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Abstract

The loss of a functional microvascular bed in rejecting solid organ transplants is correlated with 

fibrotic remodeling and chronic rejection; in lung allografts, this pathology is predicted by 

bronchoalveolar fluid neutrophilia which suggests a role for polymorphonuclear cells in 

microcirculatory injury. In a mouse orthotopic tracheal transplant model, cyclosporine, which 

primarily inhibits T cells, failed as a monotherapy for preventing microvessel rejection and graft 

ischemia. To target neutrophil action that may be contributing to vascular injury, we examined the 

effect of a neutrophil elastase inhibitor, elafin, on the microvascular health of transplant tissue. We 

showed that elafin monotherapy prolonged microvascular perfusion and enhanced tissue 

oxygenation while diminishing the infiltration of neutrophils and macrophages and decreasing 

tissue deposition of complement C3 and the membrane attack complex, C5b-9. Elafin was also 

found to promote angiogenesis through activation of the extracellular signal-regulated kinase 

(ERK) signaling pathway but was insufficient as a single agent to completely prevent tissue 

ischemia during acute rejection episodes. However, when combined with cyclosporine, elafin 

effectively preserved airway microvascular perfusion and oxygenation. The therapeutic strategy of 

targeting neutrophil elastase activity alongside standard immunosuppression during acute rejection 
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episodes may be an effective approach for preventing the development of irreversible fibrotic 

remodeling.

Introduction

Chronic rejection remains the main obstacle to long-term survival in solid organ 

transplantation. Clinical studies on lung, kidney, liver and heart transplants have shown that 

microvascular loss precedes the development of chronic rejection (1–5). Consistent with 

these reports, our group has demonstrated in a mouse orthotopic tracheal transplantation 

model that a functional microvascular circulation is essential for the health of airway 

transplants and those grafts lacking a functional microvascular supply inevitably develop 

fibrosis (6). We further showed that promoting vascular health by enhancing microvascular 

repair and regeneration during acute rejection leads to better long-term outcomes in airway 

transplants (7). Collectively, these studies highlighted the notion that a loss of the functional 

microvasculature may be a root cause of fibrotic remodeling and strategies aimed at 

enhancing microvascular health may lead to novel therapies for preventing chronic rejection 

(8).

Neutrophils have long been known to be associated with the injury to transplanted lungs (9). 

It has also been shown that neutrophil accumulation in airway walls and in the 

bronchoalveolar lavage (BAL) fluid may increase the risk of developing obliterative 

bronchiolitis (OB) (10, 11). A recent study showed that hyaluronan-induced OB depends on 

activation of the innate immunity with subsequent neutrophilia (12). Neutrophil-derived 

elastases are key modulators of inflammation-induced tissue injury. Destructive elastases, 

including human neutrophil elastase and proteinase 3, can degrade most components of the 

extracellular matrix. They are also able to promote tissue inflammation through diverse 

mechanisms including cleavage of cell surface receptors and liberation of matrix derived 

fragments (13). Neutrophil elastase is also involved in endothelial cell (EC) injury (14–16). 

In lung transplant recipients, unopposed neutrophil elastase activity is commonly observed 

and may be associated with lung injury and the development of OB (17).

Elafin is a low-molecular weight protein that inhibits both neutrophil elastase and proteinase 

3; it also plays an anti-inflammatory role by modulating intracellular signaling pathways 

(18–20). A number of studies have already shown that anti-neutrophil elastase therapies may 

hold promise for the treatment of diseases associated with lung, bowel and skin 

inflammation as well as for ischemia-reperfusion injury following myocardial infarction or 

organ transplantation (13). Additionally, elafin was shown to attenuate coronary arteriopathy 

in a rabbit heterotopic cardiac transplantation model (21). The effect of elafin in models of 

lung transplantation has not been studied.

Several animal models have been developed to study the pathophysiology associated with 

human lung allografts, including heterotopic tracheal, orthotopic tracheal and orthotopic 

lung transplantation. The orthotopic tracheal transplant model does not model OB but is 

utilized because the microvessels are configured in a single physical plane; this architecture 

facilitates the study of the dynamic changes to the entire microcirculatory bed not possible 

in other models. In this model, the complete transplant microcirculation can be visualized on 
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a single whole-mount slide. Rejecting tracheas develop lymphocytic bronchitis, a clinically 

relevant large airway precursor of OB (22). We have used this model to extensively study 

the phenotypic changes of microvessels in transplanted airways undergoing rejection, and 

have demonstrated that chronic rejection of the graft can be delayed and/or attenuated by 

improving the microvascular health of the airway (6, 7, 23–25). Because of the strong 

association between bronchoalveolar fluid neutrophilia and the development of chronic 

rejection, we sought to determine the effect of elafin on airway perfusion, oxygenation and 

tissue remodeling. The main objective of this study was to determine whether 

simultaneously suppressing neutrophil and T cell activity could lead to better preservation of 

the airway microvasculature and architecture than that seen with solely targeting adaptive 

immunity.

Materials and Methods

Mice

All animal procedures were approved by Stanford’s Administrative Panel on Laboratory 

Animal Care (APLAC) and/or the VA Palo Alto Institutional Animal Care and Utilization 

Committee (IACUC). All mice including C57BL/6J (B6; H-2b) and Balb/C (H-2d) were 

purchased from Jackson Laboratories.

Tracheal transplantation

Balb/C mice were used as donors. The surgical procedure of tracheal transplantation was 

carried out as previously described (7). Briefly, donor and recipient mice were matched by 

age and sex and then anesthetized with 50 mg/kg ketamine and 10 mg/kg xylazine. 5- to 7-

ring tracheal segments were removed from donor mice and the donor tracheas were stored in 

phosphate buffered saline (PBS) on ice before transplantation. AdLacZ was used as control 

as we described (7). AdElafin and AdSLPI were produced as described (26, 27). For 

adenovirus gene transfer experiments, donor tracheas were incubated in the adenovirus 

solution (2 × 1012 vp/ml) for 60 minutes at 4°C before transplantation. A ~2–3 cm incision 

was made in the midline region of the recipient’s neck. The strap muscles were then bluntly 

divided and pulled aside with 3-0 sutures, which allowed clear exposure of the 

laryngotracheal complex. After the recipient trachea was transected, donor trachea was sewn 

in with 10-0 nylon sutures and the skin was closed with 5-0 silk sutures.

Tissue preparation for perfusion studies and histology

For whole-mount tracheal microvascular perfusion analysis, mice were injected with 100 μl 

of FITC-conjugated tomato lectin (Vector Laboratories) at a concentration of 1 mg/ml 

through the inferior vena cava. After about 5 minutes of circulation, the mice were perfused 

with 1% PFA diluted in PBS for about 1 minute. The tracheas were then harvested, put in 

1% PFA for 1 hour at 4°C, and then washed 3 times with PBS. Whole tracheas were 

mounted on glass slides in Vectashield H-1200 mounting medium (Vector Laboratories). 

Assessment of the percentage of the perfused area was carried out as previously described 

(23). Briefly, the whole tracheal allograft (every cartilaginous and inter-cartilaginous region) 

was examined and each area was scored either a 1 if it was perfused or 0 if it was not 

perfused. The percent perfusion was then calculated as follows: total score/total regions 
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examined. Paraffin-embedded tracheal segments were initially fixed in cold 10% neutral-

buffered formalin solution. 5-μm sections were cut and stained for H&E and Masson’s 

trichrome staining. Frozen sections were used for other immunohistochemistry analysis. 

Trachea samples were snap-frozen in OCT solution (Sakura Finetek) after harvest and stored 

at −80°C. 8-μm sections were used for immunofluorescence staining. Anti-CD31 (1:200; 

BD Pharmingen) antibody was used to stain endothelial cells; anti-Ly6G (1:100, Abcam) 

and anti-myeloperoxidase (1:100, Abcam) were used to stain neutrophils; anti-F4/80 (1:100; 

eBioscience) and anti-MAC387(1;100; Abcam) were used to stain macrophages; anti-

elastase (1:100, Abcam) was used to stain neutrophil elastase; anti-C3d (1:50, R&D) and 

anti-C5b-9 (1:100, Abcam) were used to study complement deposition; anti-CD4 (1:200) 

and anti-CD8 (1:200; BD Pharmingen) were used to stain CD4+ and CD8+ T cells 

respectively. Dihydroethidium (DHE) (20μM, Invitrogen) was used to detect reactive 

oxygen species (ROS) as we described (28). The TUNEL assay (Invitrogen, C10245) to 

stain for apoptotic cells was carried out according to the manufacturer’s protocol. NE680 

(PerkinElmer) was used to detect elastase activity as described (29). Photomicrographs were 

taken with a Zeiss LSM 510 laser scanning confocal microscope coupled with Zeiss LSM 

Image Browser software.

Western blotting

Protein of cultured endothelial cells was extracted with RIPA buffer that contained both 

protease and phosphatase inhibitors (Thermo Fisher Scientific). Extracts were incubated on 

ice for 30 minutes, followed by centrifugation at 18,000 g at 4°C for 15 minutes. Extracts 

containing 35 μg of protein were separated on SDS gels and transferred to nitrocellulose 

membranes. Actin was used as an internal control. Membranes were incubated with anti–p-

ERK1/2 (Cell Signaling), anti–ERK1/2 (Cell Signaling), or anti-actin (Sigma-Aldrich) at 

4°C overnight. Blots were incubated with the appropriate secondary antibodies and signals 

were detected by PhosphorImager analysis using ECL Plus (Amersham).

Administration of elafin and cyclosporine (CsA)

Elafin (Proteo Biotech AG) was diluted in PBS and administered at a concentration of 

1.9mg/kg/d through a subcutaneous mini-osmotic pump (Alzet, model 2002) from day 0 

until sacrifice. CsA stock solution (100mg/ml) was made by dissolving it in ethanol. CsA 

stock was further diluted in PBS and administered every day from day 0 through 

intraperitoneal injection.

Tissue oximetry

Tissue oxygen content was measured by the fluorescence quenching technique with the 

OxyLab pO2 monitor (Oxford Optronix Ltd.) as previously described (30). To take 

measurements, the fiber optic probe was placed against the epithelial luminal surface of the 

trachea.

Blood perfusion monitoring by laser doppler flowmetry

The procedure has been described in detail in (30). In short, the transplanted mice were 

placed under general anesthesia and the tracheal grafts were carefully exposed by gently 
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retracting the strap muscles with stay sutures, revealing the anterior wall of the trachea. 

Perfusion monitoring was performed with a fiber optic laser doppler flowmetry (LDF) probe 

connected to the OxyLab LDF monitor (Oxford Optronix). The probe was connected to a 

micromanipulator and gently lowered onto the outer surface of tracheal grafts. This provided 

a continuous digital readout of blood perfusion units (BPUs) by real-time measurements of 

red blood cells in flux which is proportional to the red blood cell perfusion. BPU 

measurements were recorded.

Tube formation assay, scratch assay and migration assay

Tube formation assay—Matrigel (BD Matrigel Basement Membrane Matrix Growth 

Factor Reduced, Phenol Red Free, 356231) was thawed on ice overnight, dispersed onto 48-

well plates (100 μl per well) and allowed to polymerize for 30 minutes at 37°C. Human 

umbilical vascular endothelial cells (HUVECs) were seeded on the Matrigel at the density of 

1×104 cells per well. Images were taken 10 hours later. ImageJ software was used to 

determine total cellular cord length and branch points.

Migration assay—Cellular migration was evaluated with a modified Boyden chamber 

assay. Briefly, HUVECs at 3–5 passages were detached from cell culture plates with 0.25 % 

trypsin and harvested by centrifugation. 2 × 104 HUVECs in 250 μl of serum free 

endothelial cell medium (ECM) (Sciencell, Cat#: 1001) were seeded in the upper chamber 

of transwell cell culture inserts (8 μm pore size; BD Biosciences). 750 μl of serum free ECM 

containing human recombinant vascular endothelial growth factor (VEGF; 1.2 nM, 

Peprotech), or 0.3 μM, 0.6 μM, 1.2 μM recombinant elafin or 0.6 μM elafin + 10 μM PD 

98059 (an inhibitor of ERK1/2) were placed in the lower chamber. After incubation for 10h 

at 37°C, the nonmigrating cells were gently removed from the upper chamber with a cotton 

swab. The membranes were then washed with PBS and fixed with methanol for 5 mins. 

Cells were stained with a modified Giemsa solution (Sigma-Aldrich, Cat#: GS500) for 

quantification. Cells that migrated into the lower chamber were counted manually in five 

random high-power (100×) microscopic fields by independent, blinded investigators and the 

average number of cells/100× field was determined.

Scratch assay—6×105 HUVECs were seeded on an Easy Slide (Millipore) the day before 

the experiment and allowed to form a fully confluent monolayer. Cells were then starved in 

serum free medium for 12 hours. A 200 μl pipet tip was used to scratch a straight line across 

the middle of the cell monolayer. Cell debris was washed off with PBS. HUVECs were then 

incubated with serum free medium. Images were taken immediately after scratch and the 

same windows were imaged again 12 hours later. The rate of cell migration was calculated 

with ImageJ software as the average percent wound closure from at least 3 independent 

experiments.

Chemotaxis assay

Neutrophils and macrophages were isolated from peritoneum following 3% thioglycollate 

treatment for 2 hours and 48 hours, respectively. 2D μ-Slide Chemotaxis chamber (Ibidi, 

Cat#: 80306) was used for the chemotaxis assay following the manufacturer’s instruction. 
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Freshly isolated neutrophils and macrophages were used for the assay. Images were taken 

following 6 hours of chemotaxis. ImageJ was then used to analyze the data.

Statistical analysis

Statistical analysis was performed using 1-way ANOVA with Tukey’s post test or 2-tailed 

Student’s t-test, with a significance level of P < 0.05.

Results

Cyclosporine does not protect airway microvascular perfusion

CsA, a calcineurin inhibitor that blocks T cell activation, is a medication that is routinely 

used in transplant recipients. While CsA blocks parenchymal rejection in pre-clinical 

models, including tracheal allografts (31), CsA has not been previously studied with respect 

to conserving microvascular perfusion specifically. In orthotopic tracheal transplants, the 

acute rejection phase ranges from d4 to d12 following transplantation. In general, d4 is the 

time when the free tracheal transplant starts to be perfused, and this perfusion will last until 

d8; d10 is the time point when the microvasculature loses its perfusion, and d12 marks the 

late phase of acute rejection in this model (6, 7). Chronic rejection starts on approximately 

d14 and the airway transplant reaches a stable fibrotic structure on around d28. We have 

previously demonstrated that protection of a functional microcirculation during acute 

rejection can delay or even prevent the development of chronic rejection. Therefore, we 

focused on the acute rejection phase in this study. When CsA was administered at a 

concentration of 25mg/kg/d, a high dose of CsA previously used in the tracheal study (31), 

the epithelial layer of the d14 allografts was partially protected. But surprisingly, no 

microvascular perfusion was observed (Fig. 1A). At this dose, we suspected that CsA could 

have been injurious to endothelial cells, and that with lower doses, better microvascular 

perfusion would be observed. Therefore, we examined tissue perfusion using low doses of 

CsA. Our group has previously shown BPU measured by LDF can be used to serially 

measure airway perfusion (30). Time course experiments with CsA at doses of 2.5 and 

10mg/kg/d revealed that while CsA limited mononuclear cell inflammation, it did not 

preserve microvascular perfusion (Fig. 1B); tissue ischemia correlates well with BPU 

readings 150 (23). Thus, at all concentrations tested, CsA did not preserve a functional 

microvasculature in airway transplants undergoing acute rejection. We questioned whether 

the inability of CsA to protect the microvascular circulation was because of the toxicity of 

CsA to endothelial cells or because vascular injury was attributable to non-T cell mediators 

not targeted by this therapy. We subsequently studied the role of neutrophil elastase in graft 

ischemia as a possible pathway, not addressed by CsA monotherapy, which could account 

for the calcineurin inhibitor’s failure to protect microvessels.

Increased neutrophil elastase activity in airway transplants undergoing acute rejection

Cells of the innate immune system, such as macrophages and neutrophils, are known to be 

present in transplants undergoing acute rejection and these cells may induce tissue injury, 

including endothelial cell death, through various mechanisms such as the production of 

ROS, IL-1β and TNF-α (8, 32). Using Ly6G as a marker for neutrophils, we observed a 

significant infiltration of neutrophils into airways on both 8 and 12 days following 
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transplantation (Fig. 2A–C). Neutrophil elastase was also abundantly present in d8 

transplants (Fig. 2D and E). Correspondingly, d8 allografts displayed elevated neutrophil 

elastase activity as measured by NE680 staining (Fig. 2F and G). To test whether elevated 

anti-elastase activity improves airway health, we overexpressed elafin or secreted leukocyte 

protease inhibitor (SLPI, a molecule that also inhibits human neutrophil elastase (13)) in 

airway donors by adenovirus-mediated gene transfer (both of the vectors encode the secreted 

form of the proteinase inhibitor). The results showed that both elafin and SLPI 

overexpression were able to improve microvascular perfusion of the allografts 12 days 

following transplantation (Fig. 2H)

Systemic elafin administration prolongs airway microvascular perfusion and diminishes 
tissue hypoxia

Given the improvement in microvascular perfusion seen with the adenoviral elafin 

overexpression, we then tested systemic administration of recombinant human elafin. 

Consistent with the microvascular rejection kinetics observed with this strain combination in 

prior reports (6, 7), microvascular perfusion, as assessed by FITC-lectin perfusion, in saline 

treated control transplants was lost at d10, followed by a slow vascular regrowth from d12 to 

d18. However, in transplants treated with elafin, while there was still loss of perfusion at 

d10, there was improved microvascular perfusion starting on d12 and continuing through 

d18 (Fig. 3A and B). Consistent with the FITC-lectin perfusion, elafin treated allografts had 

higher airway tissue pO2 and BPU from d12 to d18 following transplantation (Fig. 3C and 

D). We further showed that elafin treated allografts had better epithelial layer coverage and 

less subepithelial fibrotic remodeling (Fig. 3E)

Elafin diminishes the infiltration of neutrophils and macrophages but not T cells

Several lines of evidence have shown that elafin diminishes tissue inflammation through 

diverse mechanisms. Consistent with an earlier study (33), elafin treatment diminished 

neutrophil infiltration into acutely rejected airways as measured by myeloperoxidase (MPO) 

staining and is quantified as the mean fluorescent intensity (Fig. 4A and B). We further 

showed that on both d6 and 12, elafin therapy diminished neutrophil infiltration, and 

neutrophil infiltration into d12 allograft was less severe than that of d6 (Supplemental Fig. 

1A and B). Because MPO is an enzyme associated with the production of ROS, we 

examined the levels of ROS by staining for DHE around the microvasculature endothelium. 

This showed that there was a reduction in the perivascular accumulation of ROS with elafin 

treatment (Fig. 4C and D). By using two markers commonly used to stain macrophages, 

F4/80 and MAC387, we found that elafin was also associated with diminished macrophage 

infiltration into grafts undergoing acute rejection (Supplemental Fig. 2A–D). We next 

demonstrated that elafin directly inhibited the chemotaxis of neutrophil in a concentration-

dependent manner, whereas it had no effect on the migration of macrophages (Supplemental 

Fig. 3). T cells were also studied because they are known to play an essential role in airway 

rejection as previously described (24). Elafin treatment did not significantly affect the 

numbers of infiltrated CD4+ and CD8+ T cells in d8 allografts (Supplemental Fig. 4A–D). 

Together, these studies suggest that elafin treatment may diminish injurious tissue 

inflammation by attenuating the infiltration of innate immune cells; elafin may directly act 

on neutrophil and inhibit its migration.
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Elafin diminishes microvascular complement deposition and endothelial cell apoptosis

As shown above (Fig. 3A), although elafin effectively promoted microvascular perfusion 

from d12 to d18, it was not able to completely protect the microvessels in d10 allografts. A 

similar phenomenon, characterized by a short-term perfusion loss during acute rejection, 

was observed in our previous study, in which we used mice in which the complement 

component, C3, was knocked out as transplant recipients (24). Interestingly, elastase has 

also been shown to cleave components of the complement system (34). We therefore 

hypothesized that elafin may attenuate complement activation. Indeed, the microvasculature 

of elafin treated d8 allografts had significantly lower levels of C3d deposition (Fig. 5A and 

D). Correspondingly, deposition of the membrane attack complex, C5b-9 (Fig. 5B and E) 

and endothelial cell apoptosis were also significantly diminished (Fig. 5C and F). These 

studies together suggest that elafin is able to protect endothelial cells from apoptosis likely 

by inhibiting injurious inflammation induced by neutrophils, macrophages and complement 

deposition.

Elafin promotes endothelial tube formation, migration and wound healing

Although elafin is better known as an inhibitor of neutrophil elastase, a very recent study 

revealed that this endogenous inhibitor can also directly promote tumor cell proliferation by 

activating the ERK mitogenic signaling pathway (35). We performed Western blot analysis 

of HUVECs and showed that elafin dose-dependently enhanced ERK1/2 activation (Fig. 

6A). This implies that elafin may also directly promote endothelial proliferation and 

angiogenesis. To test this, we next carried out a series of angiogenesis assays, including the 

Matrigel tube formation assay, the migration assay and the scratch wound healing assay. 

Culture of HUVECs in Matrigel showed that elafin dose-dependently promoted tube 

formation (Fig. 6B–G, T and U). The migration (Fig. 6H–M, V) and scratch (Fig. 6N–S, W) 

assays showed that elafin promoted endothelial cell migration and wound healing capacity, 

respectively. At a concentration of 1.2μM, elafin was nearly as effective as VEGF in 

inducing endothelial cell tube formation, migration and wound healing (Fig 6. T–W). These 

data demonstrate that elafin can act on endothelial cells to directly promote angiogenesis. A 

dose response assay further showed that 1.2μM elafin induces tube formation as potent as 

commonly used concentrations of VEGF in in vitro assays (0.6nM, 1.2nM) (Supplemental 

Fig. 5A and B), suggesting that high levels of elafin (μM concentrations) may also potently 

promote angiogenesis in vivo.

CsA are known to induce EC injury and apoptosis (8), here we asked whether elafin is able 

to reverse the effect of CsA-induced EC injury. CsA, at a concentration of 0.1 μM, slightly 

decreases EC tube formation (Fig. 7A), and elafin is able to promote tube formation at 

concentrations of both 0.6 and 1.2 μM (Fig. 7A and B). However, 0.3 μM CsA, a 

concentration that can be reached in transplant patients (36), significantly diminishes EC 

tube formation, and elafin is able to counter the injurious effect of CsA and promote the tube 

formation at a concentration of 1.2 μM (Fig. 7A and B). These data suggested a protective 

role of elafin against CsA-induced EC damage.

Jiang et al. Page 8

Am J Transplant. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Cyclosporine and elafin synergistically promote airway microvascular perfusion

Because CsA and elafin utilize distinct mechanisms to protect airway transplants, namely, 

by targeting adaptive immunity and innate immunity, respectively, we hypothesized that 

combination treatment with elafin and CsA may enhance the individual therapeutic efficacy 

of each drug. While neither elafin nor CsA alone was able to preserve microvascular 

perfusion, the combination of elafin and CsA (at a dose of 2.5mg/kg/d) synergistically 

promoted the perfusion of d10 allografts (Fig. 8A and B). Both BPU and airway tissue pO2 

studies showed a similar synergistic effect with elafin and CsA treatment (Fig. 8C and D). 

These data suggest that transplant microvascular health can be promoted by the 

simultaneous targeting of T cell and neutrophil-mediated immunity.

Discussion

Although neutrophils have long been known to be associated with transplant injury and the 

development of chronic rejection, no effective therapies have targeted neutrophils to prevent 

or reverse chronic rejection in solid organ transplantation. In the current study, we 

demonstrate that systemic administration of the neutrophil elastase inhibitor, elafin, was 

effective in protecting the microvascular circulation of airway transplants undergoing acute 

rejection and in expanding the incomplete therapeutic coverage of CsA. Consistent with our 

earlier findings (6), we again demonstrated that a healthier microvascular system preserves 

the airway epithelium and results in less fibrotic remodeling (Fig. 3E).

Following transplantation, the graft microvasculature encounters multiple insults including 

ischemia reperfusion injury and alloimmune attack (8, 32). Despite treatment with powerful 

immunosuppressants, the graft microvascular circulation sustains repetitive injury followed 

by inadequate regeneration which eventually leads to prolonged tissue hypoxia and 

accelerated fibrotic remodeling. Therefore, preservation of the graft microvasculature may 

represent a key strategy for preventing chronic rejection (8). Elafin may protect the 

microvasculature of transplant tissue through several mechanisms: 1) Elafin may reduce 

inflammation by preventing elastase-mediated elastin cleavage and accompanied tissue 

damage as shown in lung and colon models of bacterial infections (37–39). 2) Elafin also 

likely diminishes airway inflammation by attenuating the infiltration of neutrophils and 

macrophages. This is consistent with the described anti-inflammatory properties of elafin in 

vitro and in vivo (27, 37–39), and with previous findings that show that elastase may 

promote inflammation by activating receptors such as TLR4, and modulating the level of 

cytokines, such as IL-8 and monocyte chemotactic protein (MCP-1) (40–42), which are 

potent chemo-attractants for neutrophils and monocytes/macrophages. Our data also 

suggested that elafin may attenuate neutrophil infiltration by directly inhibiting its 

migration. 3) Elafin can decrease complement activation and deposition on the endothelial 

cells of the microvasculature. Our data is consistent with earlier findings that showed that 

elastase is able to cleave and activate C3 (34), and that neutrophil elastase inhibition 

attenuates complement C5-mediated lung vascular injury (43). Moreover, since C5a 

promotes airway microvascular leakage and contributes to fibrotic remodeling of the 

allograft (25), elafin may also promote airway microvascular integrity by inhibiting C5 

activation. Additionally, elafin may also promote angiogenesis by inhibiting the activation 
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of C3 as we suggested previously (24). 4) Elafin can decrease the production of perivascular 

ROS, whose production is catalyzed by neutrophil-produced myeloperoxidase. ROS is 

known to be one of the major mechanisms by which neutrophils can kill endothelial cells in 

transplants (44). 5) Lastly, elafin may directly act on endothelial cells as a mitogenic 

molecule and promote angiogenesis. Informed by a recent publication, in which elafin was 

demonstrated to promote cancer cell proliferation in an ERK activation-dependent manner 

(35), we also found that elafin is capable of activating ERK in endothelial cells and 

promoting endothelial cell proliferation, migration and tube formation in a dose-dependent 

manner (Fig. 6). At a concentration of 1.2μM, elafin is nearly as potent as VEGF in 

promoting angiogenesis. While it is not yet known how elafin activates the ERK pathway, 

this data suggests that the role of elafin as a potent proangiogenic molecule may be of 

significant importance in human physiology and pathophysiology. In addition, this 

mitogenic function of elafin may also protect ECs against CsA-induced injury (Fig. 7).

Cyclosporine is a calcineurin inhibitor that binds to cyclophilins and inhibits the 

transcription of IL-2 in T cells, which, in turn, prevents proliferation of activated T cells. 

The use of CsA has revolutionized the field of solid organ transplantation and the survival of 

transplant recipients has been dramatically improved since its introduction (e.g, (45)). 

However, a number of studies have shown that CsA is injurious to endothelial cells of 

kidney and heart transplants (46–48). While CsA did limit inflammation and partially 

protected the airway epithelium at doses of 2.5–25mg/kg/d, it was not able to maintain 

normal microvascular perfusion of the airway transplants. One possible explanation of this 

finding is that CsA is toxic to endothelial cells of the transplants undergoing acute rejection. 

However, the fact that CsA failed to preserve a normal airway microvascular circulation at 

all doses (2.5, 10 and 25mg/kg/d) tested, suggested that the suppression of T cell activity 

alone by CsA was not sufficient to overcome other factors that contribute to EC damage. 

ECs may be killed by other mechanisms such as the inflammation induced by cells of the 

innate immune system, including neutrophils and macrophages or through the complement 

system. Therefore, reducing neutrophil infiltration and associated inflammation is necessary 

and may be essential for enhancing transplant microvascular integrity and preventing the 

development of chronic rejection. However, we are also aware of the limitation of this 

relatively simplified tracheal transplant model we used, the complex microvascular system 

of a whole lung transplant may respond quite differently to the neutrophil and associated 

inflammation as well as therapeutic interventions.

In summary, this study indicates that the systemic administration of elafin fosters allograft 

microvascular perfusion and promotes the structural integrity of transplant tissue. Elafin 

may achieve its therapeutic effects by reducing inflammation, reducing the production of 

ROS and EC complement deposition, or by acting as an EC mitogen to directly promote 

angiogenesis. Our study suggests that the suppression of neutrophil elastase activity may 

represent a novel adjunctive therapy for transplant recipients suffering acute rejection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ANOVA analysis of variance

BAL bronchoalveolar lavage

BPU blood perfusion unit

C complement

CsA cyclosporine

DHE Dihydroethidium

EC endothelial cell

ECM endothelial cell medium

ERK extracellular signal–regulated kinase

HUVEC human umbilical vein endothelial cell

IL interleukin

LDF laser doppler flowmetry

MFI mean fluorescence intensity

MCP monocyte chemotactic protein

MPO myeloperoxidase

OB obliterative bronchiolitis

PBS phosphate-buffered saline

ROS reactive oxygen species

SEM standard error of the mean

SLPI secreted leukocyte protease inhibitor

TLR Toll-like receptor

TNF tumor necrosis factor

TUNEL terminal deoxynucleotidyl transferase–mediated dUTP nick end-labeling
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Figure 1. CsA does not protect the microvascular circulation of airway transplants
(A) H&E staining (top row) and FITC-lectin perfusion (bottom row) of d14 allografts. CsA 

was administered at a dose of 25mg/kg/d. CsA partially protected the epithelial layer (top 

row), but did not preserve microvascular perfusion (bottom row). (B) BPU studies showed 

that CsA administered at doses of both 2.5 and 10mg/kg/d did not improve airway blood 

perfusion compared with controls (n=4–6 per group). The hatched line background 

represents values at which ischemia is demonstrated by FITC-lectin staining. BPUs are 

arbitrary values determined by the doppler flowmetry device. Scale bars, 20μm (A, top row) 

and 100μm (A, bottom row). Data are shown as mean±SEM.
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Figure 2. Increased neutrophil infiltration into airway transplants undergoing acute rejection
(A–C) Neutrophil infiltration, identified by Ly6G staining, into normal tracheas (A), d8 

transplants (B) and d12 transplants (C). (D–E) Expression of elastase in normal tracheas (D) 

and d8 transplants (E). (F–G) Elastase activity in normal tracheas (F) and d8 transplants (G). 

(H) FITC-lectin perfusion imaging showing that adenovirus-mediated elafin or SPLI 

transduction protected the microvascular circulation of d12 airway transplants (n=4–6, 

representative image shown). Scale bars, 20μm (A–G) and 100μm (H).
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Figure 3. Systemic elafin administration prolongs airway microvascular perfusion, diminishes 
airway hypoxia and attenuates airway fibrotic remodeling
(A) FITC-lectin perfusion imaging showing that elafin (1.9mg/kg/d starting on d0) treatment 

prolongs airway microvascular perfusion. (B) Quantification of perfused areas of the trachea 

transplant. (C) Airway tissue pO2 measurement following transplantation. (D) Blood 

perfusion units measured by laser doppler flowmetry. (E) Masson’s Trichrome staining 

showed that elafin-treated tracheas at d18 display more normal epithelial layer and less 

subepithelial fibrosis (n=4–6, representative image shown). Scale bars, 100μm (A) and 

20μm (E). Data are shown as mean±SEM. Individual time points were compared with the 

Student’s t test. *P<0.05.
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Figure 4. Elafin administration diminishes neutrophil infiltration and the production of 
perivascular ROS
(A) Myeloperoxidase (MPO) staining showing decreased neutrophil infiltration into d8 

transplants following elafin treatment. (B) Quantification of mean fluorescence intensity 

(MFI) of MPO staining (n=3–5 per group). (C) Detection of ROS by DHE staining showing 

decreased perivascular ROS production (white arrows) in elafin-treated allografts. (D) 

Quantification of perivascular MFI of DHE staining (n=3–5 per group). Scale bars, 20μm (A 

and C). Data are shown as mean±SEM. Student’s t test was used to compare groups. 

*P<0.05.
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Figure 5. Elafin diminishes complement deposition on airway microvasculature
(A) Immunofluorescence imaging shows less C3d deposition on ECs (white arrows) in 

allografts treated with elafin. (B) ECs of allografts treated with elafin have less deposition of 

C5b-9 complex. (C) EC TUNEL staining shows decreased EC apoptosis in allografts treated 

with elafin. (D–F) Quantification of C3d deposition (D), C5b-9 deposition (E) and EC 

TUNEL staining (F) (n=6 per group, representative image shown). Scale bars, 20μm (A–C). 

Data are shown as mean±SEM. Student’s t test was used to compare groups. *P<0.05.
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Figure 6. Elafin promotes HUVEC tube formation, migration and wound healing
(A) Western Blot analysis showing that elafin dose-dependently induces ERK1/2 

phosphorylation. PMA was used as a positive control for ERK1/2 phosphorylation, the 

ERK1/2 inhibitor, PD098059, was used at a concentration of 10μM. (B–S) Elafin dose-

dependently promotes HUVEC tube formation (B–G) as measured by the Matrigel assay, 

HUVEC migration as measured by the Boyden Chamber assay (H–M), and HUVEC wound 

healing assay (N–S). VEGF was used as a positive control. (T–W) Quantification of total 

tube length (T), number of branch points per field (U), number of migrated cells in Boyden 

Chamber assay (V) and number of migrated cells in wound healing assay (W). (n=4–6 per 

group). Scale bar, 300μm (B–S). Data are shown as mean±SEM. Student’s t test (T–V) or 1-

way ANOVA with Tukey’s post test (W). *P<0.05; NS, not significant.
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Figure 7. Elafin promotes tube formation in the presence of CsA
(A) Tube formation assay with different concentrations of CsA (0.1 μM and 0.3 μM) and 

elafin (0.3 μM, 0.6 μM and 1.2 μM). (B) Quantification of the tube formation assay. Scale 

bar, 300μm (A). Data are shown as mean±SEM. One-way ANOVA with Tukey’s post test 

(B). *P<0.05.
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Figure 8. Cyclosporine and elafin synergistically promote airway microvascular perfusion and 
oxygenation
(A) FITC-lectin perfusion image showing that neither elafin (1.9mg/kg/d) nor CsA 

(2.5mg/kg/d) is able to preserve microvascular circulation of d10 allografts, but the 

combination of elafin and CsA therapy protects the microvascular circulation. (B) 

Quantification of perfused area. (C, D) Both blood perfusion unit study (C) and tissue pO2 

examination (D) showed the synergistic effect of elafin and CsA (n=4–6 per group). Scale 

bar, 100μm (A). Data are shown as mean±SEM. Student’s t test was used to compare 

groups. *P<0.05.
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