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Abstract:

Neutrophil granulocytes constitute an important host defense mechanism, but may at the same time damage functional tissue and

propagate acute organ failure. This balance is particularly vulnerable in the lung which provides a large surface area for invading

pathogens and microorganisms, and simultaneously harbors a large pool of physiologically marginated neutrophils within its

microvascular bed. Pathophysiological stimuli further amplify this accumulation of blood cells and promote the emigration of

neutrophils into the pulmonary interstitium and the airspaces by different mechanisms depending on the pathophysiological

stimulus, its route of entry into or site of production in the lung, and the time course of its action. Importantly, the pulmonary

microvascular endothelium plays a key role in regulating not only sequestration and emigration of neutrophils, but by initiating the

inflammatory response to a variety of diverse stimuli many of which do not directly target the circulating neutrophil, but elicit

microvascular reactions by primarily acting on the endothelium. This review highlights the inflammatory process in the pulmonary

microvasculature with special emphasis on the role of the pulmonary endothelium.
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Introduction

The large alveolar surface area of approximately

80–140 m2 [96] is in constant exchange with the am-

bient environment and thus, provides an ideal entry

portal for the invasion of foreign material or biologi-

cal pathogens including bacteria, toxic gases, and

ultrafine or microparticles. The upper airways have

developed a large set of defense mechanisms in order

to minimize pathogen entry into the alveolar space in-

cluding mechanisms of mechanical sequestration in

the nasopharynx, the mucociliary escalator [94], the

production of a bactericidal mucus containing lacto-

ferrin, lysozyme, rhodanide ions, and immunoglobu-

lins [44], and the secretion of salt-sensitive defensins

into the airway lumen where they become activated

by low-salt liquid on airway surfaces [30]. Pathogen

invasion into the lower airspaces results in a pro-

inflammatory activation of macrophages, epithelial

and endothelial cells constituting the alveolo-capillary

unit, and the recruitment of leukocytes – predomi-

nantly neutrophil granulocytes – from the blood into

the airspace.

Neutrophil granulocytes, however, also bear the

potential to damage normal host lung tissue under

a variety of pulmonary or systemic pro-inflammatory

conditions [36, 60]. This pathological situation com-
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monly refered to as acute lung injury (ALI) or – if re-

fractory hypoxemia is particularly severe – as acute

respiratory distress syndrome (ARDS) [1], was first

recognized during and after both World Wars, when it

became evident that lung injury and edema caused

death in patients although the initial injury had not in-

volved the thorax [7, 9, 75].

This Janus face of neutrophils with respect to lung

defense on the one and lung injury on the other side

necessitates a better understanding of neutrophil ki-

netics and pro-inflammatory signaling pathways in

the pulmonary microvasculature. This article aims to

review sites and mechanisms of neutrophil margina-

tion, sequestration and emigration in the lung, and to

provide a new hypothesis on how diverse stimuli

originating from different compartments or structures

of the lung may evoke inflammatory responses by pri-

marily acting on the lung microvascular endothelium.

The marginated pool

Kinetics of neutrophils in the pulmonary circulation

differ substantially from those in microvascular beds

of the systemic circulation. Cardiac catheterization [6]

and radioisotope studies [19, 65] provided first evi-

dence that the pulmonary circulation harbors a large

intravascular reservoir of leukocytes, mainly neutro-

phils, refered to as the Marginated Pool [35, 48]. This

marginated pool equals or even exceeds the pool of

circulating neutrophils [4, 64] and exchanges with the

latter at a rate of 1.5 ± 0.5% per second [19]. Intravi-

tal microscopic studies revealed that in contrast to the

systemic circulation where neutrophil sequestration is

almost exclusively confined to the venular compart-

ment, the major site of neutrophil retention in the lung

is the alveolar capillary bed (Fig. 1). When passing

through lung capillaries, neutrophils become fre-

quently retained at distinct sites within the capillary

segments [61]. Although this retention is generally

shorter than 1 s, its frequency results in a considerable

delay of neutrophil transit [49, 50]. Occasionally, neu-

trophil retention may exceed periods of 1 min or more

[50, 62]. Histological studies revealed that 61%, 67%,

and 38% of lung capillary segments are narrower than

the mean diameter of spherical neutrophils in the rab-

bit, dog, and human [20], and this portion correlates

with the percentage of neutrophils retained in a single

pass through the lung of the respective species [18,

37, 38, 65] (Fig. 2).

Since the average capillary segment length is 8 µm

[87] and the average pathway from precapillary arteri-

oles to postcapillary venules is 800 µm [96], a neutro-

phil must traverse a minimum of 100 consecutive seg-

ments during each transit through the lung. Hence,

each circulating neutrophil will encounter a series of

narrow passages which require him to deform into an

elliptical, elongated shape [29], a process that will de-

lay its passage and result in the accumulation of con-

siderable quantities of neutrophils. Since neutrophil

margination in lung capillaries is directly counter-

acted by capillary blood flow and shear force [57, 65],

respectively, neutrophils tend to marginate in micro-
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vascular areas with a high density of capillary path-

ways and an abundancy of intercapillary cross-

connections (Fig. 3). These areas can harbor large

numbers of intracapillary neutrophils without imped-

ing regional alveolar blood flow and thus explain how

the lung microcirculation can accomodate the large

marginated pool yet maintain adequate alveolar perfu-

sion and low capillary network resistance [49].

Neutrophils also marginate in pulmonary venules

and most notably in arterioles (Fig. 1), the latter phe-

nomenon being particularly striking since leukocyte-

endothelial cell interaction is absent in the arteriolar

compartment of the systemic microcirculation with

the exception of a few pathological conditions e.g. se-

vere tissue trauma [66]. Recently, angiotensin II was

identified as the first endogenous pro-inflammatory

mediator that can directly initiate leukocyte adhesion

in the arterial vasculature via increasing the expres-

sion of endothelial adhesion molecules including

P-selectin, E-selectin, and ICAM-1 in arterioles [2]. Be-

cause of the abundance of the ectoenzyme angiotensin-

converting enzyme (ACE) that hydrolyzes angio-

tensin I on the luminal pulmonary endothelial surface

[73], it is conceivable that high local concentrations

of angiotensin II may promote neutrophil margination

in pulmonary arterioles (and venules) already under

physiological conditions. Neutrophil margination in

pulmonary arterioles and venules results from slow

rolling of neutrophils along the endothelium and firm

adherence to the microvascular wall [50, 51]. Both

phenomena are more prominent in pulmonary venules

than arterioles, a finding that cannot be attributed to

hemodynamic differences, since venular blood flow

velocities exceed those in pulmonary arterioles under

zone 2 conditions due to the vascular waterfall effect

[76, 77].

In contrast to mechanical retention of neutrophils

in lung capillaries, neutrophil margination in pulmo-

nary arterioles and venules is mediated by interaction

of adhesion molecules expressed on the surface of en-

dothelial cells and neutrophils. The lung microvascu-

lar endothelium constitutively expresses low levels of

P-selectin [56] and high amounts of ICAM-1 [74],

which can mediate rolling and firm adhesion of neu-

trophils, respectively [93]. The unspecific selectin in-

hibitor fucoidin [50], but not a specific anti-L-selectin

antibody [47] blocks neutrophil rolling in pulmonary

arterioles and venules by approximately 80%, sug-

gesting that constitutive rolling may be P-selectin de-

pendent. Importantly, fucoidin also reduces the mean

duration of neutrophil retention in alveolar capillaries

from 550 ms to 220 ms [50], indicating that in addi-

tion to mechanical hindrance, selectin-mediated

neutrophil-endothelial cell interaction also contributes

to leukocyte margination in lung capillary networks.

Furthermore, constitutive adhesion in pulmonary arte-

rioles, venules, and potentially also in capillaries may

be mediated by interaction of �2-integrins with

ICAM-1 expressed on the lung endothelium, since

neutrophils released from the lung during maximal

exercise [92] or inhalation of nitric oxide (Kuebler et

al., unpublished observation) express higher levels of

CD11b/CD18 integrins as compared to circulating

neutrophils.

Neutrophil sequestration and emigration

In addition to the physiological margination of neu-

trophils in the pulmonary microcirculation, this accu-

mulation of blood cells can be further amplified under

inflammatory conditions resulting in the permanent

sequestration of neutrophils in the lung and ultimately

in their emigration into the pulmonary interstitium

and the airspaces. These processes and their underly-

ing mechanisms differ depending on the pathophysio-

logical stimulus, its route of entry into or site of pro-

duction in the lung, or the time course of its action.

Yet, they also share some general principles, such as

that neutrophil sequestration results from both cell

stiffening and increased adhesivity of neutrophils

and/or endothelial cells. Pro-inflammatory chemoat-

tractants such as N-formyl-methionyl-leucyl-phenyl-

alanine (fMLP) or complement fragments increase

neutrophil stiffness by polymerization of monomeric

globular (G) actin to filamentous (F) actin [41, 68,

99]. As a result of the reduced cell deformability, neu-

trophil retention in small filter pores in vitro [22, 41,
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99] and in pulmonary capillaries in vivo [41, 99] in-

creases dramatically. However, although cell stiffen-

ing can sequester large numbers of neutrophils in the

dense pulmonary capillary network within 1 min or

less, mechanical hindrance alone does not seem to

suffice to sequester neutrophils permanently in the

lung [16]. Neither pretreatment of rabbits with anti-

CD18 monoclonal antibodies [17] nor depletion of

L-selectin by chymotrypsin [45] prevent the initial se-

questration of neutrophils in lung capillaries and the

concommitant systemic neutropenia in rabbits follow-

ing administration of complement fragments or com-

plement activation by zymosan-activated plasma. Yet,

following both interventions neutrophils are not per-

manently sequestered in lung capillaries and sustained

neutropenia is effectively prevented, suggesting that

in addition to mechanical stiffening, L-selectin and

CD11/CD18 are essential for efficient and permanent

neutrophil sequestration. However, the type of adhe-

sion molecules involved seems to differ widely in de-

pendence of the applied stimulus. E.g. L-selectin me-

diates neutrophil sequestration in sepsis or endotoxe-

mia [3, 47, 72], but also following local or remote

ischemia reperfusion [85, 86], and burn or smoke in-

halation injury [43, 83]. P-selectin, on the other hand,

is also implicated in lung neutrophil sequestration fol-

lowing ischemia/reperfusion [67], but also following

hemorrhagic shock [58], complement activation [69],

cardiopulmonary bypass [33], or pancreatitis [28].

Similarly, the relative role of the CD11/CD18 adhe-

sion complex for permanent sequestration and subse-

quent emigration of neutrophils appears to be specific

to the inflammatory stimulus. Whereas neutrophil mi-

gration initiated by Escherichia coli or Pseudomonas

aeruginosa, but also IgG immune complexes or

interleukin-1 in distal airspaces requires CD11/CD18,

other stimuli such as Streptococcus pnuemoniae,

Staphylococcus aureus, hydrochloric acid, or hyper-

oxia occur through pathways which are independent

of CD18 [16] and also independent of virtually any

other known adhesion molecule with the exception of

a small role for very late antigen (VLA)-4 [88].

Although neutrophils can also emigrate from larger

pulmonary vessels [10], the large surface area of the

lung capillary bed makes it the predominant site

where neutrophils leave the vasculature and enter the

lung interstitium and/or the alveolar space [23]. The

preferential site of neutrophil migration are the tricel-

lular corners where the borders of three adjacent en-

dothelial cells converge [11]. However, neutrophils

may occasionally also migrate between two adjacent

endothelial cells, or even pass transcytotically

through the endothelial cytosplasm [10]. Subcellular

mechanisms regulating one or the other migration

pathway are still unclear, but presumably originate

from or at least involve endothelial signaling cas-

cades.

The role of the endothelium

Whereas the contribution of the lung microvascular

endothelium to the processes of neutrophil margina-

tion, sequestration, and emigration by luminal expres-

sion of adhesion molecules is evident, its impact for

the initiation of inflammatory reactions in response to

various stimuli is frequently little recognized. In prin-

ciple, lung microvascular inflammatory responses can

be evoked via 3 different routes, i.e. from the distal

airspaces, the lung parenchyma, or the circulating

blood (Fig. 4). Importantly, the inflammatory reaction

in the pulmonary microvasculature evoked by many

of these stimuli is not initiated by their direct action

on circulating or marginated neutrophils, but by their

effect on the capillary endothelium. To illustrate this,

inflammatory signaling pathways evoked by three ex-

emplary stimuli acting upon different sites of the

alveolo-capillary membrane are discussed here in

brief:

A. Systemic endotoxemia. Systemic administration

of endotoxin or its active lipopolysaccharide (LPS)

moiety has been well documented to cause massive

neutropenia in peripheral blood [13] due to rapid se-

questration of neutrophils in the lung [8], and to in-

duce subsequent neutrophil-dependent lung injury
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[34, 100]. Initially, it was considered that this seques-

tration was caused by a primary effect of endotoxin

on the neutrophil, since neutrophils pretreated ex vivo

with endotoxin also sequester in the lung [31]. This

notion is conceivable, since LPS induces rapid actin

polymerization, neutrophil stiffening and subsequent

retention in ex vivo filters or in vivo lungs [25]. How-

ever, toll-like receptor-4 (TLR4), the dominant LPS

receptor on mammalian cells, is not only expressed on

neutrophils, macrophages, and platelets, but also on

endothelial cells [26, 27]. By bone marrow transplan-

tation between TLR4+/+ and TLR4–/– mice, An-

donegui et al. created chimeric mice which allowed to

compare the role of functional TLR4 on bone

marrow-derived cells, i.e. neutrophils or macro-

phages, and cells not derived from the bone marrow,

i.e. the endothelium [3]. Unexpectedly, neutrophil se-

questration following systemic LPS infusion was

prominent in all mice that expressed TLR4 on the en-

dothelium independent of TLR4 expression on bone

marrow-derived cells. Intravital microscopic studies of

the rabbit lung from our own laboratory revealed that

LPS induces a rapid (< 5 min) sequestration of leuko-

cytes in the lungs, which can be completely prevented

if animals have been pretreated with a monoclonal

anti-L-selectin antibody [47]. This finding not only

demonstrates that in addition to mechanical retention,

adhesive events contribute pivotally to endotoxin-

induced neutrophil sequestration in the lungs. Since

L-selectin is constitutively expressed on circulating

neutrophils, it also indicates that the primary effect of

LPS must have been on the lung endothelium, induc-

ing the rapid upregulation of an L-selectin ligand.

L-selectin-dependent leukocyte sequestration is also

induced by fMLP [72], a formyl peptide derived from

Escherichia coli that can bind to both neutrophils and

endothelial cells [80]. Taken together, these studies

challenge the traditional view that LPS directly acti-

vates circulating neutrophils, and propose a funda-

mental role for the endothelium in the initiation of this

inflammatory response.

B. Alveolar inflammation. Pathogens entering the

alveolar space elicit inflammatory responses that gen-

erally involve (i) the activation of alveolar macro-

phages and the production of early response cytokines

such as tumor necrosis factor-� (TNF-�) or inter-

leukin-1, and (ii) the subsequent recruitment of neu-

trophils from the circulating blood into the airspace

[95]. However, the compartmentalization of the lung

does not permit cytokines to cross the alveolo-

capillary barrier by passive diffusion or solvent drag

[42]. Thus, when rats are challenged by systemic

LPS, the increase in TNF-� concentration is confined

to the intravascular space, but not detectable in the

bronchoalveolar lavage fluid [15, 71]. Conversely,

when LPS is instilled intratracheally, the TNF-� re-

sponse is limited to the alveolar compartment, with no

detectable levels in serum [90, 91, 98]. Therefore, in-

tercellular signaling mechanisms must exist that com-

municate inflammatory processes in the alveolar

space to the adjoining capillaries with a high temporal

and spatial resolution in order to recruit neutrophils to

sites of pathogen invasion. We recently identified one

of these intercompartmental communcation pathways,

linking alveolar cytokine production to pro-inflammatory

microvascular responses via activation of cytosolic

phospholipase A2 in alveolar epithelial cells and

a paracrine activation of the juxtaposed endothelium

by arachidonate [53]. The same pathway is involved

in pro-inflammatory reactions to alveolar instillation

of Escherichia coli, but not in the response to Strepto-

coccus penumoniae [42], indicating that other pro-

inflammatory intercellular signaling pathways must

exist which link inflammatory reactions in the alveo-

lar and the capillary space. In summary, airspace

pathogens and alveolar cytokines do not directly acti-

vate circulating neutrophils to emigrate into the air-

spaces, but primarily stimulate the capillary endothe-

lium.

C. Biotrauma. Mechanical forces acting on the

lung parenchyma can also initiate or perpetuate local

and systemic inflammatory responses in the lung [24,

32, 78]. Whereas excessive forces cause instant stress

failure of plasma membranes and decompartmentali-

zation of the lung, less injurious stress can activate

pro-inflammatory responses by more specific mecha-

nisms, presumably through initiation of mechano-

activated signaling cascades. In the lung parenchyma,

mechanical stress can be derived from the alveolar

system by different ventilation modes [89], or from

the vascular system in form of altered perfusion pat-

terns [46]. In both cases, the vascular endothelium

plays a key role in the mechanotransduction process

and in the initiation of the inflammatory response.

With increasing inspiratory pressure, capillaries em-

bedded within the alveolar wall are compressed by the

expansion of adjoining alveoli [63]. In contrast, larger

extra-alveolar vessels become passively dilated due to

a decrease of interstitial pressure and a consecutive

rise in transmural pressure [59], resulting in circum-
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ferential stretch of the microvascular endothelium. In

addition, increased inspiratory pressure exerts a longi-

tudinal stretch on lung microvessels (Fig. 5A). In un-

published intravital microscopic observations of the

ventilated rabbit lung, we determined a longitudinal

elongation of small pulmonary arterioles and venules

by 8.9 ± 2.1% when peak inspiratory pressure was

raised from 8 to 12 mmHg. Several mechanotransduc-

tion mechanisms can translate stretch into intra- and

subcellular signals in endothelial cells [84]. It can be

speculated that mechanosenstitive ion channels as

well as cytoskeletal elements and focal adhesion com-

plexes [21], but potentially also caveolae [79], inter-

cellular junctions [12], and even the endothelial sur-

face layer [97] contribute to ventilation-induced pro-

inflammatory responses in lung endothelial cells.

Mechanical ventilation with high tidal volumes

(12 ml/kg) has been shown to activate lung microvas-

cular endothelial cells and stimulate tyrosine

phosphorylation-dependent expression of P-selectin

[5]. This upregulation of endothelial adhesion mole-

cules enhances leukocyte-endothelial cell interaction,

evident e.g. as increased numer of adherent leuko-

cytes in pulmonary arterioles and venules (Fig. 5B),

in ventilation-induced lung biotrauma.

Mechano-induced pro-inflammatory responses can

not only be induced by ventilation-induced bio-

trauma, but may also originate from increased vascu-

lar pressure in lung capillaries. Lung capillary hyper-

tension is a frequent complication of left-sided atrial,

valvular or ventricular heart disease, but may also re-

sult from down-stream transmission of pulmonary ar-

terial hypertension, e.g. in high-altitude pulmonary

edema [52]. Elevations of lung capillary pressure re-

sult in rapid passive distension of pulmonary

microvessels [81], stretching the microvascular wall

and activating endothelial mechanotransduction path-

ways. In isolated blood-perfused rat lungs, elevation

of lung hydrostatic pressure induces complex endo-

thelial Ca2+ signaling [55], exocytosis of Weibel

Palade bodies, expression of P-selectin [56] and pro-

duction of both nitric oxide [54] and superoxide [40],

finally resulting in leukocyte sequestration in lung

microvessels [39]. This is in accordance with clinical

studies demonstrating increased concentrations of

soluble P-selectin and von Willebrand factor in pa-

tients with pulmonary venous hypertension [82], as

well as enhanced levels of TNF-� in plasma [14] and

platelet-activating factor (PAF) and neutrophils in

bronchoalveolar lavage fluid [70] from patients with
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cardiogenic pulmonary edema. Thus, clinical and ex-

perimental studies on the mechanisms of lung bio-

trauma suggest that mechano-induced activation of

lung microvascular endothelial cells plays a central

role in the intitiation of inflammatory reactions in re-

sponse to mechanical stimuli.

Summary

Under physiological conditions, a large reservoir of

physiologically marginated leukocytes resides within

the microvasculature of the lung. This marginated

pool consists primarily of neutrophil granulocytes

which are retained in narrow lung capillaries by me-

chanical hindrance as well as adhesion molecule-

dependent processes. Following pro-inflammatory

stimuli, additional neutrophils sequester in the lung

due to actin polymerization and cell stiffening as well

as upregulation of leukocytic and endothelial adhe-

sion molecules. Endothelial cells play a central role in

these inflammatory responses by luminal expression

of counterreceptors for leukocyte adhesion molecules

and presumably also by regulation of emigration path-

ways and efficiency. In addition, a variety of air- or

blood-derived stimuli as well as mechanical factors

initiate inflammatory reactions by acting primarily on

the lung microvascular endothelium, e.g. systemically

delivered endotoxin, alveolar cytokines, or mechani-

cal stretch. Therefore, therapeutic interventions aimed

at modulation and/or regulated quiescence of endo-

thelial cells may be a novel, promising strategy to

protect the lung from neutrophil-mediated tissue in-

jury, yet maintain adequate host defense.
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