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Abstract. Transfusion‑related acute lung injury (TRALI) is a 
life‑threatening disease caused by blood transfusion. However, 
its pathogenesis is poorly understood and specific therapies are 
not available. Experimental and clinical studies have indicated 
that alveolar fibrin deposition serves a pathological role in 
acute lung injuries. The present study investigated whether 
pulmonary fibrin deposition occurs in a TRALI mouse model 
and the possible mechanisms underlying this deposition. 
The TRALI model was established by priming male Balb/c 
mice with lipopolysaccharide (LPS) 18 h prior to injection 
of an anti‑major histocompatibility complex class I (MHC‑I) 
antibody. Untreated mice and mice administered LPS plus 
isotype antibody served as controls. At 2  h after TRALI 
induction, blood and lung tissue were collected. Disease 
characteristics were assessed based on lung tissue histology, 
inflammatory responses and alterations in the alveolar‑capil‑
lary barrier. Immunofluorescence staining was used to detect 
pulmonary fibrin deposition, platelets and fibrin‑platelet inter‑
actions. Levels of plasminogen activator inhibitor‑1 (PAI‑1), 
thrombin‑antithrombin complex (TATc), tissue factor pathway 
inhibitor (TFPI), coagulation factor activity and fibrin degrada‑
tion product (FDP) in lung tissue homogenates were measured. 
Severe lung injury, increased inflammatory responses and 
a damaged alveolar‑capillary barrier in the LPS‑primed, 
anti‑MHC‑I antibody‑administered mice indicated that the 
TRALI model was successfully established. Fibrin deposition, 
fibrin‑platelet interactions and platelets accumulation in the 

lungs of mouse models were clearly promoted. Additionally, 
levels of TATc, coagulation factor V (FV), TFPI and PAI‑1 
were elevated, whereas FDP level was decreased in TRALI 
mice. In conclusion, both impaired fibrinolysis and enhanced 
coagulation, which might be induced by boosted FV activity, 
increased pulmonary platelets accumulation and enhanced 
fibrin‑platelet interactions and contributed to pulmonary fibrin 
deposition in TRALI mice. The results provided a therapeutic 
rationale to target abnormalities in either coagulation or fibri‑
nolysis pathways for antibody‑mediated TRALI.

Introduction

Transfusion‑related acute lung injury (TRALI) is an acute 
respiratory distress syndrome that occurs within 6 h following 
blood transfusion and is the main origin of transfusion‑asso‑
ciated fatalities  (1). The pathophysiological mechanism of 
TRALI is poorly understood. A 'two‑event' pathogenesis model 
has been suggested (2). Predisposing factors in transfused 
recipients, including systemic inflammation, shock, surgery 
and mechanical ventilation, comprise the priming event (1). 
The second event in TRALI occurs as a result of blood trans‑
fusion. Anti‑leukocyte antibody or non‑antibody factors, such 
as aged erythrocytes and soluble CD40 ligand that accumu‑
late in stored blood, can activate primed polymorphonuclear 
leukocytes and further trigger lung injury (3). Previous studies 
on TRALI have mainly focused on cells, including polymor‑
phonuclear leukocytes, macrophages, platelets, lymphocytes 
and endothelial cells (1,4). Therefore, its detailed pathophysi‑
ology remains to be elucidated. Notably, currently TRALI can 
only by managed through symptom alleviation via oxygen and 
mechanical ventilation and no specific therapeutic approaches 
are available. Elucidating the pathogenesis could aid the devel‑
opment of novel specific therapeutic strategies for TRALI.

The core pathophysiology of acute lung injury (ALI) as 
well as acute respiratory distress syndrome (ARDS) is the 
occurrence of fibrin effusion in the lung alveoli (5,6). Fibrin is 
deposited in the lungs following a wide range of insults to the 
lungs in both clinical and preclinical models, including severe 
acute respiratory syndrome coronavirus 2 infection‑induced 
ALI (7), idiopathic pulmonary fibrosis (8), alcohol‑induced 
ALI (9) and trauma‑induced ALI (10). Fibrin deposition can 
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activate endothelial cells, promote the production and release 
of proinflammatory mediators and increase vascular perme‑
ability, thus aggravating lung injury (11). Fibrin turnover in 
the lungs originates from enhanced coagulation and impaired 
fibrinolysis, which may in turn aggravate inflammation by 
influencing immunomodulation, vascular permeability and 
chemotaxis (12‑15). Therapeutic strategies targeting a reduc‑
tion in fibrin  (8,16), inhibition of coagulation  (17,18) and 
improvement of fibrinolysis (19) hold great potential for lung 
injury. Vlaar et al (20) reported that both aged erythrocytes 
and their supernatant worsen lung injury via procoagulant 
activity and soluble lipids, respectively, both of which are 
involved in non‑antibody‑mediated TRALI. However, whether 
pulmonary fibrin deposition occurs in non‑antibody‑mediated 
TRALI is unclear. A case‑control study showed that restrictive 
transfusion of erythrocytes or multiple transfusions can lead to 
TRALI and systemic imbalances in coagulation (21). The role 
of fibrin turnover in the pathogenesis of antibody‑mediated 
TRALI, which accounts for ~80% of cases, is poorly under‑
stood. Knowledge of the pulmonary abnormalities that favor 
fibrin deposition is critical to explore the pathophysiology of 
antibody‑mediated TRALI.

The present study explored fibrin turnover in a mouse 
model of TRALI established using liposaccharide  (LPS) 
priming followed by an anti‑major histocompatibility complex 
class  I  (MHC‑I) antibody challenge. It demonstrated that 
multiple local abnormalities contributed to fibrin deposition 
in the lungs. Therefore, therapies aimed at the prevention of 
pulmonary fibrin deposition or turnover of fibrin in TRALI 
might be a potential approach to improving survival.

Materials and methods

Reagents. Antibodies for injection into mice, namely, 
anti‑mouse H‑2Kd and H‑2Dd IgG2a MHC‑I molecules 
(cat. no. BE0180; clone 34‑1‑2S) and mouse isotype control 
IgG2a (cat. no. BE0085; clone C1.18.4), were obtained from 
Bio X Cell. For fibrin immunofluorescence staining, rabbit 
polyclonal anti‑fibrinogen was purchased from Abcam (cat. 
no. ab34269). A CD41a monoclonal antibody for immunofluo‑
rescence detection of CD41 was purchased from Invitrogen 
(cat. no.  2072475; Thermo Fisher Scientific, Inc.). LPS 
(Escherichia coli 0111: B4) was obtained from Sigma‑Aldrich 
(Merck  KGaA). Bovine serum (cat. no.  22012‑8612) was 
purchased from Zhejiang Tianhang Biotechnology Co., Ltd. 
Both rhodamine‑conjugated goat anti‑mouse antibody (cat. 
no.  ZF‑0316) and rhodamine‑conjugated goat anti‑rabbit 
antibody (cat. no.  ZF‑0313) were provided with Beijing 
Zhongshan Jinqiao Biotechnology Co., Ltd. Cytometric bead 
array (CBA) Flex Set kit and BCA assay kits were provided 
by BD  Biosciences and Thermo Fisher Scientific, Inc., 
respectively. Mouse ELISA kits for myeloperoxidase (MPO; 
cat. no. ml002070), thrombin‑antithrombin complex (TATc; 
cat. no. ml001941), tissue factor pathway inhibitor (TFPI; cat. 
no. ml001878) and plasminogen activator inhibitor‑1 (PAI‑1; 
cat. no. ml037410) were purchased from Miblo.

Mice. A total of 30 7‑week‑old male wild‑type Balb/c mice 
were obtained from Dashuo Animal Laboratory (license 
no. SCXK‑2015‑030). The mice were housed in a standard 

laboratory environment at a constant temperature (20±2˚C) 
and humidity (50±10%) with 12‑h/12‑h light/dark cycle with 
free access to food and water for at least 1 week before use 
in experiments at 8‑10 weeks of age (weight, 23.93±1.880 g). 
The animal studies were conducted following approval of 
the Ethics Committee of the Institute of Blood Transfusion, 
Chinese Academy of Medical Science and Peking Union 
Medical College (approval no. 201934).

Mouse antibody‑mediated TRALI model establishment. Mice 
were weighed and assigned to one of three groups in a blinded 
manner. Two‑hit TRALI models were induced as previously 
reported  (22). For the TRALI and isotype control groups, 
low‑dose LPS (0.1 mg/kg) was injected intraperitoneally as 
the first hit, and, after 18 h, either TRALI‑inducing antibody 
clone 34‑1‑2S (4.5 mg/kg) or the isotype control antibody 
(4.5 mg/kg) was injected via the tail vein as the second hit. 
The third group comprised untreated control mice.

At 2 h after challenge with the 34‑1‑2S and isotype control 
antibody, the mice were anesthetized with 2.5%  Avertin 
(15 ml/kg) intraperitoneally. An aliquot of blood (200 µl) from 
inferior vena cava was drawn in a tube containing ETA‑K anti‑
coagulant to count platelets with automated device (XT‑1800i; 
Sysmex). The mice were then sacrificed by cervical disloca‑
tion and the lungs collected. The survival rate was evaluated 
by dividing the number of survivors in each group by the total 
number of ten animals in each group. Lung wet‑to‑dry (W/D) 
weight ratio, lung total protein, lung MPO activity, lung 
cytokines and lung histology were determined to assess the 
development of TRALI.

Preparation of lung tissue homogenates. At the experimental 
endpoint, the lungs were harvested. The left lung was cut into 
pieces that were homogenized in ice‑cold phosphate‑buffered 
saline (0.01 M, pH=7.2‑7.4) using a semi‑automatic tissue 
homogenizer. Equivalent volumes of lung tissue homogenates 
were stored at ‑80˚C for further detection.

Determination of lung W/D weight ratio. The upper and 
middle parts of the right lung were collected to determine the 
lung W/D ratio. The fresh lung tissue was weighed to obtain 
the wet weight. After drying in an oven at 65˚C for 48 h, the 
lung tissue was weighed again to determine the dry weight. 
The W/D weight ratio was calculated as net wet weight/dry 
weight.

Determination of lung total protein. BCA kits, containing 
standard, Reagent A and Reagent B, were used to detect lung 
total protein. The working reagent was prepared by mixing 
50 parts of BCA Reagent A with 1 parts of BCA Reagent B. 
A total of 25 µl each standard or lung tissue homogenate and 
200 µl working reagent were pipetted into the wells of a micro‑
plate, which was then incubated at 37˚C for 30 min. When the 
plate was cooled to room temperature, lung total protein was 
determined by measuring the optical density at 562 nm on a 
microplate reader.

Determination of lung MPO activity. Standard or lung homog‑
enate (50 µl) and enzyme conjugate (100 µl) was added to the 
wells of a microplate and the plate was incubated at 37˚C for 
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60 min. The plate was then washed. Next, substrate A and 
substrate B were added into the appropriate wells and the plate 
was incubated for another 15 min. After stop solution was 
added into the wells, the absorbance at 450 nm was measured 
within 15 min using a microtiter plate reader.

Cytokine analysis. The concentrations of TNF‑α, IL‑1β and 
IL‑6 in aliquots of lung tissue homogenates were determined 
using a CBA Flex Set kit in accordance with the manufactur‑
er's protocol. All measurements were performed using a flow 
cytometer (FACSCanto II; BD Biosciences). The data were 
analyzed using FCAP Array 3.0 software (BD Biosciences).

Coagulation, anticoagulation and fibrinolysis assays. To 
assess coagulation, anticoagulation and fibrinolysis functions, 
the levels of TATc, TFPI and PAI‑1 in lung tissue homogenates, 
respectively, were determined using commercial ELISA kits 
in accordance with the manufacturer's protocols.

Detection of coagulation factor activity and fibrin degrada‑
tion product (FDP). Lung tissue homogenates were analyzed 
for coagulation factor activity and FDP using a CA‑1500 auto‑
mated system (Sysmex) in accordance with the manufacturer's 
instructions. Reagents for coagulation factor activity and FDP 
detection were obtained from Siemens AG and were prepared 
accordance with the manufacturer's guidelines. To detect the 
activities of coagulation factor V (FV), FVII, FVIII and FIX, 
the samples were incubated with factor‑deficient human plasma 
and mixed with prothrombin time (PT) and partial thrombo‑
plastin time (aPTT) reagents. Coagulation factor activity was 
calculated based on PT and aPTT and a calibration curve. FDP 
levels were measured by immunoturbidimetry.

Histopathology. Right lung lobes were immersed in 
4% formalin at room temperature for at least 24 h. Then, the 
tissues were dehydrated in alcohol (75% alcohol for 4 h, 85% 
alcohol for 2 h, 95% alcohol for 1 h, 100% alcohol for 0.5 h, 
and 100% alcohol for 0.5 h), decolored (xylene for 10 min, 
xylene for 10 min), and embedded in soft wax for 1 h and 
paraffin for 2 h. Sections were cut at 5‑µm and placed on 
microscope slides, deparaffinized, hydrated and stained with 
hematoxylin for 5 min and eosin for 3 min at room tempera‑
ture. The following four pathological variables were graded: 
Hemorrhage, white blood cell infiltration, thickness of alveolar 
wall and lung epithelial cell necrosis. Scores of 0, 1, 2 and 
3 represented normal, mild, moderate and severe lung injury, 
respectively. Total scores for all variables were calculated to 
evaluate the severity of lung injury.

Immunofluorescence. A part of right lung tissues was fixed 
in 4%  paraformaldehyde, dehydrated, embedded and cut 
into sections; these procedures were consistent with those 
described in the histopathology section. The sections were 
incubated with sodium citrate solution (0.01 M) for antigen 
retrieval and then with 10% bovine serum to block antigens for 
30 min at room temperature. The sections were incubated with 
rabbit polyclonal anti‑fibrinogen (dilution 1:50) and CD41a 
monoclonal antibody (dilution 1:50) at 4˚C overnight and then 
with rhodamine‑conjugated goat anti‑rabbit antibody and 
rhodamine‑conjugated goat anti‑mouse antibody for 30 min at 

37˚C. Nuclei were counterstained with 4',6‑diamidino‑2‑phe‑
nylindole. Images were acquired using a fluorescence scanning 
microscope (P250 FLASH microscope; Danjier Electronic 
Co., Ltd.). Average fluorescent luminosity was determined 
using Image‑Pro Plus 6.0 software (Media Cybernetics, Inc.). 
The signal intensity in each image was normalized to the area. 
The average luminosity in each sample was calculated based 
on the average luminosity in three images.

Statistical analysis. Data were expressed as the mean ± standard 
deviation. Statistical analysis was performed with GraphPad 
Prism  8 software for MacOS (GraphPad Software, Inc.). 
Statistical comparisons among different treated groups were 
evaluated by ANOVA with Tukey's multiple‑comparison test and 
Newman‑Keuls multiple‑comparison test. Data not conformed 
as continuous variables were assessed by Kruskal‑Wallis test 
followed by Dunn's multiple‑comparison test and expressed as 
median and interquartile range. The Kaplan‑Meier method was 
used for survival rate comparisons. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Histological evidence and severity of antibody‑mediated 
TRALI. Following LPS priming and challenge with an 
anti‑MHC class I molecule (34‑1‑2S), the mice developed 
TRALI. Lung damage in the mice was assessed by histological 
examination (Fig. 1A). As shown in Fig. 1A, the lung injury 
score was significantly higher in TRALI mice compared with 
the normal control group. However, there were no significance 
in the lung injury score between TRALI group and isotype 
control group (Fig. 1A). Additionally, TRALI mice showed 
severe lung injury, with a 60% mortality at 2 h, whereas all mice 
in the control groups survived (Fig. 1B). These results showed 
that the TRALI mouse model was successfully established.

Inflammatory responses induced by antibody‑mediated 
TRALI. As TRALI occurs, neutrophils accumulated in the 
lungs serve an important role in triggering inflammatory 
responses (23). MPO activity was measured to assess inflam‑
mation in the lung. Consistent with previous studies (24,25), 
pulmonary neutrophil infiltration, as evidenced by increased 
MPO activity, was typically observed in TRALI mice (Fig. 2A).

To investigate inflammatory responses of TRALI, the 
current study detected the level of inflammatory cytokines 
in the lungs. Compared with control group, the levels of 
TNF‑α (Fig. 2B), IL‑1β (Fig. 2C) and IL‑6 (Fig. 2D) were 
elevated in TRALI mice. These results clearly indicated the 
presence of pulmonary inflammation.

Antibody‑mediated TRALI induces alteration of the 
alveolar‑capillary barrier. Lung injury damages the alve‑
olar‑capillary barrier, leading to protein‑rich fluid leakage into 
the alveolus. Changes in the pulmonary W/D ratio and total 
protein level can indicate an altered alveolar‑capillary barrier. 
The W/D ratio and total protein level were significantly higher 
in TRALI mice compared with control mice (Fig. 3A and B).

Antibody‑mediated TRALI induces pulmonary fibrin deposi‑
tion in mice. Preclinical and clinical studies have reported that 
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coagulopathy has a primary role in non‑antibody‑mediated 
TRALI (20,21). In addition, pulmonary coagulopathy causes 
fibrin deposition in the lungs (26). Fibrin can activate endo‑
thelial cells, promote inflammatory responses and increase 
vascular permeability, thus aggravating tissue damage (11). 
However, no study has focused on pulmonary coagulopathy in 
antibody‑mediated TRALI, to the best of the authors' knowl‑
edge. Therefore, fibrin deposition in the lungs was detected 
by immunofluorescence. The model mice showed strongly 
enhanced fibrin deposition in the lungs compared with those 
in the two control groups (Fig. 4).

Whether the enhanced fibrin deposition in antibody‑medi‑
ated TRALI resulted from enhanced coagulation, inhibited 
anticoagulation, or impaired fibrinolysis was next determined. 
Pulmonary TATc was significantly increased in the model 
mice, indicating the activation of coagulation  (Fig.  5A). 

Enhanced coagulation may exacerbate pulmonary fibrin depo‑
sition (27). Additionally, tissue factor (TF) initiates exogenous 
coagulation and serves an important role in inflammation and 
lung injury (28). As a natural inhibitor, TFPI was significantly 
elevated in the TRALI group compared with that in the normal 
control group, whereas there was no significant difference 
with the isotype control group (Fig. 5B). PAI‑1 is the main 
modulator of fibrinolysis. The primary function of PAI‑1 is to 
inhibit plasminogen activator (PA) activity and thus prevent 
fibrin degradation induced by plasmin. In the present study, 
the PAI‑1 levels in the lungs were significantly higher in the 
TRALI group than those in the other groups (Fig. 5C).

Increased FV and FVII activities and FVIII and FIX 
activities, indicate the activation of the extrinsic and intrinsic 
coagulation pathways, respectively. Therefore, FV, FVII, 
FVIII and FIX activity was measured using an automated 

Figure 1. Histological evidence and severity of antibody‑mediated TRALI. (A) Hematoxylin and eosin stained lung histology sections photographed (magni‑
fication, x400) and lung injury scores. Data are presented as the median and interquartile range (n=3/group). NS, no significance, *P<0.05, by Kruskal‑Wallis 
test followed by Dunn's multiple comparisons test. The most representative of two replicate experiments, which were in good agreement, is shown. The 
blue rectangle indicates inflammatory cell accumulation. Scale bar, 50 µm. (B) Kaplan‑Meier survival analysis of the treatment groups (n=10 mice/group). 
TRALI, transfusion‑related acute lung injury; LPS, lipopolysaccharide; 34‑1‑2S, anti‑MHC‑I molecule.
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device. As shown in Fig. 5D, the activity of FV was elevated in 
TRALI mice compared with that in control mice. However, no 

differences in FVII, FVIII and FIX activities were observed 
among the three groups (data not shown). In addition, FDP 

Figure 3. Antibody‑mediated TRALI induces alteration of the alveolar‑capillary barrier in mice. (A) Lung wet weight/dry weight ratio ratios in untreated control, 
isotype control and TRALI mice. (B) Total protein concentrations in lung homogenates. Data are expressed as the mean ± standard deviation (n=6 mice/group). 
*P<0.05, ****P<0.0001, by one‑way ANOVA followed by Tukey's multiple‑comparison test. TRALI, transfusion‑related acute lung injury; LPS, lipopolysaccharide.

Figure 2. Inflammatory responses induced by antibody‑mediated TRALI in mice. MPO activity (A) and levels of TNF‑α (B), IL‑1β (C) and IL‑6 (D), in 
the lungs were measured by ELISA. Data are expressed as the mean ± standard deviation (n=6 mice/group). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. 
One‑way ANOVA variance of MPO, IL‑1β and IL‑6 followed by Tukey's multiple‑comparison tests. One‑way ANOVA variance of TNF‑α followed by 
Newman‑Keuls multiple‑comparison tests. MPO, myeloperoxidase; LPS, lipopolysaccharide.
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levels were measured and were markedly decreased in 
the lungs of TRALI mice compared with those in control 
mice (Fig. 5E). These results demonstrated that pulmonary 
fibrinolysis was impaired in antibody‑mediated TRALI mice.

Antibody‑mediated TRALI induces thrombocytopenia and 
pulmonary platelet accumulation. Thrombocytopenia is a 
clinical manifestation of TRALI (29,30). As with a previous 
study (2), mild thrombocytopenia was observed in the model 
mice (Fig. 6A). Additionally, platelets are capable to trigger 
coagulation (31). Thus, platelet accumulation in the lungs was 
investigated by quantitative immunofluorescence analysis of 
the platelet‑specific marker CD41a. Although platelet staining 
was observed in the untreated and isotype control mouse 
lungs, platelet aggregation was enhanced in TRALI mouse 
lungs (Fig. 6B and C).

Antibody‑mediated TRALI enhances pulmonary fibrin‑platelet 
interactions. Fibrin, which exerts a proinflammatory effect, 
drives platelet accumulation in injured lungs, which in turn 
can amplify the injury (32). In addition, platelets bind fibrin, 
thus promoting thrombin generation  (33). Therefore, the 
fibrin‑platelet interactions in the lungs was measured via 
immunofluorescence. The results showed that these interac‑
tions were increased in antibody‑mediated TRALI mice 
compared with those in control mice (Fig. 7).

Discussion

An antibody‑mediated TRALI mouse model was success‑
fully established by challenging the animals with LPS plus an 
anti‑MHC‑I antibody. Preexisting clinical risk factors that confer 
an inflammatory state appear to mediate a first hit (34). In TRALI 

Figure 4. Antibody‑mediated TRALI induces pulmonary fibrin deposition in mice. (A) Green, fibrin; blue, DAPI. Scale bar, 20 µm. Original magnifica‑
tion, x400. (B) The average fibrin immunofluorescence luminosity was measured using Image‑Pro Plus 6.0 software. For each group (n=3), experiments were 
repeated twice and the most representative results are shown. Data are expressed as the mean ± standard deviation. **P<0.01, by one‑way ANOVA followed by 
Tukey's multiple‑comparison test. TRALI, transfusion‑related acute lung injury.



MOLECULAR MEDICINE REPORTS  24:  601,  2021 7

patients, the proportions of antibodies against human leuko‑
cyte antigen and human neutrophil antigen are ~50 and 30%, 
respectively and these antibodies serve as the second hit (35‑37). 
Overall, the two‑hit mechanism underlying disease pathology 
in the antibody‑mediated TRALI mouse model is similar to 
the pathogenesis of TRALI in patients and thus, the model is 
representative of human disease. Antibody‑mediated TRALI is 
the major phenotype of clinical TRALI; it accounts for ~80% 
of TRALI cases. In the present study, the main characteristics 
of ALI were confirmed by histological evidence, inflamma‑
tory responses and alterations to the alveolar‑capillary barrier. 
Significant fibrin accumulation was observed in TRALI lungs, 
which was associated with enhanced coagulation and impaired 
fibrinolysis. Furthermore, platelet sequestration was observed 
in the TRALI lungs, which might have been caused by fibrin 
capturing platelets. Additionally, the enhanced coagulation could 
be related to the binding of platelets to the polymerized fibrin, 
pulmonary platelet accumulation and enhanced FV activity. 
Indeed, both increased PAI‑1 and decreased FDP in the lungs of 
the TRALI group indicated that fibrinolysis was inhibited.

Fibrin accumulation in the lungs can induce inflammatory 
injury, create a proinflammatory environment, reduce gas 
exchange and aggravate hypoxemia (9,38,39). Corticosteroids 
ameliorate smoke inhalation‑induced ALI by attenuating 
fibrin deposition (40). Furthermore, PAI‑1 deficiency markedly 
suppresses pulmonary fibrin accumulation and ameliorates 

alcohol‑enhanced ALI (9). Chen et al (41) showed that inhaled 
NO mitigates endotoxin‑induced ALI by suppressing elevated 
PAI‑1 and fibrin deposition. Khalaj et al (16) reported that 
extracellular vesicle‑based therapies can alleviate severe 
pulmonary conditions by reducing fibrin production. Thus, 
reduced fibrin deposition in the lungs seems to hold therapeutic 
potential for lung injury. However, the therapeutic effects of 
fibrin‑lowering drugs in TRALI remain to be elucidated.

In addition to enhanced inflammatory injury, fibrin 
provides a chemotactic substrate for blood cells, including 
platelets and leukocytes  (42). Platelet integrin  αIIbβ3 is 
considered an important functional receptor for fibrin (33). 
In addition, fibrin‑platelet interactions serve a pathogenic 
role in lung injury. Activated platelets trigger the secretion 
of adenosine 59‑diphosphate and thromboxane A2, which 
activate integrin αIIbβ3 on platelets, facilitating their binding 
to fibrin and expanding the thrombus  (33). β3 deficiency 
impairs the capacity of platelets to bind fibrin, thus preventing 
alcohol‑induced ALI (9). Smyth et al (43) demonstrated that in 
a model of microvascular thrombosis, β3‑null mice exhibited 
less fibrin and thrombi in the lungs than wild‑type mice. These 
results indicated that integrin αIIbβ3 on platelets is pivotal 
for fibrin binding and serves a pathogenic role. Indeed, the 
present study observed enhanced platelet binding to fibrin in 
the antibody‑mediated TRALI model. However, no evident 
thrombosis was observed in the model (data not shown). Of 

Figure 5. Levels of TATc, TFPI, PAI‑1, FV activity and FDP in lung homogenates of the three treatment groups. Levels of (A) TATc, (B) TFPI, (C) PAI-1, and 
(E) FDP as well as (D) FV activity in lung homogenates. Data are shown as the mean ± standard deviation (n=5‑9 mice/group). **P<0.01, ****P<0.0001 and NS 
= no significance, by one‑way ANOVA followed by Tukey's multiple‑comparison test. TATc, thrombin‑antithrombin complex; TFPI, tissue factor pathway 
inhibitor; PAI‑1, plasminogen activator inhibitor‑1; FV, factor V; FDP, fibrin degradation product.
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note, fibrin‑platelet binding promotes platelet aggregation (9). 
Upon endothelial injury, platelets can be recruited, activated 
and aggregated via integrin αIIbβ3 binding to fibrin  (44). 
Then, platelets that adhere to the lung endothelium exacerbate 
lung injury by releasing potent proinflammatory molecules 
and mediators that increase the expression of chemokines 
and vascular adhesion molecules in endothelial cells (9,44). 
Pulmonary platelet activation and aggregation reportedly 
serve pathogenic roles in influenza A‑induced pneumonia (44), 
acid‑induced ALI  (45), endotoxemia  (46) and TRALI  (2) 
and inhibition of platelet function protects against these 
diseases. Looney et al (2) demonstrated that platelet seques‑
tration following 34‑1‑2S challenge was associated with the 
sequestration of platelet‑capturing neutrophils in the lungs. 
Adhesive interactions between neutrophils and platelets are 
mediated by platelet glycoprotein Ibα and P‑selectin binding 
of glycoprotein ligand‑1 and multifunctional leukocyte inte‑
grin expressed on leukocytes, respectively (47). Of note, the 
present study observed increased fibrin deposition in the lungs 
of TRALI model mice, which could capture platelets and 
result in platelet sequestration in the lungs. Thrombocytopenia 
is a common symptom of ARDS and is associated with poor 
prognosis (48,49). Preclinical models and clinical observa‑
tions have both shown that thrombocytopenia is a pathogenic 
manifestation of TRALI (2). In line with previous studies, the 
present study overserved peripheral blood thrombocytopenia in 

antibody‑mediated TRALI mice. Looney et al (2) demonstrated 
that thrombocytopenia was related to dynamic neutrophil 
changes in mouse antibody‑mediated TRALI model. It would 
be worthwhile to investigate whether the decrease in platelets 
in the systemic circulation of antibody‑mediated TRALI is 
associated with pulmonary fibrin deposition.

Coagulation imbalance commonly occurs in pulmonary 
disorders and is often accompanied with hypercoagulable 
conditions, even resulting in pulmonary embolism (12). The 
present study observed enhanced fibrin deposition in TRALI 
mice and detected the levels of TATc, TFPI and PAI‑1 in the 
lungs, which are indicators of coagulation, anticoagulation and 
fibrinolysis, respectively. A hypercoagulable state, enhanced 
anticoagulation and impaired fibrinolysis was detected in 
the TRALI group. TATc is an important marker of thrombin 
and its increased levels indicate a hypercoagulable state. 
Mammadova‑Bach et  al  (33) reported that the binding of 
platelet glycoprotein VI (GPVI) to fibrin promotes thrombin 
generation. In the current study, increased fibrin‑platelet 
binding might have elevated the levels of TATc to some 
degree, resulting in the hypercoagulable state in TRALI 
mice. In addition to GPVI, integrin αIIbβ3 also mediates 
fibrin‑platelet interaction  (33). Whether integrin  αIIbβ3 
mediating fibrin‑platelet interaction and triggering thrombin 
generation in TRALI mice need further validation is for future 
research. The increased extrinsic coagulation FV activity also 

Figure 6. Antibody‑mediated TRALI reduces platelets in the peripheral blood and platelets accumulation in the lungs. (A) Numbers of peripheral blood plate‑
lets in untreated control, isotype control and TRALI mice. (B) Representative immunostaining for CD41a in untreated, isotype control and TRALI mice. Red, 
CD41a; blue, DAPI. Scale bar, 20 µm; original magnification, x400. (C) The average CD41a immunofluorescence luminosity was determined using Image‑Pro 
Plus 6.0 software. A total of six replicates were included in each group and the most representative images are shown. Data are shown as the mean ± standard 
deviation (n=6 mice/group). *P<0.05, **P<0.01, ****P<0.0001. One‑way ANOVA variance of peripheral blood platelets and pulmonary platelets followed by 
Tukey's multiple‑comparison test and Newman‑Keuls multiple‑comparison test, respectively. TRALI, transfusion‑related acute lung injury; PLT, platelet.
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indicated an increase in pulmonary procoagulant activity. 
Activated platelets offer a procoagulant surface to coagulation 
factors, resulting in thrombin production (50). In the present 
study, pulmonary platelet accumulation could have promoted 
pulmonary thrombin generation by providing a proco‑
agulant surface in TRALI mice. Lung tissue is rich in TF and 
FVII (51). TFPI inhibits thrombin production and activation by 
inactivating TF‑VII and TF‑X conjugate activity (52). Of note, 
TFPI was increased in the antibody‑mediated TRALI group 
compared with the untreated control group, but not the isotype 
control group. This result implied that anticoagulation activity 
increases in the presence of a first hit. Elevated TFPI might 
diminish FVII and FX procoagulant activities, which could 
explain why no changes in these activities were observed 
(data not shown). Although TFPI was able to inhibit thrombin 
production and activation, the elevated TATc levels indicated 
that the increase in TFPI was insufficient to control coagu‑
lation. PAI‑1 facilitates the stable clot formation following 

injury and participates in posttraumatic coagulopathy (53). 
FDP originates from fibrin degradation and elevated levels 
are a manifestation of fibrinolysis (54). In the present study, 
increased levels of PAI‑1 combined with decreased FDP in 
the lungs following 34‑1‑2S challenge indicated the inhibition 
of fibrinolysis. In addition to PAI‑1, fibrinolytic system also 
includes urokinase‑type  PA, tissue‑type  PA, plasminogen 
and plasmin. Continuing experiments are investigating the 
expression levels of aforementioned fibrinolytic system 
components and explain fibrinolysis disorder in detail. In 
non‑antibody‑mediated TRALI, the PAI‑1 level in bron‑
choalveolar lavage fluid was elevated, whereas the FDP level 
was not significantly altered (20). This discrepancy could be 
explained by differences in the animal species and disease 
type. In a model of aged erythrocyte transfusion‑mediated 
non‑antibody TRALI, increased coagulation and decreased 
fibrinolysis are observed (20). However, coagulopathy might 
be induced by aged erythrocytes, which exhibit procoagulant 

Figure 7. Antibody‑mediated TRALI enhances fibrin‑platelet interactions in mice. (A) Immunofluorescence staining for CD41a and fibrin in lung tissues of the 
three treatment groups. Red, CD41a; blue, DAPI; green, fibrin, merged immunofluorescence signals are shown in the leftmost panels. Scale bar, 20 µm; original 
magnification, x400. (B) The average fluorescence luminosity was determined using Image‑Pro Plus 6.0 software. A total of six replicates were included in 
each group and the most representative images are shown. Data are shown as the mean ± standard deviation. n=6 mice/group. **P<0.01, ***P<0.001, by one‑way 
ANOVA followed by Tukey's multiple‑comparison test. TRALI, transfusion‑related acute lung injury.
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activity by enhancing thrombin generation. The present study 
extended previous findings by confirming, for the first time to 
the best of the authors' knowledge, that increased coagulation 
and anticoagulation, as well as impaired fibrinolysis, would 
enhance fibrin deposition in the lungs and result in platelet 
accumulation in antibody‑mediated TRALI.

Antibody‑mediated TRALI is the primary clinical 
phenotype of TRALI. The findings of enhanced coagulation, 
increased anticoagulation and impaired fibrinolysis expand 
and deepen our knowledge of TRALI. However, further 
research on the complex mechanism of the coagulation‑anti‑
coagulation‑fibrinolytic system with respect to TRALI are 
needed. The present study determined the levels of TATc, 
TFPI, PAI‑1, FDP and coagulation factor activity in the lungs 
instead of in plasma following antibody‑mediated TRALI 
establishment. Nevertheless, assessing these factors in the 
lungs reveals the pathogenesis in the lungs and is more reliable 
than assessing systemic levels. The present study discovered 
that a local coagulation‑fibrinolysis imbalance was associ‑
ated with pulmonary fibrin deposition in antibody‑mediated 
TRALI. The data provide a therapeutic rationale and indicate 
the feasibility of strategies based on modulating abnormali‑
ties in either the coagulation or the fibrinolysis pathway for 
antibody‑mediated TRALI.
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