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Short Abstract: 


We have developed an ex vivo perfused human lung preparation to study the potential therapeutic use of bone marrow derived human allogeneic mesenchymal stem cells in acute lung injury from E. coli endotoxin.

Long Abstract: 

Recent studies have suggested that bone marrow derived multi-potent mesenchymal stem cells (MSC) may have therapeutic applications in multiple clinical disorders including myocardial infarction, diabetes, sepsis, and hepatic and acute renal failure.  In this study, we tested the therapeutic capacity of allogeneic human MSC to restore alveolar epithelial fluid transport and lung fluid balance from acute lung injury (ALI) in an ex vivo human lung preparation injured by E. Coli endotoxin.   Using human lungs not used for transplantation, donated by the Northern California Transplant Donor Network, we perfused the right lung with a crystalloid solution containing fresh human blood at a low cardiac output to prevent hydrostatic pulmonary edema.  Intra-bronchial instillation of endotoxin into the distal airspaces resulted in pulmonary edema with the loss of alveolar epithelial fluid transport, measured as alveolar fluid clearance at 4 hr.  Intra-bronchial treatment with allogeneic human MSC or its conditioned medium given 1 h following endotoxin-induced lung injury reduced extravascular lung water, improved lung endothelial barrier permeability and restored alveolar fluid clearance, suggesting the presence of paracrine soluble factors with biological activity.  In summary, treatment with allogeneic human MSC or its conditioned medium restored normal fluid balance in an ex vivo perfused human lung injured by E. Coli endotoxin.  

Protocol Text: 
1) Preparation of Human Lung  Human lungs not used for transplantation are donated by the Northern California Transplant Donor Network for research.  We typically receive a human lung < 48 hr from the harvest of the organ on ice.  The lung is not perfused with a preservative solution (only heparin) prior to harvest.  Exclusion criteria for research use are:  (1) History of pneumonia or aspiration by history, physical examination or laboratory values or evidence of pulmonary infiltrates by X-ray, (2) PaO2/FIO2 < 300 mmHg, (3) Inability to cannulate the pulmonary arteries, and (4) Presence of infectious diseases such as HIV or hepatitis B or C.
1.1 Once the human organ arrives to the lab, separate the right and the left human lungs.  Weigh the lungs.  Typically we use the right lung for research protocols.
1.2 Cannulate the right pulmonary artery with the end of an adult 26 French Ribbed Balloon Foley catheter (Bard Medical) and suture the foley in place. 
1.3 Suture the tip of a 7.5 mm I.D. endotracheal tube (ETT, Mallinckrodt Co.) directly onto the trachea prior to its bifurcation into the right upper, middle and lower lobes.
1.4 Prepare the media used for perfusion.  To 900 ml of DME H-21 High Glucose without Phenol Red, add 45 grams of bovine serum albumin (5%, MP Biomedicals).  Pour the perfusate directly into a “lung box” or a sealed acrylic container, which is heated with a water bath at 37(C.  A tubing (PVC 1/4ID x 7/16OD x 3/32Wall, Nalgene) will connect the perfusate in the lung box to a roller or peristaltic pump (used for cardiac surgery) to the end of a Cordis central line (Cook Medical), which will be attached to the Foley catheter.
1.5 A Swan-Ganz pulmonary artery catheter (Edwards Lifesciences) will be inserted into the cordis to measure mean pulmonary artery pressures (PAP).
1.6 The right lung will be suspended within a sealed acrylic container from a mass transducer (Harvard Apparatus, BIOPAC MP150) to allow measurement of lung weight over time.  Both lung weight and mean PAP will be measured continuously.
1.7 Temperature probes will be inserted into the right pulmonary veins.  The veins will not be cannulated, and the perfusate will empty passively into the lung box.  Consequently, the left atrial pressure will be 0 mmHg.
2) Perfusion of Ex Vivo Human Lung Preparation

2.1 The roller pump (SARNS 7000) will be gently started to perfuse the human lung, starting at 0.1 L/min and increasing in increments of 0.05 L/min every 15 minutes.  The final cardiac output will be 0.3 L/min.  The lung will be rewarmed over a 1 hr period.
2.2 Once the temperature of the lung reaches > 30(C, the lung will be gently inflated with continuous positive airway pressure (CPAP) at 10 cmH2O.  The gas used to inflate the lung will be carbogen (a combination of 95% O2 and 5% CO2).
2.3 A perfusate blood gas will be measured from a sample removed from the distal port of the pulmonary artery catheter.

3) Measurement of Alveolar Fluid Clearance

3.1 A polyethylene tubing (PE 240, I.D. 1.67 mm, O.D. 2.42 mm, Becton Dickinson) will be inserted through the ETT into the distal airspace of the right upper lobe (RUL) of the human lung.  Care must be taken to prevent damage to the lung such as a perforation.
3.2 Bronchoalveolar lavage fluid (BALF) will be prepared:  0.9% normal saline + 5% BSA warmed to 37(C.
3.3 One hundred fifty ml of BALF will be injected slowly into the RUL over 2 minutes.  After 5 minutes, BALF will be aspirated back.  Approximately 2-4 ml of BALF will be removed and labeled as Sample #1.  The protein concentration will be measured from Sample #1 using a refractometer (ATAGO, Japan).  Typically, the protein conc. will be 3.5-4.0 due to mixing with alveolar fluid.
3.4 After 65 minutes, another Sample #2 will be removed from the RUL catheter.  Again the protein concentration will be measured from the BALF.
3.5 Alveolar fluid clearance (AFC) will be calculated from the change in protein concentration of the BALF over 1 hr using the formula:  1 – (Protein Conc. of Sample #2/Protein Conc. of Sample #1) x 100.  Typically for the perfused human lung, the AFC will be 10-20%/hr.
3.6 The absolute number of neutrophils will be measured in the BALF using a HemaVet 950 (Drew Scientific).

4) E. coli Endotoxin Lung Injury

4.1 If the AFC rate in the RUL > 10%/hr, another polyethylene tubing catheter will be inserted through the ETT into the distal airspaces of the right middle lobe (RML).  Six mg of E. coli endotoxin (0111:B4, Sigma-Aldrich) in a volume of 10 ml of BALF will be instilled into the RML.

4.2 One hundred ml of fresh human blood will be added to the perfusate.  The blood will be removed from healthy human volunteers.  Ten ml of anticoagulant citrate dextrose (ACD, Baxter) solution will be added to the blood to prevent clotting.
4.3 After 1 hr, 5 x 106 allogeneic human mesenchymal stem cells in a volume of 15 ml or its conditioned medium in an equal volume will be instilled into the RML.  The cells will be grown and propagated in tissue culture prior to use.  We obtain human MSC from the NIH Repository in Texas A&M Health Science Center.

4.4 After 4 hr since the instillation of endotoxin, the AFC rate will be measured in the RML as previously described.

5) Human MSC Conditioned Medium

5.1 In separate experiments, MSC conditioned medium will be used in place of the cells.  One million human MSC will be plated in a tissue culture flask in a volume of 15 ml and serum starved ((MEM without nucleosides + 1% L-glutamine, the 16.5% fetal bovine serum will be removed).  The medium will be collected after 24 hr.  

Representative Results: 
We receive approximately 60 human lungs not used for transplantation by the Northern California Transplant Donor Network.  Most of the lungs are from donors who have suffered from blunt head trauma, cerebral vascular accident or intracerebral hemorrhage.   

We perfuse all the human lungs that we receive.  Approximately 50% of the lungs have a baseline AFC rate in the RUL of  > 10%/hr without evidence of ALI by X-ray or ABG.  Normal human AFC rate is 20-40%/hr.  We measure AFC in the RUL as an internal control for the experiments with endotoxin ± human MSC.

The addition of E. coli endotoxin into the RML and whole blood into the perfusate will reduce the AFC rate in the RML to almost 0.0 %/hr.  The loss of AFC is associated with an influx of inflammatory cells into the injured alveolus (specifically neutrophils) and an increase in inflammatory cytokines/chemokines such as IL-1(, TNF( and IL-8.  After 4 hr, the lung permeability to protein in the RML is also increased, leading to pulmonary edema formation (Figure 1 & 2).

The addition of human allogeneic MSC or its conditioned medium into the RML 1 hr following endotoxin-induced lung injury will restore AFC rate and lung endothelial permeability to protein to control levels and prevent the formation of pulmonary edema (Figure 3 & 4).

Tables and Figures: 

Figure 1A & B.  Effect of endotoxin on alveolar fluid clearance and inflammation.  Instillation of endotoxin into the right middle lobe was associated with a significant decrease in (A) alveolar fluid clearance (AFC) and (B) an increase in inflammatory cytokine secretion.  The presence of fresh human blood was required for these effects.  AFC was measured by the change in protein concentration of a 5% albumin instillate in the lung lobe over 1 h and expressed as mean AFC (%/h per 150 ml of alveolar fluid) ( SD.   For each condition, N = 3 - 6, * P is significant vs. control AFC by ANOVA (Bonferroni).  (B) The addition of endotoxin into the lung lobe was associated with a significant increase in IL-1(, TNF( and IL-8 levels in the alveolar fluid compared to the control lobe.  N = 3 - 6, * P < 0.05 vs. control for IL-1(, TNF(, and IL-8. 

Figure 2.  Histology sections and neutrophil counts in the ex vivo perfused human lung lobes exposed to endotoxin with and without treatment with either allogeneic human mesenchymal stem cells or its conditioned medium.  Human lungs exposed to endotoxin with and without MSC or its conditioned medium (CM) were fixed in 10% formalin at 4 h.  Sections were stained with hematoxylin and eosin (magnification 10X). The instillation of human allogeneic mesenchymal stem cells (5 x 106 cells) or its CM 1 h after endotoxin injury reduced the degree of edema and cellularity in the endotoxin-injured lung lobe.  Total white blood cell and neutrophil counts in the alveolar fluid of each lung lobe are shown below the histologic sections as mean ( SD, N = 3 - 6.  * P is significant vs. control by ANOVA (Bonferroni). Reprinted with permission, reference 7.

Figure 3. Effect of human MSC or its conditioned medium on lung endothelial permeability to protein and Wet/Dry Ratio.  Instillation of 5 x 106 human MSC or its conditioned medium (CM) into the endotoxin injured RML 1 h later restored lung endothelial permeability to protein (A) and wet/dry (W/D) ratio (B) to control values.  Data are expressed as mean % endothelial permeability (% of 125I-albuimin in the lung lobe homogenate subtracted by the quantity in the extravascular space and divided by the total amount in the perfusate at the end of the experiments, see Method section in reference 7) or W/D ratio ( SD, N = 4 - 5 lungs, * P is significant vs. control lobe, † P is significant vs. LPS (0.1 mg/kg) injured lobe for lung endothelial permeability and * P is significant vs. control lobe, † P is significant vs. LPS (0.1 mg/kg) injured lobe for the W/D ratio by ANOVA (Bonferroni).  Reprinted with permission, reference 7.

Figure 4. Effect of human allogeneic mesenchymal stem cells or its conditioned medium on alveolar fluid clearance.  Human allogeneic mesenchymal stem cells or its conditioned medium (CM) restored the decrease in alveolar fluid clearance in the lung lobe injured by endotoxin.  The addition of human allogeneic mesenchymal stem cells (5 x 106 cells) or its CM (the medium of 1 x 106 cells grown for 24 h) given 1 h following endotoxin injury fully restored AFC in the lung lobe to control values at 4 h.  N = 3 - 4, * P is significant vs. control AFC, † P is significant vs. LPS (0.1 mg/kg) AFC by ANOVA (Bonferroni). Reprinted with permission, reference 7.

Discussion: 

Significance: We have developed an ALI model in an ex vivo perfused human lung preparation to study potential therapies such as stem cells.  Using this model, we demonstrated that human allogeneic MSC or its conditioned medium restored endotoxin-induced lung injury through the paracrine release of soluble factors.  To date, we have identified several soluble factors, which may have significant roles in alleviating human ALI:  keratinocyte growth factor for AFC rate and angiopoietin-1 for lung protein permeability.

In this model:

Critical steps:  (1) The proper selection of the human lung for perfusion.  Periodically during the organ harvest, the pulmonary artery is cut right at the bifurcation of the major branches preventing cannulation and equal perfusion of all the lung lobes.  (2) In human lungs without signs of ALI, the control RUL must have a AFC rate of  > 10%/hr in order for the experiment to proceed.

Possible modifications: (1) Ventilate with positive pressure ventilation (6-8 ml of tidal volume/kg) with positive end expiratory pressure (PEEP), (2) Increase the cardiac output to 5 L/min, (3) Increase the hematocrit of the perfusate (currently at 4% hematocrit), and (4) Measure other pulmonary parameters such as dead space and compliance.  

Future Application:  To study ALI from E. coli or staph aureus bacteria pneumonia, and the potential use of stem cells as therapy.
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	0.9% Normal Saline
	Baxter Healthcare
	
	In Clinical Use

	Anticoagulant Citrate Dextrose Solution Formula A
	Baxter Healthcare
	
	In Clinical Use in Blood Banks

	Bovine Albumin Fraction V
	MP Biomedicals
	#810034
	

	DME H-21 High Glucose w/out Phenol Red
	UCSF Cell Culture Facility
	
	

	E. coli endotoxin

0111:B4
	Sigma-Aldrich
	L4130
	

	(MEM without nucleosides 
	UCSF Cell Culture Facility
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