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Abstract
Obliterative bronchiolitis (OB) is the primary cause of late morbidity and mortality following lung
transplantation. Current animal models do not reliably develop OB pathology. Given the
similarities between ferret and human lung biology, we hypothesized an orthotopic ferret lung
allograft would develop OB. Orthotopic left lower lobe transplants were successfully performed in
22 outbred domestic ferrets in the absence of immunosuppression (IS; n = 5) and presence of
varying IS protocols (n = 17). CT scans were performed to evaluate the allografts. At intervals
between 3–6 months the allografts were examined histologically for evidence of acute/chronic
rejection. IS protects allografts from acute rejection and early graft loss. Reduction of IS dosage
by 50% allowed development of controlled rejection. Allografts developed infiltrates on CT and
classic histologic acute rejection and lymphocytic bronchiolitis. Cycling of IS, to induce repeated
episodes of controlled rejection, promoted classic histologic hallmarks of OB including fibrosis-
associated occlusion of the bronchiolar airways in all allografts of long-term survivors. In
conclusion, we have developed an orthotopic lung transplant model in the ferret with documented
long-term functional allograft survival. Allografts develop acute rejection and lymphocytic
bronchiolitis, similar to humans. Long-term survivors develop histologic changes in the allografts
that are hallmarks of OB.
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Introduction
Long-term survival following lung transplantation is hampered by the development of
bronchiolitis obliterans syndrome (BOS), which is thought to be a manifestation of chronic
graft rejection or obliterative bronchiolitis (OB) (1). BOS is a clinical diagnosis defined as
the decline in forced expiratory volume in 1 s (FEV1) to less than 80% of baseline
postoperative FEV1 (2–4). Approximately 50% of patients who receive a lung transplant
develop BOS within 5 years, and is the most important cause of late morbidity and mortality
following lung transplantation (1,5). Histologically, OB in humans is characterized by
lymphocytic infiltration of the bronchioles and ultimately obliteration of the lumen of the
airway by dense eosinophilic hyaline fibrosis (6). These airway-occluding lesions occur in
the midst of lung parenchyma that is relatively spared.

The mechanisms that contribute to the development of OB are complex and remain poorly
understood (2,7). Evidence suggests that the development of OB is multifactorial with
immunologic (8–10) and nonimmunologic (11,12) factors that play a role in the
pathogenesis. There is no effective therapy for OB and it is progressively fatal. One of the
major hurdles in the development of effective treatments that prevent OB is the lack of a
reliable animal model that replicates human clinical and pathologic features of OB (13).
There are several different animal models that develop obliterative airway disease in the
allograft with advantages and disadvantages for each model (14,15). In this manuscript, we
present a new orthotopic left lower lobe lung transplant model in the ferret. We demonstrate
that this model develops classic OB lesions on histology and the entire spectrum of human
lung transplantation lesions including acute rejection, lymphocytic bronchiolitis and
obliterative airway disease.

Methods
Animals

All animal experimentation was performed under appropriate approvals from the
Institutional Animal Care and Use Committee of the University of Iowa. Sable coat colored
outbred ferrets (1.2–1.5 kg) utilized in the surgeries were purchased from Marshall Farms,
New York. Ferrets do not have blood groups (16), and their MHC antigens are currently
unknown.

Surgical technique—Surgeries were performed under sterile technique using operating
loupes (4.5 X magnification) for the entire operation.

Donor-lung retrieval—Donor animals were anesthetized using ketamine/isoflurane,
followed by intubation with a 2.5 French endotracheal tube. General anesthesia was
maintained by applying a mixture of 1–1.5% isoflurane and oxygen. Median sternotomy was
performed and heparin (300 units/kg) was given intravenously. Using Perfadex (Vitrolife)
solution (70 mL/kg) as pneumoplegia, the donor heart–lung block was retrieved and the left
lung allograft was prepared for implantation. The ferret left lung vasculature anatomy makes
it technically challenging to implant the upper lobe and because the lower lobe is large, we
implanted only the lower lobe. The arterial and venous cuffs were prepared as described for
rodent models (17), using 12-gauge intravenous angiocatheters. The donor lung was kept
covered in Perfadex-soaked gauze, in a sterile petri dish over ice.

Sui et al. Page 2

Am J Transplant. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Recipient implantation—The recipient ferret was anesthetized as described above. A left
thoracotomy was performed and the chest was entered through the fifth intercostal space.
The lung was retracted laterally to expose the hilar structures and the pulmonary artery and
veins were dissected and occluded with hemoclips. An upper lobectomy was performed and
the upper lobe bronchial stump was suture closed with 5–0 prolene. The left lower lobe
allograft was then implanted into the recipient by sliding the cuffs on the donor lung into the
lumen of the recipient vessels and sliding a 5–0 prolene tie over the cuff (17). The native
lower lobe was then excised by dividing the vessels distal to the cuffs and the bronchus was
divided sharply with a knife. The lower lobe bronchus was then clamped with a bulldog
clamp, and the anastomosis between the donor left lower lobe and the recipient bronchus
was completed using a 7–0 prolene running suture. The hemoclips were then released to re-
establish the blood flow, and the lower lobe was inflated. The thoracotomy was then closed
in layers after air was suctioned out of the left hemithorax. All animals were administered an
antibiotic (Baytril, 2.5 mg/kg/day) for 2 weeks after the surgery. Heparin (60 units/day) was
given subcutaneously for 30 days posttransplant to reduce the incidence of graft thrombosis.

Immunosuppressive drug dosing and graft monitoring by CT—The allograft and
native lungs were assessed with a multidetector computerized scan between day 3–5
posttransplant and every 2 weeks thereafter. Bronchoscopy was performed after the first CT
scan and as necessary to provide pulmonary toilet and to enhance allograft inflation.
Recipients were maintained on daily 2 mg/kg azathioprine (AZA) and 1 mg/kg methyl
prednisone (MP; single dose intraperitoneal injection) for the first 4 weeks posttransplant.
Cyclosporine was used early in the experience and we had three unexplained deaths with
animals developing hemorrhagic purpurae within 2–3 weeks. Thus, calcineurin inhibitors
were discontinued. Dosing of immunosuppressive drug was then tailored according to CT
appearance of the allograft using step-down dosing cycles of AZA/MP (100%→50%→0%)
at 2–4 week intervals. The initial reduction to 50% AZA/MP was always performed at 4
weeks posttransplant, whereas the subsequent changes up or down in AZA/MP dosing were
performed at 2–4 week intervals, depending on the appearance of the allograft by CT
(Figure 1A). When allograft appearance worsened on CT following a dose reduction cycle,
the animals were returned to a higher dose of AZA and MP until resolution by CT (i.e.
100%→50%→0%→50%, 100%→50%→100% or 100%→50%→0%→100%). These
cycles were then repeated and by 8–10 weeks all drugs were stopped. Animals were
sacrificed between 36–234 days posttransplant. Necropsies were performed on animals after
euthanasia with Nembutal (200 mg/kg i.p.).

Histology—Following gross examination, the lungs were removed and inflated with 10%
neutral buffered formalin, immersion fixed for 48 h and then processed into paraffin for
sectioning. Lung sections from the allograft and native lung were stained with either H&E or
Masson’s trichrome. The histology of all allografts was reviewed by a boarded pathologist
and graded for rejection based on the classification of human pulmonary allograft rejection
as standardized by the ISHLT consensus statement (6).

Immunohistochemistry—Antigen unmasking of paraffin sections was performed (Tris/
EDTA, pH 9.0) in the microwave for 4 min. Endogenous peroxidase activity was quenched
with 3% hydrogen peroxide. Sections were incubated with anti-CD3 antibody (1:100, Dako
M7254) for 30 min and then incubated with DAKO Mouse Envision HRP System reagent
for 20 min. Slides were then developed with DAKO DAB plus for 5 min followed by DAB
Enhancer for 3 min before counterstaining.

Mixed lymphocyte reaction—A mixed lymphocyte reaction (MLR) was performed on
seven selected animals to confirm a host alloresponse. Recipient splenocytes isolated at
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necropsy were used as effector cells against irradiated donor splenocytes and another third
party ferret splenocytes for 72 h. One hundred microliters cell suspensions (2 × 105 to 5 ×
105 cells/well) of recipient (responder) cells were combined with 100 μL cell suspensions (2
× 105 to 5 × 105 cells/well) of irradiated donor (stimulator) cells in 96 well plates. Test
reactions and positive (Concanavalin A) and negative (no donor cells) controls, were run in
triplicate. Wells with irradiated donor (stimulator) cells were included in each experiment to
demonstrate that these cells did not proliferate. Cultures were incubated for 72 h at 37°C in a
humidified CO2 incubator after which each well received 3H-thymidine for 18 h. Cells were
recovered using a semiautomatic multiwell harvester. Dried filter dots from each well were
transferred to scintillation vials and counted in a liquid scintillation counter. Results are
expressed as the average counts from three wells. Stimulation index was calculated by
dividing the T cell responses to the stimulator cells in the MLR to the counts per minute
(CPM) of the responder cells alone.

Results
Surgical outcomes

The mean operative time for the donor lung retrieval was 34.5 ± 8.3 min, allograft
preparation including an upper lobectomy was 17.75 ± 5.4 min and implantation of the
allograft in the recipient was 68.15 ± 9.2 min. The animals were extubated within 30 min
after completion of the procedure and transferred to the animal care facility after observation
for 2–4 h.

Utilizing the above technique, we performed 26 left lower lobe orthotopic lung transplants.
There were four graft failures in the cohort during early stages of developing the procedure
(pulmonary arterial bleeding, bronchial anastomotic failure, anesthesia overdose, tension
pneumothorax [n = 1 each]). Two animals received high-dose immunosuppression (IS) till
euthanasia and showed no histological evidence of rejection in the allografts. Currently, the
success with the surgery is >90% and we achieve long-term survival in >80% of the
animals.

Gross and CT scan appearance of allografts—To confirm the ferret genetic
background was sufficiently diverse to promote rejection, initial transplants were performed
without immunosuppressive drugs (n = 5). As expected, the lack of IS led to severe acute
rejection and necrosis in allografts by 7–14 days (Figures 2A and D). The remaining animals
that received IS and survived beyond 7 days were monitored with CT scans. Within the first
4 weeks, three ferrets died of severe pneumonia and three had graft vessel thrombosis with
loss of the allograft. Table 1 summarizes the outcomes of the recipient animals that survived
beyond 4 weeks.

To determine immunosuppressive regimes that would allow for slower progression of
disease and development of OB, we started by using high-level immunosuppressive drug
therapy (2 mg/kg AZA and 1 mg/kg MP daily) to prevent graft rejection and achieve long-
term graft survival (Figure 1A). On high-dose IS, the rejection was controlled and the graft
appeared normal by CT (Figure 1B), and were also grossly (Figure 2B) and histologically
normal with no acute or chronic rejection (Figure 2E). Termination of immunosuppressive
drugs at 4 weeks, in animals with normal allograft appearance by CT scan (as shown in
Figure 1C), led to dramatic inflammation in the transplanted lobe with corresponding
histologic severe acute rejection (n = 3). However, if the drugs were gradually tapered to a
50% dose of AZA and MP daily for 2–4 weeks, in a subset of animals acute rejection was
cleared (Figure 1D), after which the animals were again cycled down with reduced IS
(Figure 1A). By contrast, those animals that did not resolve acute rejection by 2–4 weeks at
a 50% AZA/MP dose were returned to full dosing until resolution on CT. With this tailored
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step-down and step-up immunosuppressive protocol (Figure 1A), animals developed a
controlled alloresponse and grossly the allografts appeared normal, but demonstrated
histologic evidence of acute and chronic rejection on histology (Figure 2C and F and Table
1).

Histology of allografts
Acute vascular rejection—Using the tapered immunosuppressive protocol (Figure 1A),
all the allografts had varying degrees of acute vascular rejection. Acute rejection was graded
based on the ISHLT nomenclature (6). The majority of ferrets had grade A3–A4 rejection
(Table 1). Histologically, the allografts showed perivascular cuffing of predominantly T
lymphocytes (Figure 2I–L).

Lymphocytic bronchiolitis—All allografts showed small airway inflammation
consistent with lymphocytic bronchiolitis grade B1R and B2R (Table 1; Figure 3A–D).
Lungs classified as B1R had a multifocal to circumferential mononuclear cell infiltrate
within the submucosa of small airways. The majority of small airways were affected. Lungs
classified as B2R were characterized by a circumferential accumulation of mononuclear
cells within the submucosa that extended into the epithelium. Associated with epithelial
inflammation were areas of erosion and epithelial hyperplasia.

Obliterative bronchiolitis—Of the ferrets that survived past 4 weeks, nine of 11
developed OB. The two ferrets that did not develop OB were maintained on high-dose IS for
the entire duration (Table 1). Histologic changes of OB were characterized by occlusion
with collagen with infiltrating small blood vessels and variable numbers of lymphocytes
(Figure 3F–K). Collagen deposition by trichrome staining was quantified and generally
higher in animals with more severe small airway occlusion (Figure S2). Alveoli surrounding
OB airways were often normal with no inflammation or alveolar damage. Alveolar sparing
is a characteristic of human OB in which the distal airways are completely occluded with
normal surrounding parenchyma, which is reproduced in this animal model. The severity of
OB lesions was significantly greater at longer times post-transplant (Table 1; p = 0.0317)
and there was also a significant positive correlation between severity of acute vascular
rejection and the severity of OB lesions (Tables 1 and S1; p = 0.0048). The severity of acute
vascular rejection and airway rejection were also positively correlated (Table S1; p =
0.0245).

Recipient ferrets mount an alloresponse toward the allograft—To demonstrate a
recipient alloresponse to the donor we stained serial sections that showed acute vascular
rejection and lymphocytic bronchiolitis with anti-CD3. Figures 2(K), (L) and 3(A)–(D)
demonstrate that the inflammatory cells within the perivascular cuffs and submucosa are
predominantly T lymphocytes. In animals that had early nonresponsive diffuse acute
rejection the T cell responses were significantly higher (p < 0.01) compared to the animals
that had late chronic rejection (Figure 3E).

Discussion
OB remains the Achilles heel for long-term survival after lung transplantation and almost
50% of the recipients develop OB within 5 years (1). The development of an animal model
that not only mimics the human clinical condition but also reproducibly develops the classic
histologic features of OB in the allograft is crucial in understanding pathogenesis of OB and
evaluating new therapies. In this manuscript, we describe a ferret orthotopic lung transplant
model that mimics the human clinical condition and develops the entire spectrum of
allograft pathology. Importantly, the histologic lesions that develop in this model are similar
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to the histologic lesions in the human allografts and develop in all the long-term ferret
survivors. The ferret orthotopic model develops classic acute rejection modeling acute
vascular and airway rejection in human allografts. The characteristic OB lesion in human
allografts is complete occlusion of the small airways with fibrous scarring. The ferret
orthotopic model develops small airway occlusion ranging from partial to complete
occlusion modeling the small airway occlusion that occurs in human OB.

There are several animal models that have been used to study the biology of OB each with
their advantages and drawbacks (18–23). The widely used heterotopic murine tracheal
transplant model does not reflect the clinical procedure of lung transplantation as the
allograft is neither vascularized nor aerated (24). A swine model with special MHC-matched
minor antigen mismatch develops OB lesions in the allograft (20). Disadvantages of this
model is the cost associated with the use of a large animal, the need for special breeding
facilities and need for genetic manipulation to get a special MHC haplotype to develop the
OB lesions. One rat model develops OB-like lesions when donor lungs from Fisher 344 rats
are transplanted to Wistar Kyoto rats with variable lesion development (18, 19, 21). This
model does not develop acute rejection but in the absence of IS develops peribronchiolar
fibrosis and chronic vascular rejection. Another rat model that develops OB-like lesions
utilizes Lewis rats that are sensitized with a skin graft from brown Norway rats seven days
before receiving a lung allograft from a Lewis × brown Norway F1 hybrid (22).
Development of the orthotopic murine model has been a huge advance in the field (25) and
recently an orthotopic murine model that develops OB lesions in a minor mismatch system
has been reported (26). Allografts in the minor antigen mismatch system showed OB-like
lesions as early as day 14 after transplant which are polypoid in nature and may resemble
cryptogenic organizing pneumonia (27). De Vleeschauwer et al. have also reported OB
lesions in a murine model, however, the lesions develop in only 25–50% of the animals (28).

The ferret is significantly larger than the rodents, which makes the surgery easier without the
need for an operating microscope. The ferret trachea and main stem bronchi are also large
enough to perform repeated bronchoscopy and bronchoalveolar lavage. Recent advances in
genetic engineering of this species now also makes it possible to generate transgenic and
knockout ferrets as demonstrated in modeling cystic fibrosis (29), a disease population that
undergoes lung transplantation as a treatment. The disadvantages of this model include
unknown immunologic background, which precludes the use of this model to investigate
immunologic mechanism in the development of OB until ferret MHC information is
available. Another disadvantage is the lack of availability of reagents compared to murine
models with a relative higher cost of generating transgenic and knockout animals. In our
experience and reported literature, however, many of the murine and human reagents
(antibodies) do work for ferret tissue (30). The ferret genome is now available (Broad
Institute) thereby making more informed reagent selection possible.

In summary, we have developed an orthotopic model of lung transplantation that develops
the spectrum of changes seen in human transplantation including OB. The consistency of
OB development in the model will allow the model to be used not only to understand the
pathogenesis and prevention of OB but also in preclinical drug trials.

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

AZA azathioprine

BOS bronchiolitis obliterans syndrome

CT computed tomography

EDTA ethylenediamine tetraacetic acid

FEV1 forced expiratory volume in 1 s

H&E hematoxylin and eosin

IS immunosuppression

ISHLT International Society of Heart and Lung Transplantation

MP methyl prednisone

OB obliterative bronchiolitis

Tris tris (hydroxymethyl)-aminomethane
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Figure 1. Immunosuppressive protocols used for development of OB in the ferret transplant
model
(A) The transplanted animals were started on azathioprine (2 mg/kg) and methyl prednisone
(1 mg/kg) on the day of surgery and continued on that dose for 4 weeks. The dose was then
tapered to half dose for the following 4 weeks and then the drugs were terminated if CT did
not visualize acute rejection. The CT scan was used to monitor the allograft every 2 weeks
and if the graft worsened the drugs were restarted at half dose or full dose depending on the
severity CT appearance. If the CT returned to normal, the animals were weaned off drugs
again. This cycle was repeated 1–2 times before the animal was euthanized. (B–D) Effects
of tapered immunosuppression in allograft as assessed by CT (arrows point to the
allografts). (B) Animals retained on high dose immunosuppression the allografts remained
normal on the CT scan. (C) Abrupt cessation of the drugs resulted in a host alloresponse and
the graft appearance on the CT scan changed. (D) Cycling of drugs as shown in the protocol
in Figure 1A allowed a controlled immune response without graft loss.

Sui et al. Page 9

Am J Transplant. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Effects of immunosuppression on allograft success, as assessed by tissue morphology
(A) Left lung allograft (indicated by asterisk) from a recipient that was not treated with
immunosuppressive drugs; donor lung is dark red (10 days posttransplantation). (B) Left
lung allograft (indicated by asterisk) from a recipient that received high dose of
immunosuppressive drugs (45 days posttransplantation); donor lung is normal at the gross
level. (C) Left lung allograft (indicated by asterisk) in a recipient that received tapered
immunosuppression (45 days posttransplantation); donor lung appears pale. (D–F) Histology
of the allografts from the panels above. (D) Severe acute rejection with necrosis and
inflammatory cell infiltration (neutrophils and macrophages) in allograft. (E) Allograft with
no rejection. (F) Allograft with airway occlusion by lymphocyte infiltration and collagen
deposition. Lymphocytes extend into the adjacent alveolar septa and alveoli. (G–L) Acute
vascular rejection in allografts. (G and H) Histology of the allograft from a control animal
maintained on high dose suppression with no signs of rejection and lack of perivascular
cuffing. (I–L) At 4 weeks posttransplant, azathioprine and methyl prednisone dosing was
reduced by 50% and the animal developed an abnormal CT 4 weeks later at which time the
animal was sacrificed. (I) Histology of an allograft from an animal with tapered
immunosuppressive drugs demonstrating perivascular lymphocytic cuffs (arrows)
characteristic of acute vascular rejection. (J) Higher magnification of the perivascular cuffs.
(K and L) Serial sections of allograft with H&E stain and CD3-stain, demonstrating the
predominance of T lymphocytes in the perivascular cuffs (arrows) (D–F bars, 100 μm; G, I,
K, L bars, 100 μm; H, J bars, 50 μm).
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Figure 3. Lymphocytic bronchiolitis and obliterative bronchiolitis in allografts
(A) An airway with extensive infiltrates of lymphocytes (arrows) in the epithelium and
submucosa, (B) Serial section stained with anti-CD3 showing the lymphocytic infiltrate is
predominantly T lymphocytes. (C and D) Higher magnification of panels A and B,
respectively (bar = 50 μm). (E) Mixed lymphocyte reaction (72 h) were performed using
recipient splenocytes as effector cells against Concanavalin A (Con A), irradiated donor
splenocytes, and third party irradiated splenocytes from another ferret. The stimulation index
was calculated by dividing the T cell responses to the stimulator cells with the CPMs of the
responder cells alone. Animals with severe acute rejection had a significantly higher
stimulation index (p < 0.01) than animals that developed chronic rejection. Statistics were
performed using the one-way ANOVA and Bonferroni’s posttest (acute rejection n = 3
animals, chronic rejection n = 4 animals, animals are marked in Table 1). Those animals
labeled acute rejection had early nonresponsive diffuse acute rejection by CT and
histologically. Those animals labeled chronic rejection had late localized acute rejection and
predominantly CR2 chronic rejection on histology. (F–K) Representative images from three
independent ferret lungs with obliterative bronchiolitis. (F, H, J) OB lesions in all animals
were characterized by complete airway occlusion and lymphocytic infiltrates (H&E
staining). (G, I and K) Masson’s trichrome stain demonstrating collagen deposition in and
surrounding the airways (light blue staining, arrows) (bars = 50 μm).
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