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Abstract

BACKGROUND—Previous studies in isolated perfused rat lungs have revealed that endothelial 

barrier disruption after intratracheal administration of Pseudomonas aeruginosa (strain 103; 

PA103) only occurs after accumulation of extracellular mitochondrial DNA (mtDNA) damage-

associated molecular patterns (DAMPs) in the perfusate and is suppressed by addition of DNase to 

the perfusion medium. Herein, we tested the hypothesis that intratracheal DNase—a route of 

administration readily translatable to patient with ventilator-associated pneumonia (VAP)—also 

enhances degradation of mtDNA and prevents bacteria-induced lung injury.

METHODS—Intratracheal DNase was administered to isolated rat lungs either before or after 

intratracheal challenge with PA103 to determine if bacteria-induced mtDNA DAMP-dependent 

lung injury could be prevented or reversed by enhanced mtDNA degradation. To explore whether 

this concept is translatable to patients with VAP, consecutive patients suspected of VAP were 

prospectively enrolled. All patients suspected of VAP received a bronchoalveolar lavage (BAL) 

with quantitative culture for the diagnosis of VAP. Mitochondrial and nuclear DNAs were 

measured from the BAL. MtDNA DAMPs (i.e., ND6) were measured from serum at time of 

suspected diagnosis and at 24 to 48 hours afterward.
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RESULTS—Intratracheal PA103 caused significantly increased the vascular filtration coefficient 

(Kf) and perfusate mtDNA DAMPs. In contrast, lungs pretreated or posttreated with intratracheal 

DNase were protected from increases in Kf and mtDNA DAMPs. Patients with the diagnosis of 

VAP had significantly higher mtDNA DAMPs in the BAL (248.70 ± 109.7 vs. 43.91 ± 16.61, p < 

0.05, respectively) and in the serum at 24 hours (159.60 ± 77.37 vs. 10.43 ± 4.36, p < 0.05; 

respectively) when compared with patients that did not have VAP.

CONCLUSION—These findings in isolated perfused rat lungs and a cohort of severely injured 

patients reveal an association between bacterial pneumonia and accumulation of mtDNA DAMPs 

in the lung and serum. Furthermore, administration of intratracheal DNase I prevented and 

reversed pulmonary endothelial dysfunction evoked by PA103.
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Ventilator-associated pneumonia (VAP) is a type of health care–associated pneumonia that 

develops after more than 48 hours of mechanical ventilation. It is a common and serious 

condition occurring in over 10% of all ventilated patients with the incidence significantly 

higher in severely injured individuals.1 Importantly, the morbidity associated with VAP is 

highly variable. Although the virulence of the causative bacterium is likely a factor in the 

severity of VAP, the mechanism for such variability in the progression of VAP to adult 

respiratory distress syndrome and multiple organ dysfunction syndrome is not known. One 

explanation for this variability is that key molecule(s) linking lung bacterial colonization to 

cellular responses and local and systemic inflammation have not yet been identified. Herein, 

we propose that the severity of VAP may be due to the accumulation of intra-alveolar 

mitochondrial (mt) damage-associated molecular patterns (DAMPs) which are known to 

activate resident and inflammatory cells (e.g., intraalveolar macrophages).

We and others have found that proinflammatory mtDAMPs, including mtDNA fragments 

and mtDNA-associated proteins, are released into the circulation of severely injured patients 

where their abundance is associated with the occurrence of multiorgan system failure and 

survival.2 These fragments of the mitochondrial genome propagate damage from the initial 

site of injury to distant organs through TLR-mediated activation of inflammatory and 

resident cells.3 Studies in animal and cell culture models show that mtDNA DAMPs released 

as a consequence of oxidant stress or bacterial infection cause endothelial injury and 

pulmonary edema.4–9 Further implicating mtDNA DAMPs in this process, degradation of 

mtDNA DAMPs completely abrogate endothelial dysfunction in an isolated lung model.4 

We therefore sought to test the hypothesis that VAP is associated with accumulation of 

proinflammatory mtDNA DAMPs that can be abrogated by intratracheal administration of 

DNase I. A translationally significant aspect of the present study is the delivery of the 

enzyme by intratracheal administration; decades of clinical use of DNase I administered in 

this manner to cystic fibrosis patients have unequivocally demonstrated its safety.
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METHODS

Isolated Lung Preparation and Assessment of the Vascular Filtration Coefficient

Lungs of adult male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) 

were isolated and perfused as described previously4,7 according to a protocol approved by 

the University of South Alabama IACUC (protocol 533850). Briefly, after intraperitoneal 

injection of sodium pentobarbital, male rats weighing 250 to 300 g were ventilated with a 

Harvard rodent ventilator (Harvard Apparatus Company, Holliston, MA) using a humidified 

gas mixture consisting of 21%O2, 5%CO2, and 74%N2 at 60 breaths/min, a tidal volume of 

2.5 mL, and a positive end-expiratory pressure of 2.5 cm H2O. Following sternotomy and 

intracardiac injection of heparin sulfate (100 U), the pulmonary artery and left ventricle were 

cannulated and the pulmonary circulation perfused at a constant flow rate (0.04 mL/g body 

weight/min) with physiologic salt solution (in mM: 3.2 CaCl2, 119 NaCl, 4.7 KCl, 

1.17MgSO4, 1.18KH2PO4, 22.6NaHCO3, and 5.5 D-glucose) containing 4% bovine serum 

albumin. The heart and lungs were removed en bloc and suspended in a humidified chamber 

from a force displacement transducer (Grass FT03; Natus Neurology, Middleton, WI) to 

record real-time changes in lung weight. In all experiments, zone III conditions were 

maintained. Pulmonary arterial and venous pressures (Pa and Pv, respectively) were 

continuously monitored with Cobe pressure transducers (Cobe Laboratories, Lakewood, CO) 

and a Model 7F Grass polygraph recorder. Pulmonary capillary pressure (Pc) was estimated 

using the double occlusion method.10 The vascular filtration coefficient (Kf) was calculated 

and expressed as milliliters per minute per cm H2O per 100 g.10

Experimental Protocols in Isolated Rat Lungs

To determine if pretreatment with DNase I suppressed mtDNA DAMP-dependent lung 

injury (see Figure, Supplemental Digital Content 1A, http://links.lww.com/TA/A823), 

isolated rat lungs were instilled via the trachea with DNase I (16 units) or 0.1 mL saline 

through a 27-gauge needle. Thirty minutes later, a baseline Kf (Kf1) was measured, after 

which an intratracheal instillation of an LD50 dose of PA103 (5 × 107 colony-forming units) 

was administered.11 Kf (Kf2) and perfusate mtDNA DAMPs were measured 15 minutes 

after the instillation of PA103. Saline was instilled into the trachea as a negative control for 

the bacteria and DNase.

The reversal arm (see Figure, Supplemental Digital Content 1B, http://links.lww.com/TA/

A823) was conducted in a similar manner to the prevention arm, except that DNase I or 

saline was administered after PA103. Briefly, the isolated lungs were perfused and ventilated 

for 30 minutes, after which Kf (Kf1) was measured immediately before the instillation of 

PA103. The DNase or saline was administered 15 minutes after instillation of PA103. The 

Kf (Kf2) and perfusate mtDNA DAMPs were measured after an additional 15minutes, again 

using saline as a negative control.

Isolation of DNA From Perfusion Medium and Determination of mtDNA Abundance

As previously described,4 approximately 50mL of perfusate was collected after each isolated 

rat lung experiment and stored at −20°C until further processing. After samples were 

thawed, 10 mL was centrifuged at 18,000g at 4°C for 20 minutes to pellet cells and 
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organelles. Seven milliliters of the supernatant was then decanted and centrifuged at 

100,000g at 4°C for 30 minutes to remove subcellular debris, leaving any free DNA 

suspended in the supernatant. After this final centrifugation step, DNA was isolated from 1 

mL of the supernatant using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) 

following the manufacturer's instructions.

Quantitation of mtDNA DAMP Abundance in Perfusion Medium

Quantitative real-time polymerase chain reaction (PCR) was used to detect selected 

approximately 200-bp sequences of the mitochondrial genome.2 Primers were developed 

using Beacon Designer software, as shown in Supplemental Digital Content 2 (http://

links.lww.com/TA/A823). The mtDNA sequence quantified corresponded to the region 

encoding cytochrome c oxidase subunit II. Quantitative real-time PCR was done using the 

HotStart-IT SYBR Green One Step quantitative PCR (qPCR) kit (Affymetrix Inc., Santa 

Clara, CA) following the manufacturer's instructions. An iCycler with the iQ5 Multicolor 

Real-Time PCR Detection System (BIO-RAD, Hercules, CA) was used to analyze each 

sample. The amplification efficiency of each primer set was determined against a calibration 

curve, which was constructed by performing PCR with serial dilutions of a known 

concentration of template DNA.

Human Patient Recruitment

Consecutive patients in the surgical trauma intensive care unit at the University of South 

Alabama Medical Center with suspected VAP were prospectively enrolled. This study was 

approved by the University of South Alabama Institutional Review Board (protocol 

608052-2). All patients suspected of VAP received a bronchoalveolar lavage (BAL) with 

quantitative culture for the diagnosis of VAP. A quantitative culture with greater than 10,000 

CFU/mL was considered positive. Patients with inhalation injury secondary to smoke were 

excluded.

Isolation of Extracellular mtDNA From Patient Serum

mtDNA DAMPs corresponding to a segment of the ND6 gene were measured in serum at 

time of BAL and at 24 to 48 hours after BAL. Samples were centrifuged within 1 hour of 

collection at 1,200g for 25 minutes at 21°C, and 200 µL of the plasma fraction was decanted 

and processed using the Qiagen DNEasy kit to isolate DNA. qPCR, using USB VeriQuest 

Fast SYBR Green qPRC Master Mix and the manufacturer's protocol, was applied to 

quantify approximately 200-bp sequence corresponding to the ND6 mitochondrial genomic 

region (see Table, Supplemental Digital Content 2, http://links.lww.com/TA/A823).

Isolation and Quantitation of mtDNA in BAL

BAL specimens were centrifuged at 14,000g for 20 minutes at room temperature. Two 

hundred microliters of the resulting supernatant was then decanted for DNA isolation using 

the Qiagen DNEasy kit. Additionally, samples were analyzed for quantification of human 

B2M, indicative of nuclear DNA content. Finally, bacterial 16S was amplified as an alternate 

indicator of infectious pneumonia. Primers used are listed in Supplemental Digital Content 2 
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(http://links.lww.com/TA/A823). The quantity of mtDNA DAMPs in the serum and BAL 

specimens were directly compared to the diagnosis of VAP on quantitative culture.

Statistical Analyses

Data are expressed as means ± SEM. Statistical significance was determined by unpaired t 
test using Graphpad Prism software (Graphpad Software, La Jolla, CA), with significance 

defined as p less than 0.05.

RESULTS

Effect of Intratracheal DNase Administered Before or After Induction of Acute Lung Injury 
by PA103

Intratracheal PA103 caused significant increases in the Kf in positive controls compared to 

both experimental groups receiving intratracheal DNase (prevention, 0.73 ± 0.2 vs. 0.20 

± 0.01; reversal, 1.29 ± 0.05 vs. 0.18 ± 0.003; p < 0.05). The Kf results for the positive and 

negative control for each experimental group are shown in Figure 1. The increase in Kf was 

mirrored by accumulation of extracellular mtDNA in the perfusate which was significantly 

decreased in the prevention (Fig. 2A) and reversal (Fig. 2B) experimental groups containing 

DNase (prevention, 18.9 ± 2.6 vs. 3.0 ± 0.2; reversal, 39.9 ± 6.3 vs. 11.5 ± 3.8; p < 0.05).

Serum mtDNA DAMPs in Patients With Suspected VAP

Thirty-one patients with suspected VAP were enrolled in the study. Fourteen displayed 

quantitative BAL consistent with VAP, where 17 patients did not. Bacterial species 

associated with the diagnosis of VAP are represented in Supplemental Digital Content 3 

(http://links.lww.com/TA/A823). The groups with and without VAP were similar in terms of 

demographics and severity of injuries (Table 1). Serum levels of mtDNA DAMPs (ND6) 

measured at the time of suspected VAP did not differ between patients with and without 

VAP at the time of quantitative BAL for diagnosis (25.63 ± 7.51 vs. 18.30 ± 4.80, 

respectively). However, patients in whom the diagnosis of VAP was confirmed had 

significantly higher serum levels of mtDNA DAMPs at 24 hours when compared with 

patients that did not have VAP (159.60 ± 77.37 vs. 10.43 ± 4.36, p < 0.05; respectively) (Fig. 

3).

MtDNA DAMPs and Nuclear DNA in the BAL of Patients With Suspected VAP

All patients with suspected VAP were subjected to BAL with quantitative culture to confirm 

or reject the diagnosis. MtDNA DAMPs (ND6) and nuclear DNA (hB2M) were quantified 

from the BAL and grouped according to the diagnosis of VAP. Patients with VAP had 

significantly higher levels of mtDNA DAMPs in the BAL when compared with patients that 

did not have VAP (248.70 ± 109.7 vs. 43.91 ± 16.61; p < 0.05) (Fig. 4). There was no 

difference in nuclear DNA in the BAL of patients with VAP when compared with patients 

without VAP (5,092 ± 1,570 vs. 7,556 ± 1,605).
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Bacterial DNA (16S) Quantity in BAL Specimens of Patients With Suspected VAP

To determine if bacterial DNA (bDNA) present in BAL specimens was associated with the 

occurrence of VAP, we quantified a bDNA sequence encoding the 16S rRNA transcript. 

Patients with VAP had significantly more bDNA when compared with patients that did not 

have VAP (0.28 ± 0.17 vs. 0.02 ± 0.02; p < 0.05).

DISCUSSION

Evidence that endogenously formed mtDNA DAMPs contribute to local and distant organ 

failure is compelling.2,3,12 The fact that patients with similar bacterial infections lead to very 

different inflammatory responses has vexed scientists and physicians for decades. A 

mechanism where overwhelming levels of oxidant stress from bacterial infection leading to 

the release of mtDNA DAMPs, thereby causing a feed-forward mechanism to propagate 

injury, both locally and distally, is an appealing explanation of this variability.4 If not tightly 

regulated, activation of such a pathway points to multiple avenues where a localized 

infection could engender local and/or distant organ failure despite the rapid eradication of 

bacteria with antibiotics. VAP is the ideal type of bacterial infection to evaluate such 

implications of mtDNA DAMPs because its nosocomial nature provides a known onset of 

disease. Herein, we tested the translationally relevant hypotheses that VAP is accompanied 

by intra-alveolar accumulation of proinflammatory mtDNA DAMPs and that enhancing the 

degradation of these extracellular mtDNA DAMPs prevents and reverses acute lung injury.

This research is significant because the pharmacological agent, recombinant human DNase I 

(Dornase), is approved by the Food and Drug Administration for administration to patients 

with cystic fibrosis to reduce the incidence of pneumonia, though mechanisms of these 

protective effects likely differ from its actions reported herein.13 Recombinant human DNase 

I has an excellent safety profile and has previously been shown to reduce the risk of 

respiratory tract infections requiring parenteral antibiotics in patients with CF.14,15 We 

submit that one of the most significant contributions of the current study, especially in light 

of the available data on safety and efficacy of recombinant human DNase I in other 

disorders, is that it provides equipoise for a randomized placebo controlled trial using 

nebulized DNase I to treat patients with VAP.

DNase I, a “waste-management” nuclease responsible for degrading extracellular DNA and 

chromatin, has the highest abundance in plasma.16 Importantly, there are significant 

biological implications for the presence of DNase in plasma, which may serve as a 

determinant of circulating mtDNA levels. DNases also may have pharmacologic 

significance. In this latter context, our group recently discovered that endothelial barrier 

disruption after intratracheal administration of Pseudomonas aeruginosa to isolated perfused 

rat lungs appears to be mediated by mtDNA DAMPs. One of the key lines of evidence 

supporting this concept is that degradation of mtDNA DAMPs in the perfusate with DNase I 

or the addition of a TLR-9 blocker (i.e., ODN) prevented lung injury in this same model of 

pseudomonas pneumonia. Most provocatively, we discovered that mtDNA DAMPs 

themselves caused increased mitochondrial oxidant stress leading to the production of more 

extracellular mtDNA DAMPs, suggesting a feed-forward cycle.4
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To test the hypothesis that IT DNase prevents or reverses mtDNA DAMP-dependent lung 

injury in the setting of VAP, we conducted multiple experiments in an isolated rat lung 

model and an observational trial in a cohort of severely injured patients with suspected VAP. 

Based on our earlier finding that intravascular administration of DNase in isolated rat lungs 

challenged with intratracheal PA103 prevented accumulation of mtDNA DAMPs and lung 

injury,4 we first determined if IT DNase would be similarly protective. Additionally, we 

administered IT DNase or IT saline using prevention and reversal protocols to increase the 

relevance to treating patients with VAP. In the prevention model, IT DNase (administered 30 

minutes before IT PA103) prevented lung injury and the accumulation of mtDNA DAMPs in 

the perfusate when compared with the IT saline. Likewise, in the reversal model consisting 

of IT DNase administered 15 minutes after IT PA103, mtDNA DAMP degradation also 

reversed the lung injury which was accompanied by decreased levels of mtDNA DAMPs. 

Although these timepoints generally do not correspond to the time course of VAP in human 

patients, they were selected based on our knowledge of this well-established rat model of 

bacterial-induced lung injury.

Next, we sought to determine if the concept that mtDNA DAMPS contribute to lung injury 

after pulmonary infection is translatable to patients with VAP, specifically testing the idea 

that accumulation of mtDNA DAMPs in either BAL or plasma would be associated with 

evolution of VAP. We prospectively analyzed the BAL and serum of all patients suspected of 

having VAP in a surgical trauma intensive care unit. All enrolled patients had a clinical 

pulmonary infection score greater than three at the time of suspected VAP.17 As expected, 

there was significantly more mtDNA DAMPs in the BAL of patients with VAP when 

compared with patients without VAP. Next, we measured mtDNA DAMPs in the serum to 

determine the relationship between VAP and serum mtDNA DAMPs. Collectively, we 

believe these observations in severely injured patients provide critical support for the 

hypothesis that mtDNA DAMPs are important mediators of VAP.

The most accurate way to diagnose VAP continues to be intensely debated in the literature 

and no “gold standard” measurement has emerged despite considerable effort. PCR analyses 

available for specific DNA sequences for certain bacteria are under development, but this 

technology is costly, time-consuming, and not available at most hospitals. The close 

homology between bacterial and mtDNA is well described, but there are some sequences 

contained in bDNA that are not found in mammalian mitochondrial genome.18 One of these 

is the gene encoding the 16S rRNA subunit which is not specific for the type of bacteria.19 

Accordingly, we used qPCR to determine if the quantity of 16S in the BAL was associated 

with a quantitative culture containing greater than 10,000 CFU of any bacteria. Patients with 

VAP had significantly higher quantity of 16S DNA in comparison to patients without VAP. 

Although additional studies will be required to validate the concept, this finding points to the 

notion that VAP could be diagnosed within a few hours of performing a BAL using qPCR 

analysis of the DNA sequence encoding bacterial 16S rRNA. This rapid diagnostic test may 

enable clinicians to decrease the administration of inappropriate antibiotics in many clinical 

settings.

In conclusion, these findings in isolated perfused rat lungs and a cohort of severely injured 

patients reveal an association between bacterial pneumonia and accumulation of mtDNA 
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DAMPs in the lung and serum. Furthermore, administration of intratracheal DNase I 

prevented and reversed the pulmonary dysfunction observed after a bolus of intratracheal 

pseudomonas in rats. Because of the excellent safety profile of this Food and Drug 

Administration–approved medication, we believe this report provides equipoise for 

conducting a clinical trial using nebulized DNase1 (dornase α) to prevent or treat VAP.

Supplementary Material
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Figure 1. 
DNase prevents and reverses pulmonary vascular endothelial barrier injury in a rat model of 

bacterial pneumonia. The Kfs labeled in this figure correlate with Figure 1. Negative 

controls: NS (Kf1): NS was given at time zero and Kf was checked after 30 minutes (A). NS 

+ NS (Kf2): NS was given at time zero and again at 30 minutes (A). Prevention Model: NS 

(Kf1): NS was given at time zero and Kf was checked after 30 minutes (A). NS + PA103 

=NS was given at time zero and PA103 at 30minutes (A). DNase (Kf1) = DNase was given 

at time zero and Kf was checked at 30minutes (A). DNase + PA103 = DNase was given at 

time zero and PA103 at 30 minutes (A). Reversal Model: PA103 (Kf1): PA103 was given 

after 15 minutes and Kf was checked 15 minutes later (B). PA103 + DNase (Kf2): PA103 

was given at 15minutes and DNase was given at 30minutes (B). PA103 (Kf1): PA103 was 

given after 15 minutes and Kf was checked 15 minutes later (B). PA103 + NS (Kf2): PA103 

was given at 15 minutes and NS was given at 30 minutes (B). NS: normal saline, PA103: 

Pseudomonas aeruginosa strain 103, Kf: vascular filtration coefficient (i.e., lung injury).
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Figure 2. 
Pseudomonas aeruginosa causes increases in vascular permeability accompanied by mtDNA 

DAMP release into the perfusionmedium. As shown in A, administration of intratracheal 

saline (i.e., positive control, n = 4) 30minutes before instillation of PA103 caused increases 

in the vascular filtration coefficient (Kf), which was prevented when DNase (i.e., 

experimental group, n = 4) was administered. As shown in B, intratracheal DNase 

administered 15 minutes after PA103 causes reversal of mtDNA DAMP-dependent lung 

injury compared to the positive control. *Different from control at p < 0.05.
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Figure 3. 
VAP is associated with a time-dependent increase in serum mtDNA DAMPs in a cohort of 

severely injured patients. *Different from patients without VAP at 24 hours, p < 0.05.
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Figure 4. 
VAP is accompanied by mtDNA DAMPs in the bronchoalveolar lavage. *Different from No 

VAP at p < 0.05.
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TABLE 1

Characteristics of Patient Population

Demographics VAP, n (%) No VAP, n (%) p

N 14 17

Male 13 (93) 12 (71)

Mechanism of injury

  Blunt 9 (64) 11 (65)

  Penetrating 3 (21) 1 (6)

  Burn 2 (14) 1 (6)

  Other 4 (24)

Injury Severity Score 23 ± 8 27 ± 8 NS

Pulmonary contusion 4 (29) 8 (47) 0.15

No. rib fractures 2.6 (19) 5.3 (47) 0.08

Hospital day of BAL, mean ± SD 21 ± 32 8 ± 6 0.05

Tracheostomy 10 (71) 12 (71) 0.48

Length of stay, mean ± SD, d 66 ± 91 45 ± 40 0.20

Ventilator-free days, mean ± SD 16 ± 10 24 ± 29 0.17

Hospital mortality 0 0 —

Renal failure (creatinine > 1.5) 1 (7) 4 (24) 0.10

Discharge to rehabilitation 2 (14) 3 (18) 0.40

Denver score > 3 0 (0) 4 (24) 0.03

Initial PaO2/FiO2, mean ± SD 143 ± 63 172 ± 70 0.49

PaO2/FiO2 at 24 hours, mean ± SD 178 ± 79 175 ± 84 0.28
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