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The adult respiratory distress syndrome (ARDS) and transfusion-related acute lung
injury (TRALI) are characterized by diffuse, acute lung injury. Most likely, TRALI is
a type of ARDS although it is associated with a much lower morbidity and mortality
than found with classic ARDS. For years, the pathogenesis of ARDS has been
explained by the complement hypothesis in which pulmonary neutrophilic sequestration and degranulation follow complement-mediated neutrophil chemotaxis. A
definitive role for the neutrophil in diffuse, acute lung injury, however, has not been
established. Although numerous chemoattractants for neutrophils are generated in
the lungs and, through degranulation and formation of toxic oxygen free radicals, the
neutrophil is fully capable of causing tissue injury, substantial evidence refutes the
requirement for neutrophils in diffuse, acute lung injury. Other potential factors in
the pathogenesis of ARDS include primary endothelial cell injury, alveolar macrophage activity, and hemostatic disorders.

A definitive role for the neutrophil in diffuse,
acute lung injury is controversial and has not yet
been established. Results of many in vitro stud
ies, animal experiments, and in vivo h u m a n
studies suggest t h a t neutrophils cause acute
lung injury in certain settings. 1 · 2 Neutropenia,
from various causes, apparently h a s prevented
or at least attenuated the development of adult
respiratory distress syndrome (ARDS) in both
experimental animal systems and in vivo hu
m a n studies. In contrast, mounting evidence
suggests t h a t the neutrophil is neither neces
sary nor sufficient in the pathogenesis of diffuse,
acute lung injury.

CLINICAL CHARACTERISTICS OF
ARDS AND TRANSFUSION-RELATED
ACUTE LUNG INJURY
Diffuse, acute lung injury characterizes both
ARDS and transfusion-related acute lung injury
(TRALI). Most likely, TRALI is a form of ARDS,
albeit with an unusually good prognosis. The
mortality associated with TRALI is less than
10%. This outcome is in contrast to the overall
50 to 60% mortality associated with ARDS from
well-substantiated causes. The explanation for
this difference is unclear. Morbidity is also
lower in TRALI t h a n in ARDS. For example,
approximately 80% of patients with TRALI were
noted to have rapid resolution of pulmonary
infiltrates and return of arterial blood gas val
ues to normal within 96 hours after the initial
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pulmonary infiltrates were noted to persist for
at least 7 days after the transfusion reaction.3·4
More than one etiologic factor may play a role
in the development of ARDS in a given patient.
For example, the need for transfusion of blood
products is likely in a patient who has sustained
major trauma, and both the trauma and the
transfusion may be instrumental in the develop
ment of ARDS. Thus, TRALI can be diagnosed
when transfusion of blood products is the sole
etiologic factor and other known causes of ARDS
have been excluded.
"ARDS" is a descriptive term applied to dif
fuse, acute lung lesions that result in noncardiogenic pulmonary edema. It was first clearly
described in 1967 by Ashbaugh and associates,5
who recognized similarities between acute re
spiratory distress in adults and hyaline mem
brane disease in infants. The numerous precipi
tating events include pulmonary infections,
overdose of narcotics, severe trauma, pancreati
tis, and gram-negative septicemia.6 ARDS is a
common disorder; it is estimated to affect ap
proximately 150,000 patients each year in the
United States.
TRALI is characterized by acute respiratory
distress that typically occurs within 4 hours
after a transfusion. It is an unusual and often
unsuspected cause of diffuse, acute lung injury.
In the past, many cases of acute pulmonary
edema as a consequence of transfusion have
most likely been misdiagnosed as circulatory
overload. The clinical similarity between TRALI
and ARDS is suggested by the observation that
multiple transfusions have been the only sub
stantiated etiologic factor in three separate se
ries of patients with ARDS.7
The pathogenesis of TRALI is presumed to be
due primarily to passive transfusion and reac
tion of donor granulocyte or lymphocyte anti
bodies with recipient granulocytes. "Toxic" prod
ucts released from the granulocytes lead to acute,
edematous lung injury (Fig. 1). In 36 TRALI
reactions, Popovsky and Moore4 demonstrated
that 89% were correlated with the passive trans
fusion of donor granulocyte antibodies and 72%
were associated with donor lymphocyte anti
bodies. HLA-specific antibodies were identified
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in 65% of cases. In a minority of cases, however,
the pathogenesis may have been due to reaction
of recipient granulocyte or lymphocyte anti
bodies with donor granulocytes. The type of
blood product transfused, the volume of plasma,
and the titer of antibody may not be directly cor
related with the occurrence or the severity of
TRALI.
Implicated donors of these granulocyte anti
bodies are those who, because of previous expo
sure to alloantigens, have had an opportunity to
develop antibodies against those antigens that
also may be carried on granulocytes. These
donors typically include multiparous women or
persons with a history of previous transfusions
of blood.
Clinical manifestations of both ARDS and
TRALI include acute onset of respiratory fail
ure, tachypnea, cyanosis, and chest rales on
auscultation. Additional findings include dif
fuse, bilateral interstitial (early) and alveolar
(later) infiltrates on a chest roentgenogram,
decreased arterial oxygen pressure (Pa0 2 less
than 50 mm Hg with a fractional concentration
of oxygen in inspired gas [Fi0 2 ] of more than
0.6), increased alveolar-arterial oxygen pres
sure gradient, normal pulmonary capillary wedge
pressure, overall decreased lung compliance (less
than 50 ml/cm H 2 0), and increased shunt frac
tion and dead-space ventilation. The shunt
fraction and dead-space ventilation may exceed
50% in severe ARDS.6
In both ARDS and TRALI, mechanical venti
lation, positive end-expiratory pressure, and
supplemental oxygen are often used with the
goal of achieving a Pa0 2 of 60 mm Hg and an
oxygen saturation of at least 90%.
ROLE OF THE NEUTROPHIL IN
DIFFUSE ACUTE LUNG INJURY
The Complement Hypothesis.—For several
years, the pathogenesis of ARDS has been ex
plained by the "complement hypothesis." This
hypothesis suggests that an inciting event—for
example, septicemia—is followed by complement
activation to generate C5a, a complement break
down product and potent chemoattractant for
neutrophils. C5a presumably attracts large
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Fig. 1. Presumed pathogenesis of transfusion-related acute lung injury.

numbers ofneutrophils into a pulmonary vascu
lar bed that already functions normally as a
major reservoir for marginated neutrophils.
Acute, edematous lung injury results from re
lease of "toxic" products from the neutrophils
(Fig. 2). Proof both to support and to refute this
simple hypothesis exists.
In 1968, Kaplow and Goffinet8 published their
observations on four patients undergoing 33
sessions of hemodialysis. All showed appre
ciable temporary neutropenia within 15 min
utes after the start of dialysis. Blood total
leukocyte counts became normal within 1 hour
but an increase in band neutrophils was de
tected up to 5 hours after dialysis. Craddock and
colleagues9 suggested that it was the cello
phane membrane of the dialysis tubing that
activated complement. (The polysaccharides
zymosan, inulin, and endotoxin are known to
activate complement; cellophane also is a polysaccharide and would be expected to activate
complement in a similar fashion.) In the 34
patients in the study by Craddock and co-work
ers, severe, transient neutropenia and monocytopenia developed within the first 20 minutes
of dialysis. Pulmonary vascular leukostasis
followed. Total hemolytic complement and se
rum C3 levels decreased; however, serum Cl

levels decreased only minimally, a result that
suggests activation of complement predomi
nantly through the alternate pathway (which
bypasses Cl activation).
Hammerschmidt and associates10 suggested
that complement activation predicted the devel
opment of ARDS secondary to sepsis, pancreati
tis, or severe trauma. Of 33 patients in whom
ARDS developed, 31 had increased serum C5a
values compared with only 5 of 28 patients who
did not have ARDS (P<0.00001). Even after
excluding patients with sepsis (which commonly
causes an increase in serum complement level),
a highly statistically significant difference was
still noted. The authors concluded that serum
C5a levels were highly predictive of ARDS.
Evidence to refute this conclusion was pub
lished by Duchateau and colleagues11 and Wein
berg and co-workers12 in 1984. The former found
that abnormal consumption of C3 as well as
increased C5a-like activity occurred in 84% and
86%, respectively, of patients with ARDS. Even
though the increased C5a-like activity was closely
associated with clinical conditions that predis
pose to ARDS, the authors concluded that
changes in complement components were no
more predictive for the development of ARDS
than were the initial clinical manifestations.
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Fig. 2. Release of toxic products from neutrophils.

The studies by Weinberg and associates12 in
40 patients revealed that serum des-Arg-C3a
and des-Arg-C5a levels were increased in 35 and
38 patients, respectively, with suspected sepsis.
des-Arg-C3a and des-Arg-C5a are biochemically
active, yet stable, cleavage products of C3a and
C5a, respectively.13 Mean levels of these com
plement components did not differ between
patients without or with mild to moderate lung
injury and patients with severe lung injury
(ARDS). Neither did the mean values differ in
comparisons of patients whose initial lung in
jury worsened and those whose injury resolved.
Thus, measurements of these complement break
down products were not thought to be predictive
of either the course or the severity of the lung
injury.
Because of the characteristics of the acutephase response, serum complement levels in
patients in whom ARDS develops are unlikely to
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differ significantly from levels in critically ill
patients who are predisposed to the develop
ment of ARDS but do not have this disorder. The
acute-phase response is a generalized reaction
to either localized or systemic diseases. It is pri
marily mediated by interleukin 1, a polypeptide
secreted from various types of cells including
blood cells and tissue macrophages. Two of the
many clinical and cellular manifestations of
interleukin 1 are an increase in the number of
both mature and immature circulating neutro
phils and increased secretion of hepatic acutephase proteins. The latter include complement
components that are likely to be secreted in
substantial quantities in patients who are pre
disposed to or have ARDS.14·15
In addition to complement activation, pulmo
nary sequestration of neutrophils with subse
quent release of their "toxic" products is central
to the complement hypothesis. Evidence for this
premise ranges from in vitro biochemical and
physiologic studies of neutrophil function to
histologic examination of lung biopsy specimens
from patients with ARDS in the setting of severe
neutropenia. Fundamental questions to be
considered are the following: Is pulmonary se
questration of neutrophils both necessary and
sufficient for the development of ARDS? If so, by
what mechanisms are neutrophils recruited to
the critical site of involvement? Once at that
site, what does the neutrophil use to mediate
cellular and tissue injury? The first question is
best considered in the context of answers to the
last two questions.
Neutrophil
Chemotaxis.—Chemotactic
agents recruit neutrophils into the pulmonary
vasculature (Fig. 2). These agents create a
concentration gradient along which the neutro
phil moves toward its destination. Neutrophils
alter their direction in response to a change
in chemical gradient of as little as 0.1% in con
centration. 16
Indirect experimental evidence from in vitro
and animal models suggests a host of diverse
chemotactic agents for neutrophils that may
function in humans: complement cascade com
ponents, biomolecules intimately associated with
coagulation, arachidonic acid-derived metabo-
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lites, lymphokines, and numerous other pro
teins and metabolites. C5a probably is the best
known chemotactic agent for the neutrophil.
This cleavage product of C5 induces neutrophil
aggregation and degranulation and stimulates
oxidative metabolism.17 Factor Bb, another
complement cascade component, is part of a
proteolytic complex that cleaves C3 and C5 and
thus generates additional chemotactic agents.
Fibrinogen, fibrinopeptide B, plasminogen
activator, kallikrein, platelet-derived growth
factor, platelet factor IV, and platelet-activating
factor are not only chemotactic for neutrophils
but also prominent contributors in hemostasis.
Disturbances in hemostasis may be critical in
the pathogenesis of ARDS. Fibrinopeptide B is
generated by the thrombin-catalyzed conver
sion of fibrinogen to fibrin in clot formation.
Plasminogen activator is secreted by both macrophages and endothelial cells and cleaves plas
minogen proteolytically; the resultant product,
plasmin, lyses fibrin and activates Cl, C3, and
Hageman factor (factor XII of the intrinsic path
way of coagulation).18 Activated Hageman fac
tor, in turn, catalyzes the conversion of prekallikrein to the chemoattractant kallikrein. The
cycle is completed when kallikrein autocatalytically activates additional Hageman factor. Kal
likrein also enzymatically cleaves kininogen to
generate the potent vasodilator bradykinin. The
greatly increased vascular permeability that
occurs as a result of this vasodilatation is proba
bly instrumental in generation of the pulmonary
edema characteristic of ARDS and TRALI.
Platelet-derived growth factor is chemotactic
for both macrophages and neutrophils at con
centrations of approximately 700 pmol/liter and
32 pmol/liter, respectively.19 It also is a potent
mitogen toward mesenchymal cells and may be
instrumental in the fibroblastic proliferation
characteristic of the organizing phase of ARDS.
Platelet factor IV promotes coagulation by in
hibiting the interaction between heparin-antithrombin III complexes and serine protease
coagulation factors.18 Platelet-activating factor
not only is chemotactic for and an activator of
neutrophils but also activates platelets, induces
smooth muscle contraction, and has vasoactive
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effects approximately 1,000 times more intense
than those of histamine. Infusion of this factor
into rabbits has been shown to induce pronounced
neutropenia, pulmonary platelet sequestration,
and thrombocytopenia.20
Other chemotactic agents for neutrophils are
the Escherichia coZi-derived iV-formylmethionylleucylphenylalanine tripeptide,21·22 lympho
cyte- or macrophage-derived lymphokines such
as interleukin l,15 immunoglobulin fragments,
collagen fragments, prostaglandins, and leukotrienes (in particular, leukotriene B4).114·17'23
Production of leukotriene B 4 is stimulated by
platelet-activating factor. This leukotriene is a
potent arachidonic acid-derived chemoattrac
tant (active at a concentration of 0.1 μΜ), is a
potentiator of oxygen free-radical generation in
stimulated neutrophils, and augments neutro
phil endothelial adherence. 2425 The last phe
nomenon is believed to be especially critical to
neutrophil-mediated cellular injury.22 Inter
leukin 1 is secreted by neutrophils and macro
phages and is chemotactic for neutrophils, lym
phocytes, and monocytes.1415 It is the primary
mediator of the acute-phase response. Among
its diverse biologic properties, it induces neutrophilia, stimulates synthesis of collagenases, and
activates macrophages. Interleukin 1 also stimu
lates release of lactoferrin (a potential attenu
ator of neutrophil-mediated acute lung injury)
from neutrophilic granules and induces a procoagulant state through its activation of endothe
lial cells.
The foregoing discussion illustrates the pleth
ora of potential chemoattractants for neutro
phils. Various biomolecules generated under
numerous conditions are capable of recruiting
neutrophils into the lung. The importance of
this recruitment, however, is only relative. The
lung functions normally as a major steady-state
reservoir of neutrophils.
Degranulation
and Toxic Oxygen FreeRadical Generation.—Once at its destination,
the neutrophil is well equipped to cause cellular
and tissue injury and thus can radically alter
pulmonary homeostasis. The neutrophil medi
ates inflammation and phagocytosis primarily
by two mechanisms—degranulation and oxygen
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free-radical generation (Fig. 2). Degranulation
involves both the spillover of lysosome-stored
granular contents into the extracellular envi
ronment (leading to inflammation) and fusion
of the lysosome with a phagosome to form a
phagolysosome in the process of intracellular
phagocytosis.
Human neutrophilic lysosomal granules con
tain a wide variety of biomolecules that mediate
various effects. The neutrophilic proteases elastase, collagenase, and cathepsins degrade lung
tissue and assist in amplification of the inflam
matory process. Destruction of collagen, elastin,
and basement membrane in ARDS is well sub
stantiated. 26 Elastase is a proteolytic enzyme
with a wide substrate specificity besides elas
tin. For example, it generates bradykinin from
kininogen and cleaves C3 and C5.27 It also de
grades its own inhibitor (o^-proteinase inhib
itor) as well as fibronectin, a potent opsonin
and basement membrane stabilizer. Collage
nase cleaves the carboxy-terminal quarter of
the collagen molecule and thereby increases its
susceptibility to further degradation by other
proteases.17
Other lysosomal contents include cationic
proteins, lysozyme, lactoferrin, and myeloperoxidase. Cationic proteins, which include both
the bactericidal/membrane-active protein and
the defensins, noncatalytically destroy bacteria
by binding to their negatively charged cell sur
faces.28,29 Lysozyme is a ß-iV-acetylglucosaminidase that hydrolyzes native intracellular
and phagocytized mucopolysaccharides. The
cationic proteins and lysozyme play no known
role in acute lung injury. Iron-saturated lacto
ferrin probably functions as a substrate-catalyst
in the generation of the potent reactant hydroxyl
free radical.30 In contrast, iron chelators such as
iron-free lactoferrin or deferoxamine have been
shown to attenuate complement-dependent and
neutrophil-mediated acute lung injury signifi
cantly in various animal models.31
Myeloperoxidase, an abundant component of
neutrophilic azurophilic granules, constitutes
5% of the dry weight of the neutrophil.17 On
release into the phagosome, this heme-containing enzyme catalyzes the peroxidation of hydro
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gen peroxide and chloride ion with generation of
water and the hypochlorite anion (OCl~):
H2O2 + c r

► H2O + o c r

The hypochlorite ion inactivates the major antiprotease a x -proteinase inhibitor, acts as sub
strate for generation of hydroxyl free radicals,
and is a potent inhibitor of bacterial respiration.
It is able to oxidize adenine nucleotides (adenosine monophosphate, diphosphate, and triphosphate), cytochromes, and iron-sulfur proteins
rapidly and irreversibly.32
The myeloperoxidase-hydrogen peroxide-halide system is not considered entirely necessary
for either neutrophil-mediated acute lung injury
or microbicidal activity. For example, neutrophils from patients with congenital myeloper
oxidase deficiency still display increased oxygen
consumption, Superoxide anion and hydrogen
peroxide production, and substantial microbi
cidal activity. Thus, the morbidity in this en
zyme deficiency manifests itself primarily as
candidal infections in patients with diabetes
mellitus rather than as diverse infections.21·30
The second mechanism by which neutrophils
mediate inflammation is through oxygen freeradical generation (Fig. 2). Although direct
evidence of a role for oxygen free radicals in
acute lung injury in humans has not been found,
these radicals have been strongly implicated as
causal factors in acute lung injury in animal
models. Various scavengers of these free radi
cals, such as mannitol, dimethylthiourea, and
dimethyl sulfoxide, have been shown to be ca
pable of inhibiting neutrophil-mediated edema
in isolated animal lungs.2·33-34
Oxygen free radicals have been implicated as
primary mediators in the pathogenesis of vari
ous biologic processes other than ARDS, includ
ing reperfusion injury after myocardial ischemia
and normobaric oxygen toxicity. Southorn and
Powis35 recently published excellent articles on
the chemistry and biology of free radicals as well
as their involvement in human disease.
Oxygen free-radical generation is considered
both necessary and sufficient for adequate in
vivo neutrophil-mediated microbicidal activity.
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For example, neutrophils from patients with
chronic granulomatous disease fail to produce
oxygen free radicals. These patients usually
succumb to recurrent infections, most often
caused by catalase-positive bacteria or fungi.21·30
The microbial catalase efficiently catabolizes
any microbicidal hydrogen peroxide that may be
generated in the phagocyte. Without hydrogen
peroxide-mediated generation of either
hypochlorite ion or toxic oxygen free radicals,
cellular microbicidal activity is severely
limited.
Oxygen free radicals are potent destroyers of
biologic molecules and tissues and are easily
generated within neutrophils by efficient en
zyme systems. When large numbers of activated
neutrophils collect at an inflammatory site,
such as occurs in ARDS, extracellular genera
tion and spillover from intracellular generation
ensue, results that overwhelm available antioxidant mechanisms and produce diffuse tissue
damage.21·36
IS MEDIATION OF NEUTROPHILS
NECESSARY AND SUFFICIENT IN
DIFFUSE ACUTE LUNG INJURY?
Supporting Evidence.—It has long been known
that the lung functions as a major reservoir of
marginated neutrophils.37 As Andrewes38 stated
in 1910, "...if the bone marrow is the birthplace
of these cells [polymorphonuclear leukocytes]
and the spleen their ultimate tomb, while the
blood is their means of transit, the lung may
serve as a week-end at the seaside, where they
may recuperate their energies." A steady state
exists such that factors that increase or decrease
pulmonary blood flow increase or decrease, re
spectively, the flux from the marginating to the
circulating intravascular pool of granulocytes. 1
Thommasen and associates,39 in a study of 40
patients at high risk for the development of
ARDS, suggested that frequent leukocyte counts
in these patients might predict the development
of ARDS. Of the 10 patients in whom ARDS
developed, 8 were proved to have leukopenia by
serial leukocyte counts. In contrast, only 4 of the
remaining 30 patients in whom ARDS did not
develop had leukopenia.
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In contrast, Fein and colleagues40 compared
the leukocyte counts in 116 patients with sepsis;
ARDS developed in 21 of them. No significant
difference in leukocyte counts was noted be
tween those with and those without the develop
ment of ARDS. (The study by Thommasen and
co-workers39 also showed no correlation between
the decrease in leukocyte counts and the devel
opment of ARDS in a subgroup of patients with
sepsis.)
Craddock and associates41 demonstrated that
lung dysfunction did not occur in a patient with
agranulocytosis after hemodialysis. This out
come was in distinct contrast to the lung dys
function that occurred in other nonneutropenic
patients undergoing the same procedure.
Clinical studies have been performed in an
attempt to prove that pulmonary sequestration
of neutrophils does occur in ARDS. For example,
when lung scans with indium-Ill-labeled gran
ulocytes were performed on a healthy volunteer
and a patient with ARDS, more radioactivity
was detected in the lung fields of the patient
with ARDS than in the healthy volunteer, a
finding that indicates pulmonary sequestration
of neutrophils in the patient with ARDS.42
Other evidence implicates neutrophil media
tion of ARDS. Neutropenia has been shown to
attenuate the diffuse, acute lung injury in dogs
infused with glass bead microemboli,43 in hyperoxic-induced lung injury in guinea pigs,44 and in
sheep with bacteremia.45 Also, accumulation of
neutrophils in lung biopsy specimens or
postmortem specimens from patients with ARDS
is common but not universal.46·47
Neutrophils, their secretory products, and
chemotactic factors for neutrophils are present
in increased numbers and concentration in the
airways of patients with ARDS.48 Weiland and
colleagues49 analyzed pulmonary lavage fluid
from 11 patients with ARDS and found that twothirds of the cells recovered from the lavage fluid
were neutrophils. Similarly, Fowler and coworkers50 noted a mean of 92 to 95% neutrophils
and 4 to 6% alveolar macrophages in ARDS
lavage fluid.
Lee and associates51 detected high levels of
neutrophil-derived elastase in pulmonary la-
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vage fluid from 12 of 23 patients with ARDS.
Concomitantly, o^-proteinase inhibitor activity
was decreased in eight of nine patients with high
elastolytic activity and ARDS, presumably
through elastase-mediated inactivation of the
antiprotease. (Oxygen free radicals could also
mediate the inactivation.)
Cochrane and colleagues52 noted that 15 of 17
bronchoalveolar lavage specimens from patients
with ARDS showed a partial to total decrease
in oCj-proteinase inhibitor activity. They hy
pothesized that inactivation occurred by oxida
tion or proteolytic cleavage of the antiprotease or
by complex formation with neutrophil-derived
elastase.
In contrast to these studies, however, Fowler
and co-workers50 noted that bronchoalveolar
lavage fluid analyzed within 12 hours after the
onset of ARDS contained large, not small,
amounts of antiproteases. They hypothesized
that only later in the course of ARDS might
extensive neutrophilic autolysis occur and over
whelm the antiproteases with neutrophil-de
rived proteases.
The relative numbers of neutrophils and
macrophages in lavage fluid from healthy volun
teers and from patients with ARDS argue for a
specific neutrophil mediation in some cases of
ARDS. More than 90% of the cells in lavage fluid
from healthy volunteers are alveolar macro
phages, with neutrophils a minor cellular con
stituent. 5053 The reverse is often the case in
lavage fluid from patients with ARDS.
Although these bronchoalveolar lavage stud
ies implicate the neutrophil as a primary media
tor of pulmonary injury in ARDS, certain draw
backs are present. For instance, how accurately
do cells in airspaces reflect inflammatory pro
cesses on the endothelial side of the alveolocapillary membrane? Is the recovery of neutrophils
from airspaces specific for or predictive of ARDS?
Hyers and associates54 reported that patients
predisposed to ARDS and those with ARDS
showed a neutrophil influx into airspaces re
gardless of whether ARDS developed or not. Do
secondary, superimposed pulmonary infections
(which commonly occur in ARDS) cause neutro
phils to enter airways, or does the presence of the
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neutrophil truly reflect a primary, neutrophilmediated lung injury?55 Control experiments
with rigorous exclusion of infection in patients
studied by bronchoalveolar lavage have not been
published. Another consideration questions the
effect of life-support measures such as me
chanical ventilation and supplementary inspired
oxygen on the results of bronchoalveolar lavage
studies.
The foregoing discussion suggests that the
neutrophil may be only a marker of diffuse acute
lung injury rather than a prominent mediator of
such pulmonary injury.
Refuting Evidence.—Although substantial
evidence is available from in vitro experi
ments, animal models, and in vivo human stud
ies to support the idea that the neutrophil is
a necessary and sufficient cellular mediator
in the genesis of diffuse acute lung injury,
other studies in the past several years have
produced substantial evidence that discounts
this basic tenet. Several in vivo human stud
ies have shown that neutropenia does not
prevent the development of ARDS in patients
(Table 1).
Ognibene and colleagues56 examined 11 pa
tients who had severe neutropenia and ARDS
precipitated by sepsis. Five of these 11 patients
showed diffuse alveolar damage, a histopathologic characteristic of ARDS. A complete ab
sence of neutrophils in both the vascular bed and
the pulmonary interstitium was noted. After
ruling out local pneumonitis, antibiotic therapy,
and chemotherapeutic agents as primary causal
factors for the histologic changes noted, the
authors concluded "...that ARDS can occur in
the setting of severe neutropenia, without pul
monary neutrophil infiltration."
Braude and co-workers57 described five pa
tients with chronic myeloid leukemia in whom
ARDS developed subsequent to bone marrow
transplantation. Histologic examination of lung
tissue at autopsy on all patients showed no
detectable intrapulmonary sequestration of
neutrophils but diffuse alveolar damage, for
mation of hyaline membranes, intra-alveolar
hemorrhage, and only mild interstitial inflam
mation.
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Table 1.—Occurrence of Adult R e s p i r a t o r y D i s t r e s s S y n d r o m e i n
P a t i e n t s With S e v e r e N e u t r o p e n i a *
Patients with
ARDS (no.)

Neutrophils
(ηο./μ!)

Ognibene et al
Braude et al57
Maunder et al 58

5
5
4

0-500
100-1,900
7-75

Laufe et al 59
Rinaldo & Borovetz60

3
6

0-910
1,000

Reference
56

Underlying disease
Sepsis
CML
Hodgkin's disease, CML,
aplastic anemia, AML
Bacteremia
Leukemia

*AML = acute myeloid leukemia; ARDS = adult respiratory distress syndrome; CML =
chronic myeloid leukemia.

Maunder and associates58 presented results
on four patients with various hematologic dis
eases in whom ARDS developed while they had
severe neutropenia. Histologie examination of
lung tissue from these patients revealed 5 to 32
chloroacetate esterase-positive cells per 100 highpower fields (both granulocytes and mast cells
are chloroacetate esterase-positive).61 Diffuse
alveolar damage, epithelial degeneration, hya
line membranes, alveolar hemorrhage, and inter
stitial edema were noted in the lung biopsy
specimens. The respiratory failure was not
thought to be due to infection, radiation pneumonitis, or anti-neoplastic agent therapy.
Laufe and colleagues59 studied three patients
who had ARDS, bacteremia, and neutropenia.
In addition to hyaline membranes, interstitial
edema, and regenerative pneumatocytes, histologic sections of lung and bone marrow from two
of the patients demonstrated an absence of
neutrophils.
Rinaldo and Borovetz60 studied six patients
with leukemia who initially had acute respira
tory failure and concurrent leukopenia attrib
utable to chemotherapy-induced marrow aplasia but who eventually had resolution of their
leukopenia. All patients showed diffuse alveo
lar infiltrates without cardiomegaly or evidence
of congestive heart failure. Four of the six
patients had clinical evidence of pulmonary
dysfunction within 96 hours preceding the reso
lution of the leukopenia. The authors concluded
that diffuse lung injury can occur in patients
with leukopenia.

OTHER PROPOSED FACTORS IN
THE PATHOGENESIS OF ARDS

Other factors that may be primary in the genesis
of diffuse, acute lung injury include endothelial
or alveolar epithelial cell damage, alveolar
macrophages, disturbances in hemostasis, and
loss of fibronectin.
Evidence refuting the premise that the mere
presence of neutrophils is sufficient to cause
acute lung injury is available from experiments
on endothelium and alveolar epithelium. A
fundamental premise in these experiments is
that intense surface contact, accomplished by
spreading of neutrophils on susceptible endo
thelial or epithelial cells, is a prerequisite for
activation of neutrophils or intense, neutrophilmediated acute lung injury.
Neutrophils layered on optimally adherent,
closed monolayers of cultured endothelial cells
remained loosely attached to the endothelium.
They also exhibited minimal release of granules
and hexose monophosphate shunt activity (nec
essary for oxygen free-radical generation). Only
when the neutrophils were exposed to a plastic
surface that stimulated them to adhere tightly
and to spread on that surface did intense hexose
monophosphate shunt activity and release of
granules occur.62
A primary role for prerequisite spreading of
neutrophils on cells in the pathogenesis of acute
lung injury is also suggested by the discovery of
a family of cell-surface glycoproteins designated
as the CDwl8 membrane antigen complex.22
One component of this complex, the iC3b recep-
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tor (CR3), functions as a receptor for the central
complement component in the complement cas
cade, C3b. Functionally, this receptor enhances
adherence and phagocytosis of opsonized micro
organisms. It also facilitates adherence and
spreading of the neutrophil to surfaces (Fig. 2).
Decreased spontaneous movement, chemotaxis,
and aggregation, decreased adherence and inef
ficient spreading on exposed surfaces such as
endothelium, and inefficient phagocytosis of
opsonized microorganisms characterize neutro
phils from patients with iC3b receptor defi
ciency.21·22 Clinically, these patients are prone
to various severe, recurrent bacterial infections
and have a depressed inflammatory response.
Ismail and associates63 showed that incuba
tion of neutrophils with anti-Mo 1, a monoclonal
antibody specifically directed against the iC3b
receptor, significantly attenuated sequestration
of neutrophils and lung injury in rats stimulated
by phorbol myristate acetate. (This agent has
been shown to cause oxygen free-radical-medi
ated acute lung injury.) Despite this, neutrophil
degranulation and Superoxide production oc
curred and thus were considered not to be factors
in attenuation of the lung injury. Neither was
the attenuation thought to be due to a nonspe
cific effect of the monoclonal antibody.
Similarly, Simon and colleagues64 noted that
anti-Mo 1-treated, activated neutrophils pre
vented spreading of neutrophils on alveolar
epithelial cells and inhibited epithelial cell in
jury. Extensive contact between the neutro
phils and epithelial cells seemed to be a re
quirement for injury. Furthermore, the alveolar
epithelial cells were killed in an oxygen me
tabolite-independent manner by the stimulated
neutrophils.
Brigham and Meyrick65 hypothesized that
interactions of neutrophils with pulmonary
vascular endothelium disrupt endothelial integ
rity only if endothelial cell structure or function
was previously altered. Infusion of zymosanactivated plasma into sheep induced an early
sequestration of neutrophils in lung capillaries
and caused only mild endothelial injury. (Zymosan is a polysaccharide activator of complement.)
Endothelial cell recovery occurred within 4 hours
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despite the fact that the neutrophils remained
sequestered in the lung circulation. In contrast,
infusion of endotoxin resulted in pulmonary
sequestration of neutrophils with pronounced,
persistent injury of endothelial cells. In other
words, pulmonary endothelial cell injury was
not an obligatory consequence of pulmonary
sequestration of neutrophils. Indeed, even
though stimulated granulocytes were intimately
associated with endothelial cells, no structural
evidence of endothelial cell injury or of increased
permeability was noted. This concept is sup
ported by studies published by Bachofen and
Weibel.66 Electron microscopic morphologic
analysis of lungs from patients with ARDS
showed leukocytes to be sequestered in the interstitium. The endothelial layer, however, was
intact, and no gross damage of the pulmonary
capillaries was detected.
Perhaps endothelial damage by endotoxin,
direct oxygen toxicity, or hypoxemia is neces
sary before neutrophils are capable of continu
ing their deleterious effects on the alveolocapillary membrane. For example, endotoxin in
nanogram amounts directly injures bovine pul
monary artery endothelium, even in the absence
of neutrophils or any other cell type.67 Acute
lung injury in endotoxic shock may result from
the combined effects of activated neutrophils
and tumor necrosis factor (cachectin).68
One of the earliest and most characteristic
lesions of acute oxygen toxicity is endothelial cell
injury.69·70 Bowman and associates71 demon
strated that hyperoxia (95% 0 2 ) was directly
toxic to cultured, bovine pulmonary artery endo
thelial cells. In addition, significantly more
neutrophils adhered to these endothelial cells
than to cells exposed to normoxic conditions.
Bronchoalveolar lavage studies in humans have
shown that short exposure times to hyperoxic
conditions (several hours) are sufficient to in
duce "leaks" in the alveolocapillary membranes
as well as to stimulate release of fibroblast
proliferation factors from alveolar macrophages.72 Shasby and co-workers73 demonstrated
that the severity of lung injury in rabbits ex
posed to hyperoxic conditions for 72 hours was
significantly correlated with the number of
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neutrophils in pulmonary lavage fluid and histologic lung sections. Inducing a sustained
granulocytopenia, however, diminished the lung
injury in the rabbits.
Webster, Henson, and their associates74·75
concluded that factors other than chemotactic
agents were necessary to cause complementmediated lung injury in rabbits. Even with
surgical manipulation, anesthesia, and intuba
tion, lung injury did not ensue. In rabbits that
were intubated, infused with a complement
activator, and subjected to transient hypoxia,
however, severe acute lung injury occurred.
The alveolar macrophage is capable of playing
a primary role in pulmonary injury. It consti
tutes more than 90% of the total cells in normal
airways, as evaluated by bronchoalveolar la
vage. This cell is fully capable of phagocytosis,
the respiratory burst in oxygen free-radical gen
eration, degranulation, and synthesis and secre
tion of a wide variety of biomolecules including
complement components, platelet-activating
factors, interleukin 1, and arachidonic acidderived metabolites.2·11,76 Also, this cell is known
to augment the oxidative activity of the neutrophil by secreting heat-stable neutrophil-activating factors.53
Although investigators are uncertain about
whether intravascular coagulation and platelet
aggregation are primary causes or simply the
effects of diffuse, acute lung injury, some evi
dence supports the concept that disturbances in
hemostasis may be the primary factor in the
pathogenesis of diffuse, acute lung injury.27-77
Thrombocytopenia occurs with a high incidence
in patients with acute respiratory failure.78
Increased platelet consumption and pulmonary
platelet sequestration have also been noted.79
Other studies, however, have noted the same
incidence of thrombocytopenia in critically ill
patients without ARDS as in patients with
ARDS.39·80
The fibrinogen degradation product D concen
tration is substantially increased in patients
with ARDS in comparison with patients who
have similar predisposing conditions but do not
have pulmonary insufficiency. In addition, in
creased levels of this product are found in almost
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all severely traumatized or burned patients
before the onset of pulmonary dysfunction. Infu
sion of this product into animals produces termi
nal severe respiratory distress. 81 In contrast,
neither administration of heparin nor depletion
of platelets or coagulation factors altered steadystate pulmonary hemodynamics in sheep mod
els, a result that suggests that intravascular
coagulation does not play a major role in lung
injury.82·83
Disseminated intravascular coagulation has
developed in some patients with ARDS, accom
panied by profound thrombocytopenia and fi
brin-platelet microthrombi evident histologically.84·85 (Even in some patients with ARDS
who did not have disseminated intravascular
coagulation, however, platelet counts decreased
by at least 50% during the illness.) In contrast,
Bachofen and Weibel66 demonstrated by elec
tron microscopic morphologic analysis that
widespread disseminated intravascular coagu
lation was not present in lungs from patients
who had died of ARDS.
Blockade of the reticuloendothelial system
may enhance formation of pulmonary edema as
a result of decreased clearance of products from
disseminated intravascular coagulation. This
outcome, in turn, may be due to decreased serum
fibronectin levels. Fibronectin is a potent, opsonic a2-glycoprotein whose serum level closely
correlates with reticuloendothelial cell phagocy
tosis. Both endothelial cells and fibroblasts
synthesize and secrete cell-surface fibronectin,
which mediates various processes including cell
spreading on surfaces and both intercellular and
basement membrane adhesion. Proteolysis of
cell-surface fibronectin by granular contents of
activated neutrophils may initiate detachment
of endothelial cells from one another, followed by
an increase in microvascular permeability and
interstitial edema.86
Lastly, the role of the neutrophil in diffuse,
acute lung injury has important therapeutic
implications. If neutrophils indeed mediate
ARDS, administration of anti-inflammatory
drugs is appropriate. If, however, the chief cause
of death in patients with ARDS is superinfection or sepsis-related multiple organ failure
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rather than respiratory failure, anti-inflam
matory agents may be detrimental because of
suppression of the bactericidal functions of the
neutrophil.
CONCLUSION
Several questions remain unsettled about the
role of the neutrophil in diffuse, acute lung
injury. Is the neutrophil a sufficient mediator of
this injury? The answer is a qualified "yes." The
neutrophil possesses an adequate armamentar
ium for tissue destruction, and many chemoattractants exist to recruit neutrophils for this
purpose. Although substantial, direct evidence
does not yet exist, these mechanisms are proba
bly operative in humans. They have been well
proved in both in vitro and animal models. In
addition, defects in one or several of these mecha
nisms in humans leads to disease.
Is endothelial or epithelial damage a pre
requisite for neutrophil-mediated acute lung
injury? The "sufficiency" of neutrophil media
tion probably is dependent on other cellular
damage. The mere presence of activated neutro
phils in the pulmonary vascular bed and interstitium does not signify tissue damage.
Is the neutrophil a necessary mediator of
acute lung injury? Evidence indicates that the
answer is "perhaps not." ARDS has been well
substantiated in patients with severe neutropenia, and severe respiratory distress has
been confirmed in neutropenic animal models.
In addition, the alveolar macrophage is at least
equal to the neutrophil in its potential to destroy
tissue. The macrophage may be the primary
mediator of lung injury in the setting of neutropenia. In addition, the role of the neutrophil
and of the macrophage in acute lung injury may
not be mutually exclusive. Perhaps the neutro
phil initiates lung injury and the macrophage
propagates it.
Various clinically related questions about
ARDS and TRALI also remain unsettled. For
example, is TRALI a cause of ARDS? What
differences exist in the course of TRALI to ex
plain its relatively low morbidity and mortality
in comparison with, for example, sepsis-related
ARDS? Because of the variety of potential

mediators of acute lung injury, is early, specific
detection of acute lung injury feasible?
Answers to these questions depend on contin
ued in vitro, animal, and human experimenta
tion and assessment. Having an animal model
that mimics TRALI probably would make it
possible to answer many questions about both
its pathogenesis and treatment. Such a model
would necessitate presensitization of a donor
animal to specific alloantigens on transfused
neutrophils or lymphocytes. Blood containing
appropriate antibodies from this donor animal
could then be transfused into a recipient animal.
Clinical and anatomic data on patients with
ARDS abound in comparison with the relative
lack of data on TRALI. Continued clinical
monitoring of patients with TRALI may identify
as yet unknown major differences between
TRALI and ARDS from other causes. In addi
tion, data derived from gross, microscopic,
and electron microscopic analyses of lungs
from patients with TRALI may assist in this
endeavor.
Detection in plasma, lung secretions, or lung
tissue of antibodies specific for several of the
proposed mediators in acute lung injury would
provide both qualitative and quantitative proof
of their involvement. This experimental ap
proach probably would be applicable to in vivo
and postmortem studies. Ideally, identification
of early markers of diffuse, acute lung injury
would allow early attempts at prevention. Di
rect detection of free radicals is likely to be
extremely difficult because their life spans are
measured in fractions of a second. At best, one
might attempt indirect quantitation of lipid
peroxides or other products of free radical-medi
ated catabolism of lipids, nucleic acids, or pro
teins as proof of their role in acute lung injury.
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