and b are essential to innate immune responses
during pneumonia, the response to Escherichia coli within
the lungs was compared in mice deficient in one or more
of the receptors for these cytokines. Compared with WT
(wild type) mice, TNF receptor–deficient mice lacking
both TNFR1 and TNFR2 show no decrease in NF-kB

translocation, neutrophil emigration, or edema accumu-
lation during E. coli pneumonia, suggesting that TNF
receptors are not required for a full response to this
organism when studied using mutant mice.18 These mice
do show an increase in the number of E. coli remaining in
the lung at this early time point of 6 hours, suggesting
that TNF-a may facilitate the clearance of this organ-
ism. Similarly, mice deficient in IL1R1 have no defect in
neutrophil emigration or edema accumulation during E.
coli pneumonia.19

Thus signaling through either TNF receptors or
IL1R1 is not independently essential to these innate
immune responses when examined using mutant mice.
However, TNF-a and IL-1 induce overlapping signal-
ing pathways and the expression of overlapping sets of
genes,20 suggesting that responses to E. coli in the lungs
may require signaling from either TNF-a or IL-1.
In fact, mice deficient in both TNFR1 and IL1R1
have a defect in innate immunity to E. coli. Neutrophil
emigration and edema accumulation are only half of
that observed in the lungs of WT mice during E. coli
pneumonia.19 These studies suggest that TNFR1 and
IL1RI have essential but overlapping roles in mediating
innate immunity in the lungs. Furthermore, these data
indicate that pathways exist for neutrophil emigration
and edema accumulation independent of these two
receptors. TNF-a signaling though TNFR2 is unlikely
to contribute to these responses because TNFR1/
IL1R1–deficient mice given the soluble chimeric mole-
cule TNFR: ImmunoglobulinG to antagonize TNF-a
have no greater or additional defects.21 More likely, a
portion of neutrophil emigration and edema accumula-
tion elicited by E. coli in the lungs may occur through
pathways that do not require these cytokines.

The mechanisms by which TNF-a and IL-1
contribute to maximal neutrophil recruitment remain
speculative. Concentrations of the neutrophil chemokine
KC are significantly decreased in bronchoalveolar lavage
fluids from TNFR1/IL1R1 deficient mice.19 Because
KC is required for neutrophil emigration elicited by
gram-negative bacterial stimuli in the lungs,22 an essen-
tial role for TNF-a and IL-1 receptors in amplifying
chemokine expression may have contributed to this
defect in emigration. In addition, although NF-kB
translocation is not detectably decreased in the lungs,
the nuclear translocation of NF-kB in the liver is signi-
ficantly reduced during E. coli pneumonia in TNFR1/
IL1R1 mice compared with WT.19 These data
demonstrate that signaling to extrapulmonary tissues
during E. coli pneumonia requires these receptors.
NF-kB mediates the expression of hepatocyte-derived
acute phase proteins facilitating neutrophil recruitment
and activation, including serum amyloid A and comple-
ment C3.23–25 In this way, these cytokine receptors may
be critical to systemic responses that influence local
inflammation.
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These studies indicate that TNF-a and IL-1
share functions contributing to neutrophil emigration
and the accumulation of extravascular plasma during
E. coli pneumonia. Because neutrophils and plasma
proteins are essential to combating bacterial infections,
inhibiting these innate immune responses could com-
promise host defenses. However, given that pneumonia
is an important risk factor for acute lung injury and the
acute respiratory distress syndrome, decreasing the in-
flammatory response to microbes in the lungs may be
protective for some patients. These studies suggest that
the combined inhibition of signaling from TNF-a and
IL-1 may be more effective than inhibition of TNF-a or
IL-1 alone in limiting inflammation and injury during
respiratory infection.

NF-j B
All three signaling receptors for TNF-a and IL-1, as
well as the Toll-like receptors, which recognize con-
served microbial structures, activate NF-kB transcrip-
tion factors.26 NF-kB complexes include homo- or
heterodimers of NF-kB proteins (RelA, RelB, c-Rel,
p50, and p52). NF-kB complexes are maintained in the
cytoplasm of most cells by their interactions with in-
hibitor IkB proteins, preventing their nuclear import
and mediating their nuclear export. Upon appropriate
receptor stimulation, signaling pathways activate IkB
kinases (IKK), which phosphorylate IkB proteins, re-
sulting in their ubiquitination and proteasomal degrada-
tion. NF-kB proteins contain nuclear localization
sequences, and NF-kB complexes accumulate in the
nucleus after liberation from IkB proteins. NF-kB
complexes bind specific nucleic acid sequences (kB sites)
in the DNA and recruit multiprotein complexes that
modify histones, remodel chromatin, and direct the
expression of nearby genes.27 Activation of NF-kB is
sufficient to induce gene expression mediating neutro-
phil recruitment because adenoviral expression of con-
stitutively active IKK in lung cells in vivo in the absence
of other events associated with inflammation causes
expression of the chemokines KC and MIP-2 and the
accumulation of neutrophils.28

NF-kB is activated during experimental lung
infections and in patients with lung injury and modulates
innate immune responses. For example, E. coli and E. coli
LPS in rodent lungs induce the rapid nuclear accumula-
tion of the NF-kB complexes RelA/p50 and p50/
p50.17,18,29 NF-kB complexes accumulate in the alveolar
macrophages of patients with the acute respiratory dis-
tress syndrome.30,31 In particular, NF-kB RelA is essen-
tial to induction of ICAM-1, IL-8, KC, and MIP-2 by
LPS or cytokines in vitro,2,32,33 and ICAM-1,34 KC,22

and MIP-235 are required for neutrophil recruitment
elicited by LPS in rodent lungs. Studies in vivo have
been hampered because the targeted deletion of the gene

for RelA results in embryonic lethality.36 The additional
genetic deficiency of TNFR1 rescues RelA-deficient
mice through the embryonic period,37 presumably due
to essential roles for RelA in the expression of genes
protective against TNFR1-induced cytotoxicity. How-
ever, mice deficient in both TNFR1 and RelA (TNFR1/
RelA mutants) die within several weeks of birth.37 The
TNFR1/RelA mutants, in contrast to either the WT or
TNFR1-deficient mice, demonstrate widespread evi-
dence of infection, including pneumonia and bacteremia,
and the life spans of TNFR1/RelA mice are prolonged
by antibiotic treatment, indicating that RelA is required
for effective host defenses and prevention of lethal
bacterial infections.37

To determine whether RelA is essential to gene
expression and neutrophil emigration in the lungs, E. coli
LPS was delivered intranasally to TNFR1/RelA mutant
mice at 3 to 5 days of age. The increase in expression of
molecules mediating neutrophil emigration, including
ICAM-1, KC, and MIP-2, is significantly less in the
lungs of TNFR1/RelA mice compared with WT or
TNFR1-deficient mice.37 Furthermore, neutrophil emi-
gration is compromised in TNFR1/RelA mutant mice
compared with WT or TNFR1- deficient mice.37 Thus,
RelA mediates the LPS-induced expression of chemo-
kines and adhesion molecules required for neutrophil
emigration in the lungs.

The cells in which RelA-induced gene expression
is particularly important for neutrophil emigration
have not been conclusively identified. Reconstitution
of lethally irradiated WT mice with RelA-deficient
hematopoietic stem cells results in WT mice with
RelA-deficient leukocytes, including alveolar macro-
phages and circulating neutrophils.37 Compared with
WT mice with WT leukocytes, neutrophil emigration
elicited by LPS in the lungs is not decreased in the lungs
of WT mice with leukocytes deficient in RelA, TNFR1,
or both.37 Comparing these results with the studies of
mice deficient in TNFR1 and RelA in all cells suggests
that gene induction by RelA in nonhematopoietic cells,
such as epithelial and endothelial cells of the lung, is
critical to neutrophil recruitment.

In resting cells, RelA-containing NF-kB com-
plexes are typically bound to inhibitor proteins of
the IkB family, including IkB-a, IkB-b, and IkB-e.26

Immunoprecipitation of RelA from mouse lungs
co-precipitates all three of these IkB proteins.29 The
immunoprecipitation of each of the IkB proteins co-
precipitates RelA but fails to co-precipitate the other
IkB proteins.29 Thus each of these IkB proteins forms
discrete complexes with RelA in mouse lungs. After
intratracheal instillation of LPS, IkB-a and IkB-b
protein levels decrease in the lungs.29 In contrast, IkB-
e levels increase,29 indicating distinct mechanisms for
regulation of this IkB protein. These data suggest that
the nuclear translocation of RelA complexes results from
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the LPS-induced degradation of IkB-a and IkB-b.
Studies to determine the functions of these IkB have
demonstrated that IkB-b deficiency did not affect the
nuclear accumulation of NF-kB complexes, neutrophil
recruitment to alveolar air spaces, or pulmonary edema,29

suggesting IkB-b proteins do not possess unique proper-
ties essential to NF-kB translocation or to acute inflam-
mation induced by E. coli LPS in the lungs. Studies
examining IkB-a are not yet feasible because deficiency
of this molecule results in uncontrolled inflammation
and perinatal lethality.38

IkB proteins are only one mechanism by which
cells inhibit RelA. Other endogenous means for inhibit-
ing gene induction by RelA include p50/p50 homodi-
mers,39–41 steroid hormones,42,43 cyclopentenone
prostaglandins,44 histone deacetylases,45,46 and Twist
transcription factors.47 Mimicking these inhibitory
pathways with pharmacological agents may be candidate
approaches for patients with excessive lung inflamma-
tion. Furthermore, host variation in these molecular
pathways, resulting from genetic polymorphisms and
previous or current environmental stresses, may predis-
pose subpopulations to acute lung injury during infec-
tion. The role of RelA in mediating the LPS-induced
expression of proinflammatory genes and amplifying
neutrophil recruitment suggests that limiting RelA ac-
tivity may be important to protecting the lungs from
injury.

ICAM-1–DEPENDENT SIGNALING INTO
PULMONARY MICROVASCULAR
ENDOTHELIAL CELLS DURING
NEUTROPHIL ADHESION
ICAM-1 is an adhesion molecule expressed by endothe-
lial and other cells. In many pulmonary inflammatory
responses, such as those induced by E. coli LPS or TNF-
a, ICAM-1 expression is increased on the luminal sur-
face of pulmonary capillary endothelium.48,49 Its expres-
sion is regulated by NF-kB.2,37 The interaction between
neutrophil b2 integrins and endothelial cell (EC)
ICAM-1 often mediates the adhesion of neutrophils to
pulmonary capillary ECs, a process that is usually a
prerequisite for subsequent neutrophil migration across
the endothelium and into the alveolar space during
pulmonary inflammation.50 Blockade of ICAM-1 ex-
pression in the lungs by antisense oligonucleotides or
treatment with anti–ICAM-1 antibodies largely pre-
vents neutrophil sequestration and emigration into
the alveolar space induced by many inflammatory sti-
muli,51–53 demonstrating an indispensable role for
ICAM-1 in these responses.

Recent studies using cultured ECs have provided
evidence that ICAM-1, in addition to its role as an
adhesion molecule for leukocytes, functions as a signal-
ing molecule when ligated by leukocytes, antibodies, or

fibrinogen.54–59 These studies led to the hypothesis that
ICAM-1–induced signaling cascades and downstream
events in pulmonary capillary ECs may play important
roles in modulating neutrophil migration along or across
ECs. Support for this concept is provided by studies
of Sans and colleagues,60 who demonstrated that in a
reconstituted cell line, expression of ICAM-1 without
its cytoplasmic domain required for signaling prevents
neutrophil transmigration without inhibiting neutrophil
adhesion. Using cultured human and rat pulmonary
microvascular ECs, we have recently shown that
ICAM-1 ligation induces a cascade of signaling events
into ECs, resulting in cytoskeletal changes of ECs.61–64

Inhibition of signaling events in ECs prevents neutro-
phil migration toward EC borders, the preferred site of
neutrophil emigration across pulmonary capillary ECs in
vivo.65,66 ICAM-1–initiated signaling cascades are the
focus of the remainder of this section.

Cultured human pulmonary microvascular ECs
express little ICAM-1 on their surface. However, in
response to stimulation by TNF-a for 8 or 24 hours,
the expression of ICAM-1 is induced on the surface of
these ECs,61,67 correlating with in vivo studies. This
increase in ICAM-1 expression is accompanied by in-
creased adhesion of isolated human neutrophils.61 Sti-
mulation of ECs by TNF-a for 24 hours also results in
changes in the F-actin cytoskeleton that include the
disassembly of the peripheral F-actin cytoskeleton and
increases in the F-actin stress fibers.63 Neutrophil ad-
herence to TNF-a–treated ECs for 2 to 10 minutes
induces thickening of F-actin bundles and formation of
F-actin clusters in ECs.63 Quantification of F-actin
staining in ECs demonstrates an increase in both the
mean staining intensity and the percentage of the EC
area occupied by F-actin.63 In addition, the apparent
stiffness of ECs increases in response to neutrophil
adherence for 2 to 15 minutes, as evaluated by magnetic
twisting cytometry.63 Addition of neutrophils to ECs
that are not pretreated with TNF-a does not alter the
actin cytoskeleton or the apparent stiffness of ECs. This
increase in the apparent stiffness of ECs is not prevented
by inhibitors of myosin light chain kinase but is inhibited
by pretreatment with cytochalasin D, which induces
F-actin depolymerization,68 or jasplakinolide, which
binds F-actin and stabilizes F-actin by preventing F-
actin depolymerization.69 These results suggest that the
stiffening response results from changes in the F-actin
cytoskeleton in ECs initiated by neutrophil adherence.
Together, these studies indicate that neutrophil adher-
ence to TNF-a–pretreated pulmonary microvascular
ECs induces changes in the F-actin cytoskeleton of ECs.

These cytoskeletal changes induced by neutro-
phils are inhibited by pretreatment with an anti–ICAM-
1 antibody and are mimicked by crosslinking ICAM-1
with antibodies, as evaluated by magnetic twisting cyto-
metry and by visualizing F-actin distribution.61 These

36 SEMINARS IN RESPIRATORY AND CRITICAL CARE MEDICINE/VOLUME 25, NUMBER 1 2004



ICAM-1–induced changes in the F-actin cytoskeleton
do not occur when only the primary antibody is bound
but rather require the addition of a secondary antibody,
suggesting that cross-linking ICAM-1 (i.e., bringing
more ICAM-1 molecules closer together) is necessary
for transducing signaling events into ECs.

Ongoing studies are beginning to delineate the
signaling pathways initiated by ICAM-1 that result in
these changes in the F-actin cytoskeleton following
neutrophil adherence. Cross-linking ICAM-1 with
antibodies induces redistribution of ICAM-1 into ag-
gregates on the surface of human pulmonary microvas-
cular ECs.61,64 In cultured human umbilical vein ECs,
clustering of ICAM-1 and its association with actin-
binding proteins such as ezrin (a membrane cytoskeletal
linker), a-actinin, and vinculin in response to ligation of
ICAM-1 by antibodies or adherence of leukocytes have
been observed.54,70 These changes in ICAM-1 require
phosphoinositides and Rho, and are thought to play
important roles in mediating firm adhesion of leuko-
cytes.54,70 The role of ezrin, phosphotidylinositols, and
Rho in ICAM-1–initiated signaling within human pul-
monary microvascular ECs remains to be determined.

Downstream signaling events following ICAM-1
ligation and clustering on pulmonary microvascular
ECs are depicted in Fig. 1. They include activation of
xanthine oxidase and generation of reactive oxygen
species (ROS) by this enzyme in ECs.61,64 Production
of ROS in turn leads to activation of p38 mitogen-
activated protein kinase (MAPK) and subsequent phos-
phorylation of heat shock protein 27 (hsp27), an actin-
binding protein that may modulate F-actin polymeriza-
tion upon phosphorylation.62,64,71 Pretreatment of ECs
with SB203580, an inhibitor of p38 MAPK, prevents
the changes in the F-actin cytoskeleton in ECs induced
by neutrophils or cross-linking ICAM-1, indicating that
p38 MAPK is required for the cytoskeletal changes
initiated by ICAM-1 ligation.62

These studies led to the hypothesis that during
neutrophil adherence to TNF-a–treated pulmonary mi-
crovascular ECs, ICAM-1–initiated signaling events
and cytoskeletal changes may modulate neutrophil mi-
gration along ECs to reach EC borders. Our studies
demonstrate that there is a time-dependent increase in
the percentage of neutrophils present at EC borders after
addition of neutrophils to TNF-a–treated ECs, indicat-
ing that neutrophils migrate toward EC borders.63 Pre-
treatment of ECs with an inhibitor of p38 attenuates
neutrophil migration toward EC borders.62 These data
suggest that activation of p38 and phosphorylation of its
downstream substrates in ECs play important roles in
mediating neutrophil migration toward EC borders,
where neutrophil transmigration occurs.

Neutrophil emigration occurs within the micro-
vasculature, primarily from the pulmonary capillaries
during inflammation in the lung parenchyma.50

Endothelial cells of the pulmonary vasculature may
have specialized responses to neutrophil adhesion. For
example, comparison of cultured pulmonary arterial ECs
(PAECs) and pulmonary microvascular ECs (PMECs)
isolated from rats show that adherence of rat neutrophils
induces an increase in F-actin staining and the stiffening
response of TNF-a–pretreated rat PMECs, but not rat
PAECs.64 This difference between ECs isolated from
these two sites is not due to differences in the expression
of ICAM-1 following TNF-a treatment or in ICAM-1
clustering in response to cross-linking antibodies. How-
ever, ICAM-1–dependent activation of p38 MAPK
occurs in TNF-a–pretreated PMECs, but not PAECs.
This activation of p38 in PMECs is prevented by
allopurinol, an inhibitor of xanthine oxidase (see
Fig. 1). Measurement of xanthine oxidase activity reveals
that this enzyme’s activity in PMECs is increased by
neutrophil adhesion. In contrast, PAECs demonstrate a
much higher basal level of activity of this oxidase, and no
detectable increase is induced by neutrophil adherence.

Figure 1 Ligation of intercellular adhesion molecule (ICAM)-1
initiates signaling pathways into pulmonary microvascular en-
dothelial cells (ECs) during neutrophil adherence, resulting in
cytoskeletal changes. ICAM-1–initiated signaling pathways result
in activation of p38 mitogen-activated protein kinase (MAPK) and
subsequent phosphorylation of hsp27. Phosphorylation of hsp27
is postulated to mediate the actin cytoskeletal changes.
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Taken together, these data suggest that differences
between rat PMECs and PAECs in their cytoskeletal
responses to neutrophil adherence are due to differences
in ICAM-1–initiated signaling pathways. The differ-
ence in signaling seems to lie between ICAM-1 cluster-
ing (which occurs in both cell types) and p38 activation,
perhaps in the activation of xanthine oxidase.

Whether these ICAM-1–initiated signaling
events and actin cytoskeletal changes in ECs during
neutrophil adherence are required for neutrophil emigra-
tion into the alveolar space during inflammatory pro-
cesses in vivo remains to be determined. Dynamic
changes in actin cytoskeletal organization do occur and
appear essential for neutrophil emigration during in-
flammatory responses in vivo. For instance, intratracheal
instillation of phalloidin, which prevents F-actin rear-
rangement in lung capillary ECs and epithelial cells,
inhibits neutrophil emigration into the alveolar spaces by
83% in response to Streptococcus pneumoniae.72 In addi-
tion, phalloidin instillation attenuates neutrophil emi-
gration and edema formation in acid aspiration lung
injury.73 These studies suggest that changes in the
cytoskeleton in ECs and epithelial cells are required
for neutrophil emigration during acute pulmonary in-
flammation. Generation of genetically altered animal
models such as animals expressing a truncated form of
ICAM-1 without its cytoplasmic domain required for
signaling will help elucidate the physiological signifi-
cance of ICAM-1–initiated signaling events in mediat-
ing neutrophil emigration in lung inflammation in vivo.

NEUTROPHIL EMIGRATION
Although adhesion mediated by CD11/CD18 and
ICAM-1 ligation is required for neutrophil emigration
in response to some stimuli (including E. coli, E. coli
endotoxin, Pseudomonas aeruginosa, IL-1, IgG immune
complexes), the CD11/CD18 adhesion complex is not
required in response to others (including S. pneumoniae,
Staphylococcus aureus, Group B Streptococcus, C5a, KC,
hyperoxia50). The selection of CD11/CD18–dependent
or –independent pathways appears to be determined by
which cytokines are produced very early in host defense
toward these stimuli.50 Although TNF-a and IL-1
appear important in initiating CD11/CD18–mediated
adhesion, other cytokines such as interferon gamma
(IFN-g) appear important in regulating the CD11/
CD18–independent pathway.74 CD11/CD18–inde-
pendent adhesion is not mediated by members of
the selectin family, VLA-4 (very late antigen-4), or
PECAM-1 (platelet–endothelial cell adhesion mole-
cule-1).50,75,76 Presently, the molecules that mediate
adhesion when CD11/CD18 is not required are not
known, and whether neutrophil–endothelial cell adhe-
sion molecules in the traditional sense are needed is also
not clear.

Following adhesion and transendothelial migra-
tion, neutrophils pass through slitlike holes in the en-
dothelial basal lamina into the connective tissue matrix
within the thick side of the capillary loop.65,66 The
cellular processes of fibroblasts within this matrix extend
from these holes to similar holes within the basal lamina
of alveolar epithelial cells.65,66 Neutrophils are often in
contact with these fibroblasts as they crawl toward the
alveolar spaces, suggesting that they use these cells as a
track. Neutrophils prefer to pass between Type I and
Type II cells, rather than between Type I/Type I
borders.65,66 CD44, the receptor for hyaluronic acid
and other connective tissue molecules, and b1 integrins
appear important in neutrophil emigration toward some
stimuli.77,78 The molecular signals regulating neutrophil
transit following transendothelial cell migration are only
beginning to be elucidated.

SUMMARY
Host defense and innate immunity are complex process-
es that often require recruitment of neutrophils. Produc-
tion of TNF-a and IL-1, activation of NF-kB, and
subsequent gene expression are important steps in neu-
trophil recruitment early in the response to many stimuli.
Neutrophil–endothelial cell interactions through
CD11/CD18-mediated adhesion to ICAM-1 are also
often but not always critical and depend upon the
stimulus. Both the adhesive function of these molecules
and the signaling cascades that are initiated within both
cell types may be important in modulating neutrophil
recruitment and their subsequent ability to combat
infection. Our understanding is incomplete at this
time, and our ability to modulate innate immunity
therapeutically will be greatly enhanced by a clearer
understanding of the multiple pathways through which
the host responds to stimuli within the lungs.

FUNDING

Supported by: NIH HL 48160, 52466, and 68153,
a Parker B. Francis Fellowship from the Francis Families
Foundation (Q.W.), a Research Grant from the
American Lung Association (Q.W.), and a Clinical
Investigator Award in Translational Research (C.M.D).

REFERENCES

1. Medzhitov R. Toll-like receptors and innate immunity.
Nat Rev Immunol 2001;1:135–145

2. Ledebur HC, Parks TP. Transcriptional regulation of the
intercellular adhesion molecule-1 gene by inflammatory
cytokines in human endothelial cells: essential roles of a
variant NF-kappa B site and p65 homodimers. J Biol Chem
1995;270:933–943

38 SEMINARS IN RESPIRATORY AND CRITICAL CARE MEDICINE/VOLUME 25, NUMBER 1 2004



3. Wickremasinghe MI, Thomas LH, Friedland JS. Pulmonary
epithelial cells are a source of IL-8 in the response to
Mycobacterium tuberculosis: essential role of IL-1 from infected
monocytes in a NF-kappa B–dependent network. J Immunol
1999;163:3936–3947

4. Black RA, Rauch CT, Kozlosky CJ, et al. A metalloproteinase
disintegrin that releases tumour-necrosis factor-alpha from
cells. Nature 1997;385:729–733

5. Baud V, Karin M. Signal transduction by tumor necrosis
factor and its relatives. Trends Cell Biol 2001;11:372–377

6. Grell M, Douni E, Wajant H, et al. The transmembrane form
of tumor necrosis factor is the prime activating ligand of the
80 kDa tumor necrosis factor receptor. Cell 1995;83:793–802

7. Mukhopadhyay A, Suttles J, Stout RD, Aggarwal BB.
Genetic deletion of the tumor necrosis factor receptor p60
or p80 abrogates ligand-mediated activation of nuclear factor-
kappa B and of mitogen-activated protein kinases in
macrophages. J Biol Chem 2001;276:31906–31912

8. Dinarello CA. Interleukin-1. Cytokine Growth Factor Rev
1997;8:253–265

9. Sims JE. IL-1 and IL-18 receptors, and their extended family.
Curr Opin Immunol 2002;14:117–122

10. Nelson S, Bagby GJ, Bainton BG, et al. Compartmentaliza-
tion of intraalveolar and systemic lipopolysaccharide-induced
tumor necrosis factor and the pulmonary inflammatory
response. J Infect Dis 1989;159:189–194

11. Laichalk LL, Kunkel SL, Strieter RM, et al. Tumor necrosis
factor mediates lung antibacterial host defenses in murine
Klebsiella pneumonia. Infect Immun 1996;64:5211–5218

12. Fox-Dewhurst R, Alberts MK, Kajikawa O, et al. Pulmonary
and systemic inflammatory responses in rabbits with gram-
negative pneumonia. Am J Respir Crit Care Med 1997;155:
2030–2040

13. Greene C, Lowe G, Taggart C, et al. Tumor necrosis factor-
alpha-converting enzyme: its role in community-acquired
pneumonia. J Infect Dis 2002;186:1790–1796

14. Bauer TT, Monton C, Torres A, et al. Comparison of
systemic cytokine levels in patients with acute respiratory
distress syndrome, severe pneumonia, and controls. Thorax
2000;55:46–52

15. Monton C, Torres A, El-Ebiary M, et al. Cytokine expression
in severe pneumonia: a bronchoalveolar lavage study. Crit
Care Med 1999;27:1745–1753

16. Ulich TR, Watson LR, Yin SM, et al. The intratracheal
administration of endotoxin and cytokines, I: Characteriza-
tion of LPS-induced IL-1 and TNF mRNA expression and
the LPS-, IL-1-, and TNF-induced inflammatory infiltrate.
Am J Pathol 1991;138:1485–1496

17. Blackwell TS, Lancaster LH, Blackwell TR, et al. Differential
NF-kB activation after intratracheal endotoxin. Am J Pathol
1991;138:1485–1496

18. Mizgerd JP, Peschon JJ, Doerschuk CM. Roles of tumor
necrosis factor signaling during murine Escherichia coli pneu-
monia in mice. Am J Respir Cell Mol Biol 2000;22: 85–91

19. Mizgerd JP, Spieker MR, Doerschuk CM. Early response
cytokines and innate immunity: essential roles for TNFR1 and
IL1R1 during Escherichia coli pneumonia in mice. J Immunol
2001;166:4042–4048

20. Dinarello CA. Proinflammatory cytokines. Chest 2000;118:
503–508

21. Hashimoto I, Doerschuk CM. TNF and IL-1 are not
required for the acute inflammatory response to S. pneumoniae
in mice. Am J Respir Crit Care Med 2001;163:A427

22. Frevert CW, Huang S, Danaee H, et al. Functional
characterization of the rat chemokine KC and its importance
in neutrophil recruitment in a rat model of pulmonary
inflammation. J Immunol 1995;154:335–344

23. Vik D, Amiguet P, Moffat G, et al. Structural features of the
human C3 gene: intron/exon organization, transcriptional
start site, and promoter region sequence. Biochemistry 1991;
30:1080–1085

24. Shimizu H, Yamamoto K. NF-kB and C/EBP transcription
factor families synergisitically function in mouse serum amy-
loid A gene expression induced by inflammatory cytokines.
Gene 1994;149:305–310

25. Moon M, Parikh A, Pritts T, et al. Complement component
C3 production in IL-1b-stimulated human intestinal epithe-
lial cells is blocked by NF-kB inhibitors and by trans-
fection with ser 32/36 mutant IkBa. J Surg Res 1999;82:
48–55

26. Li Q, Verma IM. NF-kappaB regulation in the immune
system. Nat Rev Immunol 2002;2:725–734

27. Hermanson O, Glass CK, Rosenfeld MG. Nuclear receptor
coregulators: multiple modes of modification. Trends Endo-
crinol Metab 2002;13:55–60

28. Sadikot RT, Han W, Everhart MB, et al. Selective I kappa B
kinase expression in airway epithelium generates neutrophilic
lung inflammation. J Immunol 2003;170:1091–1098

29. Mizgerd JP, Scott ML, Spieker MR, Doerschuk CM.
Functions of IkB proteins in inflammatory responses to E.
coli LPS in mouse lungs. Am J Respir Cell Mol Biol 2002;
27:575–582

30. Schwartz MD, Moore EE, Moore FA, et al. Nuclear factor-
kappa B is activated in alveolar macrophages from patients
with acute respiratory distress syndrome. Crit Care Med
1996;24:1285–1292

31. Moine P, McIntyre R, Schwartz MD, et al. NF-kappaB
regulatory mechanisms in alveolar macrophages from patients
with acute respiratory distress syndrome. Shock 2000;13:
85–91

32. Ouaaz F, Li M, Beg AA. A critical role for the RelA subunit
of nuclear factor kB in regulation of multiple immune-
response genes and in Fas-induced cell death. J Exp Med
1999;189:999–1004

33. Kunsch C, Rosen CA. NF-kB subunit-specific regulation of
the interleukin-8 promoter. Mol Cell Biol 1993;13:6137–
6146

34. Kumasaka T, Quinlan WM, Doyle NA, et al. The role of
ICAM-1 in endotoxin-induced pneumonia evaluated using
ICAM-1 antisense oligonucleotides, anti-ICAM-1 mono-
clonal antibodies, and ICAM-1 mutant mice. J Clin Invest
1996;97:2362–2369

35. Schmal H, Shanley TP, Jones ML, et al. Role for macrophage
inflammatory protein-2 in lipopolysaccharide-induced lung
injury in rats. J Immunol 1996;156:1963–1972

36. Beg AA, Sha WC, Bronson RT, et al. Embryonic lethality
and liver degeneration in mice lacking the RelA component of
NF-kB. Nature 1995;376:167–170

37. Alcamo EA, Mizgerd JP, Horwitz BH, et al. Targeted
mutation of tumor necrosis factor 1 rescues the RelA-deficient
mouse and reveals a critical role for NF-kB in leukocyte
recruitment. J Immunol 2001;167:1592–1600

37. Baer M, Dillner A, Schwartz RC, et al. Tumor necrosis factor
alpha transcription in macrophages is attenuated by an
autocrine factor that preferentially induces NF-kappaB p50.
Mol Cell Biol 1998;18:5678–5689

NEUTROPHILS IN INNATE IMMUNITY/WANG ET AL 39



38. Beg AA, Sha WC, Bronson RT, Baltimore D. Constitutive
NF-kB activation, enhanced granulopoiesis, and neonatal
lethality in IkBa-deficient mice. Genes Dev 1995;9:2736–
2746

39. Baer M, Dillner A, Schwartz RC, et al. Tumor necrosis factor
alpha transcription in macrophages is attenuated by an
autocrine factor that preferentially induces NF-kappaB p50.
Mol Cell Biol 1998;18:5678–5689

40. Bohuslav J, Kravchenko VK, Parry GCN, et al. Regulation of
an essential innate immune response by the p50 subunit of
NF-kB. J Clin Invest 1998;102:1645–1652

41. Udalova IA, Richardson A, Denys A, et al. Functional
consequences of a polymorphism affecting NF-kappaB p50-
p50 binding to the TNF promoter region. Mol Cell Biol
2000;20:9113–9119

42. Sheppard KA, Phelps KM, Williams AJ, et al. Nuclear
integration of glucocorticoid receptor and nuclear factor-
kappaB signaling by CREB-binding protein and steroid
receptor coactivator-1. J Biol Chem 1998;273:29291–29294

43. McKay LI, Cidlowski JA. CBP (CREB binding protein)
integrates NF-kappaB (nuclear factor-kappaB) and glucocor-
ticoid receptor physical interactions and antagonism. Mol
Endocrinol 2000;14:1222–1234

44. Rossi A, Kapahi P, Natoli G, et al. Anti-inflammatory
cyclopentenone prostaglandins are direct inhibitors of Ikap-
paB kinase. Nature 2000;403:103–108

45. Ashburner BP, Westerheide SD, Baldwin ASJr. The p65
(RelA) subunit of NF-kappaB interacts with the histone
deacetylase (HDAC) corepressors HDAC1 and HDAC2 to
negatively regulate gene expression. Mol Cell Biol 2001;
21:7065–7077

46. Chen L, Fischle W, Verdin E, Greene WC. Duration of
nuclear NF-kappaB action regulated by reversible acetylation.
Science 2001;293:1653–1657

47. Sosic D, Richardson JA, Yu K, et al. Twist regulates cytokine
gene expression through a negative feedback loop that re-
presses NF-kappaB activity. Cell 2003;112:169–180

48. Burns AR, Takei F, Doerschuk CM. Quantitation of ICAM-
1 expression in mouse lung during pneumonia. J Immunol
1994;153:3189–3198

49. Kang BH, Manderschied BD, Huang YC, Crapo JD, Chang
LY. Contrasting response of lung parenchymal cells to
instilled TNF alpha and IFN gamma: the inducibility of
specific cell ICAM-1 in vivo. Am J Respir Cell Mol Biol
1996;15:540–550

50. Doerschuk CM. Mechanisms of leukocyte sequestration in
inflamed lungs. Microcirculation 2001;8:71–88

51. Doerschuk CM, Quinlan WM, Doyle NA, et al. The role of
P-selectin and ICAM-1 in acute lung injury as determined
using blocking antibodies and mutant mice. J Immunol 1996;
157:4609–4614

52. Kumasaka T, Quinlan WM, Doyle NA, et al. Role of the
intercellular adhesion molecule-1 (ICAM-1) in endotoxin-
induced pneumonia evaluated using ICAM-1 antisense
oligonucleotides, anti-ICAM-1 monoclonal antibodies, and
ICAM-1 mutant mice. J Clin Invest 1996;97:2362–2369

53. Qin L, Quinlan WM, Doyle NA, et al. The roles of CD11/
CD18 and ICAM-1 in acute Pseudomonas aeruginosa–induced
pneumonia in mice. J Immunol 1996;157:5016–5021

54. Barreiro O, Yanez-Mo M, Serrador JM, et al. Dynamic
interaction of VCAM-1 and ICAM-1 with moesin and ezrin
in a novel endothelial docking structure for adherent
leukocytes. J Cell Biol 2002;157:1233–1245

55. Thompson PW, Randi AM, Ridley AJ. Intercellular adhesion
molecule (ICAM)-1, but not ICAM-2, activates RhoA and
stimulates c-fos and rhoA transcription in endothelial cells. J
Immunol 2002;169:1007–1013

56. Tilghman RW, Hoover RL. The Src-cortactin pathway is
required for clustering of E-selectin and ICAM-1 in
endothelial cells. FASEB J 2002;16:1257–1259

57. Hubbard AK, Rothlein R. Intercellular adhesion molecule-1
(ICAM-1) expression and cell signaling cascades. Free Radic
Biol Med 2000;28:1379–1386

58. Tsakadze NL, Zhao A, D’Souza SE. Interactions of inter-
cellular adhesion molecule-1 with fibrinogen. Trends Cardi-
ovasc Med 2002;12:101–108

59. Wang Q, Doerschuk CM. The signaling pathways induced by
neutrophil-endothelial cell adhesion. Antioxid Redox Signal
2002;4:39–47

60. Sans E, Delachanal E, Duperray A. Analysis of the roles of
ICAM-1 in neutrophil transmigration using a reconstituted
mammalian cell expression model: implication of ICAM-1
cytoplasmic domain and Rho-dependent signaling pathway.
J Immunol 2001;166:544–551

61. Wang Q, Doerschuk CM. Neutrophil-induced changes in
the biomechanical properties of endothelial cells: the roles
of ICAM-1 and oxidants. J Immunol 2000;164:6487–6494

62. Wang Q, Doerschuk CM. The p38 mitogen-activated
protein kinase mediates cytoskeletal remodeling in pulmonary
microvascular endothelial cells upon ICAM-1 ligation. J Im-
munol 2001;166:6877–6884

63. Wang Q, Chiang ET, Lim M, et al. Changes in the bio-
mechanical properties of neutrophils and endothelial cells
during adhesion. Blood 2001;97:660–668

64. Wang Q, Pfeiffer GR II, Stevens T, Doerschuk CM. Lung
microvascular and arterial endothelial cells differ in their
responses to intercellular adhesion molecule-1 ligation. Am J
Respir Crit Care Med 2002;166:872–877

65. Walker DC, Behzad AR, Chu F. Neutrophil migration
through preexisting holes in the basal laminae of alveolar
capillaries and epithelium during streptococcal pneumonia.
Microvasc Res 1995;50:397–416

66. Behzad AR, Chu F, Walker DC. Fibroblasts are in a position
to provide directional information to migrating neutrophils
during pneumonia in rabbit lungs. Microvasc Res 1996;51:
303–316

67. Shen J, Ham RG, Karmiol S. Expression of adhesion mole-
cules in cultured human pulmonary microvascular endothelial
cells. Microvasc Res 1995;50:360–372

68. Cooper JA. Effects of cytochalasin and phalloidin on actin.
J Cell Biol 1987;105:1473–1478

69. Bubb MR, Senderowicz AMJ, Sausville EA, Duncan KLK,
Korn ED. Jasplakinolide, a cytotoxic natural product, induces
actin polymerization and competitively inhibits the binding
of phalloidin to F-actin. J Biol Chem 1994;269:14869–
14871

70. Wojciak-Stothard B, Williams L, Ridley AJ. Monocyte
adhesion and spreading on human endothelial cells is
dependent on Rho-regulated receptor clustering. J Cell Biol
1999;145:1293–1307

71. Huot J, Houle F, Marceau F, Landry J. Oxidative stress-
induced actin reorganization mediated by p38 mitogen-
activated protein kinase/heat shock protein 27 pathways in
vascular endothelial cells. Circ Res 1997;80:383–392

72. Mueller GA, Quinlan WM, Doyle NA, Doerschuk CM. The
role of cytoskeletal proteins in neutrophil emigration during

40 SEMINARS IN RESPIRATORY AND CRITICAL CARE MEDICINE/VOLUME 25, NUMBER 1 2004



pneumonia in rabbits. Am J Respir Crit Care Med 1994;150:
455–461

73. Goldman G, Welbourn R, Klausner JM, et al. Attenuation of
acid aspiration edema with phalloidin. Am J Physiol 1990;
259:L378–L383

74. Tasaka S, Mizgerd JP, Doerschuk CM. Acute inflammatory
response during streptococal pneumonia is reduced in
interferon-g deficient mice. Am J Respir Crit Care Med
1999;159:A483

75. Tasaka S, Richer SE, Mizgerd JP, Doerschuk CM. VLA-4
in CD18-independent neutrophil emigration during acute
bacterial pneumonia in mice. Am J Respir Crit Care Med
2002;166:53–60

76. Tasaka S, Qin L, Kutkoski GJ, Albelda SM, DeLisser HM,
Doerschuk CM. The role of PECAM-1 (CD31) in
neutrophil emigration during acute bacterial pneumonia in
mice and rats. Am J Respir Crit Care Med 2003;167:164–
170

77. Wang Q, Teder P, Judd NP, Noble PW, Doerschuk CM.
CD44 deficiency leads to enhanced neutrophil migration and
lung injury in E. coli pneumonia in mice. Am J Pathol
2002;161:2219–2228

78. Ridger VC, Wagner BE, Wallace WAH, Hellewell PG.
Differential effects of CD18, CD29, and CD49 integrin
subunit inhibition on neutrophil migration in pulmonary
inflammation. J Immunol 2001;166:3484–3490

NEUTROPHILS IN INNATE IMMUNITY/WANG ET AL 41


