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Abstract

Background—Lung graft dysfunction and rejection remain a significant cause of morbidity and
mortality in transplant recipients. Thioredoxin-1 (Trx), a redox-regulatory protein, has been known
to function as an antioxidant against oxidative injury in multiple organs including lungs. We
examined whether priming of the donor lungs with Trx prior to transplantation attenuates acute lung
injury.

Methods—oOrthotopic left lung transplantation was performed from Lewis (donor) to Sprague-
Dawley (recipient) rats using the cuff technique. For Trx priming, the donor lungs were perfused and
stored in Perfadex solution with or without the presence of purified Trx prior to transplantation.
Changes in bronchoalveolar (BAL) fluid analysis, allograft oxygen exchange function, nuclear factor
kappa B (NF-kB)/DNA binding, myeloperoxidase (MPO) activities, and immunohisotologic
evaluation of neutrophils, macrophages and cytotoxic T-cells (CD8") infiltration were examined in
one and/or five day post-transplant allograft (left) and native (right) lungs.

Results—BAL cell differential analysis showed significant increases in macrophages and
neutrophils in one day post-transplant whereas lymphocyte infiltration was significantly increased
in both one and five days post transplant allografts. MPO and NF-kB/DNA binding activities were
increased over basal activities one and five days post transplant. Immunohistology staining of one
and five day post transplant allografts revealed increased infiltration of macrophages, neutrophils,
and CD8* T cell subsets. Priming of donor lungs with Trx prior to transplantation improved O,
exchange and attenuated NF-kB/DNA binding activity and infiltration of macrophages, neutrophils,
and CD8* T cell subsets in one and five day post transplant allografts.

Conclusions—Priming of donor lungs with Trx prior to transplantation attenuates acute allograft
injury in a rat model of lung transplantation. This protection appears to be associated with Trx’s
antioxidant function that limits early I/R injury, NF-kB activation, and progressive infiltration of
inflammatory and immune cells in allografts.
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INTRODUCTION

Lung transplantation is an accepted treatment for patients with progressive end-stage
pulmonary disease (1-3). Despite improvements in preoperative and postoperative care, early
graft dysfunction and rejection remain primary causes of increased mortality and morbidity
after lung transplantation (4). A number of human and animal studies demonstrated that
ischemia-reperfusion (I/R) injury is one of the major factors that play a critical role in enhancing
early graft dysfunction via progressive infiltration of inflammatory and immune cells leading
to generation of mediators and increased sequestration of circulating leukocytes (5-12).
Increased oxidative stress and/or enhanced generation of multiple mediators including
thioredoxin-1 (Trx) are implicated in progression of lung allograft rejection in canine and rat
models (13,14) and human lung transplant recipients (15). Increased levels of Trx and other
biological mediators are directly or indirectly regulated by the Rel family transcription factor,
nuclear factor kappa B (NF-kB), in multiple cells including inflammatory and immune cells
(16-23). A recent report demonstrates increased population of cytotoxic CD8* cytokine-
expressing T cells in BAL of patients with chronic obstructive pulmonary disease (24).
Persistent activation of NF-kB is required for increased expression of inflammatory mediators
as well as for T-cell responses in vivo (25,26). As such, activation of NF-kB and increased
expression of biological risk factors including Trx appear to be a potent combination for
progression of post-transplant allograft injury.

Trx is a 12 kDa cytosolic protein with a highly conserved active site containing two redox-
sensitive cysteine residues (Trp-Cys-Gly-Pro-Cys-Lys). Although there are several isoforms
of Trx, only cytosolic Trx translocates to the nucleus and plays a role in NF-kB activation and
the regulation of gene expression (27,28). Increased Trx expression has been shown to control
a wide spectrum of biological activities ranging from cell growth to death (16-23,27-31). This
indicates that the levels of Trx and/or specific timing of Trx modulation are most likely
associated with Trx-mediated diverse biological responses. Since nothing is known regarding
potential benefits of Trx priming of donor lungs in context with limiting or preventing allograft
injury in human and animal models of lung transplantation, the present study was designed to
determine the role of Trx in pre-transplant priming of donor lungs and attenuation of post-
transplant progression of allograft injury in a rat model of lung transplantation.

MATERIALS AND METHODS

Animals

Specific pathogen-free, male Lewis and Sprague-Dawley rats (250-300 g) were used and cared
for in compliance with the “Guide for the Use of Laboratory Animals” published by NIH and
used in this IACUC-approved protocol.

Surgical Procedures

Orthotopic left lung transplantation was performed from Lewis (donor) to Sprague-Dawley
(recipient) rats using the cuff technique as described by Mizuta et al (32). All surgical
procedures were performed under sterile conditions.
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Donor Lung Harvest and Storage

Donor lungs were isolated using previously described procedures (32). The lungs were then
flushed with 20 ml preservation solution (Perfadex®, Vitrolife, Uppsala, Sweden) with or
without human recombinant purified Trx (4 pg/ml, USB Corporation, Cleveland,OH) for 30
min. Immediately after flushing the lungs, the tracheostomy tube was clamped following
inspiration to preserve the lungs in the inflated state. The heart-lung block was then removed
and placed in ice-cold preservation solution for 4 hr. The left lung was prepared for
transplantation with the placement of 14-gauge cuffs into the left main bronchus (MB) and left
pulmonary vein (PV) and 16-gauge cuffs into the left PA, respectively. Tissue levels of Trx
prior to transplantation were determined using lung homogenates as previously described
(20). The endogenous lung contents of Trx with or without (control) Trx priming were 12.0 +
3.1 ng/mg protein in control and 20.1 + 2.4 ng/mg protein in Trx primed lungs (n = 4 in each
set).

Orthotopic Left Lung Transplantation

Recipient animals were anesthetized, intubated and ventilated as described as above. After
administration of atropine (0.25 mg/kg) intramuscularly, a left thoracotomy was performed
through the fourth intercostal space. The left lung was mobilized by dividing the pulmonary
ligament. The hilar structures were then dissected free. The left PA, PV, and MB were identified
and clamped with microsurgical aneurysm clamps. A ventral incision was made in each of
these structures. The cuffs on the donor lung structures were placed into the corresponding
recipient structures. The anastomoses were secured with 6.0 silk ties. The clamp was removed,
and the transplanted lung was reinflated. The surgical site was rinsed to assure there was no
bleeding and the lung was placed inside the chest cavity. The chest was closed in layers after
attaining complete hemostasis. After transplantation, rats were maintained for one or five days
without administration of immunosuppressive agents. Biochemical and morphologic changes
in one and five day post-transplant allograft were compared with native lungs unless otherwise
indicated.

Left Lung Function Assessment

For allograft lung function, one day and five days post-transplant animals with or without Trx-
priming were anesthetized and ventilated with 100% inspired oxygen. After dissection of the
right hilum, microvascular clips were applied to the right main bronchus and right PA in order
to ventilate and perfuse only the graft (left) lung. Four minutes after the occlusion, 0.5 ml of

arterial blood were obtained from the left ventricle for measurement of PaO2 using an i-STAT
blood gas analyzer (Heska, Fort Collins, CO). To determine PaO2 level in controls, identical
procedures were employed using Sprague-Dawley rats without transplantation.

Biochemical and Histopathologic Characterization of Lung Transplant Model

After one or five days post-transplant, right (native) and left (transplanted) lungs were lavaged
with 5 ml of isotonic saline solution. Lung tissues were collected separately for biochemical
analyses (including wet/dry weight ratios, graft lung(g)/body weight(kg) ratio, total protein
contents, cell differential analysis, and histologic analysis in day 1 and 5 day post-transplant
allografts.

BAL Cell Differentiation

BAL fluids were centrifuged (1,300 x g, 5 min, 4°C) and cell suspensions used to prepare slides
for differential counting of nucleated cells. Cytospin slides were stained with Leukostate
(Fisher Diagnostics, Orlando, FL) and differential cell counts for neutrophils, macrophages,
lymphocytes, and eosinophils were expressed as percent of total cell population.
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NF-kB/DNA Binding Activity

Electrophoretic mobility shift assay was used to determine the DNA band shift using
oligonucleotide (5'-AGA CCT GG ACT CTC CCT CCC AGC-3') representing specific NF-
kB binding sequences in the Trx gene (20). The nuclear fractions were isolated from the native
and allograft lung tissues, and the Trx-specific oligonucleotide NF-«kB binding was determined
using a 10-fold excess of unlabeled oligonuleotide as we previously described (20).

MPO Activity

The level of MPO activity as a marker of inflammation (33) was determined as previously
described (34). In brief, lung tissue homogenates in 50 mM potassium phosphate buffer, pH
7.0 containing 2% protease inhibitor cocktail and 0.5% hexadecyltrimethylammonium
bromide were centrifuged at 5000 x g (4° C) for 20 min, and 30 pl of supernatant mixed with
0.25 ml of the same phosphate buffer containing 0.167 mg/ml orthodianisidine dihydrochloride
and 0.0005% hydrogen peroxide. The change in absorbance was monitored at 450 nm. Protein
contents were determined by Bradford analysis. MPO activity was defined as the change in
absorbance per minute per milligram of protein.

Histopathology Analysis

One and five day post-transplant lungs were fixed in 10% formalin and embedded in paraffin.
Serial sections (5 um) of native and allograft lungs were stained with hematoxylin and eosin
(H&E). The histological analysis of the allografts was evaluated microscopically in a blinded
fashion. The morphometric study was performed on H&E stained one and five day post-
transplant allografts with or without Trx priming in a blinded fashion. The degree of injury
was expressed as the percentage of damaged alveolar architecture compared to the native lung
in ten randomly selected high power (200 x) fields of micrographs.

Immunohistochemistry Evaluation

To detect macrophage/monocyte and cytotoxic T cell infiltration, immunohistochemical
staining was performed as described previously (35). In brief, 5 um sections of the fixed lung
tissues were deparaffinized in toluene, hydrated in graded ethanol solution, and immersed in
H202 (0.3% H202 in methanol) to block endogenous peroxidase activity. To determine the
level of infiltration of macrophages, cytotoxic T cell subsets, and neutrophils, immunostaining
of the native and allograft tissues was performed using affinity-purified mouse monoclonal
anti-ED1 (1:500 dilution), mouse monoclonal anti-CD8 (1:500 dilution), and rat polyclonal
anti-MPO antibodies (1:250 dilution) (BD Pharmingen, San Diego, CA), respectively. To
retrieve the antigen in formalin fixed tissue, sections were treated with Trilogy antigen retrieval
solution (Cell Marque, Hot Springs, AR) for 10 minutes at 90° C. After antigen retrieval, the
sections were washed in phosphate buffered saline (PBS) and incubated with primary
antibodies overnight at 4° C. Bound primary antibodies were detected with an anti-mouse
peroxidase labeled secondary antibody, followed by mouse anti-peroxidase (DAKO,
Carpinteria, CA). Brown color was generated using a diaminobenzidine substrate (DAB)
(Sigma, St. Louis, MO) and counterstained with hematoxylin. Negative controls consisted of
omission of the primary antibody with the appropriate pre-immune serum. The numbers of
ED-1*, CD8", and MPO-positive cells were counted in 10 randomly selected high-power
microscopic fields (400 x) per sample in a blinded fashion.

Statistical Analysis

Data are expressed as the mean + SE. Groups were compared using analysis of variance, and
Student t-test was used to compare the degree of allograft injury, MPO activity, and number
of ED-1*, CD8", and MPO™ cells between native and allograft lungs. P<0.05 was considered
statistically significant.
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Biochemical characterization of lung transplant model

As shown in Fig. 1, there were significant increases in total protein contents (panel A) and wet/
dry weight ratios (panel B) in one and five day post-transplant allografts (p < 0.05 for days 1
and 5 for both). Cell differential analysis showed significant increases in the total BAL cells
in both 1 day (panel C) and day 5 (panel D) post transplant allografts. Day 1 post-transplant
allografts showed significant increases in macrophages, neutrophils, and lymphocytes, whereas
day 5 allografts showed significant infiltration of lymphocytes only (p < 0.05 for both days
and cell types).

Increased infiltration of inflammatory cells is associated with enhanced MPO activity in

allografts

Basal MPO activity, i.e., prior to transplantation in donor lungs that were preserved for 4 hr

total ischemic time (4 hr cold/1 hr warm), was 0.9 = 0.03 (A OD/min/mg, n= 6). MPO activity
was increased from basal level to 1.8 + 0.7 (A OD/min/mg, n=4) at 1 day post-transplant and
t0 6.7 £ 0.9 (A OD/min/mg, n=4) in 5 day post-transplant allografts (p < 0.05 for both vs basal).

Trx priming of donor lungs improves allograft function

As shown in Fig. 2A, PaO2 was significantly reduced in one and five day post-transplant. In
contrast, Trx priming of donor lungs prior to transplantation restored PaO2 in post transplant
allografts close to PaO2 levels in control lungs. Fig. 2B shows a significant increase of lung
wet weight to body weight ratio of allografts compared to controls, whereas Trx priming
significantly reduced lung wet weight to body weight ratios compared to allografts.

Trx priming of donor lungs attenuated NF-kB activation in post-transplant allografts

Figure 3 shows increased NF-kB/DNA binding activity in one and five day post-transplant
allografts. Priming donor lungs with Trx attenuated NF-kB/DNA binding activity in both the
one and five day post-transplant allografts.

Trx priming attenuates morphologic changes in one and five day post-transplant allografts

Fig. 4 shows quantitative analysis of fractional areas of native, allograft and Trx-allograft H&E
stained tissues. Lung injury area in one- and five-day post-transplant allografts was 2—3-fold
higher than in Trx-primed allograft (p < 0.01 vs allograft).

Trx attenuates increased infiltration of inflammatory and immune cells in allografts

Micrographs in Fig. 5 show immunostaining by ED-1 and CD8 antibodies in native, one- or
five-day post-transplant allografts, and Trx primed allograft lungs. One- and five- day post-
transplant allograft without Trx priming show extensive infiltration of ED-1* (macrophages)
and CD8* (cytotoxic T cells) cells compared to limited immnunostaining of ED-1* and
CD8" cells in native lung. Similarly, five days post-transplant, allografts show extensive MPO
staining compared to native lungs. Trx priming of donor lungs attenuated infiltration of
macrophages and cytotoxic T cells in one- and five-days post-transplant allografts and MPO
staining in five days post-transplant allografts.

DISCUSSION

The results of the present study using a rat model of lung transplantation demonstrate for the
first time that priming of donor lungs with purified human recombinant Trx prior to

transplantation attenuates early acute injury and progressive infiltration of inflammatory and
immune cells in the allografts. Our results provide experimental evidence that pre-transplant
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administration of Trx in donor lungs attenuates NF-kB activation, improves lung oxygen
exchange, and limits progressive infiltration of macrophages, neutrophils, and cytotoxic T
lymphocyte (CD8* cell subset) in the allografts. Although the precise mechanisms of Trx-
mediated protection against allograft injury remain to be determined, Trx’s antioxidant
function involving scavenging of ROS during the early phase of organ preservation and
transplantation may be critical in limiting the progression of graft injury via NF-kB activated
cellular events. For example, a number of human and animal studies have described I/R injury
as one of the major factors that plays a critical role in enhancing early graft dysfunction, leading
to progressive infiltration of inflammatory and immune cells at the site of inflammation in lung
transplant recipients (4-7). I/R associated oxidative stress is also known to regulate the activity
of the redox-sensitive transcription factor NF-kB in multiple cells, including inflammatory and
immune cells (7-12,22,23).

Our study demonstrates that priming of donor lungs prior to transplantation attenuates
activation of NF-kB in the allograft. Activation of the NF-kB complex by multiple stress factors
including ROS is a secondary event that involves its translocation to the nucleus resulting in
DNA binding, activation, and gene expression (36,37). The reduction of cysteine residue 62
of the p50 subunit by Trx in the nucleus is critical for the binding of NF-kB to its target site in
DNA which results in gene expression (38,39). Paradoxically, cytosolic Trx inhibits NF-kB
activation by reducing the dissociation of the inhibitory subunit IkB (40). Similarly,
extracellular and cytosolic Trx appear to function as the first line of defense against initiation
of I/R injury in multiple organs (17,30,31). This suggests that extracellular, cytosolic, and
nuclear levels of Trx may be critical to regulating NF-kB-mediated responses in biological
systems. For example, increased extracellular and cytosolic Trx may scavenge ROS and
prevent activation of NF-kB. In contrast, increased nuclear translocation of Trx may cause NF-
kB activation. Although priming donor lungs increased extracellular Trx levels, in this study
we have not examined the cytosolic and nuclear levels of Trx. Our data involving attenuation
of NF-kB activity in post-transplant allografts supports the notion that priming donor lungs
with Trx prior to transplantation most likely associated with both the increased extracellular
and the cytoplasm levels of Trx.

The significance of NF-kB inhibition in lung allograft injury has been reported. For example,
pyrrolidinedithiocarbamate (PDTC), a potent inhibitor of NF-kB, given to lung allografts
during organ preservation improved lung function 4 hr after transplantation in porcine lung
graft (41). However, the long term and cytotoxic effects of non-specific inhibitors such as
PDTC on graft survival are unknown. Although attenuation of lung injury 5 days post-
transplant using NF-kB decoy transfection has also been reported in a rat model of lung
transplantation, the clinical implications of the inhibitory effects of an NF-kB decoy lasting 1
2 weeks are not clearly defined (42). This prolonged inhibitory effect may be critical since NF-
kB has been known to regulate the transcription of an exceptionally large number (>900) of
genes, some of which may be potentially beneficial for graft survival.

Early activation of polymorphonuclear leukocytes and alveolar macrophages under oxidative
stress contributes to vascular dysfunction promoting increased infiltration of inflammatory and
immune cells in the graft. Increased trafficking or infiltration of inflammatory cells activates
NF-kB and enhances generation of potent proinflammatory mediators responsible for
progression of allograft injury. Our strategy of priming donor lungs with Trx during the
preservation phase offers a novel approach that limits early oxidative injury and prevents
activation of NF-kB rather than inhibition of NF-kB. In addition, clinically, donor lungs can
be primed at the site of procurement, and stored in preservation media until transplantation.
The overall implications of Trx priming can be significant for preventing early injury and
extending survival of allografts not only in lung transplant patients but also for other solid
organ transplant recipients.
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Biochemical characterization of native and one and five day post-transplant allografts. Panels
A and B are total protein content of BAL and lung wet/dry weight, respectively. Panel C and
D are BAL cell differential counts of one and five days post-transplant lungs, respectively.

Data represent mean + SE, n = 5 for each measurement, * P < 0.05, ** P < 0.01 vs native for
all measurements.
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The effect of Trx on allograft gas exchange function and the changes of allograft (left lung)
wet weight to body weight ratios. Panel A shows PaO2 levels in one and five day post-transplant
allografts ventilated for 5 min with 100% oxygen with or without Trx priming. A separate
group of Sprague-Dawley rats was used to determine control levels of PaO2 in single left lung
ventilation without transplantation using identical procedures (Control). Panel B shows the
ratio of left lung (allograft with or without Trx priming or normal left lung as control) wet
weight (g) to body weight (kg). .# p<0.05 vs control for respective days in both panels A and
B; * P<0.05 vs allograft for respective days in both panels A and B (n=3 to 5 for each group).
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Fig. 3.

The effects of Trx priming of donor lungs on NF-kB/DNA binding activity in native and
allograft transplants. Donor lungs were primed with an infusion of Perfadex with or without
(control) Trx (4 pg/ml) for 4 hr as described in Materials and Methods. Transplanted and native
lungs were isolated one and five days post-transplant. NF-kB/DNA binding activity was
monitored using an oligonucleotide representing specific NFkB binding sequences on the Trx
gene. Lanes 1 and 2 = native lungs; Lanes 3 and 4 = one and five days post-transplant allografts;
and Lanes 5 and 6 = Trx-primed one and five days post-transplant allografts. Lanes 1, 3, and
5 = one day post transplant, and Lanes 2, 4, and 6 = five day post-transplant allografts. Data
shown are from one of two gel shift blots with similar results.
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sk

Allograft

The effect of Trx on morphologic changes in one day(left panel) and five day (middle panel)
post-transplantation allografts. A representative micrograph from three separate experiments
shows extensive perivascular edema and lymphocytic infiltration in the allograft without Thx
priming (middle panel) compared to native lung (upper panel). Trx priming significantly
attenuated the allograft injury (lower panel).Right panel shows a quantitative analysis of the
relative lung injury area in the micrographs determined as described in Materials and Methods.
The native lungs were set at 0% injury area. **p < 0.01 vs native; *p<0.05 vs allograft, n=3

for each measurement.
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Fig. 5.

The effect of Trx on the infiltration of macrophages, cytotoxic T lymphocytes (CD8" T cell
subset), and neutrophils. Representative micrograph from two separate experiments shows
immunostaining of ED1* macrophages (upper two rows) and CD8" cytotoxic T cell subsets
(middle row) were extensively increased in one day post transplant allograft (Panel B)
compared to native lungs (Panel A). Trx priming of donor lungs attenuated infiltration of
CD8* T cells and macrophages in one day and five day post-transplant allografts (Panel C).
The bottom row shows limited immnunostaining of MPO in native lungs (panel A). In contrast,
five day post-transplant allograft without Trx priming show extensive MPO staining (Panel B)
which is attenuated in Thx primed allografts (Panel C). Panel D shows a quantitative analysis
of ED-1, CD8*, and MPO™ cells from 10 randomly selected high power field (HPF) areas of
micrographs. # P<0.05 vs native for respective days; * P<0.05 vs allograft for respective days.
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