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RESULTS

Animal studies
Ex vivo IL-10 gene transfer to donor lungs in pig. We first

investigated whether EVLP could be used for gene delivery to
injured donor lungs from pig. After a period of cold (4°C) ischemia
(12 hours), pig donor lungs were subjected to an additional 12 hours
of EVLP (treatment period). At the beginning of EVLP, we delivered
1 × 1010 plaque-forming units (PFU) (a dose similar to that in our pre-
vious in vivo studies) (11) of a second-generation adenoviral vector
encoding human IL-10 complementary DNA (cDNA) (AdhIL-10) into
pig lungs via the airways with a flexible bronchoscope. The transgene
product, hIL-10 protein, could be detected in the circulating perfusate
by enzyme-linked immunosorbent assay (ELISA) 12 hours after gene
delivery (Fig. 2A). In contrast, negative control lungs that received
saline or 1 × 1010 PFU of empty cassette Ad5BGL2 (n = 3 per group)
did not exhibit any hIL-10 protein in the perfusate (Fig. 2A). The vector
containing hIL-10 inhibited swine IL-6 production in pig lung tissue
when compared with the Ad5BGL2 control vector after 12 hours of
www.S
EVLP (Fig. 2B). Furthermore, the Ad5BGL2 control vector was as-
sociated with deterioration of lung function, as reflected by decreased
oxygenation capacity (P = 0.02) and increased edema (P < 0.01),
which was prevented by AdhIL-10 gene delivery during EVLP
(Fig. 2B). More important, we examined the effects of IL-10 gene
therapy on lung function after transplantation (Fig. 2C). Ex vivo
hIL-10 gene therapy led to a significant inhibition of swine IL-6
and IL-1b (P < 0.05) release from pig lung tissue after 4 hours of
transplant reperfusion. Excellent lung oxygenation after 24-hour
preservation (12-hour cold ischemia + 12-hour EVLP) and 4 hours
of reperfusion was achieved in IL-10–treated lungs [arterial oxygen
pressure–inspired oxygen fraction (PaO2/FIO2), 518.1 ± 59.5 versus
318 ± 105 mmHg in controls; P = 0.19].

To localize the distribution of adenovirus vector in the treated lungs,
we transduced an additional set of porcine lungs (n = 2) ex vivo with
Ad-GFP, a vector containing a reporter gene encoding green fluorescent
protein (GFP). The expression of the gene product in the lungs was
studied by immunofluorescent staining with an antibody against GFP
in frozen sections of the lung 12 hours after the beginning of gene
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Fig. 1. The EVLP system. The lungs are
placed within the XVIVO chamber (Vitrolife),
which was developed to maintain lungs
and secure cannulas during EVLP. A cannula
with pressure-monitoring lines is attached
to the pulmonary artery (PA) and another
to the left atrium [pulmonary veins (PVs)].
The perfusate leaves the lungs via the left
atrial cannula and enters the reservoir.
From there, the perfusate is pumped by a
centrifugal pump into the oxygenator and
heat exchanger where it is deoxygenated
by a gas mixture (86% N2, 8% CO2, and
6% O2) and heated to normothermia (37°C).
The perfusate then passes through a leuko-
cyte filter before reentering the lungs via
the PA cannula for oxygenation.
cienceTranslationalMedicine.org 28 October 2009 Vol 1 Issue 4 4ra9 2

D
ow

nl
oa

de

http://stm.sciencemag.org/


R E S EARCH ART I C L E
delivery. Using double staining, we showed that most of the transgene-
expressing cells were epithelial cells and alveolar macrophages (Fig. 3),
cells that orchestrate inflammatory responses in acute lung injuries
such as reperfusion injury after lung transplantation (2, 18).

Human studies
Ex vivo hIL-10 gene transfer is achievable in injured human

donor lungs. To examine the feasibility and therapeutic potential of
ex vivo IL-10 gene therapy in human donor lungs, we studied 10 do-
www.S
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nor lungs that had been rejected for transplantation on the basis of stan-
dard clinical criteria (19). Characteristics of these rejected lungs are
described in table S1. The lungs were randomly subjected to either
12 hours of EVLP alone (control group, n = 5) or EVLP with intra-
airway delivery of 4 × 1010 PFU of AdhIL-10 (AdhIL-10 group, n = 5).
The experimental procedure of human ex vivo intra-airway gene de-
livery is shown in video S1. AdhIL-10 gene delivery increased hIL-10
protein concentrations in the lung tissue in a time-dependent manner
(Fig. 4A). Lungs transduced with AdhIL-10 and maintained under cold
static condition (n = 2) did not show increased amounts of hIL-10 pro-
tein at the end of 12 hours (Fig. 4A). Furthermore, increased amounts
of hIL-10 were not seen in the control group (Fig. 4B).

Functional recovery after ex vivo IL-10 gene therapy. An
advantage of the EVLP technology is that real-time functional assess-
ment of the lung is feasible while the organs are isolated outside the
body, and thus, the effect of any treatment can be confirmed before
transplantation. Whereas lungs maintained with EVLP alone after
removal did not further deteriorate and maintained stable function
as measured by PaO2/FIO2 and vascular resistance, AdhIL-10 gene
delivery during EVLP significantly improved lung oxygenation
(DPO2/FIO2, +129.8 ± 38.7 mmHg; P = 0.04) and reduced pulmonary
vascular resistance (PVR, –248.0 ± 50.08 dynes·s cm–5; P = 0.01) after
12 hours of perfusion when compared to controls (Fig. 5).

IL-10 gene therapy decreases inflammation and restores
tight junctions. Inflammation and disruption of the blood-alveolar
barrier are common findings in injured human donor lungs rejected
for transplantation. These injuries occur before removal of the organ
from the donor and during the period of ischemia required during
the preservation period. By measuring inflammatory cytokines with
bead arrays, we evaluated the effect of AdhIL-10 on donor lung inflam-
mation. Concentrations of inflammatory human cytokines were as-
sayed in lung tissue homogenates before and after EVLP. IL-10 gene
delivery resulted in a favorable shift of the amounts of some of these
cytokines in lung tissue after 12 hours of EVLP (Fig. 6A). There was a
significant decrease in IL-1b and IL-8 concentrations in the lung tissue
of AdhIL-10–treated cases relative to controls. Using real-time poly-
merase chain reaction (PCR), the ratio of concentrations of IL-6 to
IL-10 [which predicts the ultimate success of a transplant (7)] decreased
in the AdhIL-10 group but not in the EVLP control group (Fig. 6B).

Using zona occludens protein-1 (ZO-1; a tight junction protein)
staining as a readout, it has been shown that T helper 1 cytokines can
cause tight junction breakdown in airway (20) and intestinal epithelial
cells (21, 22), leading to impaired organ function, and the presence of
IL-10 enhances recovery of the barrier functions of hepatocytes after
injury (22). We found increased expression of ZO-1 in the lung tissue
and restoration of ZO-1 localization in the cell periphery in hu-
man donor lungs treated with AdhIL-10 gene therapy (Fig. 7), co-
incident with improved function as assessed by gas exchange and
PVR (Fig. 5).
DISCUSSION

Most potential donor lungs are injured and are currently not used for
transplantation due to the increased risk of PGD (2, 23). We present
here a strategy to improve the quality of donor lungs for transplanta-
tion that uses ex vivo IL-10 gene therapy. This approach could in-
crease the number of lungs available for transplantation and should
Fig. 2. Ex vivo hIL-10 gene therapy in a large-animal lung transplant model.
(A) Effect of ex vivo intra-airway delivery of AdhIL-10 to pig donor lungs on

hIL-10 protein abundance during EVLP. Vehicle and Ad5BGL2 (empty
cassette) controls showed no detectable hIL-10 protein (n = 3 per group;
*P < 0.05). (B) Effect of AdhIL-10 on lung health before transplantation.
Ad5BGL2 (empty cassette) transfection led to an increased release of swine
(Sw) IL-6 in lung tissue, deterioration of ex vivo lung function (*P = 0.02),
and increased lung edema measured with the wet-to-dry weight ratio (**P <
0.01) after 12 hours of control virus delivery. These effects were prevented
by AdhIL-10 delivery. (C) Effect of AdhIL-10 on lung health after transplanta-
tion. AdhIL-10 gene transfer to ischemic donor lungs led to significant inhi-
bition of swine IL-6 and IL-1b (*P < 0.05) in lung tissue and excellent lung
function 4 hours after transplantation. Values of swine IL-6 and IL-1b are re-
presented as picograms of the cytokine per milligram of total protein
extracted in lung tissue homogenates. Data are expressed as mean ± SEM.
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decrease the incidence of acute lung injury after transplantation and
its attendant complications, such as the development of acute or chronic
graft dysfunction and death (24, 25).

PGD affects 15 to 50% of the lung transplant recipients and remains
a significant cause of early morbidity and mortality (30-day mortality
of 42% compared to 6% in PGD-free patients) after lung transplan-
tation (24, 26, 27). PGD is considered to be the end result of a series
of injuries inflicted on the lung from the time of brain death to the
time of lung reperfusion after transplantation (2). Most of the condi-
tions leading to brain death (trauma or spontaneous intracerebral
hemorrhage) are associated with significant pathology in the lung,
such as contusion, aspiration, or neurogenic pulmonary edema. Fur-
thermore, brainstem death can have deleterious effects on organ func-
tion (for example, disturbances in endocrine function and an intense
inflammatory reaction) (28). This multifaceted donor lung injury
results in poor function and increased inflammatory mediators. Cyto-
kine concentrations in donor lungs are related to the degree of clinical
impairment after lung transplantation (6, 7). Clinical and experimental
studies have shown that PGD of solid organs, such as the kidney, liver,
heart, and lung, accompanies a rapid release of inflammatory cytokines,
such as tumor necrosis factor–a (TNF-a), interferon-g, IL-8, IL-6, and
IL-1b. The balance of proinflammatory and anti-inflammatory cytokines
predicts patient outcome after lung transplantation (7) and other
lung injury (29, 30).

We reasoned that introduction of molecules that block inflamma-
tory processes or protect cells and organs from injury to organs to
be transplanted could improve transplant outcomes. Molecules such
as immunosuppressive cytokines (IL-10 and transforming growth
factor–b), T helper 2 cytokines (IL-4 and IL-13), and antagonists to
proinflammatory cytokines and chemokines (soluble TNF-a and
IL-1 receptors and virus-derived chemokine analogs) are additional
www.S
possible options for this therapeutic strategy. Intracellular blocking
of transcription factors for inflammatory cytokines, such as nuclear
factor kB, may also be effective.

Direct administration of the therapeutic molecule would be easy
to perform, but proteins such as recombinant hIL-10 have an ex-
tremely short half-life in serum (31) and in vivo can lead to systemic
immunosuppression with potential negative side effects. Although
gene therapy in human subjects has yet to achieve widespread appli-
cation, clinical features of transplantation make gene therapy (intro-
duction of recombinant proteins followed by de novo synthesis of
the protein) a uniquely appropriate approach. Unlike other disorders,
where lifelong gene modification may be needed, benefits to a trans-
plant organ might require only transient expression of the desired pro-
tein for a short period after organ implantation. Moreover, in the case
of lung transplantation, only the donor organ requires transgenic
modification, so that not all cells of the recipient need be exposed
to the elaborated protein.

Adenovirus has been the most efficient vector in the setting of
lung transplantation: It infects nondividing cells, has a high affinity
for airway epithelium, and achieves high expression in a short time
frame, and high titers can be attained. In addition, this vector does
not incorporate into the genome at a noticeable frequency, making
it an unlikely risk of generating insertional mutagenesis (32). The
adenovirus vector is the most commonly used vector for clinical
gene therapy. Several phase III clinical trials for adenoviral can-
cer gene therapy are being performed in the United States and
Europe (33).

In this study, we used IL-10 up-regulation to improve injured donor
lungs. The predominant function of this cytokine is to limit inflam-
matory and immune responses (9, 34, 35). Adenovirus-mediated IL-10
gene transfer has been shown to be beneficial in animal models of lung
st
m

.s
D

ow
nl

oa
de

d 
fr

om
 
Fig. 3. Distribution of the transgene

product in the lungs after ex vivo intra-
airway gene delivery. Human adenoviral
vector carrying GFP was delivered intra-
airway with a flexible bronchoscope and
the lungs were perfused in the EVLP sys-
tem for 12 hours (n = 2). After 12 hours, tis-
sue samples were collected and assessed
for GFP localization (red staining). Upper
panel: Most transduced cells (red) were epi-
thelial cells in the airway and alveolar wall
as identified by double-immunofluorescent
staining with a pan-cytokeratin antibody
(green). Autofluorescent cells appear yellow
in composite red and green images. Lower
panel: GFP-positive cells (red) in the alveolar
space were identified as macrophages with
a MAC387 antibody (green). Nuclei were
stained blue with DAPI.
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