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pathogenesis of these respiratory syndromes and to 
more thoroughly establish the nature of the PMN in-
volvement, especially considering the heterogeneous 
etiologies of ARDS.
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Introduction

Acute respiratory distress syndrome (ARDS), first described in 
1967 [1], is characterized by acute inflammatory lung injury which 
increases lung microvascular permeability, resulting in hypoxic 
respiratory distress. Clinically, ARDS presents with respiratory 
signs and symptoms (increased respiratory rate, pulmonary crack-
les upon auscultation), and hypoxia (central cyanosis). The diagno-
sis of ARDS (Berlin definition of 2012) [2] is based on the presence 
of the following criteria: 
1) Acute onset: within 1 week of a known clinical insult or new/

worsening respiratory symptoms if the clinical insult is un-
known. 

2) Pulmonary edema: bilateral lung field opacities on chest X-ray 
which is not exclusively hydrostatic (so not entirely related to 
cardiac failure or volume overload). 

3) Hypoxia: ratio of arterial oxygen tension to inspired oxygen 
concentration <40 kPa. Risk factors for ARDS include sepsis, 
pneumonia and aspiration of gastric contents [3]. 
Around 40% of ARDS cases are fatal [4], and in the remaining 

cases survivors may suffer from long-term sequelae. No specific 
therapies are available for ARDS; however, good supportive man-
agement reduces the damage and improves the outcome [3].

Transfusion-related acute lung injury (TRALI) is characterized 
by the onset of acute respiratory distress within 6 h following blood 
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Summary
The acute respiratory distress syndrome (ARDS) is a se-
rious and common complication of multiple medical and 
surgical interventions, with sepsis, pneumonia, and aspi-
ration of gastric contents being common risk factors. 
ARDS develops within 1 week of a known clinical insult 
or presents with new/worsening respiratory symptoms if 
the clinical insult is unknown. Approximately 40% of the 
ARDS cases have a fatal outcome. Transfusion-related 
acute lung injury (TRALI), on the other hand, is charac-
terized by the occurrence of respiratory distress and 
acute lung injury, which presents within 6 h after admin-
istration of a blood transfusion. In contrast to ARDS, 
acute lung injury in TRALI is not attributable to another 
risk factor for acute lung injury. ‘Possible TRALI’, how-
ever, may have a clear temporal relationship to an alter-
native risk factor for acute lung injury. Risk factors for 
TRALI include chronic alcohol abuse and systemic in-
flammation. TRALI is the leading cause of transfusion-
related fatalities. There are no specific therapies availa-
ble for ARDS or TRALI as both have a complex and in-
completely understood pathogenesis. Neutrophils (poly-
morphonuclear leukocytes; PMNs) have been suggested 
to be key effector cells in the pathogenesis of both syn-
dromes. In the present paper, we summarize the litera-
ture with regard to PMN involvement in the pathogene-
sis of both ARDS and TRALI based on both human data 
as well as on animal models. The evidence generally 
supports a strong role for PMNs in both ARDS and 
TRALI. More research is required to shed light on the 
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transfusions. It is the leading cause of transfusion-related fatalities 
[5]. TRALI is diagnosed according to the Canadian Consensus 
Conference Panel TRALI [6]: 
1) Acute lung injury: Acute onset. Hypoxemia: SpO2 < 90% or 

PaO2/FiO2 < 300 mm Hg on room air, or other clinical evi-
dence of hypoxemia. Bilateral infiltrates on frontal chest X-ray. 
No evidence of left atrial hypertension such as circulatory over-
load. 

2) No preexisting acute lung injury before transfusion. 
3) Occurs during or within 6 h of transfusion. 
4) No temporal relationship to an alternative risk factor for acute 

lung injury (including pneumonia, sepsis, aspiration, multiple 
trauma, acute pancreatitis). 
The term ‘Possible TRALI’ was defined as acute lung injury, with 

no preexisting acute lung injury before transfusion, occurring dur-
ing or within 6 h after transfusion, but with a clear temporal rela-
tionship to an alternative risk factor for acute lung injury [6]. Apart 
from supportive measures such as oxygen and ventilation, no spe-
cific therapy is available for TRALI. Generally, a two-hit model is 
assumed to underlie the disease. The first hit represents patient pre-
disposing factors, such as inflammation. The second hit is due to 
human leukocyte antigen (HLA) class I/II or human neutrophil an-
tigen (HNA) antibodies or donor biological response modifiers 
(bioactive lipids, mitochondrial damage-associated molecular pat-
terns, extracellular vesicles, or aged cellular blood products) which 
are present in the donor blood [7]. First-hit risk factors for TRALI 
include chronic alcohol abuse, liver surgery, smoking, shock, higher 
peak airway pressure while undergoing mechanical ventilation, and 
positive intravascular fluid balance [7]. More specifically, systemic 
inflammation is a major risk factor for TRALI and is characterized 
by elevated recipient interleukin 6 (IL-6) [8] and IL-8 levels [8–10] 
as well as by increased C-reactive protein (CRP) levels [11, 12]. Ad-
ditionally, a dysregulation of CD4+ T regulatory cells or dendritic 
cells has been described as first-hit risk factors using murine models 
of TRALI [13]. Furthermore, decreased IL-10 levels were found in 
both murine models of TRALI [13] as well as in human TRALI pa-
tients [14]. Despite a similar clinical presentation, it is important to 
note that the underlying pathophysiological mechanisms are differ-
ent in ARDS and TRALI. In the present paper, we will address the 
role of polymorphonuclear leukocytes (PMNs) in the pathogenesis 
of both ARDS and TRALI.

Neutrophils as Immune Effector Cells

Neutrophils (PMNs) are derived from hematopoietic stem cells 
in the bone marrow and are approximately 12–14 μm in diameter 
with a multilobed nucleus and a granular cytoplasm. They are the 
most common type of granulocytes and constitute more than half 
of all circulating leukocytes. In healthy adults, around 36% of all 
PMNs are residing in the circulation, and of the total number of 
PMNs around 28%, both circulating and non-circulating, are sug-
gested to be present in the pulmonary pool [15, 16]. The number of 
PMNs in the pulmonary pool is subject to change upon systemic 

inflammatory conditions. During inflammation, PMNs are the first 
responders and recruited in large numbers to the inflammatory 
microenvironment by the accumulation of lipid mediators, cy-
tokines, and chemokines as well as changes to the vascular en-
dothelium [17, 18]. The migration of PMNs towards the inflamed 
tissue is a complex interplay between the PMN and the adhesive 
molecules on the vascular endothelium. This multi-step process in-
volves PMN-endothelial tethering, rolling, adhesion, crawling, and 
PMN-transendothelial migration [19]. The early tethering stage 
involves cell adhesion molecules, e.g. selectins, on the endothelial 
cells and their ligands such as P-selectin glycoprotein ligand 1 
(PSGL1) on PMNs [20–22]. During the subsequent rolling step, 
chemokine receptors are engaged, and neutrophils migrate along a 
gradient of chemotactic factors immobilized by binding to nega-
tively charged glycosaminoglycans (GAGs) and heparan sulfate 
proteoglycans (HSPGs) on the luminal surface of endothelial cells 
[23]. PMN rolling and the engagement of chemokine receptors in-
duces conformational changes in cell surface β2-integrins, which 
are transmembrane receptors that facilitate cell-extracellular ma-
trix adhesion, allowing PMNs to bind with higher affinity to their 
ligands leading to a firm adhesion [19, 24, 25]. During this process 
PMNs self-organize with a leading pseudopod and a trailing uro-
pod, which subsequently leads to crawling, a process which is dis-
tinct from firm adhesion. The PMN crawling occurs unrelated to 
the direction of the blood flow and aims to find endothelial junc-
tions for initiation of transmigration. PMNs may also facilitate 
transendothelial migration by production of reactive oxygen spe-
cies (ROS) [26–29]. Transendothelial-migration is a critical step 
for the PMN to reach the site of inflammation and requires an acti-
vated state of the endothelium [30, 31]. At the site of inflammation, 
PMNs can elicit a number of immunological responses towards 
pathogens. These immune responses are tightly regulated in order 
to facilitate elimination of invading pathogens without inducing 
detrimental effects to host tissues. Specific activation/deactivation 
of PMN cell surface immune receptors by a wide range of extracel-
lular signals regulates their effector functions. Bacteria can be en-
gulfed and taken up by PMNs and degraded intracellularly in a 
process called phagocytosis [32, 33]. Intracellular vesicles and 
granules containing ROS and antibacterial proteins fuse with the 
phagosome creating a lysosome where the pathogen is degraded 
[34]. Phagocytosis is mediated by antibodies or complement fac-
tors that bind to the surface of pathogens that are recognized by 
immune receptors on PMNs. These include Fcγ receptors which 
recognize the Fc-tail of the immunoglobulin G (IgG) which bounds 
pathogens via the IgG-Fab part [35–37]. Complement is activated 
by antibodies bound to pathogens, primarily IgG and IgM, and 
subsequently cleaved complement products are deposited on path-
ogens and recognized by complement receptors (CRs) on PMNs 
[38]. PMN granules with all their toxic components can also can 
also be released into the extracellular environment [34, 39]. PMNs 
may also respond to pathogens by releasing so-called neutrophil 
extracellular traps (NETs), which are formed by release of granule 
proteins and chromatin which together form extracellular fibers 
that trap and kill extracellular pathogens [40].
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Apart from the beneficial roles of PMNs in recruitment to sites 
of inflammation, recognition and phagocytosis of pathogens, pro-
duction of ROS and secretion of NETs, PMNs may also have dam-
aging functions. Secretion of NETs, for instance, may also cause 
damage to the host, e.g. by impairing wound healing in diabetes 
[41] or through impairment of lung mechanics in ventilator-in-
duced lung injury [42]. PMNs have also been implicated in auto-
immune diseases, including Wegener’s granulomatosis, micro-
scopic polyangiitis, Churg-Strauss syndrome, renal vasculitis; dis-
eases in which autoantibodies are produced which bind PMN anti-
gens triggering cellular activation [43]. Additionally, PMNs may 
exhibit a pathogenic role in allergic diseases including anaphylaxis 
[44] and pulmonary allergic inflammation in chronic mycoplasma 
infection [45]. Furthermore, PMNs are implicated in the patho-
physiology of inflammatory bowel disease, both Crohn’s disease 
and ulcerative colitis, with the degree of PMN infiltration in the 
intestinal wall being correlated with the clinical disease severity 
[46]. In the current paper, we will focus on the pathogenic contri-
bution of PMNs in a pulmonary setting of ARDS and TRALI.

Neutrophil Involvement in ARDS 

The pathogenesis of ARDS has been studied extensively over 
the years. Similar to TRALI, the disease mechanisms are incom-
pletely understood, and specific therapies are lacking. There are 
few studies based on histopathological data from ARDS patients 
and multiple studies based on ARDS patient-derived data and ani-
mal models of ARDS. Collectively, they generally support a key 
role for PMNs in the pathogenesis of ARDS (table 1). Interestingly, 
however, there are also studies reporting the occurrence of ARDS 
in neutropenic patients, highlighting the complexity of the ARDS 
pathogenesis (table  1). The evidence for PMN involvement in 
ARDS is summarized in table 1.

Neutrophil Involvement in TRALI

PMNs are generally considered to be key effector cells in 
TRALI. Pulmonary PMN infiltration has been described to occur 
in multiple animal models of TRALI [11, 13, 47–57]. Additionally, 
the abundance of PMNs has been observed in pulmonary tissue of 
TRALI patients upon autopsy [58, 59]. PMNs are major producers 
of ROS, and ROS production has been suggested to damage the en-
dothelium in murine antibody-mediated TRALI models [53, 60] 
and in human pulmonary microvascular endothelial cells in vitro 
[61]. Importantly, wild-type mice depleted of their PMNs or 
C57BL/6 ROS knockout mice (gp91phox knockout mice) were 
both completely protected from severe TRALI, underlining the 
critical involvement of PMNs and ROS in inducing antibody-me-
diated TRALI [13]. Two studies have reported the occurrence of 
NETs in TRALI, indicating PMNs to be involved in TRALI. One 
study observed NETs in the lungs and plasma of TRALI patients 
and demonstrated that platelets were the trigger for NET forma-

tion using a murine model of anti-major histocompatibility com-
plex (MHC) class I antibody-mediated TRALI model [49]. Another 
study reported that NET biomarkers were present in the serum of 
TRALI patients as well as in the lungs of mice which underwent 
anti-MHC class I antibody-mediated TRALI [62]. In a setting of 
non-antibody-mediated TRALI, lipids from stored blood were also 
shown to cause PMN-mediated endothelial cell damage using an in 
vitro TRALI model, in which human pulmonary microvascular en-
dothelial cells were activated with lipopolysaccharide and co-cul-
tured with PMNs with addition of lysoPC as the second hit of 
transfusion [63]. This PMN-dependent endothelial cell damage 
also occurred when adding sCD40L instead of lysoPC [64]. Also 
other studies found PMN-mediated endothelial cell damage using 
an in vitro TRALI model in a setting of both non-antibody medi-
ated TRALI [65] and antibody-mediated TRALI [61, 66, 67]. Fur-
thermore, PMNs were found to interact with von Willebrand fac-
tor via choline transporter-like protein-2 (CTL-2), which allowed 
anti-HNA-3a antibody to induce signal transduction via CD11b/
CD18, leading to PMN activation and agglutination [54]. This 
mechanism may aggravate endothelial cell damage in anti-HNA 3a 
antibody-mediated TRALI. 

Using a murine model of anti-HNA-3a antibody-mediated 
TRALI, it was found that PMN depletion alleviated the disease se-
verity; however, the authors observed that the disease still occurred 
[53]. Another study, using a murine model of anti-MHC class I 
antibody-mediated TRALI, has suggested that TRALI is not de-
pendent on PMNs but rather on complement component C5a, 
with C5-deficient mice being protected from antibody-mediated 
TRALI while infusion of these deficient mice with complement-
containing plasma restored the lung injury [60]. This study also 
found anti-MHC class I antibody-mediated TRALI to be at least 
partially independent of Fcγ receptors. In contrast, however, an 
earlier study did find PMNs to be important effector cells in TRALI 
and reported the occurrence of TRALI in C5aR-deficient BALB/c 
mice 2 h after injection of the same anti-MHC class I antibody 
[47]. Moreover, they found PMN FcγRs to be critically involved as 
adoptive transfer of wild-type PMNs into TRALI-resistant BALB/c 
FcγR knockout mice restored the acute lung injury upon challenge 
with anti-MHC class I antibody [47]. Differences between these 
studies may be due to the timing of experimental endpoints after 
antibody injection which was 30 min in one study [60] versus 2 h 
in the other study [47]. Furthermore, TRALI has been described in 
a neutropenic patient [68], arguing against a pathogenic role for 
PMNs in TRALI. In addition, another study reported two TRALI 
patients which did not demonstrate PMN influx into the alveolar 
airspace upon histological analysis of lung tissue sections [69]. The 
evidence for PMN involvement in TRALI is summarized in table 2.

Discussion 

The evidence for PMN involvement, as summarized in table 1 
(for ARDS) and table  2 (for TRALI), indicates a strong involve-
ment for PMNs in the pathogenesis of both ARDS and TRALI. 
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Table 1. Evidence for and against PMN involvement in ARDS, based on both animal models as well as human data

Evidence for PMN involvement in ARDS Evidence against PMN involvement in ARDS

A) Histopathological PMN evidence from ARDS patients:
1)  Pathologic finding in lungs of 9 ARDS patients included interstitial and 

alveolar edema with accumulation of alveolar PMNs, macro phages and 
erythrocytes[75] 

 2)  Case report of 1 ARDS patient who demonstrated microvascular  
granulocyte aggregation and lung edema upon lung histological  
analysis [76]

 3)  Pathological finding based on 59 ARDS patients showed diffuse 
 alveolar damage with PMNs, macrophages, erythrocytes, hyaline mem-
branes and protein-rich edema fluid in the alveolar spaces [77]

A) Occurrence of ARDS in neutropenic patients:
 1)  11 neutropenic patients with ARDS, without pulmonary PMN filtration 

[78]
 2)  4 neutropenic with ARDS [79] 
 3)  Development of ARDS in 22 children with neutropenia, no signs of 

 pulmonary PMN infiltration [80] 
 4)  ARDS development in 5 neutropenic patients after bone marrow trans-

plantation for chronic myeloid leukemia [81] 
 5)  17 neutropenic patients with septic ARDS, deactivation of alveolar 

 macrophages is suggested in these patients [82] 
 6)  12 neutropenic cancer patients with septic-related ARDS, deactivation  

of monocytes is suggested in these patients [83]
 7)  7 episodes of ARDS occurring in leukemic patients with longstanding 

(average 11 days) and severe neutropenia [84]
 8)  5 neutropenic patients with ARDS [85]
 9)  Histologic examination of the lungs from two neutropenic patients with 

ARDS demonstrated the absence of PMNs [86]

B) ARDS patient (-derived) PMN data:
  1)  Natural inhibitor of PMN function correlates with decreased PMN 

mediated ARDS [87] 
  2)  Retention of ex-vivo primed PMNs in ARDS patients [88]
  3)  Lung PMNs in ARDS correlate with abnormalities of gas exchange 

and lung protein permeability, and neutrophil products capable of 
mediating lung injury can be recovered from the lungs of these 
 patients [89]

  4)  Increased levels of lactoferrin, a specific granule protein of PMNs,  
in ARDS patients, also in relation to circulating PMN numbers [90] 

  5)  High concentration of peptide released by macrophages caused  
PMN to secrete azurophilic granule enzymes in ARDS patients [91] 

  6)  Increased pulmonary levels of PMN-derived S100A12 in patients with 
ARDS [92]

  7)  Increased expression of PMN-related genes in patients with early sep-
sis-induced ARDS [93] 

  8)  Increased PMN-ROS activation in post-traumatic ARDS patients [94]
  9)  Alteration of chemotactic and secretory processes in PMNs derived 

from ARDS patients [95] 
 10)  Granulocyte adherence in pulmonary and systemic arterial blood 

samples from ARDS patients [96]
 11)  Increased IL-8-related PMN elastase complexes correlate to severity in 

mechanically ventilated and large sepsis-related ARDS patients [97]
 12)  Lower ADCC and bacterial killing ability of peripheral blood and 

 alveolar PMNs from ARDS patients [98] 
 13)  Increased PMN elastase activity in alveolar fluid from ARDS patients 

[99]
 14)  Ex-vivo stimulation of PMNs from ARDS patient demonstrate 

 hyperresponsiveness and correlate with elevated plasma levels of 
TNF-α [100]

 15)  Low proportion of apoptotic PMNs in BAL of ARDS patients [101]
 16)  Inhibition of PMN apoptosis by BAL fluid from patients on days 1 

and 3 of ARDS (not at later stages) [102]
 17)  Lower peripheral blood-derived PMN apoptosis in sepsis-induced 

ARDS [103]
 18)  PMNs from ARDS patients demonstrate a varying degree of  activation 

[104]
 19)  Abnormal PMN-lung interaction in ARDS patients as observed by in-

creased pulmonary PMN localization in ARDS using scintigraphy 
[105]

 20)  Increased ROS-releasing and metabolic activity of PMNs derived from 
ARDS patients [106]

B) ARDS patient (-derived) PMN data:
 1)  In clinical trials patients with severe pneumonia received granulocyte 

 colony-stimulating factor (Filgrastim), which increased the number of 
circulating PMNs 3-fold, but this did not increase the incidence or 
 severity of lung injury [119] 

 2)  Massive oxidative stress observed through plasma analysis from ARDS 
patients, however, ROS generation from PMNs was found be normal on 
day 0 and decreased to day 6 in ARDS patients [120]

Table 1. Continued on next page
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Evidence for PMN involvement in ARDS Evidence against PMN involvement in ARDS

 21)  Impaired function of lung and blood PMNs of ARDS patients (im-
paired superoxide anion and hydrogen peroxide production and im-
paired microbicidal activity of lung PMNs and reduced migration of 
alveolar PMNs) [107] 

 22)  IPulmonary PMN accumulation (111In-labeled PMNs) in 3 sepsis- 
related ARDS patients [108]

 23)  IPMN elastase-releasing factors described in BAL from ARDS patients 
[109] 

 24)  Reduced bactericidal activity (impaired phagocytosis and killing) of 
blood PMNs from ARDS patients [110]

 25)  NETs were observed in bronchial aspirates from gastric-aspiration- 
induced ARDS patients [111]

 26)  Presence of NETs in human patients with pneumonia and sepsis- 
related ARDS. Increased plasma NETs were associated with ARDS 
 severity and mortality, and lower plasma DNase I levels were 
 associated with the onset of sepsis-induced ARDS [112]

 27)  G-CSF and IL-8 but not GM-CSF correlate with severity of increased 
pulmonary PMNs in BAL fluid from ARDS patients [113]

 28)  Increased presence of PMNs in BALs from sepsis and trauma-related 
ARDS patients [114]

 29)  Increased blood PMN-elastase levels in ARDS patients [115]
 30)  Leukocyte and PMN-derived microparticles were found to be elevated 

in BALs from ARDS patients [116]
 31)  Increased numbers of PMNs in BALs from ARDS patients, with 

PMNs displaying adherence-promoting activity [117]
 32)  High levels of PMNs in BALs from patients with early ARDS [118]

C) Pulmonary PMN infiltration in animal models of ARDS:
 1)  Endotoxemia rabbit ARDS model [121]
 2)  Lung lavage rat ARDS model [122]
 3)  Malaria-ARDS mouse model [123]
 4)  Endotoxemia pig model, with protection by PMN depletion [124]
 5)  H9N2 virus induced murine ARDS model [125]
 6)  Acid-aspiration induced rat ARDS model [126]
 7)  Murine lipopolysaccharide-induced endotoxemia model [127]
 8)  Sepsis-induced primate ARDS model [128]

C) PMN data from ARDS animal models:
 1)  Occurrence of ARDS in leukopenic (granulocyte-depleted) mini pigs 

 undergoing elastase-mediated ARDS [129]

D) Increased PMN responses in animal models of ARDS:
 1)  Increased ROS production in rat endotoxemia ARDS model [130]
 2)  Evidence for PMN-ROS activity in rat model of IL-1-instilled ARDS 

[131]
 3)  NETs contribute to murine acid-aspiration-induced ARDS [111]
 4)  Excessive PMNs and pulmonary NET formation in a murine model of 

influenza-induced ARDS [132]

There were, however, several reports describing the occurrence of 
ARDS in neutropenic patients and also few studies indicating a 
lack of PMN involvement in human TRALI patients. 

Despite a strong evidence for PMN involvement in ARDS, 
ARDS occurred in neutropenic patients, and not all studies found 
the same type of alteration in PMN function in blood or bron-
choalveolar lavage (BAL) fluid from ARDS patients. This may be 
due to the heterogeneous etiologies of ARDS, which is evident 
from data obtained in humans as well as from the use of different 
animal models for ARDS. This complicates the pathogenic analysis 
of ARDS, making it also unclear if there may be a final common 
pathway for acute lung injury in different types of ARDS. Moreo-
ver, a lot of data is derived from BAL fluids from ARDS patients. 

Analysis of PMNs and mediators from BAL fluids may not neces-
sarily reflect or reveal the essential interactions between pathogenic 
factors and the pulmonary endothelium which occur during the 
onset of pulmonary edema and ARDS. Future human studies 
should continue to focus on the mechanisms of the acute lung 
 injury by investigating blood cells, circulating plasma markers, and 
BAL fluids from ARDS patients, but clearly stratified to their spe-
cific type of ARDS. 

TRALI was described in a neutropenic patient [68]. However, 
the authors hypothesize that donor anti-HLA antibodies may have 
bound directly to the endothelium and facilitated entrapment and 
activation of PMNs despite the low PMN counts [68]. Additionally, 
they suggest that the short duration of the clinical of episode of 

Table 1. Continued
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TRALI may have been related to the low numbers of sequestered 
PMNs [68]. Furthermore, another study reported two TRALI pa-
tients which did not demonstrate PMN influx into the alveolar air-
space upon histological analysis of lung tissue sections [69]. Both 
of these patients, remarkably, were familiar with cardiovascular 
diseases. Because of this cardiogenic involvement it cannot be 
ruled out that these patients may perhaps have suffered from trans-
fusion-related circulatory overload (TACO) instead of TRALI. 
Cardiac failure was recently identified as a major risk factor for 
TACO in a retrospective cohort study of 66 TACO patients [70]. 
Also another prospective study of 200 TACO patients found con-
gestive heart failure to be one of the risk factors associated with 
TACO [71]. Similarly, a previous study also retrospectively identi-
fied congestive heart failure as risk factor for TACO in 98 TACO 
cases [72]. TRALI is non-cardiogenic in contrast to TACO, despite 
a similar clinical presentation, and their underlying pathogenesis 
may also be different. But this will need to be further investigated.

Despite a similar clinical presentation of ARDS and TRALI with 
evidence for an important pathogenic involvement of PMNs in 
both disorders, the pathogeneses of ARDS and TRALI appear fun-
damentally different, which is important for the efficacy of poten-
tial future therapies. TRALI, unlike ARDS, does not have any tem-
porally associated risk factors for acute lung injury (such as pneu-

monia, sepsis, aspiration, multiple trauma). The differing patho-
genesis is for instance supported by the fact that plasma IL-10 
levels were found to be low in murine models of TRALI [13] as well 
as in human TRALI patients [14], while the IL-10 levels were found 
to be increased in sepsis-related acute lung injury [14]. Also other 
studies have found IL-10 levels to be increased in ARDS [73]. Ad-
ditionally, a deficiency of CD4+ CD25+ FoxP3+ T regulatory cells 
has been suggested to be a first-hit risk factor for TRALI, using a 
murine model of antibody-mediated TRALI [13]. In contrast, al-
veolar CD4+ CD25+ FoxP3+ T regulatory cells were reported to be 
increased in ARDS patients, with a concomitant correlation with 
increased IL-10 levels [74]. It will be important to more firmly es-
tablish the role T regulatory cells and IL-10 in both ARDS and 
TRALI. Overall, more research is required to shed light on the 
pathogenesis of both ARDS and TRALI, including the involvement 
of PMNs in the development of both diseases, which may open up 
potential new therapeutic approaches.
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Table 2. Evidence for and against PMN involvement in TRALI, based on both animal models (antibody- and non-antibody mediated) as well as human data. 
Regarding experimental models of TRALI, items B1, B2, B4 and E2 refer to non-antibody mediated TRALI

Evidence for PMN involvement in TRALI Evidence against PMN involvement in TRALI

A) PMNs present in lung tissue of TRALI patients upon autopsy [58, 59] A) Occurrence of TRALI in a neutropenic patient [68]

B)  PMN-mediated endothelial cell damage using in vitro human TRALI  
models:

 1)  Second hit lyso-PC [63]
 2)  Second hit sCD40L [64]
 3)  Second hit anti-HLA antibody [66]
 4)  Second hit platelet microparticles [65]
 5)  Second hit anti-HNA-3a antibody [61]
 6)  Second hit low-IgM serum [67]

B)  No PMN influx into the alveolar airspace upon histological analysis  
of lung tissue sections of two TRALI patients [69] 

C) Presence of NETs:
 1)  Presence of NETs in lungs and plasma of TRALI patients and murine  

anti-MHC class I antibody mediated TRALI model [49] 
 2)  Presence of NET biomarkers in serum of TRALI patients as well as in  

the lungs of mice undergoing anti-MHC class I mediated TRALI [62]

C)  Occurrence of TRALI after PMN depletion in anti-HNA-3a mediated 
TRALI mouse model (despite decreased disease severity) [53]

D)  PMN interaction with von Willebrand factor via CTL-2 allowed anti- 
HNA-3a antibody to induce signal transduction via CD11b/CD18,  
leading to PMN-activation and agglutination [54]

D)  No dependence on PMNs (and partial independence of FcγRs), but 
 dependence on complement component C5a in a murine model of 
anti-MHC class I antibody-mediated TRALI [60]

E) Pulmonary PMN infiltration in various animal models of TRALI:
 1)  Antibody-mediated TRALI [11, 13, 47–55, 57] 
 2)  Non-antibody-mediated TRALI [55, 56] 

F)  Essential involvement of PMN-FcγRs in a murine model of anti-MHC class I 
antibody mediated TRALI [47] 

G)  PMN and ROS are critically required in murine model of anti-MHC class I  
antibody-mediated TRALI [13]
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