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EFFECTS OF STORED RED BLOOD CELLS ON THE COMPONENTS OF THE 
LUNG-CAPILLARY MEMBRANE 

 
KAITLYN S. RYAN  

 
BIOMEDICAL ENGINEERING 

 
ABSTRACT 

 
Trauma is the leading cause of death for Americans between the ages of 1 and 44. 

Implementation of massive transfusion protocols has improved early mortality due to 

traumatic hemorrhage; however, long-term complication rates associated with 

hemorrhagic shock remain high due to the development of multiple organ failure. In 

particular, resuscitation with large volumes of stored red blood cells (RBC) introduces 

high concentrations of free heme, which contributes to the development of acute lung 

injury (ALI) after trauma. Angiopoietin-2 (Agpt-2) is a mediator of trauma-related lung 

injury, but the effect of RBC storage-derived free heme on Agpt-2 regulation is unknown. 

The goal of this study was to determine (1) the effects of free heme formed during RBC 

storage on pulmonary microvascular endothelial cell (PMEC) function and Agpt-2 

release and (2) the effects of PMEC-derived Agpt-2 on barrier function and inflammation 

of alveolar epithelial cells (AEC). To test this, RBC were collected from mice and stored 

for 14 days, during which time free heme levels doubled. PMEC barrier function was 

measured following treatment with fresh or stored RBC supernatant. The effects of hemin 

and Agpt-2 were determined by blocking with hemopexin (Hpx) and an Agpt-2 

neutralizing antibody. PMEC barrier damage caused by stored RBC supernatant 

treatment was significantly attenuated with the addition of Hpx but not with the addition 

of an Agpt-2 neutralizing antibody, suggesting that PMEC barrier dysfunction caused by 

free heme is not mediated by Agpt-2. It is unclear whether Agpt-2 release from PMEC is 
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mediated by heme following RBC supernatant treatment due to high variability and high 

background of samples via ELISA. Recombinant Agpt-2 treatment significantly 

upregulated inflammation in AEC; however, AEC barrier function was not affected by 

conditioned media from RBC-treated PMEC with low concentrations of Agpt-2, 

suggesting Agpt-2 is a mediator of AEC inflammation but effects on barrier function are 

unclear. More data are needed to determine the effects of stored blood transfusions on 

Agpt-2 release and the role of Agpt-2 in dysfunction of the lung-capillary barrier to 

develop therapies aimed at improving patient outcomes following trauma.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Keywords: stored red blood cells, lung-capillary membrane, Angiopoietin-2, heme, 
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INTRODUCTION 
 

Post-Traumatic Lung Injury 

Trauma is the leading cause of deaths for individuals under the age of 44 in the 

United States.1 In particular, acute lung injury (ALI) leading to acute respiratory distress 

syndrome (ARDS) is a common cause of morbidity and late-stage mortality in trauma 

patients,2 and the risk of trauma-associated ALI/ARDS increases by 6% with each unit of 

red blood cells (RBC) transfused.3 The development of post-traumatic ALI/ARDS is 

driven by complex pathophysiologic processes that involve both local and systemic 

inflammation and breakdown of the lung-capillary barrier, leading to tissue edema and 

infiltration of immune/inflammatory cells.4, 5 Loss of lung-capillary barrier function 

includes damage and hyperpermeability of both the pulmonary microvasculature and 

alveolar epithelium.6 The mechanisms relating RBC transfusion and barrier breakdown 

resulting in ALI/ARDS are still unknown.  

 

RBC Transfusion and Post-Traumatic Lung Injury 

Transfusion of blood products (e.g., packed RBC, fresh frozen plasma, platelets) 

is the gold standard for resuscitation of trauma patients in hemorrhagic shock. However, 

independent of injury severity, large-volume resuscitation (>10 units of RBC in 24 hours) 

is associated with end-organ injury, infection, and higher risk of late-stage death.7-9 Some 

studies have also shown that transfusion with RBC stored longer than 28 days can lead to 
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increased postinjury organ failure, infection, and other adverse clinical outcomes 

especially when transfusing with older blood during the first 6 hours.5  

In the United States, RBC can be stored for up to 42 days at 4°C. Over time, RBC 

storage lesion occurs leading to morphological, biological, and metabolic changes as well 

as release of vesicles and cell-free proteins. Hemin, a cytotoxic byproduct, is formed 

when RBC lyse during storage and the hemoglobin inside is released and oxidized to 

ferric hemoglobin.10 Levels of free heme measured in red blood during storage double 

between day 7 and day 35.11  

Oxidized free heme induces an inflammatory response through Toll-like receptor 

4 (TLR4) signaling that results in TNF-α secretion and nuclear factor kappa-light-chain-

enhancer of activated B cells (NFkB) activation.12-14 Administration of TAK242, a TLR4 

inhibitor, or hemopexin (Hpx), a regulator of free heme, significantly decreased mortality 

rates after transfusion of old RBC11 implicating heme-mediated TLR4 signaling as a 

regulator of lung injury following resuscitation with stored RBC.  

Hpx is a plasma glycoprotein that is mainly found in the liver and central nervous 

system and has the highest binding affinity to heme.10 The binding of Hpx to heme 

induces heme oxygenase 1 (HO-1) accumulation which protects the cell from oxidative 

stress.15 Chronic exposure to free heme induces protective levels of HO-1, however 

during massive transfusion, high levels of oxidized free heme are introduced into the 

body too quickly skewing the ratio of Hpx to heme and preventing HO-1 production.16 

Higher levels of oxidized free heme lead to neutrophil migration and inflammation.17  
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Angiopoietin-Tie2 Signaling and Lung Injury 

Angiopoietins 1-4 are vascular growth factors that are involved in angiogenesis 

and regulation of endothelial cell-cell junctions. During homeostasis, normal barrier 

function is maintained through Angiopoietin-1 (Agpt-1) interactions with the tyrosine 

kinase Tie-2 receptor. Agpt-1-mediated Tie2 signaling promotes serine/threonine kinase 

(Akt) cell survival signaling and suppresses NFkB activation to prevent inflammation, 

stabilize junctions between endothelial cells through recruitment of cell adhesion 

molecules, and suppress synthesis of Angiopoitetin-2 (Agpt-2).18 Agpt-2 is a Tie2 

antagonist that is upregulated during conditions of inflammation. High levels of Agpt-2, a 

microvascular destabilizing cytokine and regulator of lung injury, have been measured in 

plasma samples from patients with ALI and pulmonary edema.19 Agpt-2 acts as a 

competitive inhibitor of Agpt-1 signaling through Tie2 receptors to cause 

phosphorylation of NFkB and downregulation of the PI3K/Akt pathway leading to 

inflammation and decreased barrier function. While Agpt-1 and Agpt-2 have been shown 

to bind to Tie2 receptors with similar affinity, Agpt-2 has been shown to activate Tie2 in 

a weaker manner than Agpt-1 binding.20  

In animal models of trauma-associated hemorrhagic shock and sepsis, Agpt-2 has 

been shown to be a key mediator of vascular dysfunction and indirect lung injury.21, 22 

Preclinical in vivo mouse studies show that Agpt-2 promotes barrier dysfunction and 

subsequent development of ALI, while suppression of Agpt-2 decreases inflammatory 

processes in the lung.21 Agpt-2 levels correlate with injury severity score and mortality 

rates in adult trauma patients and are elevated in patients that develop ARDS.22, 23 Agpt-2 
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levels are also increased in pediatric patients following trauma and remain elevated after 

24h (unpublished data).   

The effect of resuscitation with stored RBC on Agpt-2-mediated post-traumatic 

lung injury is unknown. In particular, the effect of free heme present in stored RBC on 

Agpt-2 release from endothelial cells and subsequent epithelial cell dysfunction needs 

further investigation. We hypothesized that free heme formed in RBC during storage 

causes release of Agpt-2 from PMEC, which results in decreased barrier function of 

pulmonary microvascular endothelial cells (PMEC) and inflammation of alveolar 

epithelial cells (AEC). Thus, the objectives of this study were to determine (1) whether 

free heme in stored RBC promotes release of Agpt-2 from PMEC and (2) if PMEC-

derived Agpt-2 drives inflammation and barrier dysfunction of AEC.  
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EXPERIMENTAL MATERIALS AND METHODS 

Cell Types 

C57BL/6 Mouse lung PMEC were obtained from CellBiologics and used for 3-7 

passages. Cells were cultured in complete mouse endothelial cell medium with 

supplement kit as directed by CellBiologics (without 0.1% Heparin). C57BL/6 Mouse 

AEC were obtained from CellBiologics and used for 3-9 passages. Cells were cultured in 

complete epithelial cell medium with supplement kit as directed by CellBiologics. All 

cells were cultured at 37°C and 5% CO2 and media was changed every other day until 

70% confluence was reached, then changed every day. 

 

Reagents 

Hemopexin was purchased from Athens Research and Technology (Athens, GA). 

Recombinant Mouse Angiopoietin-2 Protein, CF, was purchased from R&D Systems 

(Minneapolis, MN). Mouse/Rat Angiopoietin-2 QuantikineTM Enzyme-linked 

immunosorbent assay (ELISA) kit from R&D was purchased from Fisher Scientific 

(Hampton, NH). Thermo Scientific M-PER Mammalian Protein Extraction Reagent was 

purchased from Fisher Scientific (Hampton, NH). Odyssey Blocking Buffer (TBS) was 

purchased from LI-COR Biosciences (Lincoln, NE). Phospho-NF-kB p65 (Ser536) and 

NF-kB p65 (L8F6) antibodies were purchased from Cell Signaling (Danvers, MA). 

Monoclonal Anti-Actin antibody was purchased from Sigma-Aldrich (St. Louis, MO). 
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IRDye 800CW goat anti-Rabbit IgG, IRDye 680RD Goat anti-Mouse IgG, IRDye 

800CW Goat anti-Mouse IgG, and NewBlotTM Nitrocellulose 5X stripping buffer were 

purchased from LI-COR Biosciences (Lincoln, NE). Anti-Ang2 blocking antibody was 

purchased from AdipoGen (San Diego, CA). CP2D anti-coagulant and AS-3 storage 

buffer for blood banking are listed below in Table 1.  

Table 1: Solutions for Blood Banking 
CP2D Anti-coagulant  AS-3 Storage Buffer 
15.75 mL water 40 mL water 
0.805 gm dextrose  0.44 gm dextrose 
0.415 gm sodium citrate dehydrate 0.2352 gm sodium citrate dehydrate 
0.047 gm citric acid 0.0168 gm citric acid 
0.035 gm monobasic sodium phosphate 0.110 gm sodium phosphate  
 0.0164 gm sodium chloride 
 0.012 gm adenine  
 

Blood Storage 

Whole blood was collected by cardiac puncture from male C57BL/6 mice. 

Platelet-rich plasma and anti-coagulant were removed by centrifugation (100xg for 10min 

at 4°C then 1000xg for 10min at 4°C) and blood was resuspended in phosphate-buffered 

saline (PBS, 1:3) then leukoreduced using a PD-10 Desalting Column (GE Healthcare). 

PBS was removed from leukoreduced blood by centrifugation (1000xg for 10min at 4°C). 

AS-3 storage solution was added (2:9) and RBC were then either stored in 1mL syringes 

at 4°C with no headspace for 14 days (stored group) or used immediately (fresh group). 

For cell culture treatment, supernatant from the RBC was collected using a two-step 

centrifugation (1500xg for 5min at 22°C). Heme levels were measured in the cell-free 

supernatant using spectral deconvolution as described previously24.  
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Barrier Function of PMEC 

Electrical Cell-Substrate Impedance Sensing (ECIS) was used to monitor barrier 

function by measuring resistance across a monolayer over 24h. 50,000 C57BL/6 Mouse 

lung PMEC cells were seeded in each well of an 8W10E+ (Applied Biophysics) plate 

following a 15min pretreatment with cysteine solution (Applied Biophysics), 2x wash 

with distilled water, and a 15min gelatin coating (Cell Biologics) all at room temperature. 

Once the cells reached confluence, the plate was put into the ECIS incubator and cell 

resistance was monitored until stable. Once stable, complete media from each well was 

replaced with serum-free media and 30min later a 10µM Hpx pretreatment was added to 

the appropriate wells. After 30min, cell-free supernatant from fresh or stored RBC was 

added to designated wells (30%v/v) and resistance was monitored for 24h in an ECIS 

Model ZΘ. The same procedure was repeated following 30min serum starvation using 

100ng/mL of Angiopoietin-2 blocking antibody pretreatment added to 30%v/v stored 

RBC supernatant prior to cell exposure. Resistance measurements were taken every 

30min and normalized back to baseline values following serum starvation and 

pretreatment immediately prior to the addition of the RBC supernatant treatment.   

 

Angiopoietin-2 Levels in PMEC 

Mouse endothelial cells were grown to confluence in 6 well plates. Cells were 

washed with PBS prior to serum starvation. Serum-free media with or without 10µM Hpx 

was added to the cells 30min before supernatant treatment. Cells were treated with 

30%v/v fresh or stored RBC supernatant in serum-free media +/- 10µM Hpx (stored 
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group only). Media was collected at 5min, 1, 4, 8, 12, and 24h and released Angiopoietin-

2 levels were measured via ELISA.  

 

Inflammatory Response in AEC 

Mouse epithelial cells were grown to confluence on Transwell inserts (Fisher 

Bioreagents). Recombinant Angiopoietin-2 was dissolved in low-serum (2% FBS) media 

to the working concentration and added to the basolateral side after washing the top and 

bottom well with sterile PBS. After 24h, cells were washed with cold PBS and lysed in 

75uL of protein extraction reagent with protease and phosphatase inhibitors (1:100) for 

20min on ice. Cell lysates were centrifuged at 14,000xg for 20min at 4°C and the 

supernatants collected. The lysates were boiled at 95°C for 10min and run under 

electrophoresis in a 4-15% Mini-PROTEAN TGX Precast Protein Gel (Bio-Rad) at 

100V. The protein was transferred to a nitrocellulose membrane on ice for 1h then 

blocked for 1h at room temperature with Odyssey Blocking Buffer. The nitrocellulose 

membrane was incubated with Phospho-NF-kB p65 (Ser536) and NF-kB p65 (L8F6) at 

1:1000 in blocking buffer overnight at 4°C, washed with TBS-T, then incubated for 1h 

with IRDye 800CW goat anti-Rabbit IgG and IRDye 680RD Goat anti-Mouse IgG at 

1:15,000 in TBS-T and imaged. The membrane was stripped for 15 minutes in 1X 

NewBlot Nitro Stripping Buffer and washed with PBS. It was blocked for 1h at room 

temperature in blocking buffer then incubated with monoclonal anti-actin antibody at 

1:5000 in blocking buffer for 1h at room temperature. The membrane was washed with 

TBS-T then incubated with IRDye 800CW Goat anti-Mouse IgG at 1:15,000 in TBS-T 
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for 1h at room temperature and washed again. All protein levels were imaged and 

determined using LICOR.  

 

AEC Barrier Function and Conditioned Media from RBC-treated PMEC 

Mouse PMEC were grown to confluence in 6 well plates. Cells were serum 

starved for 30 minutes then 30%v/v stored RBC supernatant was added for 24h. 

Following the treatment period, conditioned media was collected and frozen. For 

controls, PMEC were maintained in serum-free media for 24h but not treated with RBC 

supernatant.  

Mouse AEC were seeded in 8W10E+ (Applied Biophysics) plates that were 

pretreated with a cysteine solution (Applied Biophysics) for 15min, washed 2x with 

distilled water, and coated with a gelatin coating (Cell Biologics) for 15min all at room 

temperature. Once the cells reached confluence, the plate was put into the ECIS incubator 

and cell resistance was monitored until stable. 50%v/v of untreated conditioned media, 

treated conditioned media, or treated conditioned media with the addition of 100ng/mL of 

Agpt-2 neutralizing antibody in low-serum epithelial cell media were added and 

resistance was monitored for 24h in an ECIS Model ZΘ. Resistance measurements were 

taken every 30min and normalized back to baseline values immediately prior to the 

addition of the conditioned media treatment.   
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RESULTS 

Total cell free heme levels in stored RBC supernatant are significantly higher than in 

fresh RBC supernatant.  

Total free heme levels measured by spectral deconvolution of RBC supernatant were 

significantly higher in RBC stored for 14 days compared to fresh RBC (Figure 1). A 

breakdown of the composition of total free heme based on the average amounts of hemin, 

methemoglobin, oxyhemoglobin, and deoxyhemoglobin present in fresh and stored RBC 

supernatant are also indicated in Figure 1.  

Figure 1: Total free heme levels and 
component breakdown of RBC 
supernatant. 
Free heme levels were measured in fresh 
and stored RBC supernatant samples using 
spectral deconvolution. Total free heme 
levels in stored RBC supernatant are 
significantly higher than total free heme 
levels in fresh RBC supernatant after 14d. 
(*p<0.01) Oxyhemoglobin, 

methemoglobin, hemin, and deoxyhemoglobin levels are shown for component 
comparison. Data reported as mean ± standard error of the mean.  
 
 
Free heme in stored RBC supernatant causes barrier damage in PMEC and is attenuated 

by Hpx. 

The response of PMEC to treatment with supernatant from fresh and stored RBC as 

measured by changes in monolayer resistance is shown in Figure 2. Normalized 

resistance of the media control group significantly (*p<0.05) increased from baseline 
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levels over the 12h time period (Figure 2B). Treatment with supernatant from fresh or 

stored RBC did not significantly change PMEC resistance after 12h of treatment 

compared to starting baseline values (Figure 2B). However, compared to the normalized 

resistance of the control group, PMEC treated with fresh or stored RBC supernatant had 

significantly (*p<0.05) decreased resistances at 12h (Figure 2C). There was no 

significant difference in the normalized resistance of PMEC treated with stored RBC 

supernatant compared to fresh RBC supernatant at 12h. Blocking hemin released during 

RBC storage with Hpx significantly (#p<0.05) attenuated the decrease in resistance 

caused by stored RBC supernatant and normalized resistance was significantly (#p<0.05) 

higher than the fresh RBC supernatant treatment group (Figure 2C).  

Figure 2: PMEC barrier function response to RBC 
supernatant with Hpx.  
PMEC were grown to confluence on ECIS plates, 
serum starved for 1.5h, then treated with 
supernatant from fresh or stored RBC (30% v/v). 
10µM Hpx was added 30min prior to the addition 
of stored RBC supernatant. A) Resistances of 
PMEC monolayers reported as values normalized to 
the individual well resistance following serum 
starvation and the addition of Hpx prior to 
treatment. B) The 12h changes in resistance for 
each group determined by subtracting the 12h 
resistance value from the pre-treatment resistance. 
PMEC maintained in media alone had a significant 
increase in resistance at 12h (*p<0.05). C) 
Normalized resistance values at 12h for PMEC 
maintained in media (control) or treated with fresh 
or stored RBC supernatant with and without Hpx. 
Treatment with RBC supernatant resulted in 
significantly lower resistance compared to the 
media control (*p<0.05). The addition of Hpx to the 
stored RBC treatment significantly attenuated the 
damage caused by stored RBC supernatant and was 
significantly higher the than normalized resistance 
of fresh RBC supernatant treatment (#p<0.05). Data 
reported as mean ± standard error of the mean.  
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Agpt-2 does not regulate PMEC barrier dysfunction caused by stored RBC.  

To investigate whether Agpt-2 plays a role in endothelial hyperpermeability caused by 

exposure to stored RBC, PMEC were treated with stored RBC supernatant in 

combination with 100ng/mL of an Agpt-2 neutralizing antibody. The antibody was added 

to the supernatant treatment prior to cell exposure and barrier function was monitored via 

ECIS. The change in resistance following stored RBC supernatant treatment was not 

statistically significant (p=0.07) at 12h. However, addition of the Agpt-2 neutralizing 

antibody to the stored RBC treatment caused a significant (*p<0.05) decrease in PMEC 

resistance (Figure 3B). Normalized resistances for the stored RBC supernatant treatment 

with and without the Agpt-2 neutralizing antibody were significantly (*p<0.05) lower at 

12h compared to the media control group (Figure 3C).  

Figure 3: PMEC barrier function response to stored 
RBC supernatant with Agpt-2 neutralization. 
PMEC were grown to confluence then serum starved 
for 30min. 100ng/mL of Agpt-2 neutralizing 
antibody was added into the 30%v/v stored RBC 
supernatant treatment prior to being added to the 
cells. A) Resistances of PMEC monolayers reported 
as values normalized to starting resistances 
following serum starvation prior to treatment. B) 
Changes in resistance for each group at 12h. The 
change in resistance at 12h following treatment with 
stored RBC supernatant with 100ng/mL of Agpt-2 
neutralizing antibody was significant (*p<0.05). C) 
Normalized resistance for each group at 12h. The 
normalized resistances at 12h for the stored RBC 
supernatant treatment with and without the Agpt-2 
neutralizing antibody were significantly lower than 
the resistance of the serum free media treated cells 
(*p<0.05). Data reported as mean ± standard error of 
the mean.  
 

 



	 13	

Treatment with supernatant from stored RBC causes a small amount of Agpt-2 release 

from PMEC independently of free heme.  

To determine if hemin generated during RBC storage promotes Agpt-2 release, mouse 

PMEC were treated with 30% v/v of fresh RBC supernatant or stored RBC supernatant 

with or without the addition of 10µM Hpx, and Agpt-2 levels in the media were measured 

at 5min, 1, 4, 8, 12 and 24h via ELISA. Figure 4A shows the background levels of each 

treatment with the measured Agpt-2 concentrations at each time point. Substantial 

background levels were observed for each treatment, likely due to high levels of 

hemolysis in the RBC supernatant treatments. Furthermore, most measured 

concentrations of released Agpt-2 from PMEC in response to treatment with RBC 

supernatant did not rise above background levels until 24h. Background-subtracted 

concentrations of Agpt-2 at 24h are shown in Figure 4B. The level of Agpt-2 release from 

PMEC in response to treatment with stored supernatant was not significantly higher than 

the Agpt-2 release caused by treatment with fresh RBC supernatant. The addition of Hpx 

to PMEC treated with stored RBC supernatant did not attenuate Agpt-2 release.  

Figure 4: Agpt-2 release from PMEC in 
response to RBC supernatant treatment. 
PMEC seeded in 6 well plates were treated with 
fresh or stored RBC supernatant (30% v/v). 
10µM Hpx was added 30min prior to treatment 
with stored RBC supernatant. Media was 
collected at 5min, 1, 4, 8, 12, and 24h and Agpt-
2 levels measured via ELISA. A) Background 
levels of each treatment and measured 
concentrations of Agpt-2 release at each time 
point for each treatment. B) Background-
subtracted Agpt-2 levels at 24h. Stored RBC 
treatment did not cause a statistically significant 
increase in Agpt-2 release compared to fresh 
RBC supernatant treatment. The addition of 
Hpx did not significantly decrease Agpt-2 levels 
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in the media compared to stored RBC supernatant treatment. Data reported as mean ± 
standard error of the mean.  
 
Recombinant Agpt-2 increases inflammation in AEC at 24h.  

While circulating Agpt-2 was not shown to regulate PMEC barrier function, the effects of 

Agpt-2 on AEC inflammation and barrier function required further study. To measure the 

inflammatory response to Agpt-2, mouse AEC were grown in 6 well plates and treated 

with either 5 or 500ng/mL of recombinant mouse Agpt-2. Western blot was used to 

measure inflammation via phosphorylation of NFkB-p65. At 24h, treatment with 

recombinant Agpt-2 at both doses resulted in significantly increased phosphorylation of 

NFkB-p65 (*p<0.05, #p<0.001).  

Figure 5: AEC response to recombinant Agpt-
2. 
Mouse AEC grown in 6 well plates were 
treated with either 5ng/mL or 500ng/mL of 
recombinant mouse Agpt-2. Cell lysate was 
collected and inflammation was measured via 
NFkB-p65 western blot. NFkB-p65 
phosphorylation at 24h after 5 or 500ng/mL 
recombinant Agpt-2 treatment was significantly 
increased compared to control levels (*p<0.05, 
#p<0.001). Data reported as mean ± standard 
error of the mean.  
 
 
 
 
 

 
 
Agpt-2 in media of RBC-treated PMEC does not affect barrier function of AEC. 

To determine if RBC-mediated Agpt-2 release from PMEC regulates AEC function, AEC 

were treated (50%v/v) with media collected from untreated PMEC (“untreated 

conditioned media”) or from PMEC treated with 30%v/v stored RBC supernatant 
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(“treated conditioned media”). An Agpt-2 neutralizing antibody (100ng/mL) was added 

to the treated conditioned media to discern the effects of Agpt-2 on AEC function. The 

levels of Agpt-2 in untreated and treated conditioned media were measured via ELISA as 

191.7pg/mL and 323.2pg/mL, respectively. Thus, the total amounts of Agpt-2 present in 

the AEC treatments were 95.9pg/mL and 161.6pg/mL. Figure 6 shows the normalized 

resistance values after treatment with untreated conditioned media, treated conditioned 

media, and treated conditioned media with 100ng/mL of Agpt-2 neutralizing antibody. 

The untreated conditioned media caused a significant (*p<0.05) change in resistance at 

8h compared to initial resistance. None of the treatments caused a statistically significant 

change in normalized resistance at 8h compared to the media control (Figure 6C).  

Figure 6: AEC response to conditioned media 
from PMEC treated with RBC supernatant. 
Conditioned media was collected from PMEC 
treated with 30%v/v stored RBC supernatant for 
24h following 30min serum starvation. AEC were 
treated with untreated conditioned media and 
treated conditioned media from PMEC with the 
addition of 100ng/mL of Agpt-2 neutralizing 
antibody and monitored using ECIS. A) 
Resistances of PMEC monolayers reported as 
values normalized to starting resistances prior to 
treatment. B) Changes in resistance for each group 
at 8h. There was not a statistically significant 
change in barrier function following treatment 
with media alone or treated conditioned media 
treatments with and without the Agpt-2 
neutralizing antibody by 8h. There was a 
significant (*p<0.05) change following treatment 
with the untreated conditioned media at 8h 
compared to initial resistance. C) Normalized 
resistance for each group at 8h. None of the 
treatments significantly altered the normalized 
resistance at 8h. Data reported as mean ± standard 
error of the mean.  
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DISCUSSION 

 Resuscitation with older RBC, containing increased amounts of free heme, has 

been shown to lead to poorer clinical outcomes especially when infused in the first 6h 

and when infusing large volumes (>10 units in 24h). Following trauma and hemorrhage, 

poor clinical outcomes like ALI/ARDS, edema, and multi-organ failure arise from an 

inflammatory response and loss of barrier function of the lung-capillary interface. Agpt-

2, which is upregulated following trauma,23 has been suggested to play a role in 

mediating barrier function of PMEC and AEC as well as inflammatory responses. 

However, the mechanisms leading to hyperpermeability and inflammation and the 

subsequent negative outcomes seen following early resuscitation with large amounts of 

older RBC are still not well understood. This work has begun to examine some possible 

mediators involved and their effects, testing the hypothesis that increased levels of free 

heme, specifically hemin, formed during blood storage contributes to PMEC 

hyperpermeability, Agpt-2 release, and subsequent inflammation of AEC.  

Consistent with previous literature,11 our data showed that the levels of free heme 

double between 0 and 14 days of RBC storage (Figure 1). The additional free heme in 

stored RBC supernatant causes damage to the PMEC monolayer, compared to controls, 

which is attenuated by blocking hemin with Hpx (Figure 2). Figures 2A and 2B show a 

significant increase in resistance for the media control group, suggesting the cells were 

still growing, but do not show a significant decrease in barrier function following 
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treatment with RBC supernatant compared to resistance at 0h. However, the normalized 

resistance at 12h was significantly lower for the fresh and stored RBC supernatant groups 

compared to the media control indicating the treatments caused damage to the monolayer 

by preventing the proliferation seen in the control group (Figure 2C). The stored RBC 

supernatant group caused more damage than the fresh RBC supernatant group but the 

difference in normalized resistance was not significant, which could be due to similar 

heme levels in the treatments. Blocking the hemin in the stored RBC supernatant group 

significantly attenuated the damage caused by the RBC supernatant suggesting hemin 

plays a role in regulating barrier function. It is important to note that levels of free heme 

measured in each sample of RBC supernatant collected for each experiment varied and 

that experimental treatments were based on volume. Preliminary data showed a dose 

response with stored RBC treatments where exposure to higher levels of free heme had 

more robust effects on PMEC function. Thus, future experiments should consider 

normalizing treatments to total cell free heme concentrations instead of using 

standardized volumes.  

The damage from hemin on PMEC barrier function does not appear to be 

dependent on Agpt-2 since the negative effects of stored RBC supernatant were not 

ameliorated by blocking Agpt-2 with this dose of neutralizing antibody (Figure 3C). In 

fact, the addition of the Agpt-2 blocking antibody slightly worsened the effects of the 

stored RBC supernatant treatment alone when comparing the change in resistance at 12h 

(Figures 3A and 3B). Blocked Agpt-2 exacerbating monolayer damage suggests that 

Agpt-2 could be acting to promote barrier function. Agpt-2 is known as an antagonist of 

Agpt-1 acting on Tie2 receptors to cause damage. However, Agpt-2 has been shown to 
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act as an agonist in the absence of Agpt-1.25 Therefore, actual Agpt-2 levels may not be 

as important as the ratio of Agpt-1 to Agpt-2 in regulating barrier function, so introducing 

Agpt-1 to the cell culture environment could give a more dynamic response.  

It is unclear whether hemin in stored RBC supernatant mediates Agpt-2 release 

based on Figure 4. High variability of Agpt-2 measurements via ELISA and high 

background levels of treatments cloud interpretations of the data. While there were 

inconsistencies in the data, Figure 4B shows that stored RBC supernatant caused more 

Agpt-2 release than fresh RBC supernatant and the addition of Hpx did not prevent 

release. It is possible that the heme in the samples interfered with detection of Agpt-2 

since background levels of the treatments were so high. Background levels of Agpt-2 for 

the media control group were higher than levels at 5min and at 24h background-

subtracted media control levels were higher than the fresh RBC supernatant group. All of 

these measured concentrations were on the lowest end of the standard curve, which had 

higher O.D. values than the typical standard, so there could have been too much noise to 

get accurate detection. False signals and interference have been seen on slot blots, 

immunostaining, and heparanase activity assays suggesting that heme interferes with 

some colorimetric or charge based assays. There are other lesion components (e.g., 

microparticles, vesicles, cytokines, etc.)26, 27 and other free heme components (e.g., 

oxyhemoglobin, methemoglobin) that form during blood storage that may contribute to 

Agpt-2 release.28 Additionally, higher concentrations of Agpt-2 could be released from 

other types of endothelial cells, such as human aortic endothelial cells (HAoECs) or 

human dermal microvascular endothelial cells (HSaVECs), compared to mouse PMEC.29 

Strategies to reduce background levels of treatments and collect more accurate results 
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include removing free heme/hemoglobin from samples, increasing the dose of free heme 

to increase Agpt-2 release, blocking contribution of other free heme components, and 

measuring response of other types of endothelial cells. Each of these approaches should 

be considered in determining the effect of free heme on Agpt-2 release.  

Figure 5 shows recombinant Agpt-2 causes a significant increase in inflammation 

in AEC at two different doses, as measured by NFkB-p65 phosphorylation. Based on this, 

we expected an inflammatory response and possible hyperpermeability of AEC when 

treated with conditioned media containing Agpt-2 from RBC-treated PMEC. Figure 6 

shows AEC treatment with conditioned media did not significantly affect barrier function 

regardless of the presence of Agpt-2 in the media. Figures 6A and 6B show a significant 

but not substantial increase in resistance following treatment with untreated conditioned 

media at 8h which could indicate the cells were not fully confluent and continued to grow 

slightly despite being in 50% epithelial media. Figure 6C shows a slight decrease (<5%) 

in barrier function, compared to the media control group, following the addition of 

treated conditioned media and blocking Agpt-2 had no effect. None of the treatments 

significantly effected barrier function. However, the levels of Agpt-2 in the conditioned 

media were lower than recombinant Agpt-2 doses used previously, so concentrations 

could have been too low to have a substantial effect on barrier function. Higher doses of 

conditioned media from PMEC or other endothelial cells, using the strategies listed above 

to increase Agpt-2 release, could cause a more potent effect on barrier function in order 

to determine how Agpt-2 regulates hyperpermeability of AEC.  

These data show that free heme causes barrier dysfunction of PMEC but the 

damage to the monolayer is not mediated by Agpt-2. Our studies were unable to 
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determine whether free heme mediates Agpt-2 release from PMEC, and future studies are 

needed that look at release of Agpt-2 following higher doses of treatment while inhibiting 

other components of stored blood in either PMEC or other types of endothelial cells. 

Recombinant Agpt-2 causes inflammation in AEC, however conditioned media with low 

levels of Agpt-2 from PMEC treated with RBC supernatant did not have an effect on 

barrier function of AEC. Ultimately, clinical and in vivo data demonstrate that Agpt-2 is 

important, but more data need to be collected to determine the factors related to trauma 

that may trigger or exacerbate Agpt-2 release and the effects of Agpt-2 on mediating 

barrier function of the lung-capillary interface.  

 

Future Directions 

 This lab has created a coculture device to culture both AEC and PMEC on a 

membrane, which recapitulates the lung-capillary interface. Each cell type will be grown 

on either side of a Transwell membrane and once confluent, fresh or stored RBC 

supernatant will be used to treat the PMEC on the bottom of the membrane either in static 

culture or under perfusion. Using this model, Agpt-2 levels and overall barrier function 

will be measured in response to RBC supernatant treatment with inhibitors of Agpt-2, 

TLR4, and hemin. The membrane can also be fixed following treatment to look at 

inflammation in each cell type and cellular Agpt-2 levels. Experiments using this model 

will provide more physiologically accurate results as the two cell types are able to 

interact and experience more direct effects.  
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