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Abstract

Since its first success in 1983, lung transplantation has become the treatment of
choice for selected patients with end stage lung disease. However, long-term graft
survival is relatively low compared to other solid organs, such as heart, liver and
kidney. The primary factor limiting long-term survival of pulmonary allografts is
obliterative bronchiolitis (OB), a form of chronic pulmonary graft rejection characterized
by submucosal fibroproliferation of the small airways, which leads to luminal
compromise and respiratory failure. Due to their unique anatomic location, lungs are
exposed to environmental factors in the air which include potentially toxic agents. This
suggests a possible importance of non-alloimmune mediated factors in the pathogenesis
of pulmonary rejection in addition to alloimmunity.

Clinical reports reveal that gastroesophageal reflux disease (GERD) is commonly
observed following lung transplantation, and it has been postulated that GERD after
lung transplantation could accelerate the development of OB and subsequent lung
allograft failure. Although clinical studies point to the importance of GERD in the
survival of the transplant, the potential effects of GERD on pulmonary allografts still
need to be identified. In this dissertation, the effects of GERD on pulmonary allografts,
including ischemia-reperfusion (I-R) injury and the pH of the gastric fluid aspirate, are
evaluated. Further, this dissertation explores the mechanisms by which GERD affects

chronic lung allograft rejection, particularly the role played by mast cells in rejection.
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I-R injury of the pulmonary graft has been associated with a higher risk of
developing bronchiolitis obliterans syndrome (BOS) in clinical practice, and prolonged
ischemic time has been correlated with poorer long-term survival after lung
transplantation. To explore the relationship between GERD, I-R injury, and OB
formation after lung transplantation, the effect of long and short ischemic times on
WKY-to-F344 rat orthotopic left lung transplants receiving 8 weekly aspirations of
gastric fluid was assessed. In this study, described in Chapter 2, long ischemic times led
to significantly (p < 0.05) greater development of OB compared to short ischemic times.
However, the development of OB was dependent on aspiration, as controls receiving
aspiration with normal saline showed little development of OB, regardless of ischemic
time (p < 0.05). The data suggest that prolonged ischemic time, while insufficient by
itself to lead to OB, worked synergistically with chronic aspiration of gastric fluid to
exacerbate the development of OB.

Also, it remains unknown whether pharmaceutical-induced increases in gastric
pH might effectively prevent pulmonary injury associated with chronic aspiration. The
hypothesis that neutralization of gastric fluid would affect the development of
aspiration-associated OB was tested. The results, described in Chapter 3, revealed that
the pH of the aspirated gastric fluid did not significantly affect pulmonary graft

rejection. This finding suggests that clinical management of lung transplant patients



with GERD should probably include more than just pharmaceutical blockage of gastric
protons and/or antacid to neutralize the pH of gastric fluid.

Mast cells, the first responders of the innate defense system, might play a role in
pulmonary allograft rejection due to their ability to orchestrate innate and adaptive
immune responses. Correspondingly, increased mast cell numbers associated with
increased rejection grade as well as the presence of OB were reported in a retrospective
clinical study. Identifying how mast cells are involved with gastric fluid aspiration-
associated pulmonary allograft rejection could uncover a potential method for
treatment. With this in mind, cromolyn, a mast cell membrane stabilizer which prevents
mast cell degranulation, was utilized to investigate the role of mast cells in the
pathogenesis of pulmonary allograft failure. The results, described in Chapter 4, reveal
that pulmonary allografts in rats treated with cromolyn and aspirated with gastric fluid
developed significantly fewer OB lesions than those treated with gastric fluid alone
(p<0.001). Further, the number of mast cells per small bronchiole significantly increased
in the animals aspirated with gastric fluid regardless of the treatment of cromolyn.
Therefore, cromolyn ameliorates the development of OB in pulmonary allografts,
perhaps by qualitative (preventing mast cell degranulation), and not quantitative
(reducing the numbers of mast cells), changes in the mast cells in the bronchioles. These
findings suggest that mast cells play a substantial role in gastric fluid aspiration-

mediated pulmonary allograft failure.
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1. Introduction and overview

1.1 Lung transplantation, obliterative bronchiolitis and
bronchiolitis obliterans syndrome

In June 1963, a 58-year-old man with squamous cell carcinoma on the left main
stem bronchus causing suppurative infection distal to the lesion received the first human
lung transplantation in the history by James Hardy and colleagues at the University of
Mississippi Medical Center in Jackson, Mississippi. Immunosuppression with
azathioprine was prescribed and maintained postoperatively. However, the patient died
in the hospital on the 18" day after the lung transplantation due to renal failure.
Autopsy found no signs of rejection in the transplanted lung (Hardy, Webb et al. 1963).
Approximately 40 lung transplantations were performed without success in the
following two decades. In about half of those patients, graft dysfunction leading to
death developed within one week post-transplantation due to poor perfusion and
rejection. Other recipients survived for more than one week and mostly suffered from
complications of bronchial anastomosis. Success was finally achieved in November of
1983 using the newly developed immunosuppressive drug cyclosporine, when the
Toronto Lung Transplant Group led by Joel Cooper performed a lung transplantation in
a 58-year-old man with idiopathic pulmonary fibrosis. In that operation, they utilized an
omental flap to re-establish the blood flow of the donor bronchus preventing the leakage

of bronchial anastomosis. The patient left the hospital 6 weeks after transplantation and



survived for more than 6 years before dying of renal failure (Toronto Lung Transplant
Group 1986, Davis and Pasque 1995).

Since this initial success in 1983, lung transplantation has been considered as the
treatment of choice for selected patients with severe respiratory failure (Davis and
Pasque 1995, Verleden, Vos et al. 2009). The one-year survival rate currently after lung
transplantation is approximately 80% (Christie, Edwards et al. 2011). However, long-
term post-transplant survival is relatively low for lung recipients compared to other
solid organ transplants. A study from the United Network for Organ Sharing (UNOS)
showed that the 5-year graft survival rate of the lung is only 52%. In contrast, the same
UNOS study showed that the five-year graft survival rates of the heart, liver, and
cadaveric kidney are 78%, 67%, and 70%, respectively (UNOS 2010).

Obliterative bronchiolitis (OB), the primary pathological milieu associated with
lung transplant failure, was first reported in heart-lung transplant patients in 1984
(Burke, Theodore et al. 1984). OB is characterized by partial or complete occlusion of the
small airways due to fibroproliferation of submucosa (Yousem, Burke et al. 1985,
Stewart, Fishbein et al. 2007). As the definition of OB is based on a histopathological
description, it is difficult to make the diagnosis in clinical practice. First, transbronchial
biopsy specimens are often not sufficiently sensitive for a histological confirmation.
Second, usage of open lung biopsy is limited because of its morbidity. Therefore, a

committee sponsored by the International Society for Heart and Lung Transplantation in



1993 proposed a clinical surrogate for OB, known as bronchiolitis obliterans syndrome
(BOS), that is characterized by a functional decline of the forced expiratory volume in 1
second (FEV1) when other causes are excluded (Cooper, Billingham et al. 1993, Estenne,
Maurer et al. 2002). Patients are diagnosed with BOS when the FEV1 drops 20% from the
baseline reference value. BOS is graded as follows: Stage I for FEV1 between 66-80% of
baseline; Stage II for FEV1 between 51-65% of baseline; and Stage III for FEV1 <50% of
baseline (Estenne, Maurer et al. 2002).

Several risk factors have been reported in the literature for the development of
BOS, including those associated with an alloimmune response such as an acute rejection
episode, lymphocytic bronchitis/bronchiolitis, and human leukocyte antigen (HLA)
mismatching (Sharples, McNeil et al. 2002, Scott, Sharples et al. 2005). Alloimmunity is
mediated through the direct pathway or the indirect pathway, which involves recipient
T cells that recognize the major histocompatibility complex (MHC) on donor cells or
donor MHC antigens presented on recipient antigen-presenting cells, respectively.
Activated T cells and T cell mediated immune responses subsequently damage the
donor graft to cause graft failure (Le Moine, Goldman et al. 2002). This adaptive
alloimmune response based process is consistent with the mechanism thought to be
responsible for chronic allograft failure in other solid organ transplants. However,
pulmonary allografts have a significantly worse long-term survival than heart, liver, or

kidney allografts, suggesting that the immunology of lung rejection may be different



from that of these organs. The lung graft differs as it is continuously exposed to
inhalational and environmental agents, many of which fall under the purview of the
innate immune system. Therefore, non-alloimmune factors that stimulate the innate
immune system (Sharples, McNeil et al. 2002, Nicod 2006), including infection,
ischemia-reperfusion (I-R) injury and gastroesophageal reflux disease (GERD),
potentially cause upregulation of adaptive alloimmune responses (Sato and Keshavjee
2008) and have garnered increasing attention by scientists studying pulmonary allograft

rejection.

1.2 Gastroesophageal reflux disease in lung transplantation
1.2.1 GERD in end stage lung disease

GERD is potentially an important factor in a variety of pulmonary diseases,
including asthma (Chan, Chiou et al. 2011), cystic fibrosis (Ledson, Tran et al. 1998),
idiopathic pulmonary fibrosis (IPF) (Tobin, Pope et al. 1998) and chronic obstructive
pulmonary disease (COPD) (Kempainen, Savik et al. 2007). GERD has been reported as
highly prevalent in end-stage lung disease candidates for lung transplants (D'Ovidio,
Singer et al. 2005). Among the 78 patients evaluated by D’Ovidio et al., 63% (49/78)
demonstrated gastroesophageal reflux-related symptoms. Seventy-two percent (56/78) of
the patients had decreased lower-esophageal sphincter pressure regardless the

symptoms. Further, IPF patients on the transplant waiting list who have received



laparoscopic fundoplication for reducing reflux required a significantly lower-oxygen
support in a retrospective study (Linden, Gilbert et al. 2006). It is still unclear whether
the relationship between GERD and pulmonary disease is causal, but studies have
shown that they are associated. It is possible that GERD may be a result of end-stage
lung disease: Patients with end-stage lung disease might develop GERD due to a
weakness of the lower esophageal sphincter and hiatal abnormality, caused in turn by
an elevated abdominal pressure due to a more negative intrathoracic pressure and lung
hyperinflation (Linden, Gilbert et al. 2006). On the other hand, GERD may lead to lung

disease, perhaps by a direct effect of chronic, repetitive microaspiration events.

1.2.2 Clinical reports of GERD in post-lung transplantation

GERD has also been shown to be highly prevalent in lung transplanted patients
(Hadjiliadis, Davis et al. 2003, Young, Hadjiliadis et al. 2003). Delayed gastric emptying
and distal esophageal dysmotility caused by vagal nerve injury during recipient
pneumonectomy in lung transplantation procedure may increase the risk of GERD and
gastric aspiration (Hadjiliadis, Davis et al. 2003, Robertson, Ward et al. 2010). Further,
gastric paresis, nausea, vomiting and other gastrointestinal side-effects of cyclosporine,
steroid, and mycophenolate mofetil may contribute to reflux and aspiration that often
develop in post-transplantation patients (Hadjiliadis, Davis et al. 2003, Robertson, Ward

et al. 2010). Decreased or absent cough reflex, impaired mucociliary function, and vocal



cord injury may further amplify the effects of GERD in this population (Mohammed and
Neujahr 2010).

One of our early research interests of the role that GERD might play in
pulmonary allograft injury emanated from a treatment experience reported by
pulmonologist Scott Palmer and colleagues at Duke University Medical Center (Palmer,
Miralles et al. 2000). The patient described in this case report had undergone lung
transplantation because of end-stage respiratory failure secondary to cystic fibrosis. He
subsequently received bilateral lung re-transplantation 15 months after his initial
transplantation due to BOS. His lung function improved initially; however, he
developed a progressively obstructive ventilatory defect as assessed by FEV1
measurement 3 months after re-transplantation. Because of GERD symptoms and
documented severe esophageal reflux as assessed by barium swallow, a laparoscopic
fundoplication surgery was performed. The patient had improvement of his FEV1 after
fundoplication; in addition, the bronchial inflammation presented in the previous biopsy
completely resolved.

In 2003, R. Duane Davis and colleagues at Duke University Medical Center
reported 43 post lung-transplant patients undergoing fundoplication (Davis, Lau et al.
2003). Twenty-six (60%) patients met the criteria of BOS at the time of their anti-reflux
operations. After fundoplication, 77% (10/13) of patients with the least severe BOS score

and 43% (3/7) of patients with next least severe BOS score improved their FEV1 values



enough that they no longer met criteria for BOS, while another 28% of those with the
most severe BOS scores improved to the least severe category. In this retrospective
study, the authors also suggested fundoplication provided a survival benefit in addition

to the improvement of respiratory function (Davis, Lau et al. 2003).

1.2.3 Animal models of GERD-associated OB in post-lung
transplantation

The small animal models commonly utilized for studying OB among the
investigators include heterotopic mouse trachea transplantation and orthotopic mouse
and rat lung transplantation (De Vleeschauwer, Vanaudenaerde et al. 2011). The
advantage of the heterotopic mouse trachea transplantation is that it involves simple
surgical techniques and it accommodates the study of mechanistic issues using genetic
manipulation. However, the lack of physiological (no vasculature nor air exposure) and
anatomical (no small airways present) accuracy of the heterotopic trachea limits the
usage to study GERD-associated pulmonary allograft parenchymal injury. In 2007,
Okazaki et al. reported a mouse model of orthotopic left lung transplantation (Okazaki,
Krupnick et al. 2007). Although the possibility of using vascularized lung transplants in
transgenic mice is attractive, the reproduction of OB-like lesions still remains
challenging using this approach (Sato, Keshavjee et al. 2009, Lin, Li et al. 2012).

The rat model of orthotopic left lung transplantation has been developed since
the early 1970s, and an “external cuff” technique for improving the ease of creating the

anastomosis was reported in 1989 (De Vleeschauwer, Vanaudenaerde et al. 2011).
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However, the major issue with this rat model, like the mouse model, has been the
inconsistent development of OB (Hirschburger, Greschus et al. 2007). The transplanted
lung of major MHC mismatch from Brown Norway donor to Lewis recipient rapidly
developed severe acute rejection and necrosis of the graft without immunosuppression
(Sato, Keshavijee et al. 2009). Only mild OB developed after 6 months in the same model
using immunosuppression with low dose cyclosporine (Hirschburger, Greschus et al.
2007). The pulmonary allografts of minor MHC mismatch from Fischer 344 (F344) donor
to Wistar Kyoto (WKY) recipient developed acute rejection in the first 3 weeks without
immunosuppression. However, the acute rejection spontaneously subsided, and no
signs of chronic rejection or OB were evident (Matsumura, Marchevsky et al. 1995).

In order to study GERD-associated pulmonary allograft failure, R. Duane Davis’
group at Duke University Medical Center (Hartwig, Appel et al. 2006) developed a
weekly repetitive aspiration of the left transplanted lung by injection of previously
collected gastric fluid through the orotracheal tube. This method mimics GERD-induced
aspiration of lung recipients. Using this method, this group reported that chronic
aspiration of gastric fluid significantly accelerates acute rejection and subsequent
pulmonary allograft dysfunction in a mildly histoincompatible rat lung transplant
model (WYK-donor to F344-recipieint) without immunosuppression (Hartwig, Appel et
al. 2006). Pulmonary allografts exposed to gastric fluid developed severe fibrosis five

weeks after transplantation. In that setting (without immunosuppression), no evidence



of OB was observed. However, in the same rat lung transplant model, when early graft
failure due to acute rejection is averted using immunosuppression, an OB-like pathology
results in animals receiving chronic aspiration of gastric fluid over an eight-week period
(Li, Hartwig et al. 2008). This experimental model with reproducible OB-like lesions
represents a valuable tool for investigating the mechanism through which GER

promotes graft failure after lung transplantation.

1.2.3.1 Procedures of orthotopic left lung transplantation in rats

In the experiments presented in this dissertation, left lungs from donor rats are
orthotopically transplanted into recipient rats using a modification of the non-suture
external cuff technique (Mizobuchi, Sekine et al. 2004). This method will be described in
detail here, since it has not been described in our previous publications, due to space
limitations in the journals we have selected. The procedure begins with anesthetization
of the donor rat using inhaled isoflurane (5% in oxygen) and subsequent orotracheal
intubation with a 14-gauge catheter. The animal is then maintained on a ventilator (SAR-
830/P Rodent ventilator, IITC Life Science Inc.,, Woodland Hills, CA) at 60 breaths per
minute, with a tidal volume of 5 mL/kg. Isoflurane dosage is maintained at 2-3%
throughout the procedure. After sterilization of the surgical area, a midline
sternolaparotomy is performed and heparin (1 U/g) (APP Pharmaceuticals, LLC,
Schaumburg, IL) is administered intravenously. The trachea is dissected and encircled

with 5-0 silk suture. The inferior vena cava (IVC) is transected, and the right and left



atrial appendages are excised. A small incision is created at the right ventricular outflow
tract (RVOT), and the lungs are flushed with 30mL Perfadex (Vitrolife, Kungsbacka,
Sweden) at 4 °C, adjusted to pH 7.4 using TRIS. The 5-0 silk at the trachea is then tied
down. The heart and lungs are removed en bloc, and the remainder of the surgical
procedure is performed with the aid of a WECK surgical microscope (Edward Weck and
Company, Research Triangle Park, NC). A microaneurysm clamp (Mizuho America,
Beverly, MA) is applied on the left bronchus to keep the left lung inflated during
ischemic time, and then the left lung is isolated. The left pulmonary vein (PV) and main
bronchus are isolated and are each passed through 14-gauge polytetrafluoroethylene
cuffs, everted and secured by 7-0 silk suture. The left pulmonary artery (PA) is passed
through a 16-gauge cuff and secured by 7-0 silk suture. After placement of the cuffs, the
graft is wrapped with Perfadex-soaked gauze and placed on ice.

The recipient rat is anesthetized. A preoperative dose of ketoprofen (5mg/kg)
(Fort Dodge Animal Health, Fort Dodge, IA) and buprenorphine (0.05mg/kg) (Reckitt
Benckiser Pharmaceuticals Inc.,, Richmond, VA) is subcutaneously (SC) administered
for pain control. The rat is put in the right lateral decubitus position and a left lateral
thoracotomy is performed at the 4 intercostal space. The left lung is retracted out using
a wire tool and the left PV, main bronchus and PA are isolated and crossclamped with
microaneurysm clamps (Mizuho America, Beverly, MA). The left PV, main bronchus

and PA are subsequently encircled with 7-0 silk suture. Small incisions are made
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anteriorly on the recipient main bronchus, PA and PV for insertion of respective cuffs
from the donor graft. After insertion, the cuffs are secured with 7-0 silk suture. Perfusion
and ventilation are reestablished by removing the microaneurysm clamps from the
bronchus of the donor lung, the PV, the main bronchus, and the PA of the recipient lung,
in that order. The native left lung of the recipient is then excised. After assuring
hemostasis, the thoracotomy wound is closed in 3 layers with 4-0 PDSII suture (Ethicon,
Johnson & Johnson). Several drops of Bupivicanine (0.25%) (Hospira, Inc., Lake forest,
IL) are given along the incision at closure for local anesthesia. Inhaled isoflurane is
stopped during wound closure. After the rat starts to breath smoothly and
spontaneously, the 14-gauge orotracheal catheter is removed. Ketoprofen (5mg/kg) is
injected subcutaneously once a day for 3 days, and Buprenorphine (0.05mg/kg) is given
subcutaneously twice a day for 2 days for post-operative analgesia. Baytril (5mg/kg)
(Bayer HealthCare LLC, Shawnee Mission, KS) is given intramuscularly as an
antimicrobial prophylaxis once a day for 3 days. The first dose of cyclosporine (5 mg/kg)
was injected subcutaneously immediately after skin closure. Subcutaneous cyclosporine
injections were continued at 5 mg/kg three times a week until the animals were

euthanized 9-10 weeks after transplantation.

1.3 Ischemia-reperfusion injury, GERD and OB in pulmonary
allografts

In a transplantation procedure, the donor organ has an unpreventable ischemic

time; the period beginning when blood circulation ceases in the donor and ending when
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the blood circulation is regained in the recipient. Although reperfusion of the ischemic
donor organ by the recipient is absolutely necessary, it can trigger ischemia-reperfusion
(I-R) injury, a potentially harmful cascade of immune and physiologic reactions. I-R-
induced lung injury remains the major cause of primary pulmonary graft dysfunction,
characterized by nonspecific alveolar damage, pulmonary edema, and hypoxemia,
which leads to 10 to 25% early recipient morbidity and mortality after lung
transplantation (de Perrot, Liu et al. 2003, Lee and Christie 2009).

In 2005, Gabriel Thabut and colleagues collected the data from French Lung
Transplantation Group in France to study the effect of graft ischemic time on early graft
dysfunction and long-term survival of lung transplanted recipients (Thabut, Mal et al.
2005). In this multicenter analysis including 8 hospitals and 505 patients receiving single
or double lung transplants, a close relationship between the graft ischemic time and both
early graft function (gas exchange) and long-term graft survival was noticed. The
authors reported those patients receiving the grafts with longer ischemic time had worse
early graft function. They also suggested that a cutoff of 330 minutes of graft ischemic
time was the best discriminate between the long-term survivors and non-survivors.

As described previously, I-R injury is also an important non-alloimmune
mediated factor of BOS. In a retrospective study including 115 lung transplanted
patients with survival of more than 3 months, Fiser et al. reported that those patients

with perioperative I-R injury had significantly higher risk to develop BOS (Fiser, Tribble
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et al. 2002). Although perioperative I-R injury potentially leads to the development of
OB, the relationship between I-R injury, GERD and OB formation has not yet been
elucidated in the literature. In Chapter 2, the effect of ischemic time on the gastric fluid
aspiration-mediated development of OB is evaluated in a rat orthotopic lung

transplantation model.

1.4 Effect of gastric fluid pH in aspiration

A single, large-volume aspiration event of gastric content causing acute lung
injury and subsequent respiratory failure has been well documented in both clinical
reports and in studies using animal models (Teabeaut 1952, Hamelberg and
Bosomworth 1964, Sabawala 1969). This phenomenon is frequently referred as aspiration
pneumonitis, or Mendelson Syndrome (Dines, Baker et al. 1961). Much has been
described in these early studies about the major role that the acidity of gastric fluid plays
in this acute lung injury. More recently, Kennedy et al. reported that acid aspiration led
to a biphasic injury pattern with an initial increase in capillary permeability due to
chemical burn followed by acute inflammatory response in a rat model (Kennedy,
Johnson et al. 1989). Folkesson et al. has suggested that acute lung injury after acid
aspiration is mediated primarily by recruitment of neutrophils by an interleukin-8

dependent mechanism (Folkesson, Matthay et al. 1995).
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However, the typically low pH of gastric fluid might be less important in GERD
mediated lung injury, a form of repetitively chronic aspiration. A rat model was
developed to test the various components of gastric fluid contributing to lung injury
resulting from chronic aspiration in the laboratory of Shu S. Lin at Duke University
Medical Center (Downing, Sporn et al. 2008). In this study, they found that lungs
exposed to 8 weekly hydrochloric acid aspirations showed normal or near normal
histology. In contrast, pulmonary parenchyma in the animals aspirated with
neutralized-pH gastric fluid for 8 weeks developed indistinguishable histopathology,
characterized by multi-nucleated giant cells, chronic inflammatory infiltrates and
perivascular infiltrates, to those treated with whole gastric fluid (low-pH) for 8 weeks.
Their results suggest acidity may be less deleterious than particulate matter in the
gastric fluid when aspiration is chronic, and management of reflux-associated lung
disease might focus less on controlling gastric fluid acidity and more on eliminating
aspiration events.

This animal research raises an interesting clinical question. As described
previously, GERD is highly prevalent in post-lung transplanted recipients. Should those
patients with GERD be managed with pharmaceutical blockade of gastric acid
production? Or, on the other hand, they should be treated more aggressively by surgical
elimination of aspiration events? In Chapter 3, we test the hypothesis that neutralization

of gastric fluid would affect the development of aspiration-associated obliterative
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bronchiolitis by utilizing a rat orthotopic left lung transplantation model. For this
purpose, OB development and gastric fluid aspiration-associated pathology are
examined in pulmonary allografts aspirated with low pH (pH 2.5) or neutralized pH

(pH 7.4) gastric fluid.

1.5 Mast cells in lung transplantation

Mast cells, arising from CD34/CD117 pluripotential hemopoietic stem cells in the
bone marrow, initially circulate in the peripheral blood as agranular cells with similar
morphology to monocytes. These immature mast cells then differentiate and produce
granules after migrating into the peripheral tissue (Gilfillan, Austin et al. 2011, Ross and
Pawlina 2011). Upon their arrival in peripheral tissue, mast cells are able to survive for
months, where, under normal, healthy conditions, their numbers are kept relatively
constant (Ekoff and Nilsson 2011). Mast cells are well known as the key players in
immediate (type I) hypersensitivity leading to allergy and anaphylaxis. Classically, mast
cells are activated by the cross-linking of high-affinity immunoglobulin E (IgE) receptor
(FceRI), which causes the degranulation (discharge of preformed mediators stored in the
granules; e.g., histamine), as well as de novo synthesis and release of secondary
mediators and cytokines (Robbins, Kumar et al. 2010). Mast cells can also be activated by
several other stimuli, including complement components (anaphylatoxins; C3a, Cba),

and binding of pattern recognition receptors (e.g., Toll-like receptor (TLR)) and cytokine
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receptors. Mast cells can also respond to other signals, including neuropeptides, toxins,
venoms, venom components, and physical stimuli (Tsai, Grimbaldeston et al. 2011).

Unlike other solid organs (e.g., hearts, livers and kidneys), lungs are constantly
exposed to environmental factors, which can lead pulmonary allografts to be challenged
more frequently by innate immune cells in addition to adaptive alloimmune responses.
Therefore, because mast cells are the first responders of the innate immune system and
also the orchestrators of the innate and adaptive immune system (Shelburne and
Abraham 2011), it is hypothesized that mast cells are important components in
pulmonary allograft rejection.

The correlation between the rejection grade, OB and the number of mast cells in
human lung grafts was first reported by Samuel Yousem at the University of Pittsburgh
Medical Center in 1997. In that retrospective pilot study including 29 patients with acute
rejection and 6 patients with OB, Yousem found that an increase in mast cells was
associated with both OB and severity of acute rejection (Yousem 1997). In addition, data
from other solid organ transplants including heart (Li, Raza-Ahmad et al. 1992), liver
(El-Refaie and Burt 2005) and kidney (Ishida, Hyodo et al. 2005) also support the idea
that mast cells seem to work against the long term survival of allografts. However, the
role that mast cells play in graft failure is still questionable. Several studies support the
idea that mast cells are beneficial for graft survival. For example, Boerma and

colleagues, by utilizing mast-cell-deficient and mast-cell-competent rats in a heterotopic
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cardiac transplantation model, have suggested that mast cells play a protective role of
graft survival in post-transplanted heart (Boerma, Fiser et al. 2007). Furthermore, Lu et
al., using mast-cell-deficient and mast-cell-reconstituted mice, have shown that mast
cells working in concert with regulatory T (Twg) cells are critical in skin allograft
tolerance and graft survival (Lu, Lind et al. 2006).

Cromolyn, known as sodium cromoglycate and cromolyn sodium, was
synthesized by Fisons Coporation (Bedford, Massachusetts) in 1965 from Khellin, a drug
obtained from Ammi visnaga, an Eastern Mediterranean herb. A double-blind clinical
trial conducted in 1967 soon demonstrated the therapeutic value of cromolyn in the
management of allergic bronchial asthma (Howell and Altounyan 1967). After approval
by the Food and Drug Administration in 1973, cromolyn has been considered as a
second-line treatment for the patients with asthma (Bernstein 1985, Shapiro and Konig
1985). In guidelines for diagnosis and management of asthma by the National Institutes
of Health in 2007, cromolyn is now used as an alternative medication for patients with
mild persistent asthma (National Asthma and Prevention 2007). In addition, cromolyn
has also been used for treating allergic rhinitis, allergic conjunctivitis and mastocytosis
(Storms and Kaliner 2005). Although cromolyn has generally been identified as a mast
cell stabilizer since the early experiments in the 1970s demonstrating that cromolyn
inhibits the release of histamine from mast cells (Assem and Mongar 1970, Kusner,

Dubnick et al. 1973), the exact mechanism of action is still not well understood. The most
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widely accepted hypothesis is that cromolyn leads to phosphorylation of a 78,000-dalton
mast cell protein, which might induce calcium gate closure and/or lower the intracellular
calcium level of mast cells (Theoharides, Sieghart et al. 1980). Because mast cells
degranulation depends on the elevation of intracellular calcium (Beaven, Rogers et al.
1984), phosphorylation of this 78,000-dalton membrane protein by cromolyn terminates
the secretion and degranulation of mast cells.

In Chapter 4, the role that mast cells play in chronic allograft rejection is
investigated using an orthotopic rat pulmonary allograft model which reliably causes
the development of OB that is dependent on the chronic aspiration of gastric fluid.
Cromolyn is utilized in this experiment to test the hypothesis that mast cell
degranulation exacerbates gastric fluid aspiration-associated pulmonary allograft

rejection.
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2. In the face of chronic aspiration, prolonged ischemic
time exacerbates obliterative bronchiolitis in rat
pulmonary allografts

Lung transplantation has been evolving into an effective therapeutic treatment
for patients with end-stage lung diseases since the first success in 1983 (Davis and
Pasque 1995). However, the long term survival rate of pulmonary allografts is relatively
low compared to other solid organ transplants (UNOS 2009), due in large part to the
frequent occurrence of obliterative bronchiolitis (OB) in pulmonary allografts. This form
of chronic rejection is characterized by submucosal fibroproliferation of the small
airways, which in turn leads to luminal compromise and respiratory failure (Stewart,
Fishbein et al. 2007, Belperio, Weigt et al. 2009).

The role of innate immunity in the pathogenesis of OB has gained increasing
attention, highlighting potential limitations in therapies targeted strictly at T cell
responses. For example, non-alloimmune factors such as infection, ischemia-reperfusion
(I-R) injury and gastroesophageal reflux (GER) are thought to activate the innate
immune system, potentially leading to the upregulation of the adaptive immune system
and eventual rejection of the pulmonary graft (Sato and Keshavjee 2008).

Several factors support the idea that GER and potentially activation of the innate
immune response by GER are important factors mediating pulmonary allograft
rejection. First, the incidence of reflux is higher after lung transplantation (Young,

Hadjiliadis et al. 2003) , and GER is correlated with poorer pulmonary function
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(Hadjiliadis, Davis et al. 2003). Second, Palmer et al. reported a case in which
fundoplication resulted in resolution of airway inflammation (Palmer, Miralles et al.
2000). Third, additional studies demonstrated that fundoplication for gastroesophageal
reflux disease is associated with improved lung function in lung transplant recipients
(Palmer, Miralles et al. 2000, Davis, Lau et al. 2003). Finally, the causal relationship
between GERD and OB suggested by these clinical observations is supported by studies
in rats demonstrating that OB can be reliably induced by aspiration of gastric fluid
(Hartwig, Appel et al. 2006, Li, Hartwig et al. 2008).

Ischemia-reperfusion (I-R) injury is another important non-alloimmune factor
typically associated with allograft rejection. I-R injury of the pulmonary graft has been
associated a higher risk of developing bronchiolitis obliterans syndrome in a clinical
analysis (Fiser, Tribble et al. 2002), and a prolonged ischemic time has been correlated
with poorer long-term survival after lung transplantation (Thabut, Mal et al. 2005).
However, the relationship between GERD, I-R injury, and OB formation after lung
transplant has not been clarified in the literature. It thus remains unknown whether I-R
may play a role in modulating the injury associated with GER, or, conversely, whether
GER might modulate the impact of I-R associated injury. In this study, we probe the
idea that donor organ ischemic time may affect the development of OB in a rat model;
we also ask whether that potential effect is modulated by chronic aspiration of gastric

fluid. For this purpose, the development of OB was assessed in rat pulmonary allografts
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with either prolonged or short ischemic times in combination with and without chronic

aspiration of gastric fluid.

2.1 Material and methods
2.1.1 Animals

Male Wistar Kyoto (WKY; RT1!) and Fischer 344 (F344; RT1"') were purchased
from Harlan Laboratories (Indianapolis, IN). The rats weighed 250 to 300 g at the time of
transplantation. All rats were housed in specific pathogen-free conditions in the animal
care facilities at Duke University Medical Center in accordance with institutional
guidelines. All animal care and procedures were approved by the Duke Institutional

Animal Care and Use Committee.

2.1.2 Gastric fluid collection

Gastric fluid was collected from F344 rats using the following procedures. Each
animal was anesthetized with inhaled isoflurane (5%) and orotracheally intubated with
a 14-gauge catheter. Each rat was ventilated (60 breaths per minute, tidal volume of 5
mL/kg) with 2-3% isoflurane for the remainder of the procedure. A small midline
incision was made in the upper abdomen, the peritoneal cavity was entered, and the
stomach and proximal duodenum were then identified. The stomach at the level of the
pylorus was ligated with 5-0 silk suture, and the abdomen was closed in two layers. This

pyloric ligation procedure required approximately 10 minutes to perform for each rat.
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Eight to twelve hours later, the rat was again anesthetized. The abdominal sutures were
removed, and the peritoneal cavity was entered. The distal esophagus at the level of the
gastro-esophageal junction was ligated with 5-0 silk suture and a gastrectomy was
performed. The gastric fluid was collected from the stomach and stored at -80°C. Gastric
fluid from approximately 30 rats were thawed, combined, and filtered through a 70-um
strainer (BD Biosciences, Bedford, MA). The pH of the pooled gastric fluid was
measured (pH = 2.5), and then the pooled gastric fluid was aliquoted and stored at -80°C

until needed.

2.1.3 Study design and ischemic time

Left lungs from WKY (Allo) or F344 (Iso) rats were orthotopically transplanted
into F344 rats using the non-suture external cuff technique reported previously
(Mizobuchi, Sekine et al. 2004). The procedure entails making a left lateral thoracotomy
at the 4™ intercostal space, creating the anastomoses with a cuff at the left main
bronchus, left pulmonary artery and left pulmonary vein, and administering
cyclosporine (5 mg/kg, subcutaneously) three times per week beginning immediately
after completion of the transplant. The immunosuppression was utilized to prevent
acute rejection, which would otherwise occur in this model in the face of aspiration of
gastric fluid (Hartwig, Appel et al. 2006, Li, Hartwig et al. 2008). A total of 52
pulmonary graft recipients were utilized in this study. These animals were divided into

6 groups, as described in Table 1. Animals received allografts or isografts, long ischemic
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time or short ischemic time, and aspiration with either gastric fluid or normal saline
(Table 1). During the course of the study, it became apparent that those animals
receiving isografts and those animals receiving normal saline aspiration showed little to
no OB-like pathology (see Results section), regardless of other variables. With this in
mind, the number of animals assigned to those groups was kept smaller than the
number assigned to groups receiving allografts with aspiration (Table 1). Further, since
little OB-related pathology was observed in groups receiving either isografts or
aspiration with normal saline, an experimental group utilizing both isografts and
aspiration with normal saline was deemed unnecessary.

Cold ischemic time was defined as the interval from the initiation of perfusion of
Perfadex (Vitrolife, Kungsbacka, Sweden) at 4°C to the beginning of warm ischemic time
recording. The standard warm ischemic time was recorded as the period between the
removal of the graft from the ice and reperfusion of the graft in the recipient. In the
WKY-to-F344 short ischemic time (Allo SIT) group (n=19), the cold and warm ischemic
times were 57.9 + 7.7 minutes (mean * SD) and 14.8 + 4.0 minutes, respectively. For the
long ischemic time (Allo LIT) group (n=21), the cold ischemic time were maintained at
300 minutes. In order to reduce the side effect of prolonged anesthesia to the recipient,
the donor graft was put into a temperature-controlled chamber set at 37°C at the
beginning of the warm ischemic time for 30-45 minutes. Once the recipient’s left

pulmonary vessels and bronchus were well prepared, the graft was moved to the
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recipient for transplantation. The reperfusion of the donor graft was initiated once the
warm ischemic time reached 60 minutes. In the F344-to-F344 short ischemic time (Iso
SIT) group (n=6), the cold and warm ischemic times were 102.2 + 33.3 min and 39.7 + 22.3
min, respectively. For the F344-to-F344 long ischemic time (Iso LIT) group (n=6), the cold
and warm ischemic times were controlled at 300 min and 60 min, the same as that in the
Allo LIT group (Table 1). As described in the operative procedures, the donor lung was
kept inflated during the entire ischemic time.

Of note was the observation that some animals experienced complications that
were observed within 24 hours of transplantation. These complications, predominantly
associated with animals in the LIT group, are described in Section 2.2.1. The affected

animals were excluded from the study and are not counted in the 52 rats shown in Table

1.

Table 1: Study design and groups

Cold ischemic  Warm ischemic

Group time in min time in min n
mean (SD) mean (SD)
Allo LIT GF 300 (0) 60 (0) 16
Allo SIT GF 57.9 (7.7) 14.8 (4.0) 12
Allo LIT NS 300 (0) 60 (0) 5
Allo SIT NS 57.9 (7.7) 14.8 (4.0) 7
Iso LIT GF 300 (0) 60 (0) 6
Iso SIT GF 102.2 (33.3) 39.7 (22.3) 6
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2.1.4 Aspiration procedure

Transplanted rats utilized in the study (n=52) received aspiration of 0.5 mL/kg
fluid once weekly into the left (transplanted) lung for 8 weeks starting one week post-
transplantation as previously described (Li, Hartwig et al. 2008) (Figure 1). The Allo LIT
and SIT animals were subdivided into two groups, each subgroup receiving gastric fluid
(Allo LIT GF, n=16; Allo SIT GF, n=12) or normal saline (Allo LIT NS, n=5; Allo SIT NS,
n=7). The Iso LIT and SIT groups were both treated with gastric fluid (Iso LIT GF, n=6;
Iso SIT GF, n=6). The aspiration procedure was conducted as follows: Rats were sedated
and orotracheally intubated with a 14-gauge catheter. The rats were then placed in a left
lateral decubitus and reverse Trendelenburg position at a 35-40 degree angle. A small
silastic catheter was inserted into the distal trachea, through which 0.5 mL/kg of pooled
gastric fluid was injected. A small amount of air was then introduced through the
silastic catheter and endotracheal tube to expel any remaining gastric fluid. Rats were

sacrificed one week after the final aspiration event at 9 to 10 weeks post-transplant.
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Figure 1: Time course of the experiment.

Transplanted rats received aspiration of 0.5 mL/kg gastric fluid or normal saline once
weekly into the left (transplanted) lung for 8 weeks starting one week post-
transplantation. The rats were sacrificed one week after the last aspiration.
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2.1.5 Procurement of heart-lung block

Following eight weeks of weekly aspiration, the heart and lungs of transplanted
animals were removed en bloc. Briefly, rats were anesthetized with inhaled isoflurane
(5% in oxygen), and a midline sternolaparotomy was performed. The IVC was
transected, and the RAA and LAA were excised. A small incision was created at the
RVOT, and the lungs were flushed with 30mL normal saline. The heart-lung block was

then completely removed.

2.1.6 Histology

The left lung was separated into upper and lower halves, and was fixed in 10%
neutral buffered formalin for at least 24 hours, then processed into paraffin blocks for
microtomy. Tissues were then sectioned at 5-um thickness and mounted onto positively
charged microslides (Erie Scientific Company, Portsmouth, NH). Sections for
histological analysis were then stained with hematoxylin and eosin or with Masson’s
trichrome stain. All sections were assessed in a blinded fashion.

The extent of pulmonary fibrosis in specimens was numerically graded
according to a scoring system as described previously (Ashcroft, Simpson et al. 1988).
Both tissue sections (upper and lower) from each animal were systematically scanned
under a microscope using a 10x objective lens. Each tissue section contained an average
of 4 to 5 microscopic fields, and all fields in each section was assessed for severity of

interstitial fibrosis and allotted a score between 0 and 8. The mean score of all the fields
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in the section was taken as the section score. Finally, the score of each left lung was
obtained by averaging the section scores of two (upper and lower) sections.

OB was defined as dense fibrosis in the sub-mucosa of membranous and
respiratory bronchioles, resulting in partial or complete luminal occlusion (Stewart,
Fishbein et al. 2007). Every bronchiole of each tissue section was reviewed, and total
numbers of bronchioles in each section was recorded. The pathology score was reported
as the fraction of airways affected (the ratio of the number of OB lesions divided by the

total number of bronchioles in each section).

2.1.7 Statistical analyses

Unpaired t-tests were performed using Prism 5.1 software (GraphPad Software,
Inc., San Diego, CA) and an alpha = 0.05 was used. Contingency tables were assessed

using the program designed by Kirkman (Kirkman 1996).

2.2 Results

2.2.1 Intraoperative and perioperative morbidity and mortality of the
recipients

In this experiment, 36 orthotopic left lung transplantations were performed on
rodents at prolonged cold and warm ischemic times (300min and 60 min respectively).
There was no intraoperative morbidity and mortality. However, 9 animals (6 out of 27
allografts and 3 out of 9 isografts) developed severe hemoptysis within 24 hours after

the operation. Autopsies revealed hemorrhagic consolidation of the left lung, with
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histologic evidence of parenchymal necrosis and diffuse alveolar hemorrhage. On the
contrary, 25 recipients receiving donor grafts with short ischemic times (see Table 1 for
cold and warm ischemic times) had no intraoperative or perioperative complications or
death. Analysis with a 2 x 2 contingency table revealed a significant difference in
perioperative morbidity (hemoptysis) between the rats receiving the operations with

long versus short ischemic times (p = 0.008).

2.2.1 Gross morphology of allograft with chronic exposure to gastric
fluid aspiration

As described in Section 2.1.3, the recipients received either aspiration with gastric
fluid or with normal saline once weekly for 8 weeks (Table 1). Shrinkage, discoloration
and consolidation developed in the majority of the allografts with chronic exposure to
gastric fluid (12 of 16, Allo LIT GF; 7 of 12, Allo SIT GF) (Figure 2A and B). Conversely,
normal appearance and expansion of the left lung was noted in most of the animals (5 of
5, Allo LIT NS; 5 of 7, Allo SIT NS) treated with normal saline (Figure 2C and D).
Analysis utilizing a 2 x 2 contingency table revealed a significant difference in the
incidence of graft consolidation between the animals with aspiration of gastric fluid
versus those with aspiration of normal saline (p=0.005). However, no difference of gross
morphology was noted as a function of ischemic time (Allo LIT GF vs. Allo SIT GF,

p=0.432; Allo LIT NS vs. Allo SIT NS, p=0.470).
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Figure 2: Gross morphology of lung allografts 9 weeks after transplantation.

Lungs were exposed to either long (A and C) or short (B and D) ischemic time, and to
aspiration with either gastric fluid (A and B) or normal saline (C and D). In the
recipients receiving chronic exposure of gastric fluid, most of the allografts (arrow)
developed shrinkage, discoloration and consolidation (A, B). In the animals with normal
saline treatment, the majority of the left lung grafts were grossly normal (C, D).
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2.2.3 Obliterative bronchiolitis in the small airways of allografts

The classical histopathology of OB includes fibrotic proliferation of the submucosa,
leading to narrowing or occlusion of the bronchioles with or without inflammatory cell
infiltration (Stewart, Fishbein et al. 2007, Belperio, Weigt et al. 2009). Consistent with this
picture, submucosal fibrosis, epithelial damage and regional mononuclear cell
infiltration caused near-complete obliteration of bronchioles in the allografts of animals
in the Allo LIT GF group (Figure 3A). Similar pathology was observed in the allografts
of Allo SIT GF rats (Figure 3B). However, there was a significant difference in the ratio
of airways affected between the Allo LIT GF and the Allo SIT GF groups: The fraction of
OB lesions/airway in the Allo LIT GF group was 0.45 + 0.07 (mean + SEM), compared to
0.19 + 0.05 in the Allo SIT GF group (p = 0.008) (Figure 3E). On the other hand, most
bronchioles of animals (either LIT or SIT) receiving chronic exposure of normal saline
were intact (Figure 3C and D), and OB-like lesions were rare in these groups: The ratio
of airways affected were 0.02 + 0.01 for the Allo LIT NS group (p = 0.003 vs. Allo LIT GF)

and 0.04 = 0.03 for the Allo SIT NS group (p = 0.037 vs. Allo SIT GF) (Figure 3E).
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Figure 3: Obliterative bronchiolitis developed in the allografts with treatment of
gastric fluid.
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Lungs were exposed to either long (LIT; panels A and C) or short (SIT; panels B and D)
ischemic time, and to aspiration with either gastric fluid (GF; panels A and B) or normal
saline (NS; panels C and D). Sections were procured and stained with hematoxylin and
eosin as described in the Methods. (A) Submucosal fibroproliferation, epithelial damage
and regional mononuclear cell infiltration led to near-complete obliteration of
bronchioles in an allograft of Allo LIT GF animals. (B) Fibrosis and inflammatory cell
infiltration of the submucosa caused narrowing of small airways in one of the Allo SIT
GF rats. (C, D) The epithelium and lumen remained normal in the Allo LIT and Allo SIT
animals with treatment of normal saline (E) Quantitative analysis revealed significantly
more OB lesions in Allo LIT GF grafts. The bar represents 50um.
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2.2.4 Histological fibrosis of allograft parenchyma

Noticeable fibrosis and infiltration of inflammatory cells developed in the
parenchyma of the allografts after chronic exposure to gastric fluid (Figure 4A and B)
but not in most of the animals treated with normal saline (Figure 4C and D). As
described in Section 2.1.6, we utilized a semi-quantitative grading system (Ashcroft,
Simpson et al. 1988) to assess the severity of fibrosis in the lung parenchyma of all
allografts. The fibrosis score of the Allo LIT GF group was 5.37 + 0.57 (mean + SEM),
which was similar to the score of the Allo SIT GF group (5.68 + 0.53, p= 0.703),
suggesting that ischemic time did not have a substantial impact on the severity of
fibrosis. However, there was a significant difference between the rats treated with
gastric fluid versus those treated with normal saline (Allo LIT GF vs. Allo LIT NS, p =
0.002; Allo SIT GF vs. Allo SIT NS, p = 0.011) (Figure 4E), indicating that aspiration of

gastric fluid affected fibrosis.
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Figure 4: Histological fibrosis in the parenchyma of the allografts with chronic
exposure of gastric fluid.

Lungs were exposed to either long (LIT; panels A and C) or short (SIT; panels B and D)
ischemic time, and to aspiration with either gastric fluid (GF; panels A and B) or normal
saline (NS; panels C and D). Sections were procured and stained with hematoxylin and
eosin as described in the Methods. Infiltration of inflammatory cells and severe fibrosis
with narrowing of the airways developed in the (A) Allo LIT GF and (B) Allo STI GF
grafts. The remnants of gastric fluid can be seen (B, arrow). Expansion of the alveoli and
patent airways were noted in the majority of the LIT and SIT allografts with normal
saline treatment (C, D). (E) Lung parenchyma in the allografts with chronic exposure of
gastric fluid revealed significantly more fibrosis than that in the allografts with
treatment of normal saline. The bar represents 100um.
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2.2.5 The effect of chronic gastric fluid exposure to the isograft

We then tested the effect of gastric fluid aspiration on the isografts (Table 1). After
treatment of gastric fluid for 8 weeks, the majority of the left lungs in both the Iso LIT GF
and the Iso SIT GF groups developed consolidation and discoloration (Figure 5A).
Further, marked fibrosis of the lung parenchyma was found in the isografts in both
groups (Figure 5B and C). Fibrosis scores demonstrated that the severity of fibrosis in
the isografts exposed to gastric fluid was similar to that seen in the allografts exposed to
gastric fluid (Figure 5D). However, few OB-like lesions were seen in the isografts with
gastric fluid exposure, regardless of ischemic time (Figure 5E). Further, no noticeable
effect of long vs. short ischemic time on parenchyma fibrosis and OB lesions was noted

in the rats receiving isografts.
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Figure 5: The effect of chronic gastric fluid exposure to the isograft.

Lungs were exposed to either long (LIT) or short (SIT) ischemic time, and to aspiration
with either gastric fluid (35) or normal saline (NS). Consolidation and discoloration was
noted in the majority of isografts receiving gastric fluid aspiration (representative graft
shown in panel A). Severe fibrosis of the parenchyma was observed, but patent
bronchioles with intact epithelium were still seen (B, hematoxylin and eosin stain; C,
Masson trichrome stain). (D) Severe parenchyma fibrosis with chronic exposure to
gastric fluid developed in most isografts. (E) Relatively few OB-like lesions were seen in
isografts, and (D, E) no noticeable difference in parenchyma fibrosis or in the prevalence
of OB lesions was noted in between the groups with long vs. short ischemic time. The
bar represents 100um.
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2.3 Discussion

GERD has a strong association with chronic rejection after lung transplantation
(Reid, McKenzie et al. 1990, Palmer, Miralles et al. 2000, Davis, Lau et al. 2003,
Hadjiliadis, Davis et al. 2003, Young, Hadjiliadis et al. 2003), and studies in humans
(Palmer, Miralles et al. 2000, Davis, Lau et al. 2003) as well as in rodent models (Hartwig,
Appel et al. 2006, Li, Hartwig et al. 2008) have supported the idea that GER is an
important part of the milieu which causes OB. In the current study, OB developed in
minor MHC-mismatched allografts after chronic, repetitive exposure of gastric fluid, but
not in most allografts receiving aspiration with normal saline. However, a significantly
higher fraction of airways affected by OB was noted in the allografts with prolonged
operative ischemic times versus those which shorter times. Further, only occasional OB
lesions were observed in the isografts exposed to gastric fluid, regardless of ischemic
time.

The results of this study, summarized above, indicate that the alloimmune
response is an important part of the milieu leading to OB. At the same time, consistent
with previous studies cited above, aspiration of gastric fluid is also a critical and
potentially necessary factor influencing the development of OB. This study contributes
further to our understanding of the pathogenesis of OB, adding ischemic time to the list

of factors contributing to the development of OB.
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The approach utilized in this study has several advantages. These advantages
include the reproducibility of the pathology, the similarity of the pathology to the OB
seen in clinical practice, and the relatively short time frame (10 weeks) in which results
can be obtained. However, some aspects of the model do not necessarily recapitulate the
situation seen in the clinic: The donor/recipient mismatch is relatively minor compared
to that encountered in the clinic, and the degree of aspiration during a single event may
exceed that typically found in the clinic. With this in mind, future studies might be
directed at increasing the donor/recipient mismatch and the duration of aspiration while
decreasing the net amount of aspirate in a given event. However, the extent to which
such efforts will result in OB lesions reflecting those seen in the clinic remains unknown.

Another limitation of the present study is that it does not address the importance
of warm versus cold ischemic time. We selected a total ischemic time of 6 hours for the
long ischemic time (LIT) groups, which corresponds to the time at which graft survival
appears to markedly decrease (Thabut, Mal et al. 2005). We increased both the cold and
warm ischemic times relative to that in the short ischemic time (control) group (by
factors of approximately 5 and 4, respectively) so that we can focus at this time on the
differences in total ischemic time instead of the type of ischemia (i.e., cold versus warm)
the organ is enduring. Thus, future studies will be necessary to determine the relative
contributions of cold and warm ischemic time to the development of OB. Past

experiments focused on ischemic time have generally focused on either warm or cold
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ischemic time, and thus the relative contributions of the two components have received
little attention. For example, Waddell’s work evaluating the connection between I-R
injury and MHC class II expression focused on warm ischemic time in a rat model
(Waddell, Gorczynski et al. 1996). On the other hand, Serrick exploited the effects of a
prolonged cold ischemic time in a canine model (Serrick, Giaid et al. 1997). Thus, future
studies in which the contributions of cold and warm ischemic times are simultaneously
but individually addressed may be worthwhile.

When comparing the two groups of allografts receiving aspiration of gastric fluid,
rats transplanted with prolonged ischemia times had a greater fraction of airways
affected by OB compared to rats transplanted with shorter ischemia times (p = 0.008).
The mechanism underlying this observation probably reflects an intersection between
those mechanisms associated with I-R injury and those mechanisms associated with the
fibrosis that is typical of OB. One potential point of intersection may involve
exacerbation of the alloimmune response by I-R. Waddell et al. has shown that MHC
expression increases in the donor lung as a result of I-R injury (Waddell, Gorczynski et
al. 1996), and increased MHC expression may promote a greater alloimmune response
from T cells that recognize them. Further, I-R injury could possibly also lead to an
increase in cellular debris, from which antigens may be sequestered and presented by

antigen presenting cells, thus stimulating the alloimmune response.

40



Although upregulation of the adaptive, allospecific immune response might be a
critical factor in the exacerbation of OB by I-R, upregulation of the innate immune
system by prolonged ischemic times may also promote OB. Indeed, upregulation of the
innate immune response by I-R is well established. For example, TLR4 expression has
been shown to be increased after I-R injury in kidney transplantation (Kruger, Krick et
al. 2009), and less I-R-mediated injury of the lung parenchyma developed in TLR4-
deficient mice (Zanotti, Casiraghi et al. 2009). During I-R injury, the endogenous ligands
are released, causing upregulation of the TLR pathway, which promotes rejection by
shaping the adaptive immune response (Todd and Palmer 2011). However, the results of
the present study indicate that prolonged ischemic time per se is not sufficient to cause
OB. This finding is consistent with clinical research studies from Hosenpud’s group
which shows that prolonged ischemic time alone does not lead to poor pulmonary
allograft survival times but that the combination of long ischemic time plus advanced
donor age negatively impacts graft survival (Novick, Bennett et al. 1999, Meyer, Bennett
et al. 2000).

Histological fibrosis of the pulmonary parenchyma developed in the rat allografts
following the treatment of gastric fluid, although parenchymal fibrosis is not a typical
manifestation of chronic rejection following clinical lung transplantation. However, a
similar histopathology, including parenchymal fibrosis, was noticed in the isografts

exposed to gastric fluid, indicating that gastric fluid aspiration induces the development
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of parenchyma fibrosis without the contribution of allogenecity in this rodent model.
Consistent with this view, Appel et al. reported similar degrees of parenchymal fibrosis
in the non-transplanted lungs of rats that received aspiration with gastric fluid for eight
weeks (Appel, Lee et al. 2007). Given that aspiration of GF in the absence of an
alloimmune response can apparently cause parenchyma fibrosis but not OB, future
studies aimed at elucidating the differences in the immunological microenvironments of
the pulmonary parenchyma and the bronchioles are probably warranted.

In conclusion, this study demonstrates that chronic aspiration of gastric fluid
reproducibly produces OB lesions in a rat orthotopic lung transplantation model. This
induction is dependent on the alloimmune response, although non-OB fibrotic lesions
can be induced by aspiration of gastric fluid in isografts. Further, prolonged ischemic
time acts in concert with chronic aspiration, inducing more OB than aspiration alone.
This research provides an important landmark for understanding the mechanisms
associated with pulmonary allograft rejection, indicating that an interplay between
alloimmunity, ischemia-reperfusion, and aspiration of gastric fluid is involved in the

pathogenesis.
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3. Aspiration of gastric fluid in pulmonary allografts:
Effect of pH

Pulmonary allotransplantation, while considered the current treatment of choice
for many end-stage lung diseases, is hampered by poor long-term outcomes compared
to other organ allografts. The most common process associated with chronic pulmonary
allograft failure is bronchiolitis obliterans syndrome, or BOS, which is a clinical
surrogate of obliterative bronchiolitis (OB), a histopathological manifestation of severe
chronic rejection. OB is characterized by partial or complete occlusion of the small
airways due to fibroproliferation of submucosa (Stewart, Fishbein et al. 2007) and is
potentially affected by non-alloimmune related etiologic factors, such as ischemic-
reperfusion injury, infection, and chronic aspiration of gastric fluid in patients with
gastroesophageal reflux disease (GERD) (Bando, Paradis et al. 1995, Sharples, McNeil et
al. 2002).

The role of chronic aspiration of gastric fluid in the development of OB has long
been suspected. Several lines of evidence suggest that blockade of gastric fluid
aspiration improves allograft function and the BOS scores of those with OB (Palmer,
Miralles et al. 2000, Davis, Lau et al. 2003). However, the role of the high proton
concentrations (i.e., low pH) normally associated with gastric fluid in the pathogenesis
of OB is somewhat less clear. Although low pH is known to be a critical factor
mediating the pathogenesis of acute aspiration injury (Teabeaut 1952, Knight, Rutter et

al. 1993), some evidence suggests that low pH is less important in mediating injury
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associated with chronic aspiration. For example, in a non-transplant model, Downing et
al. showed that chronic aspiration of neutralized-pH gastric fluid has similar effects on
pulmonary pathology as did chronic aspiration of low-pH gastric fluid (Downing, Sporn
et al. 2008). Consistent with this idea is the observation that pharmaceutical blockade of
gastric proton production has little effect on conditions such as asthma (Chan, Chiou et
al. 2011), which are known to be associated with chronic aspiration (Havemann,
Henderson et al. 2007).

Chronic aspiration of gastric fluid is strongly associated with a variety of lung
diseases (e.g., interstitial pulmonary fibrosis, cystic fibrosis, asthma and chronic
obstructive pulmonary disease) (Ledson, Tran et al. 1998, Tobin, Pope et al. 1998,
Kempainen, Savik et al. 2007, Chan, Chiou et al. 2011). Thus, the efficacy of proton
pump inhibitors and other drugs which effectively raise the pH of gastric fluid might
provide a potential therapeutic approach toward ameliorating the effects of chronic
gastric fluid aspiration. However, the success of this approach depends strongly on the
role of low pH in the pathology associated with gastric fluid aspiration, which remains
largely uncharacterized. In this study, we utilize a rat lung transplant model to assess
the role of low pH in the pathology associated with gastric fluid aspiration.

The effects of chronic aspiration in rodent allotransplant models have been
described previously (Hartwig, Appel et al. 2006, Li, Hartwig et al. 2008). Chronic

aspiration of gastric fluid significantly accelerates acute rejection and subsequent
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pulmonary allograft dysfunction in a mildly histoincompatible rat lung transplant
model without immunosuppression (Hartwig, Appel et al. 2006). The pulmonary
allografts exposed to gastric fluid developed severe fibrosis five weeks after
transplantation. In that setting (without immunosuppression), no evidence of OB was
observed. However, in the same rat lung transplant model, when acute rejection is
averted using immunosuppression, an OB-like pathology results in animals receiving
chronic aspiration of gastric fluid over an eight-week period (Li, Hartwig et al. 2008).
The majority of these allografts (83.3%) grossly developed poor lung function.
Significant elevation of cytokines related to inflammatory injury (e.g., IL-la and TNF-a)
and repair (e.g., TGF-P) from bronchoalveolar lavage samples of transplanted lungs was
observed in this study. Thus, this experimental model with reproducible OB-like lesions
provides us with a valuable tool for studying the mechanism through which
gastroesophageal reflux promotes chronic rejection after lung transplantation.

The purpose of this study was to utilize the rat pulmonary allograft model
described above to evaluate the role of pH in chronic gastric fluid aspiration associated
pulmonary allograft injury. For this purpose, the effects on pulmonary allografts of
exposure to low-pH gastric fluid (pH 2.5) or neutralized-pH gastric fluid (pH 7.4) on the

development of OB after lung transplantation were evaluated.
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3.1 Material and methods
3.1.1 Animals

Male Wistar Kyoto (WKY; RT1) and Fischer 344 (F344; RT1') rats were
purchased from Harlan Laboratories (Indianapolis, IN) and were acclimated to the
laboratory at least one week prior to use as donors and recipients, respectively, for
orthotopic left lung transplantation.

The rats weighed 250 to 300 g at the time of transplant. All rats were housed in
specific pathogen-free conditions in the animal care facilities at Duke University Medical
Center in accordance with institutional guidelines. These conditions include a 12-hour
dark/light cycle and a temperature of 21 + 1 °C with humidity levels maintained between
30-70%. All animal care and procedures were approved by the Duke Institutional

Animal Care and Use Committee.

3.1.2 Orthotopic lung transplantation

Left lungs from WKY rats were orthotopically transplanted into F344 rats, as
previously described (Li, Hartwig et al. 2008), using a modification of the non-suture
external cuff technique reported previously by Wilkes and colleagues (Mizobuchi T,
Sekine Y et al. 2004). The modifications we employed entailed the addition of a
microaneurysm clamp (Mizuho America, Beverly, MA) to the left bronchus (Br) as a
means of keeping the donor lung inflated during the ischemic time (Figure 6A), and one

microanneurysm clamp each for the bronchus, pulmonary artery (PA) and the
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pulmonary vein (PV) (Figure 6B). This contrasts with the original procedure, which
utilized a single hemostat for all three structures. In addition, the anastomosis of the
bronchus was performed first, followed in turn by anastomosis of the pulmonary artery
and then the pulmonary vein, whereas the original procedure involved anastomosis of
the pulmonary vein first, followed by the bronchus and finally the artery.

For the 39 transplants performed in this study, the cold ischemic time was 180
minutes, and the average warm ischemic time was 41.95 + 0.79 (mean + S.D.) minutes.
Similar to the previous study (Li, Hartwig et al. 2008), cyclosporine was used as
immunosuppressive agent, with the first dose (5 mg/kg) being injected subcutaneously
immediately after the transplant. Subcutaneous cyclosporine injections were continued
at 5 mg/kg three times a week until the animals were euthanized 9-10 weeks after
transplantation. Peri- and post-operative analgesia (Bupivicanine, Ketoprofen, and
Buprenorphine) and antibiotics (Baytril) were administered for up to 3 days after the

transplant as per protocol.
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Figure 6: Modification of the non-suture external cuff technique.

(A) A microaneurysm clamp was applied on the left bronchus (Br) to keep the donor
lung inflated during the ischemic time. The left pulmonary vein (PV) and Br of the
donor graft were isolated and each passed through a 14-gauge polytetrafluoroethylene
cuff, everted and secured by 7-0 silk suture; whereas a 16-gauge cuff was used for the
left pulmonary artery (PA). (B) The left lung of the recipient was retracted out using a
wire tool and the left PV, Br and PA were isolated and cross-clamped with
microaneurysm clamps.
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3.1.3 Gastric fluid collection, preparation, and aspiration

Gastric fluid was collected from F344 rats as previously described (Li, Hartwig et
al. 2008), with a slight modification. Following ligation of the pylorus, instead of
creating a gastrotomy, the distal esophagus at the level of the gastro-esophageal junction
was ligated and a gastrectomy performed, from which gastric fluid was collected from
the stomach and stored at -80°C. After gastric fluid was collected from approximately 30
rats, gastric fluid from all the rats were thawed, combined, and filtered through a 70-um
strainer (BD Biosciences, Bedford, MA). The pH of the pooled gastric fluid was 2.5. The
pooled collection of gastric fluid was aliquoted and stored at -80°C until needed.

Transplanted rats (n=39) received aspiration of 0.5 mL/kg fluid once weekly into
the left (transplanted) lung for 8 weeks starting one week post-transplantation as
previously described(Li, Hartwig et al. 2008). Recipient rats were randomly assigned to
three groups, each group receiving a different aspirate: Low-pH gastric fluid (GF, pH
2.5, n=12), neutralized-pH gastric fluid (neutralized with sodium hydroxide, NGF, pH
7.4, n=15), or normal saline (NS, n=12). The aspiration procedure was conducted as
follows: Rats were sedated and orotracheally intubated with a 14-gauge catheter. The
rats were then placed in a left lateral decubitus and reverse Trendelenburg position at a
35-40 degree angle. A small silastic catheter was inserted into the distal trachea, through
which 0.5 mL/kg of aspirate fluid was injected. A small amount of air was introduced

through the silastic catheter within the endotracheal tube to expel any remaining gastric
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fluid. Rats were sacrificed one week after the final aspiration event at approximately 9

weeks post-transplant.

3.1.4 Procurement of heart-lung block and measurement of
compliance

At the time of sacrifice, the heart and lungs of transplanted animals were
removed en bloc. Briefly, rats were anesthetized with inhaled isoflurane (5%), and a
midline sternolaparotomy was performed. After the heart-lung block was completely
removed, a 14-gauge catheter was inserted into the left bronchus and secured by 5-0 silk
suture.  This catheter was then connected to a custom-made pressure-volume
measurement device, which was composed of a three-way connection between the left
lung (through the catheter), a 3-mL syringe (for introducing air and measuring air
volume) and a WIKA low pressure (pressure range 0 — 38 cm water) gauge (Valworx,

Inc., Cornelius, NC).

3.1.5 Histology

The left lung was separated into upper (LU) and lower (LL) halves and was fixed
in 10% neutral buffered formalin for at least 24 hours, then processed into paraffin
blocks for microtomy. Tissues were then sectioned at 5 um thickness and mounted onto
positively charged microslides (Erie Scientific Company, Portsmouth, NH). Sections for
histological analysis were then stained with hematoxylin and eosin (H & E) or with

Masson’s trichrome stain. All sections were assessed in a blinded fashion.
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The extent of parenchymal fibrosis in specimens was numerically graded
according to a scoring system as described previously (Ashcroft, Simpson et al. 1988).
Both tissue sections (LU and LL) from each animal were systematically scanned under a
microscope using a 10x objective lens. Each tissue section contained an average of 4 to 5
microscopic fields, and all fields in each section was assessed for severity of fibrosis and
allotted a score between 0 and 8. The mean score of all the fields in the section was
taken as the section score. Finally, the score of each left lung was obtained by averaging
the section scores of two (LU and LL) sections.

OB was defined as partial or complete occlusion of the small airways due to
fibroproliferation of submucosa (Stewart, Fishbein et al. 2007). Every bronchiole of each
tissue section was reviewed, and total numbers of bronchioles in each section was
recorded. The pathology score was reported as the fraction of airways affected (the ratio

of the number of OB lesions divided by the total number of bronchioles in each section).

3.1.6 Statistical analysis

Statistical analysis was performed using Prism 5.1 software (GraphPad Software,
Inc., San Diego, CA), and an unpaired t-test was used to compare the results, with alpha
= 0.05. Contingency tables were assessed using the program provided by Kirkman

(Kirkman 1996).
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3.2 Results
3.2.1 Gross pathology of left lung allografts

Thirty-nine orthotopic left lung transplants, from WKY donors to F344 recipients,
were performed using the modified cuff technique as previously described, and the rats
received aspiration for 8 weeks with gastric fluid, neutralized gastric fluid, or normal
saline as described in the Methods section.

At the time of euthanization, one week after the last of 8 weekly aspirations,
consolidation, shrinkage, and discoloration of the left lung was grossly observed in 11 of
12 rats in the low-pH gastric fluid group, 13 of 15 rats in the neutralized-pH gastric fluid
group, but only 5 of 12 rats in the normal saline group. Seven out of 12 rats in the
normal saline group showed complete expansion of the left lung. Analysis of these data
revealed significant differences in the manifestation of gross pathology between rats
receiving low-pH gastric fluid and normal sailne (p = 0.009) and between rats receiving
neutralized-pH gastric fluid and normal saline (p = 0.014), but not between rats receiving
low-pH gastric fluid and neutralized-pH gastric fluid (p = 0.680). Photos of

representative organs are shown in Figure 7.
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Figure 7: Gross morphology of the allograft after treatment with low-pH gastric fluid,
neutralized-pH gastric fluid, or normal saline.

Consolidation, discoloration, and shrinkage of the allograft (arrow) developed in the
majority of rats treated with low-pH gastric fluid (A) and neutralized-pH gastric fluid

(B), whereas most of the allografts exposed to normal saline (C) had normal gross
morphology.
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3.2.2 Histopathology: the effect of aspiration on pulmonary
parenchyma

As shown in Figure 8A, left lung allografts treated with low-pH gastric fluid for 8
weeks developed fibrosis of alveoli and interstitial spaces. Left lung allografts treated
with neutralized-pH gastric fluid exhibited the same histological picture (Figure 8B).
The histology of the left lung allograft in 5 of 12 rats in the control group (aspirated with
normal saline) also showed moderate to severe fibrosis, but the histology of the
remaining 7 animals showed normal expansion of pulmonary parenchyma without
obvious damage to the lung architecture (Figure 8C). As described in Section 3.1.5, the
overall severity of parenchymal fibrosis in each section was blindly graded according to
a numeric scale (Ashcroft, Simpson et al. 1988), in which “0” represents normal and “8”
denotes total fibrosis. The fibrosis score for each group is shown in Figure 9A. Rats
treated with normal saline had a median fibrotic score of 2.9 (interquartile range, 2.0 -
7.55). However, rats aspirated with low-pH gastric fluid developed severe fibrosis with
a median fibrotic score of 7.1 (interquartile range, 5.9 - 7.48) that was significantly
different from controls (p = 0.0112). Similarly, animals exposed to neutralized-pH gastric
fluid also developed a greater degree of fibrosis that was significantly different from

controls (median fibrosis score of 7.3; interquartile range, 5.7-7.5; p = 0.0135).
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Figure 8: The effect of gastric fluid pH on the pulmonary parenchyma of allografts
exposed to low-pH gastric fluid, neutralized-pH gastric fluid, or normal saline.

(A) Left lung allografts that were chronically exposed to the low-pH gastric fluid
developed destruction and fibrosis of alveoli and interstitial spaces. Narrowing of small
airways was also observed in the section shown. (B) Left lung allografts treated with
neutralized-pH gastric fluid exhibited the same histopathology. (C) Expansion of
pulmonary parenchyma without obvious damage of lung architecture was noted in 58%
(7of 12) allografts in the control rats (aspirated with normal saline). The bar represents
150 pm. Hematoxylin and eosin stains are shown.
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Figure 9: Histological grading of (A) fibrosis and (B) OB-like lesions in allografts
exposed to low-pH gastric fluid (GF), neutralized-pH gastric fluid (NGF), or normal
saline (NS).

(A) The allografts chronically exposed to low-pH gastric fluid gastric fluid or
neutralized-pH gastric fluid developed severe fibrosis and had similar median fibrotic
scores (GF, 7.1; NGF, 7.3) that were significantly different from controls exposed to
normal saline (GF vs NS, p = 0.0012; NGF vs NS, p = 0.0135). (B) The mean fraction of
airways affected was 0.07 + 0.18 (mean * S.D.) in the control group whereas animals
exposed to low-pH gastric fluid (mean fractions of 0.55 + 0.29; p < 0.0001 compared to
controls) and neutralized-pH gastric fluid (mean fractions of 0.49 + 0.27; p < 0.0001
compared to controls) had significantly higher mean fractions of airways affected,
indicating that aspiration either with low-pH gastric fluid or with neutralized-pH gastric
fluid was associated with the development of extensive OB.

56



3.2.3 Histopathology: the effect of aspiration on small airways

H & E and Masson’s trichrome stained slides were blindly examined. In the low-
pH gastric fluid and neutralized-pH gastric fluid groups, the bronchioles were injured,
and lymphocytic bronchiolitis and evidence of obliterative bronchiolitis were observed.
The left lung allografts in the low-pH gastric fluid and neutralized-pH gastric fluid
groups showed changes consistent with the development of OB, such as peribronchiolar
fibrosis, dense submucosal eosinophilic hyaline fibrosis, partial or complete bronchiolar
luminal occlusion, and attenuation of respiratory epithelium (Figure 10A and 10D, low-
pH gastric fluid; Figure 10B and 10E, neutralized-pH gastric fluid). The structures of
small airways in the majority of animals with normal saline aspiration (control group)
were normal (Figure 10C and 10F); only two animals in the normal saline group
developed OB-like lesions. As described in Section 3.1.5, both tissue sections (LU and
LL) from each animal were systematically examined. Every bronchiole of each tissue
section was reviewed, and the total number of bronchioles in each section was recorded.
The fraction of airways affected was reported as a ratio of the number of OB lesions to

the total number of bronchioles in each section.
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Figure 10: Obliterative bronchiolitis in the allografts exposed to low-pH gastric fluid,
neutralized-pH gastric fluid, or normal saline.

Attenuation of respiratory epithelium and submucosal fibroproliferation led to near-
complete occlusion of the bronchiole in pulmonary allografts treated with low-pH
gastric fluid (A, D). The same histological pictures were noted in pulmonary allografts
aspirated with neutralized-pH gastric fluid (B, E). The sections shown represent a range
of pathology observed in graphs receiving aspiration with gastric fluid regardless of pH,
and are not meant to suggest that the pathology is dependent on the pH of the gastric
fluid. The structures of the small airways in the majority of animals with normal saline
treatment were normal (C, F). Bar represents 50 um; A-C, Hematoxylin and eosin stain;
D-F, Masson trichrome stain.
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As shown in Figure 9B, the mean fraction of airways affected was 0.07 + 0.18
(mean + S.D.) in the control group. In contrast, animals exposed to low-pH gastric fluid
and neutralized-pH gastric fluid treatment had significantly higher mean fractions of
airways affected, with fractions of 0.55 + 0.29; (p < 0.0001 compared to controls) and 0.49
+0.27; (p < 0.0001 compared to controls), respectively. Thus, aspiration with either low-
pH gastric fluid or with neutralized-pH gastric fluid was associated with the

development of extensive OB.

3.2.4 Pulmonary compliance

Figure 11A shows the pulmonary compliance of left lung allografts following 8
weeks of aspiration with low-pH gastric fluid, neutralized-pH gastric fluid, or normal
saline. Interestingly, significant differences (p < 0.05) were noted between lungs
receiving low-pH gastric fluid and the other two groups (normal saline and neutralized-
pH gastric fluid), both using a contingency table analysis (with a cutoff of 0.05 mL at a
pressure of 20 cm of water for abnormal pulmonary compliance) and by an unpaired T-
test treating the data as a continuous variable. On the other hand, no significant
difference was noted between the compliance of rat lungs receiving neutralized-pH
gastric fluid and that of those receiving normal saline (either by the contingency table or
by unpaired T-test).

An analysis of the correlation between histopathology and compliance is shown

in Figure 11B through 11D. As expected, some correlation was observed between
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parenchymal fibrosis and compliance for those animals receiving either low-pH gastric
fluid or neutralized-pH gastric fluid (Figure 11B and 11D). However, the coefficient of
determination (r?) depended on the pressure and ranged from 0.389300 to 0.647700
(Figure 11D), suggesting that histopathology and compliance were not strictly co-
dependent. The correlation between compliance and the fraction of airways with OB-
like lesions was generally somewhat better, but still did not have an r2 > 0.7 at any
pressure tested (Figure 11C and 11D). The correlation analyses indicate that fibrosis in
the parenchymal spaces is the predominant contributor to poor compliance in those
lungs treated with normal saline, whereas parenchymal fibrosis and airway lesions may
contribute together to poor compliance in allografts aspirated with either low-pH gastric

fluid or neutralized-pH gastric fluid.
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Figure 11: Compliance of pulmonary allografts exposed to low-pH gastric fluid (GF),
neutralized-pH gastric fluid (NGF), or normal saline (NS).

(A) The volume of the pulmonary allograft expansion as a function of treatment group
was measured at a pressure of 20 cm of water. (B, C, D) The correlation analyses
indicate that fibrosis in the interstitial spaces is the predominant contributor to poor
compliance in those lungs treated with normal saline, whereas interstitial fibrosis and
OB-like lesions may contribute together to poor compliance in the lungs aspirated with
either low-pH gastric fluid or neutralized-pH gastric fluid.
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3.3 Discussion

Animals treated with neutralized-pH gastric fluid developed a gross and
pathological picture indistinguishable from that developed by the group receiving low-
pH gastric fluid. This picture included OB-like lesions characterized by submucosal
fibrosis, epithelial damage and narrowing of the small airways. Previous results from
our laboratory using a non-transplant model have also pointed toward the limited role
of low pH in chronic aspiration-associated lung injury (Downing, Sporn et al. 2008).
These earlier studies demonstrated that lungs in non-transplanted animals treated with
neutralized-pH gastric fluid developed the same chronic pathology as that of animals
treated with low-pH gastric fluid.

The effect of low pH on the lung has been documented in acute aspiration events
(Teabeaut 1952, Knight, Rutter et al. 1993) and indeed may play some subtle role in the
pathology associated with chronic aspiration. Although the pH of the gastric fluid did
not apparently affect the development of OB-like lesions in the allograft model we used,
there was a significant difference between the compliance of rat lungs receiving low-pH
gastric fluid and neutralized-pH gastric fluid. Mucous plugs were observed in the
transplanted lungs of several animals treated with low-pH gastric fluid at the time of
euthanization. =~ We hypothesize that acid-induced mucous formation causing
obstruction of the large airways could influence the result of compliance data.

Consistent with this idea, Christensen et al. previously reported that intratrachael
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instillation of inorganic acids, including hydrochloric acid, causes secretory cell
hyperplasia of airways greater than 0.5 mm in diameter but not those smaller than 0.5
mm in hamsters(Christensen, Lucey et al. 1988). This large airway-associated mucus-
producing process might explain why the lung compliance was different between the
low-pH gastric fluid and neutralized-pH gastric fluid groups, despite indistinguishable
gross morphology and histopathology in our rat model.

The profound effect of neutralized-pH gastric fluid on pulmonary pathology has
substantial clinical implications. GERD is often treated with agents such as proton
pump inhibitors (PPIs) which block acid production in the stomach and thereby alleviate
the immediate symptoms of GERD. Although these inhibitors may block the immediate
symptoms associated with GERD, they do not necessarily prevent aspiration. For
example, one of the PPIs has been shown to increase the proportion of non-acid reflux
episodes (Tamhankar, Peters et al. 2004). Further, PPIs can cause gastric bacterial
overgrowth in the patients with GERD (Theisen, Nehra et al. 2000), which might
possibly worsen the complication of chronic aspiration if indeed particulate matter in
the gastric fluid is important in aspiration-mediated pulmonary injury, as has been
suggested (Downing, Sporn et al. 2008). With this in mind, clinical studies are urgently
needed which evaluate the relative benefits of abrogating reflux in pulmonary
transplant patients versus treatment with pharmaceuticals that block some symptoms of

reflux but not the reflux itself.

63



The finding that alteration of pH does not profoundly affect the impact of GERD
on lung pathology has significant implications for biomedical research and future
directions in medicine. First, this study highlights the necessity of further work aimed at
elucidating the role that various components in gastric fluid, including enzymes,
microorganisms, and particulate food matter, play in the development of OB after lung
transplantation. Secondly, the findings indicate that the use of pharmaceuticals to
alleviate the immediate symptoms of GERD probably does not alleviate some of the
potential long-term and costly effects of the disease. This understanding is particularly
concerning given the highly prevalent nature of GERD in post-industrial society and the
extremely widespread use of medications such as PPIs to treat the symptoms of GERD.
Third, and most importantly, this study points toward the necessity of understanding
and addressing the basic cause or causes of the epidemic of GERD in post-industrial
society. The intuitive view that natural selection did not produce a species with a high
prevalence of GERD under conditions in which the species evolved, in conjunction with
known risk factors for GERD that are also associated with post-industrial society (e.g.,
obesity, smoking, certain immune disorders), points strongly toward “evolutionary
mismatches” (i.e., an incompatibility between evolutionarily selected traits and culture)
of some sort as the underlying cause or causes of GERD. The data presented herein can

be used to argue strongly that addressing the nature of these evolutionary mismatches
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rather than treating symptoms with pharmaceuticals is probably much safer and might

provide the best results for patients in the long term.
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4. Mast cell membrane stabilizer ameliorates gastric
fluid aspiration-associated pulmonary allograft
pathology

Obliterative bronchiolitis (OB), the primary limiting factor of long-term graft
survival after pulmonary transplantation, is characterized by the presence of dense,
irreversible submucosal scarring that partially or totally occludes small airways (Davis
and Pasque 1995). Potential mechanisms of pathogenesis include alloimmune T-cell
reactivity, donor-specific human leukocyte antigen (HLA) or non-HLA anibody
responses, autoimmunity (e.g., Type 5 collagen reactivity, autoreactive T helper 17
reponse), and innate immunity (Todd and Palmer 2011).

Emerging evidence is pointing toward mast cells as one key player in the
pathogenesis of OB. Mast cells are well known as the key players in allergy and
anaphylaxis, and are also critical in host defense against pathogens and in tissue repair
(Moiseeva and Bradding 2011). They are particularly abundant in areas which are
exposed to the environment, such as the lung, with densities in the lung as high as 500
to 4,000 per mm? (Shelburne and Abraham 2011). As the first responders of the innate
defense system and as orchestrators of innate and adaptive immunity (Shelburne and
Abraham 2011), mast cells seem a likely candidate as an important element in
pulmonary allograft rejection. Consistent with this view, an increase in number and
degranulation of lung mast cells during pulmonary artery occlusion/reperfusion injury

has been reported in a canine model (Su, Chi et al. 1993). Further, Yousem has reported
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that the number of mast cells correlates with the rejection grade and the presense of OB
of human pulmonary allografts (Yousem 1997). Fuehrer et al. reported similar results
(Fuehrer, Marchevsky et al. 2009). In addition, data from the transplantation of other
organs provide support for the idea the mast cells are important in organ rejection. For
example, Li et al. suggested that the density and degranulation of mast cells correlates
with the volume of fibrosis in post-transplant hearts (Li, Raza-Ahmad et al. 1992).
Further, an increase in the number of mast cells in relation to fibrosis in allografts has
been reported in both liver and kidney transplants (El-Refaie and Burt 2005, Ishida,
Hyodo et al. 2005). In those studies, mast cell function seems to work against the
survival of transplanted organs. However, not all studies support the idea that mast cell
function is detrimental to allograft survival, and the role that mast cells play in post-
transplant graft rejection remains controversial. For example, Lu et al. has suggested that
mast cells working in conjunction with T regulatory (Trg) cells are critical in allograft
tolerance (Lu, Lind et al. 2006) in a skin allograft tolerance model using mast-cell-
deficient and mast-cell-reconstituted mice. Further supporting the idea that mast cell
function might benefit graft survival under some circumstances, Borema et al. compared
the survival of heterotopic heart transplants in mast-cell-deficient and mast-cell-
competent rats, concluding that mast cells play protective roles in the post-

transplantation period (Boerma, Fiser et al. 2007).
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In this study, we utilized this well-established rat lung transplantation model (Li,
Hartwig et al. 2008) to examine the hypothesis that mast cell degranulation exacerbates
pulmonary allograft failure. Since several lines of evidence point toward gastric fluid
aspiration as a central ingredient in the development of OB (Palmer, Miralles et al. 2000,
Hadjiliadis, Davis et al. 2003, Young, Hadjiliadis et al. 2003, Hartwig, Appel et al. 2006,
Li, Hartwig et al. 2008), and since OB is reliably obtained in this model following
aspiration of gastric fluid (Li, Hartwig et al. 2008) weekly aspirations with gastric fluid
for the duration of the experiment were also incorporated into the model. To probe the
role of mast cell function, transplanted rats were either treated (n = 10) or not treated (n =
16) with the mast cell membrane stabilizer, cromolyn sodium. Cromolyn sodium
effectively inhibits mast cell function (Bernstein 1985), and has been widely used for
decades in asthmatic patients with few side effects (Storms and Kaliner 2005). The effects
of mast cell inhibition on several outcomes were assessed, and compared with controls
(n = 9) which received neither cromolyn sodium nor weekly aspirations with gastric
fluid. The results point toward a prominent role of mast cells not only in the
development of OB, but also in perioperative graft injury associated with ischemia-
reperfusion (I-R) injury. Importantly, these results suggest new clinical approaches and

new lines of investigation aimed at prolonging pulmonary graft function.
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4.1 Material and methods
4.1.1 Animals

Male Wistar Kyoto (WKY; RT1') and Fisher 344 (F344; RT1"') were purchased
from Harlan Laboratories (Indianapolis, IN). The rats weighed 250 to 300 g at the time of
transplantation. All rats were housed in specific pathogen-free conditions in the animal
care facilities at Duke University Medical Center in accordance with institutional
guidelines. All animal care and procedures were approved by the Duke Institutional

Animal Care and Use Committee.

4.1.2 Gastric fluid collection

Gastric fluid was collected from F344 rats using the following procedure. Each
animal was anesthetized with inhaled isoflurane (5%) and orotracheally intubated with
a 14-gauge catheter. Each rat was ventilated (60 breaths per minute, tidal volume of 5
mL/kg) with 2-3% isoflurane for the remainder of the procedure. A small midline
incision was made in the upper abdomen, the peritoneal cavity was entered, and the
stomach and proximal duodenum were then identified. The stomach at the level of the
pylorus was ligated with 5-0 silk suture, and the abdomen was closed in two layers. This
pyloric ligation procedure required approximately 10 minutes to perform for each rat.
The animals were returned to their cages following the procedure and provided with
water and food ad libitum. Eight to twelve hours later, the rat was again anesthetized.

The abdominal sutures were removed, and the peritoneal cavity was entered. The distal
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esophagus at the level of the gastro-esophageal junction was ligated with 5-0 silk suture
and a gastrectomy was performed. The gastric fluid was collected from the stomach and
stored at -80°C. Gastric fluid from approximately 30 rats were thawed, combined, and
filtered through a 70-um strainer (BD Biosciences, Bedford, MA). The pH of the pooled
gastric fluid was measured (pH = 2.5), and then the pooled gastric fluid was aliquoted

and stored at -80°C until needed.

4.1.3 Orthotopic lung transplantation

Left lungs from WKY rats were orthotopically transplanted into F344 rats using
the technique described in the Section 1.2.3.1 of Chapter 1. A prolonged ischemic time (5
hours cold and 1 hour warm) was used for all transplants in this study because (a) the
study was aimed at determining the effect of mast cell inhibition on the development of
OB lesions, and (b) a prolonged ischemic time leads to a significantly higher number of

OB lesions in this transplant model (Chang, Leung et al. 2012).

4.1.4 Aspiration procedure

Transplanted rats received aspirations of 0.5 mL/kg fluid (gastric fluid or normal
saline) once weekly into the left (transplanted) lung for 8 weeks starting one week post-
transplantation. The aspiration procedure was conducted as follows: Rats were sedated
and orotracheally intubated with a 14-gauge catheter. The rats were then placed in a left
lateral decubitus and reverse Trendelenburg position at a 35-40 degree angle. A small

silastic catheter was inserted into the distal trachea, through which 0.5 mL/kg of pooled
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gastric fluid was injected. A small amount of air was then introduced through the

silastic catheter and endotracheal tube to expel any remaining gastric fluid.

4.1.5 Study design and grouping

A total of 35 pulmonary graft recipients were utilized in this study. They were
separated into 3 groups: animals receiving aspiration with gastric fluid (GF) (n=16),
animals receiving aspiration with gastric fluid and treatment with cromolyn sodium
(Sigma-Aldrich, Inc., St. Louis, MO) (GF+C) (n=10) and animals receiving aspiration with
0.9% normal saline (NS) (n=9) as a control. All animals received weekly aspirations for 8
weeks. Cromolyn sodium ((150mg/kg) was administered subcutaneously to the GF+C
recipients preoperatively and then once daily postoperatively until the end of the
experiment. The GF+C recipients also received aerosolized cromolyn (50mg/mL solution
aerosolized using an Invacare Stratos Portable desktop aerosol compressor with low

flow nebulizer) for 20 minutes before each weekly GF aspiration.

4.1.6 Procurement of heart-lung block and measurement of
compliance

Rats were sacrificed one week after the final aspiration event at 9 to 10 weeks post-
transplant. At the time of sacrifice, the heart and lungs of transplanted animals were
removed en bloc. Briefly, rats were anesthetized with inhaled isoflurane (5%), and a
midline sternolaparotomy was performed. After the heart-lung block was completely
removed, the compliance was measured in some animals as follows: a 14-gauge catheter

was inserted into the left bronchus and secured by 5-0 silk suture. This catheter was
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then connected to a pressure-volume measurement device comprised of a 3-mL syringe
(for introducing air and measuring air volume) and a WIKA low pressure (pressure
range 0 — 380 mm water) gauge (Valworx, Inc., Cornelius, NC). Compliance data were
collected from 9, 10 and 4 of the pulmonary allografts from the GF, GF+C and NS

groups, respectively.

4.1.7 Histology

The left lung was separated into upper and lower halves (LU and LL), and half of
each piece was fixed in 10 % neutral buffered formalin for 24 hours, then processed into
paraffin blocks for microtomy. The other parts of upper and lower halves were fixed in
Carnoy solution for 4 hours, then processed into paraffin blocks. Tissues were then
sectioned at 5 um thickness and mounted onto positively charged microslides (Erie
Scientific Company, Portsmouth, NH). Sections for histological analysis were then
stained with hematoxylin and eosin or with Masson’s trichrome or with toluidine blue
stain.

OB was defined as dense fibrosis in the sub-mucosa of membranous and
respiratory bronchioles, resulting in partial or complete luminal occlusion (Stewart,
Fishbein et al. 2007). Every bronchiole of each tissue section was reviewed, and the total
number of bronchioles in each section was recorded. The pathology score was reported
as the fraction of airways affected (the ratio of the number of OB lesions divided by the

total number of bronchioles per animal).
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The extent of pulmonary fibrosis in specimens was numerically graded
according to a scoring system as described previously (Ashcroft, Simpson et al. 1988).
Both tissue sections (LU and LL) from each animal were systematically scanned under a
microscope using a 10x objective. Each tissue section contained an average of 4 to 5
microscopic fields, and all fields in each section were assessed for severity of interstitial
tibrosis and allotted a score between 0 and 8. The mean score of all the fields per animal
(LU plus LL) in the section was recorded.

The amount of mast cells of the small bronchioles (including mucosa,
submucosa, smooth muscle and adventitia) from both LU and LL tissue sections was
determined on slides stained with toluidine blue. The number of bronchiolar mast cells
was reported as the total number of bronchiole-associated mast cells divided by the

number of the small bronchioles (LU + LL) per rat.

4.1.8 Statistical analyses

Unpaired t-tests and correlation analyses were performed using Prism 5.01
software (GraphPad Software, Inc., San Diego, CA), and an alpha = 0.05 was used. Two-
tailed t-tests were used in all cases except that a one-tailed t-test was used to evaluate
the hypothesis that treatment with cromolyn sodium was associated with an increased
compliance measurement. Contingency tables were constructed and assessed using the

program designed by Kirkman (Kirkman 1996).
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4.2 Results
4.2.1 Intraoperative and perioperative complications and death

A total of 46 rat orthotopic left lung transplantations were performed in this
experiment aimed at evaluating the role of mast cell function in pulmonary allograft
rejection. As described in Section 4.1.3, all recipients received pulmonary allografts
subjected to a prolonged (5 hours cold and 1 hour warm) ischemic period, which is
associated with an approximately 30% rate of acute graft loss in this model (Chang,
Leung et al. 2012). Ten of the 46 recipients received a subcutaneous injection of
150mg/kg cromolyn sodium preoperatively. There were no intraoperative complications
or deaths in any of the procedures. However, among the 36 recipients that were not
treated with cromolyn sodium, 11 developed acute graft injury leading to death (10
developed hemoptysis and 1 was severely pale within 24 hours after the operation).
Necropsy of these 11 rats revealed hemorrhagic consolidation of the pulmonary
allografts with parenchymal necrosis and diffuse alveolar hemorrhage on histological
sections. In contrast, the 10 recipients that were treated with cromolyn sodium had no
such perioperative morbidity and mortality (Figure 12). Analysis using a 2 x 2
contingency table demonstrated a significant difference in perioperative morbidity and
mortality between the recipients with and without the treatment of cromolyn sodium (p

= 0.045).
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Figure 12: Perioperative morbidity and mortality of recipients treated with cromolyn
sodium.

In this experiment, 11 out of 36 rats receiving lungs subjected to prolonged-ischemia
developed perioperative morbidity and mortality with histological evidence of
parenchymal necrosis and diffuse alveolar hemorrhage. In contrast, no perioperative
morbidity or mortality developed in those recipients treated with preoperative
cromolyn, despite receiving lungs subjected to prolonged-ischemia. Analysis using a 2 x
2 contingency table showed a significant improvement of perioperative complications
and death after the treatment of cromolyn (p = 0.045). An assessment of all lung
transplants performed in our laboratory in a manner identical to the ones conducted in
this study (70 WKY to F344 transplants, performed with long ischemic time as described
in the Methods) revealed that 30% (21 of 70) had a perioperative morbidity and
mortality rate significantly higher than those recipients treated with cromolyn (p =
0.038).
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4.2.2 Gross morphology and lung compliance of the pulmonary
allograft

The majority of pulmonary allografts that received gastric fluid (GF) aspiration
without cromolyn for 8 weeks developed discoloration, consolidation and shrinkage in
size (Figure 13A). In contrast, 8 out of 10 allografts that were treated with cromolyn
sodium (GF+C), despite exposure of gastric fluid for 8 weeks, had a normal contour and,
based on subjective evaluation, expanded to at least 70% of the normal volume (the
expansion volume of a native left lung) (Figure 13B). All of the pulmonary allografts
exposed to 0.9% normal saline (NS) were grossly normal and expanded to at least 70% of
normal lung volume (Figure 13C). Analysis with a 2 x 2 contingency table revealed a
significant difference in graft expansion between the animals with and without
administration of cromolyn sodium (p = 0.003). There was no significant difference in
graft expansion between animals in the GF+C and NS groups (p = 0.263) (Figure 13D).

The compliance of the pulmonary allografts was measured ex vivo after 8 weekly
gastric fluid aspirations. Figure 13E shows the volume of air which could be introduced

into the pulmonary allografts at each pressure point in three different groups.
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Figure 13: Gross morphology and lung compliance of pulmonary allografts 9 to 10
weeks after transplantation.
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After 8 weeks of gastric fluid (GF) aspiration, most of the transplanted lungs (arrow)
were characterized by discoloration, consolidation and reduced size (A). On the other
hand, the majority of the allografts from recipients treated with cromolyn sodium
expanded to more than 70% of normal lung volume (see Methods) and had normal lung
contours (B), despite 8 weeks of GF aspiration. The allografts in the control group,
receiving aspiration with normal saline, were grossly normal (C). The percentage of the
gross consolidation in the GF aspiration group was significantly higher than that in the
GF aspiration plus cromolyn treated group (p=0.003; analysis with a 2x2 contingency
table) and the control group (p<0.001; analysis with a 2x2 contingency table). There was
no significant difference between the GF aspiration plus cromolyn treated group and the
control group (p=0.263; analysis with a 2x2 contingency table) (D). The pulmonary
allografts in the GF aspiration plus cromolyn treated and control groups had similar
compliance, whereas worse compliance was noted in allografts of the GF aspiration
group (E). The volume of allografts treated with GF aspiration plus cromolyn at a
pressure of 380 mm H2O was, on average, increased by more than 100% compared to
grafts receiving aspiration without cromolyn (1.239 + 0.361 (Mean + SE) mL, compared
to 0.448 + 0.255 mL; p = 0.049, one-tailed t-test).
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As can be seen, the transplanted lungs of animals receiving aspiration with
gastric fluid plus treatment with cromolyn and of those receiving aspirations with
normal saline had similar compliance, whereas worse compliance was noted in those
receiving aspiration with gastric fluid but not treatment with cromolyn. The volume of
allografts at a pressure of 380 mm H20 in the GF+C group was 1.239 + 0.361 (Mean * SE)

mL, compared to 0.448 + 0.255 mL in the GF group (p = 0.049, one-tailed t-test).

4.2.3 Obliterative bronchiolitis in the small airways

Near-complete obliteration caused by epithelial damage and subepithelial
fibroproliferation developed in the majority of the pulmonary allografts receiving
aspiration with GF but no treatment with cromolyn (Figure 14A). As described in
Section 4.1.7, the tissue sections of both the upper and lower halves of each transplant
were systemically reviewed. Further, every bronchiole from each section was carefully
examined by two authors (JCC and JHL) in a blinded fashion, and the results shown are
consistent with the observations of both assessments. The mean fraction of airways
affected (ratio of the number of OB lesions to the number of total bronchioles per animal;
see Section 4.1.7) in the GF group was 0.456 + 0.068 (mean + SE). In contrast, most
airways in the GF+C and NS groups lacked OB lesions (Figures 14B and C), having
mean fractions of airways affected of 0.108 + 0.030 and 0.050 + 0.039, respectively). There
was a significant difference between the GF and GF+C groups (p < 0.001), but not

between the GF+C and NS groups (p = 0.258), indicating that treatment with cromolyn
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sodium was indeed associated with a decrease in the development of obliterative
bronchiolitis (Figure 14D). The drop from 45% of airways affected in the GF group down
to 11% in the GF+C group suggests that the effect of the drug is profound, at least in this

model.
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Figure 14: Histological analysis of the small airways in the pulmonary allografts.

An example of the OB lesions that developed in allografts exposed to 8 weekly
aspirations of gastric fluid (GF) is shown (the arrows indicate the smooth muscle of this
bronchiole). The lesions were characterized by epithelial damage and subepithelial
tibroproliferation (A). In contrast, most bronchioles in lungs from the GF aspiration plus
cromolyn and control (B and C) groups lacked characteristic features of OB. Quantitative
analysis revealed that the fraction of airways affected was significantly higher in the GF
aspiration group than in the GF aspiration plus cromolyn (p < 0.001) and the control (p <
0.001) groups. There was no significant difference between the fraction of airways
affected in the allografts of the GF aspiration plus cromolyn and the control groups (p =

0.258) (D). The bar represents 50um, and slides were stained with hematoxylin and
eosin.

81



4.2.4 Histological fibrosis of allograft parenchyma

The architecture of the alveoli and of the interstitial spaces remained intact in the
majority of allografts in the NS (control) group (Figures 15C and F). Most of the animals
receiving chronic gastric fluid aspiration without cromolyn developed evident fibrosis in
the parenchyma (Figures 15A and D), whereas the rats treated with cromolyn for 8
weeks had only mild-to-moderate parenchymal fibrosis, despite aspiration of gastric
fluid for 8 weeks (Figures 15B and E). A semi-quantitative grading system, in which 0
denotes normal and 8 indicates total fibrosis, was utilized to evaluate the severity of
parenchymal fibrosis of all pulmonary allografts. As shown in Figure 15G, the fibrosis
score of the GF group was 5.354 + 0.575 (mean + SE), which was significantly higher than
the scores of the GF+C (3.362 + 0.483, p = 0.031) and NS (2.007 + 0.301, p = 0.004) groups.
Further, the NS group had a lower score of parenchymal fibrosis than did the GF+C

group (p = 0.024).
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Figure 15: Histological analysis of pulmonary parenchyma in the pulmonary
allografts.
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The pulmonary allografts exposed to chronic aspiration 8 weeks of gastric fluid (GF)
developed severe fibrosis and destruction of the parenchyma (A and D). The recipients
that received GF aspiration plus cromolyn developed mild-to-moderate fibrosis of
pulmonary parenchyma in the allografts (B and E). Expansion of the parenchyma and
normal architecture of the allografts were noted in the control group which was exposed
to chronic aspiration of normal saline (C and F). Semi-quantitative analysis of
parenchymal fibrosis revealed that those animals GF aspiration plus cromolyn group
have significantly less parenchymal fibrosis than the animals the GF aspiration group
but untreated with cromolyn (p=0.031) (G). The bar represents 200um; A-C, hematoxylin
and eosin stain; D-F, Masson trichrome stain.
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4.2.5 Mast cells in the bronchioles of pulmonary allografts

Mast cells were frequently observed in the OB lesions of the pulmonary
allografts that were chronically exposed to gastric fluid (Figure 16A and B). Different
stages of degranulation of mast cells could be seen in OB lesions under high power field
(Figure 16C, D and E). Quantitative analysis showed that the number of mast cells per
small bronchiole significantly increased in the animals aspirated with gastric fluid (GF
vs. NS, p = 0.005). Surprisingly, there was no significant difference between the number
of mast cells per bronchiole in animals with and without the treatment of cromolyn
sodium (p = 0.176). Further, the number of mast cells per small bronchiole significantly
increased in the GF+C group compared to the NS group (p = 0.024) (Figure 16F). A
positive correlation between the fraction of airways affected by OB lesions and the
number of mast cells per small bronchiole was observed only in the allografts from the
GF group (r =0.709, p = 0.002), and not in the GF+C (r =-0.225, p = 0.532) or NS groups (r

=-0.297, p = 0.439) (Figure 16G).
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Figure 16: Mast cells in the small bronchioles.
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Serial sections using hematoxylin and eosin stain (A) and toluidine blue stain (B) show
an OB lesion in a pulmonary allograft of the gastric fluid (GF) aspiration group. In panel
(A), arrows denote the smooth muscle of the bronchiole, and in panel (B), arrows
indicate the mast cells associated with the bronchiole. Different stages of degranulation
of mast cells were noted in the bronchiole using toluidine blue staining (C, D and E). The
number of mast cells per small bronchiole significantly increased in the animals
aspirated with gastric fluid, regardless of cromolyn treatment (GF aspiration vs. control,
p = 0.005; GF aspiration plus cromolyn vs. control, p = 0.024). There was no significant
difference between the number of mast cells per bronchiole in animals with and without
the treatment of cromolyn (GF aspiration vs. GF aspiration plus cromolyn, p = 0.176) (F).
A positive correlation between OB and the number of mast cells in the allografts from
the GF group (r = 0.709, p = 0.002), but not in the GF aspiration plus cromolyn (r =-0.225,
p = 0.532) or control groups (r = -0.297, p = 0.439) was observed (G). The bar represents
200pm in A and B and 5um in C, D and E.
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4.3 Discussion

Using a rat orthotopic left lung transplantation model, we have previously
reported the reproducible presence of OB lesions in pulmonary allografts following
chronic, repetitive gastric fluid aspiration (Li, Hartwig et al. 2008, Chang, Leung et al.
2012). In those studies, aspiration of gastric fluid was also associated with parenchymal
fibrosis, and the development of OB lesions was exacerbated by prolonged ischemic
time. In this current experiment, we reproduced the OB and parenchymal fibrosis
associated with gastric fluid aspiration, and in addition observed increasing numbers of
mast cells only in the bronchioles of pulmonary allografts exposed to gastric fluid, not in
those treated with normal saline. Further, aspiration-induced OB and parenchymal
fibrosis of pulmonary allografts were ameliorated by inhibition of mast cell
degranulation using a mast cell membrane stabilizer. Further, inhibition of mast cell
function also apparently prevented acute graft failure associated with prolonged
ischemic time.

Mast cells might be recruited and/or activated by several possible mechanisms in
this animal model. After I-R injury, pulmonary allografts may release intracellular
components (e.g., high-mobility group box 1, heat shock proteins, ATP and uric acid)
from necrotic cells and extracellular matrix fragments. These endogenous molecules,
termed damage-associated molecular patterns (Chen and Nunez 2010), can be

recognized by the TLRs (Todd and Palmer 2011) on mast cells. Another critical event
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perhaps involved in mast cell recruitment/activation in this model is the exposure of the
pulmonary allografts to gastric fluid. One of the major components of gastric fluid is
bacteria. Lipopolysaccharide, a major component of many bacteria, might activate mast
cells through TLR-4. Furthermore, direct contact by activated T-cells and micro-particle
secretions from activated T-cells have been shown by Mekori et al. to cause mast cell
degranulation and cytokine release (Shefler, Salamon et al. 2010). Therefore, mast cells
are potentially activated directly by T cells due to an adaptive anti-donor response.
However, this pathway is potentially more involved in chronic processes in this model
(e.g., development of OB) rather than early processes (acute graft dysfunction due to I-R
injury)

Consistent with previous results (Chang, Leung et al. 2012), we observed that
about 30% of the animals receiving pulmonary allografts with a prolonged ischemic time
in this study developed perioperative morbidity and mortality (necrosis and
intrapulmonary hemorrhage of lung grafts). This morbidity and mortality is known to
be associated with prolonged ischemic time, since it is not observed in recipients
receiving pulmonary allografts subjected to short ischemic times (Chang, Leung et al.
2012). Over the course of several experiments, we have now performed 70 rat lung
allotransplantations with prolonged ischemic times, twenty-one (30%) of which have
developed hemorrhagic consolidation with histological evidence of diffused alveolar

hemorrhage and necrosis of parenchyma. Analysis with a 2 x 2 contingency table
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revealed that the recipients treated with preoperative cromolyn sodium had
significantly lower perioperative complications and death than those with no treatment
of cromolyn sodium (p = 0.038) (Figure 12). This result suggests that preventing mast cell
degranulation reduces perioperative insults due to prolonged ischemia of pulmonary
grafts. Consistent with this finding, Barr et al. has reported that adding lodoxaminde
tromethoamine, a derivative of cromolyn sodium, to lung preservation solutions results
in better postischemic function in cold stored rat lungs after reperfusion (Barr, Carey et
al. 1998).

The amelioration of the effect of I-R injury by mast cell inhibition may have
consequences that extend for prolonged periods. In a previous study, we found that
prolonged ischemic time of pulmonary allografts, while insufficient by itself to lead to
OB, works synergistically with aspiration of gastric fluid to increase the development of
OB (Chang, Leung et al. 2012). Further, bronchiolitis obliterans syndrome, the clinical
surrogate of OB in humans, is associated with I-R injury (Fiser, Tribble et al. 2002).
Therefore, the protective role of a mast cell membrane stabilizer during I-R injury might
play a substantial role in reducing the development of OB in this animal model. In
addition to their role in I-R injury, mast cells might encourage the development of OB
and other gastric fluid aspiration-associated pulmonary pathology via several potential
mechanisms. First, mast cells might augment the alloimmune response which has been

identified as a key component in the development of OB in humans (Sato and Keshavijee
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2008) and in our model (Chang, Leung et al. 2012). Upon activation, mast cell-derived
tumor necrosis factor a (TNF-a) can rapidly accumulate in the drainage lymph node and
initiate the recruitment of circulating T cells as well as dendritic cells (McLachlan, Hart
et al. 2003, Shelburne, Nakano et al. 2009). Further, mast cell degranulation down-
regulates Trg cells (de Vries, Wasiuk et al. 2009), which play an important role in
suppressing other immune cells including antigen presenting cells, CD4+ and CD8+ T
cells (Neujahr and Larsen 2011). In addition, mast cell-derived transforming growth
factor (3 (TGF-), basic fibroblast growth factor (bFGF), and chymases promote a pro-
tibrotic microenvironment (Jahanyar, Koerner et al. 2008). This later pathway might help
to explain why preventing mast cell degranulation also reduced parenchymal fibrosis in
this current experiment.

Another interesting finding in this current study is that, despite the effectiveness
of cromolyn sodium at preventing OB, it only slightly reduced the mean number of mast
cells in the small airways of pulmonary allografts treated with gastric fluid (less than
50% decrease in mean mast cells per bronchiole, no statistically significant difference).
Furthermore, the number of mast cells did not correlate with the development of OB in
grafts treated with cromolyn sodium. This suggests that grafts treated with cromolyn
sodium may be protected from the development of OB through a qualitative rather than
a quantitative change in the mast cell. In other words, it seems likely that the effect of

cromolyn is primarily mediated by its blockade of mast cell function, rather than any
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alteration of mast cell numbers. However, it is possible that cromolyn sodium
ameliorates the pathology of pulmonary allograft rejection in this model through
mechanisms independent of mast cells. For example, cromolyn has been shown to
inhibit activation and chemotaxis of neutrophils in vitro (Skedinger, Augustine et al.
1987). However, this possibility seems unlikely, and experiments aimed at evaluating it,
perhaps involving mast cell deficient animals, would presumably be a low priority.

In conclusion, this study demonstrates that chronic aspiration of gastric fluid
increases mast cells in pulmonary allografts. Cromolyn sodium ameliorates the
development of OB and parenchymal fibrosis in the pulmonary allografts, perhaps by
inducing qualitative more than quantitative changes in the mast cell population. The
findings in this study provide a good starting point to understand the role that mast
cells play in the development of OB, and point toward a potential treatment strategy for
clinical lung transplantation. With this in mind, additional experiments are suggested in
which the timing (e.g., preoperative versus chronic) of administration of mast cell
inhibitors during the course of pulmonary transplantation is evaluated. Such studies
would provide additional insight into the potential role of mast cells in pulmonary
allograft rejection, and would pave the way for clinical trials using mast cell inhibitors to

increase the longevity of pulmonary allografts.
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5. General discussion

5.1 Summary

Over the past 30 years, lung transplantation has become the treatment of choice
for patients suffering from pulmonary diseases that cause respiratory failure. However,
obliterative bronchiolitis after lung transplantation still limits the long-term survival of
lung recipients. Data from studies described in this dissertation substantially extends
our understanding of pulmonary allograft rejection, especially the pathogenesis of
gastric fluid aspiration-mediated OB development.

Chapter 2 of this dissertation addresses the relationship between GERD, donor
organ ischemic time and OB. These results validate the view that chronic aspiration of
gastric fluid reproducibly produces OB lesions. Prolonged ischemic time of donor grafts
works in conjunction with chronic aspiration, inducing a higher incidence of OB than
aspiration with short ischemic times. However, prolonged ischemic time by itself is
insufficient to cause OB; aspiration is required. Further, OB induction is strictly
dependent on the alloimmune response, although non-OB fibrotic lesions can be
induced by aspiration of gastric fluid in grafts without allogenicity. (Chang, Leung et al.
2012).

Proton pump inhibitors and antacids create a neutralized-pH environment in the
stomach and are frequently used for relieving the symptoms of GERD patients. The

evidence presented in Chapter 3 shows no significant difference in OB development and
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gastric fluid aspiration-associated histopathology of parenchyma between the groups
receiving low-pH gastric fluid and neutralized-pH gastric fluid (Tang, Chang et al.
2012). These results suggest that effective management of GERD in lung transplant
recipients should probably include more than just neutralization of gastric fluid.

Several previously published lines of evidence are consistent with the idea that
mast cells might be critical in pulmonary allograft failure. Pursuing this idea, in Chapter
4, the role of mast cells in gastric fluid aspiration-mediated pulmonary allograft rejection
is explored. The results show that cromolyn, a mast cell stabilizer, decreases (and
potentially completely eliminates) perioperative graft dysfunction due to I-R injury.
Further, the prevention of mast cell degranulation with cromolyn treatment significantly

reduces the development of OB in pulmonary allografts.

5.2 Comments on the operative procedures used in this animal
model

The use of a rat orthotopic left lung transplant with repetitive gastric fluid
aspiration described in this dissertation represents an outstanding animal model for
studying the pathogenesis of pulmonary allograft rejection. Several advantages of this
animal model are evident from the work presented in this dissertation. First, this
anatomical and physiologic model recapitulates the actual environment of human
pulmonary grafts far better than some other models. The vascularized and aerated graft

in this model obtains blood flow from pulmonary circulation and is exposed to the
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environmental agents from the airway. Unlike models utilizing heterotopic trachea
transplantation which develop fibrosis of a large airway (trachea), OB lesions in this
animal model develop in multiple bronchioles of the pulmonary allograft in a manner
similar to those seen in human patients. Further, the injury seen in this model,
characterized by submucosal fibroproliferation causing partial or total obliteration of the
small airways, is similar to that seen in humans. In addition, repetitive gastric fluid
aspiration of pulmonary grafts mimics the clinical scenario for those lung transplanted
patients with GERD potentially suffering from chronic micro-aspiration. Finally, one of
the most attractive advantages of this animal model is that reproducible OB lesions can
be observed 9 to 10 weeks after transplantation versus the 16 to 20 months period for OB
development in human lung transplants (Nicod 2006).

In order to obtain reproducible OB lesions in this animal model for studying
pulmonary allograft failure, a successful operation of lung transplantation is mandatory.
In the course of this dissertation work I have continued to optimize our laboratory’s
procedure. Section 1.2.3.1 of Chapter 1 describes the improved procedure in detail. I
have found the following points to be critical.

1. Anesthesia: Anesthesia includes induction, intubation, oxygen supply with

mechanical ventilation, and recovery from anesthesia.
a. Induction of anesthesia for the rats using aerosolized isoflurane (5%) with

oxygen in a closed chamber (induction chamber) is now routinely used in
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our laboratory. From our experience with more than 1000 procedures, no

mortality from anesthesia is expected using this method. Generally, the

rats reach the appropriate depth of anesthesia for intubation in 8 to 10

minutes.

Intubation is the most critical step for anesthesia. Several complications,

including misplacement of the orotracheal tube to the esophagus, vocal

cord injury, and trachea penetration, can occur.

i.

ii.

Esophageal intubation showing no ventilation of lungs and bulging
of the stomach (abdomen) can be rapidly identified when
connecting the tube to the ventilator. The orotracheal tube should be
removed immediately. If the animal is still at the appropriate depth
of anesthesia, re-intubation is suggested. On the other hand, if the
animal begins to regain consciousness, it should be returned to the
induction chamber to receive intubation after appropriate
anesthesia has been reached.

Trachea penetration and vocal cord injury can be lethal. To prevent
this complication, the animals should always be allowed to reach
the appropriate depth of anesthesia for intubation. Further, the
stylet of the orotracheal tube should be removed when the

orotracheal tube is passed through the vocal cords.
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c. After smooth intubation, the orotracheal tube should be secured with
tape to the animal’s mouth and subsequently connected to the ventilator.
Ventilator settings include tidal volume, respiration rate, inspiration flow,
and inspiration time, and should be adjusted according to the body
weight of the animal. The instruction manual of the ventilator often
provides the information for typical ventilator settings.

d. During wound closure of the recipients (survival surgery), anesthesia can
be gradually withdrawn by decreasing the percentage of isoflurane.
Isoflurane should be turned off when the wound closure is complete. The
ventilator can be temporally disconnected to the orotracheal tube to
observe spontaneous breathing of the recipient. Removal of the
orotracheal tube at this moment is not recommended. Once the recipient
has recovered spontaneous breathing with a respiratory rate around
60/min, and the pink color of the mucous membrane can be maintained
without ventilation, then the orotracheal tube can be safely removed, and
the animal can be put into solitary containment for further observation
and recovery.

2. Graft preservation:

a. Successful perfusion of the donor lung with cold Perfadex (preservation

solution) is critical for the operation. First, removing all air bubbles from
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the Perfadex solution by physically tapping the container and tubing
should be done before flushing the solution to the pulmonary artery (PA).
Perfadex should be immediately flushed into the PA when the incision at
the right ventricular outflow tract (RVOT) of the heart is created.
Inadequate de-airing of the solution and any delay in flushing the lungs
with Perfadex can create air emboli, which can lead to incomplete
perfusion of the graft with Perfadex. Second, care must be taken when
inserting the catheter and tubing through the RVOT of the heart to avoid
torsion of the PA, which can also lead to inadequate perfusion of the
lungs. Therefore, the heart and PA should always be kept in their normal
anatomical positions.

b. The donor lung should be kept inflated until implanted into the recipient.
A deflated lung graft during ischemia potentially increases the risk of re-
expansion pulmonary edema and perioperative I-R injury of the recipient
(Waddell, Gorczynski et al. 1996).

3. Preparation of grafts for implantation:

a. The left PA and bronchus (Br) are generally long enough for the
placement of cuffs. However, the pulmonary vein (PV) is frequently short
in length. Extending the incision to the left atrium will increase the length

of the PV.
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b. Care must be taken when placing cuffs to the PA, PV and Br. Torsion of

C.

these blood vessels and/or the bronchus by incorrect cuff placement can
lead to serious complications including insufficient blood flow, venous
thrombosis and inadequate ventilation.

Covering or wrapping the pulmonary graft with Perfadex-soaked gauze

reduces incidental injury during the procedure.

4. Recipient procedure:

a.

When the native left lung of the recipient is retracted for donor graft
implantation, the anatomical position of the right lung and mediastinal
structures including trachea and heart can be unintentionally altered.
This abnormal position shifting could be lethal due to compromises in the
systemic venous blood flow returning to the heart as well the ventilation
and perfusion of the right lung. Therefore, the neutral position of heart
and trachea should be maintained during the procedure.

The position and angle of the cuffed vessels and bronchus are critical for
the success. As described above, torsion of these structures in the
recipient can cause insufficient blood flow, venous thrombosis and
inadequate ventilation.

Chest tube placement is not a mandatory step in this “cuff technique of

anastomosis of the bronchus”. The lung is maximally inflated with

99



additional positive pressure from the ventilator to obliterate space in the
thoracic cavity prior to closing the chest wound. There has been no
previous evidence of pneumothorax following this experimental

procedure in our laboratory.

In addition to the potential pitfalls described above, the most critical element for
the success of this operation is the experience of the surgeon. Our laboratory first began
to develop rat orthotopic left lung transplantation in 2004. Several investigators
including 1 medical student, 1 pathologist, 1 colorectal surgeon, 2 surgical residents and
4 cardiothoracic surgeons have been involved in these surgical procedures. None of
them have had previous experience in human lung transplantation. The medical student
could only intubate the rats and perform en bloc removal of heart-lung block successfully
under supervision and guidance from an experienced surgeon. The surgical residents,
the pathologist, and the colorectal surgeon could eventually perform successful lung
transplantations (no intraoperative death); however, they had long learning curves
(around 50 to 100 transplantations until no intraoperative death was achieved) and
generally required a longer time to complete the operation. In contrast, the
cardiothoracic surgeons usually achieved success (no intraoperative death) in a shorter
period (10 to 30 transplantations), and they generally had shorter and more controllable

operation times.
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Management of anesthesia and mechanical ventilation, the knowledge of thoracic
anatomy, and the surgical skills of vascular microsurgery are required for the success of
orthotopic rat lung transplantation. Therefore, the cardiothoracic surgeons have the
advantage in learning these procedures because they have greater experience and have
practiced the required techniques in cardiothoracic surgery for a greater length of time
than a surgical resident or a non-cardiothoracic surgeon.

Serendipitously, OB lesions were first observed in pulmonary allografts treated
with chronic gastric fluid aspiration from the operations performed by a non-
cardiothoracic surgeon (Li, Hartwig et al. 2008) with resultantly long operation times. In
contrast, subsequent cardiothoracic surgeons efficiently performing short operations
could not repeat the results of reproducible OB in hundreds of lung transplantations
following gastric fluid aspiration. After investigating the myriad of details comprising
these historical operations, we identified an important variable within those procedures;
the ischemic time.

Ischemic time for the graft in this lung transplantation model is defined as the
interval from the initiation of perfusion with Perfadex until the reperfusion of blood in
the recipient. During ischemic time, the surgeon uses the surgical microscope to perform
the most technical demanding aspects of the procedure. Those surgeons with the most
relevant skills (the cardiothoracic surgeons in this case) generally had shorter ischemic

times. In contrast, non-thoracic surgeons needed more time to complete these technical
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demanding procedures during ischemic time. This lack of proficiency can be a hindrance
to maintaining consistent ischemic times across many individual transplants and also
when performing shorter ischemic timed experiments. It was this observation that
brought our attention to the potential importance of the ischemic time of the grafts,
which is examined in the experiments described in Chapter 2.

The “two hit” hypothesis, that an additional insult beyond an alloimmune
response is necessary for the development of OB, was first proposed from our laboratory
(Li, Hartwig et al. 2008) to explain the role of chronic gastric fluid aspiration in the
development of OB in pulmonary allografts. The evidence from the experiments in this
dissertation validates this view, since only rare OB lesions developed in the pulmonary
allografts treated with normal saline or in pulmonary isografts aspirated with gastric
fluid. Data presented in Chapter 2 demonstrate the interplay between alloimmunity,
prolonged ischemic time, and chronic aspiration of gastric fluid in the pathogenesis of
OB development. These results suggest that prolonged ischemic time augments OB
development in this model and could be a “third hit”, since significantly fewer OB
lesions developed in short ischemic time allografts given chronic gastric fluid aspiration
compared to otherwise similar grafts receiving longer ischemic time. In addition, the
inclusion of prolonged ischemic time in the experimental model provides a practical

approach for better sensitivity and consistency in further research, since well observed
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OB lesions in the pulmonary allograft are critical for animal models used to study

chronic graft rejection in lung transplantation.

5.3 Future directions

Using the animal model described above, along with prolonged ischemic time
for the development of more OB lesions, a potential treatment for ameliorating
pulmonary allografts failure after lung transplantation has begun to be explored in this
dissertation. As described in Chapter 4, cromolyn, a mast cell stabilizer a) significantly
reduced the perioperative mortality and morbidity of recipients due to I-R injury-related
acute graft dysfunction, and b) significantly decreased OB lesions in pulmonary
allografts with prolonged ischemic time and chronic aspiration of gastric fluid.

It is important to note that the use of cromolyn has with a long track record of
exceedingly good safety and few side effects in asthma patients since the drug’s
approval by the Food and Drug Administration in 1973 (Shapiro and Konig 1985, Jr.,
Bochner et al. 2009). Therefore, the evidence from this dissertation as well as the drug’s
patient-use history lead us to believe that further investigation of pharmaceutical usage
of cromolyn is a good starting point to develop a treatment option for increasing both
short and long-term survival of human lung transplant patients. Determination of
several variables, including which patients might benefit from cromolyn treatment (end

stage lung disease patients on the waiting list, donor, and/or recipients), the dosage(s) of
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cromolyn needed, the timing of treatment (perioperative and/or chronic), and the
route(s) of administration (e.g., intravenous, subcutaneous and/or inhalation) is critical
knowledge needed to advance this research to clinical trials.

The profound improvement in the outcome of pulmonary allografts treated with
cromolyn in this animal model also demonstrates the importance of exploring the role of
mast cells in pulmonary allograft rejection in future studies. The association between
mast cells and a variety of fibrotic diseases including those of the lung (Pesci, Bertorelli
et al. 1993), liver (Farrell, Hines et al. 1995), kidney (Roberts and Brenchley 2000) and
skin (Garbuzenko, Nagler et al. 2002) has been described in the literature, and points to a
much broader role for mast cells in human disease than their widely appreciated role in
allergic responses. Thus, the role of mast cells in the development of OB might be one
example of several pathological processes associated with fibrosis in which mast cells
play a critical role.

On the one hand, the studies described in this dissertation demonstrate the
importance of mast cells in the rejection of pulmonary allografts, and a highly effective
therapeutic for the inhibition of mast cell function (cromolyn) has already been
developed and tested extensively. Thus, it can be argued that translation work, aimed at
utilizing these findings in clinical practice, can begin immediately without further work
elucidating the mechanism of mast cell function in this model. On the other hand, it can

also be argued that further investigation of the mechanisms by which mast cells function
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in this model could potentially provide insight into the development of more specific

and directed treatment strategies for clinical utilization.

5.4 Concluding remarks

In conclusion, the work reported in this dissertation enhances our understanding
of gastric fluid aspiration-mediated pulmonary allograft failure and optimizes this
animal model for studying lung transplant rejection.

First, we demonstrate prolonged-ischemic time augments the development of OB
in pulmonary allografts with chronic gastric fluid aspiration. Using this animal model,
we further show that pulmonary allografts with chronic aspiration of neutralized pH
gastric fluid develop the same OB lesions and the same gastric fluid aspiration-
associated histopathology of parenchyma as those treated with chronic aspiration of low
pH gastric fluid. This result suggests the important clinical implication that
neutralization of gastric fluid pH by pharmaceutical means plays a limited role in the
management of GERD-associated pulmonary allograft rejection in human patients.

Secondly, we examine the role of mast cells in the development of OB in this
animal model. Cromolyn, a mast cell stabilizer which prevents mast cell degranulation,
significantly reduces immediate (perioperative) graft dysfunction and chronic
histopathology of the pulmonary allografts after gastric fluid aspiration. Further, the

results suggest that the dramatic effect of cromolyn treatment is related to the functional
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blockage of mast cells. Taken together, the results in this dissertation indicate that mast
cells are a central player in pulmonary allograft rejection which includes a three-hit
process that involves aspiration of gastric fluid, ischemia-reperfusion injury, and a

potent alloimmune response.
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