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Abstract

Background: Donkey Pulmonary Fibrosis (DPF) is a spontaneous syndrome of aged donkeys
with high prevalence (35%). No previous detailed characterisation of DPF has been
performed. We sought to determine the similarities of DPF to recognised patterns of human
pulmonary fibrosis.

Methods: Whole lungs were collected from 32 aged donkeys at routine necropsy. Gross
examination revealed pulmonary fibrosis in 19 donkeys (DPF cases), while 13 (controls) had
grossly normal lungs. Eighteen whole inflated ex vivo lungs (11 DPF, 7 controls) were imaged
with high resolution computed tomography (HRCT), while the remainder were sectioned and
photographed. Tissue samples were collected from all lungs for histopathological evaluation
using a standardised protocol. HRCT images and histology sections were reviewed
independently and blindly. Lung tissue was analysed for herpes virus, fungal hyphae,
mycobacteria and dust content.

Results: Ten of 19 DPF lungs were categorised as being ‘consistent with’ pleuroparenchymal
fibroelastosis (PPFE) according to previously defined histological and imaging criteria. All 10
PPFE-like lungs had marked pleural and subpleural fibrosis, predominantly within the upper
lung zone, with accompanying intra-alveolar fibrosis and elastosis. Asinine herpesvirus
(AsHV) was ubiquitously expressed within control and DPF lung tissue. No other aetiological
agents were identified.

Conclusions: Many cases of DPF share key pathological and imaging features with human
PPFE, a rare interstitial pneumonia. Consequently, further study of DPF may help elucidate

the aetiopathogenesis of human PPFE.



Introduction

Pulmonary fibrosis represents the endpoint of many diseases and is characterised by excessive
and irreversible deposition of extracellular matrix in the lung parenchyma, leading to
compromised ventilation and organ dysfunction. Despite considerable research, many fibrotic
lung diseases remain elusive in terms of aetiology, pathogenesis and treatment (1). Progress is

hindered by the lack of a translatable animal model with durable and persistent fibrosis (2).

The term idiopathic pleuroparenchymal fibroelastosis (PPFE) was appointed by the authors of
a case study in 2004 to describe a novel clinicopathological entity which did not fall within
the 2002 American Thoracic Society (ATS) consensus classifications of idiopathic interstitial
pneumonias (3). Authors described a predominantly upper zone distribution of pleural and
subpleural fibrosis with elastosis and proposed that previous reports of idiopathic pulmonary
fibrosis of upper lung lobes were consistent with PPFE (3). PPFE was subsequently included
in the recent ATS/European Respiratory Society Statement on the Update of the International
Multidisciplinary Classification of the Idiopathic Interstitial Pneumonias (2013), in the
category of rare idiopathic interstitial pneumonias (4). While PPFE is regarded as usually
idiopathic, it has been linked with connective tissue diseases, genetic predisposition or
autoimmunity following organ transplant (3-5). Reddy et a/ (2012) suggested that repeated
inflammatory damage following recurrent infections in predisposed individuals could lead to

PPFE and that airway centred injury could be key to disease pathogenesis (5).

Donkey Pulmonary Fibrosis (DPF) is a syndrome that is also sparsely documented, yet a
prevalence of 35% at routine necropsy was reported in a UK cohort (6). Very little is known
about this chronic, potentially debilitating and currently untreatable idiopathic condition. To

test our hypothesis that many cases of DPF share the key pathological and imaging



characteristics of PPFE, we performed the most comprehensive systematic characterisation of

DPF to date.

Materials and Methods

Tissue collection and processing

Whole lungs were collected from 32 aged donkeys during routine necropsy at two UK donkey
sanctuaries between June 2009 and January 2013 . Nineteen ‘DPF’ lungs were selected
because of grossly visible fibrosis, while 13 grossly unaffected ‘control’ lungs were selected
at random. All lungs were manually inflated, the tracheas clamped and gross images
photographed. Tissue samples were collected from each lung into 10% buffered formalin,
essentially as described previously (7), before undergoing routine processing to paraffin
blocks. Sections were stained with haematoxylin and eosin (H&E), Elastic Van Gieson (EVG)
and Masson’s Trichrome. Tissue samples from 8 lungs (4 DPF, 4 controls) were collected into
RNAlater (Qiagen) for deoxyribonucleic acid (DNA) extraction and subsequent polymerase
chain reaction (PCR). As this study utilised only ex vivo tissue collected at routine necropsy,

licensing on ethical and humane grounds was not required.

Histology

Histology sections were reviewed independently and blindly by 3 medical and veterinary
pathologists with experience in lung disease. Subsequent to the recognition that the changes
observed resembled those of human PPFE, the histological features were categorised as being
‘consistent with’ or ‘inconsistent with’ PPFE according to criteria described by Reddy et al,
2012 (5). Cases were categorised as ‘consistent with” PPFE on histology if (a) there was
pleural thickening with associated subpleural intra-alveolar fibrosis and alveolar septal

elastosis, or (b) intra-alveolar fibrosis was present but either not associated with pleural



fibrosis, not predominantly subpleural or not in a dorsal lobe sample. ‘Inconsistent with’

PPFE was assigned to lungs that lacked the aforementioned features.

HRCT and digital photography

Eighteen whole inflated ex vivo lungs (11 DPF, 7 control) were imaged using HRCT (Toshiba
Aquilon One Toshiba Medical Systems, Tokyo, Japan or Siemens Somatom Volume Zoom,
Siemens Aktiengesellschaft, Munich, Germany). The remaining lungs (8 DPF, 6 control)
were systematically sectioned transversely and photographed digitally. All images were
reviewed independently and blindly by an expert radiologist and were categorised as
‘consistent with’ or ‘inconsistent with’ PPFE according to criteria described previously (5).
Cases were categorised as ‘consistent with’ PPFE if there was (a) pleural thickening with
associated subpleural fibrosis predominantly in the dorsal lung, or (b) dorsal lung pleural
thickening and associated subpleural fibrosis but the distribution of fibrosis was not
concentrated in the dorsal lung or there was evidence of coexistent lung disease elsewhere.
‘Inconsistent with’ PPFE was assigned to lungs that lacked the aforementioned features.
Overall, cases were assigned as ‘PPFE-like’ only if categorised as ‘consistent with’ PPFE on

both imaging and histology.

PCR for herpesviral polymerase

Eight lung samples (4 DPF, 4 control) collected into RNAlater were processed using an
AllPrep DNA/RNA Mini Kit (Qiagen) according to manufacturer’s instructions. For
investigation of the presence of herpesvirus, a region of the herpesvirus DNA polymerase
gene was amplified using 100ng of DNA per reaction with two sets of nested degenerate

primers as previously described (8). PCR products were cloned into the TOPO®TA vector



(Invitrogen), sequenced (Genepool, Edinburgh) and Blastn (2.6.2) used to align derived

sequences against known herpesvirus sequences.

Special staining
Lung sections in which there was granulomatous inflammation were stained for acid fast
bacteria using a standard Ziehl-Neelsen stain and for fungal hyphae using Grocott’s

methenamine silver and Periodic acid-Schiff stains.

X-ray diffraction

Formalin fixed wet lung tissue samples from 4 DPF ex vivo lungs were pooled, digested in
KOH and then prepared for mineral particle analysis under transmission electron microscopy
at a magnification of 20,000 and for energy dispersive x-ray analysis. The mass of dust per
gram of dry lung tissue was established. Both fibrous and non-fibrous particles were counted

and typed.

Results

Ages of DPF (median 31 years, range 14-53) and control (28 years, 4-36) donkeys at
necropsy were not significantly different (Mann Whitney, p>0.05). The typical donkey
lifespan is 30 years. Donkeys comprised 12 neutered males and 20 females.

Ten of 19 DPF lungs were categorised as being ‘PPFE-like’, having features ‘consistent with’
PPFE on both pathology (Table 1) and imaging (7 on HRCT; 3 on photographed images of
sectioned lungs). All 10 ‘PPFE-like’ lungs had grossly visible visceral pleural fibrosis on the
dorsal /costal surface with no involvement of the parietal pleura. This was characterised by
multifocal to coalescing vermiform cream/grey lesions that caused visible restriction to

pleural expansion on manual lung inflation (Figure 1). As donkeys are quadrupeds, the dorsal



lung equates to the human upper zone. Histologically, all 10 ‘PPFE-like’ lungs had dorsal
pleural and subpleural fibrosis with subpleural intra-alveolar fibrosis and elastosis evident on
EVG stained sections (Figure 2A-D). Spatial heterogeneity was a consistent feature, often
with a sharp interface between fibrotic and adjacent ‘normal’ tissue (Figure 2E). Other
common features (Table 2) included septal and bronchiolocentric fibrosis, lymphoplasmacytic
bronchiolitis, granulomatous inflammation and vascular remodelling within areas of fibrosis
(Figure 2F-H). Honeycombing and fibroblastic foci were not detected, although
myofibroblasts were demonstrated within fibrotic lesions using o-smooth muscle actin

immunohistochemistry (supplemental e-Figure 2).

All 7 ‘PPFE-like’ lungs which had undergone HRCT had pleuroparenchymal thickening (max
5-32mm) of the dorsal lung lobes with associated subpleural consolidation consistent with
established fibrosis. The consolidation extended from the subpleural region along
parenchymal bands (Figure 3). In 2/7 lungs the fibrosis was relatively superficial and confined
solely to uppermost zones of the dorsal lung surface. The other 5 cases had consolidation
extending along parenchymal bands into mid and ventral zones, and often radiating out to
surround adjacent bronchi. Features of coexistent disease identified on HRCT included
primary bronchiectasis and “ground glass” opacity. Traction bronchiectasis was present to
varying degrees in all 7 cases (Table 2). “Ground glass” change was a feature of 4/7 lungs,
although some of this was attributed to collapse of dependent parenchyma in the inflated ex

vivo tissue, a feature also noted in 3/7 control lungs.

All 9 DPF lungs classified as ‘inconsistent with’ PPFE on histology, had pleural, subpleural
or septal fibrosis in at least one section. In 4/9 lungs the fibrosis was focussed around alveolar

walls, with similarities to a non-specific interstitial pneumonia-type pattern (Figure 21-J).



Importantly, all 9 lungs lacked the intra-alveolar fibrosis previously reported to be a feature of
PPFE (5), but the majority (7/9) had marked intra-alveolar mononuclear cell infiltrates with

fibrin deposition.

Four of 19 lungs were classified as ‘inconsistent with’ PPFE on imaging (HRCT n=2;
photographic n=2). Two of these had small amounts of dorsal pleural and subpleural fibrosis
that was either asymmetrical or considered not to be a predominant feature. One had a
predominantly ventral distribution of fibrosis, while the other showed diffuse “ground glass”

opacity (Figure 4).

Acid fast bacteria and fungi were not identified with special staining. Herpesviral sequences
were identified in 6 of 8 lung homogenates, with 5 mapping to AsHV-5 and 1 to AsHV- 4. X-
ray diffraction analysis revealed a dust burden of 6.98mg/g dry lung. Small numbers of
fibrous particles were identified: talc 0.28 and silica 0.14 million fibres/g dry lung. The
percentages of non-fibrous particles were calcium silicate 95, potassium silicate 2, kaolin 1,

muscovite 1 and silica 1. No asbestos fibres were found.

Discussion

This is the most comprehensive study of a spontaneous large animal model of pulmonary
fibrosis to date. While the donkey may seem an implausible candidate with which to share
pathological features of pulmonary disease, of all the domestic species, the subgross anatomy
of the equine lung and visceral pleura most closely resembles that of humans (9).

DPF was first reported as a common incidental necropsy finding of donkeys resident at a
donkey sanctuary in 2001 (10). Reported gross and histopathological findings were consistent

with those for the current study, including a wide spectrum of pleural, subpleural and septal



fibrosis extending into the interstitium of dorsal lung fields, with more diffuse and ventral
changes in severely affected cases. Peribronchial cuffing and multifocal aggregates of
mononuclear cells were also described (10). However, the presence of intra-alveolar fibrosis
and alveolar septal elastosis was not reported, probably because these features are less striking
in the absence of EVG staining. It should be noted that fibroblastic foci and honeycombing

are not features of DPF.

In this study, over 50% of donkeys with DPF shared key imaging and pathological
characteristics of human PPFE. DPF lungs were classified as ‘PPFE-like’ only if they had
features considered ‘consistent with’ PPFE (3) on both histology and imaging. In this respect,
a greater proportion of DPF lungs were classified as ‘consistent with’ PPFE on HRCT (82%)
compared to histology (58%). It is possible that some of the 9 lungs classified as ‘inconsistent
with’ PPFE on histology represent an earlier stage of ‘PPFE-like’ disease. Seven of these had
intra-alveolar mononuclear inflammatory infiltrates with organising intra-alveolar fibrin
which is a likely prelude to intra-alveolar fibrosis (Figure 2I). Furthermore, the marked spatial
heterogeneity in extent and pattern of fibrosis meant that ‘PPFE-like’ pathology may have

been missed as a result of unrepresentative sampling in some cases.

Imaging of ‘PPFE-like’ lungs indicated that, although all had the characteristic predominantly
dorsal distribution of lesions, 7/10 lungs also had pleural and subpleural fibrosis in the mid
and ventral pulmonary parenchyma. Similarly, Reddy et a/, 2012 reported that 6/12 PPFE
lungs had interstitial lung disease in lobes distant from the upper zone on HRCT (5).
Furthermore, 6/12 PPFE lungs had areas of consolidation and 1/12 had bronchiectasis. In the
present study, HRCT identified “ground glass” opacity in 4/7 ‘PPFE-like’ lungs and traction

bronchiectasis in all 7 lungs. The presence of bronchocentric consolidation in HRCT images



of 5 of these 7 lungs further supports the proposal that chronic airway disease could be key to
PPFE pathogenesis (5). Bronchocentric changes were also evident histologically, with all 10
‘PPFE-like’ lungs having variable lymphoplasmacytic bronchiolitis, and 8/10 having areas of
bronchocentric fibrosis. A patchy lymphoplasmacytic infiltrate was a feature of the PPFE
cases reported by Frankel et al, 2004 (3), while Reddy et al, 2012 (5) found bronchocentric
fibrosis in 11/12 PPFE cases, with all 12 cases having focal non-specific chronic
inflammation with lymphoid follicle accumulation.

Other features of PPFE shared by donkey ‘PPFE-like’ lungs included perilobular fibrosis
(10/10) and venous and arterial intimal fibrosis (9/10) (5, 11). Vascular changes in donkey
lungs were considered to reflect secondary intimal invasion by the surrounding fibrosis, rather
than a primary vasculopathy. While granulomatous inflammation is not a key accepted
feature of PPFE, it has also been detected in PPFE cases (5) and was an additional feature of
3/10 ‘PPFE-like’ lungs. However, mycobacteria and fungi were not identified in the
granulomatous lesions. Pleural fibrosis is a feature of asbestos-induced pulmonary fibrosis
(12) in humans. Inorganic fibre content of the ex vivo donkey lung tissue was minimal and
there was no evidence of asbestos fibres. The presence of non-fibrous dust particles such as
calcium silicate was unsurprising considering the grazing habits of donkeys and likely
reflected local soil composition. Potential toxicity of calcium silicate is thought to be minimal
(13) and the dust burden of ex vivo donkey tissue was not considered to be significant.

The significance of elastosis within fibrotic donkey tissue is unclear. Elastosis and
upregulation of elastin gene expression occurs in a murine model of pulmonary fibrosis (14),
and in humans, progressive vascular fibroelastosis occurs in idiopathic interstitial pneumonias
and correlates with a poor prognosis in usual interstitial pneumonia (15). An overall increase
in both collagen and elastin with alveolar septal elastosis has been documented during the late

phase of adult respiratory distress syndrome and in usual interstitial pneumonia (16).



Reddy et al, 2012, reported that 7/12 PPFE patients had a history of recurrent lower
respiratory tract infections, leading the authors to postulate the contribution of such infections
to the pathogenesis of PPFE (5). Further investigation is required to determine whether
donkeys with PPFE-like disease had preceding recurrent lower respiratory tract infections

(Supplemental data and e-Table 1).

In the horse, a progressive fibrosing interstitial lung disease termed Equine Multinodular
Pulmonary Fibrosis (EMPF) is associated with equine herpesvirus 5 infection (17). Similarly
asinine herpesvirus 4 and 5 (AsHV-4, AsHV-5) were implicated in an acute fibrosing
interstitial pneumonia in 11 donkeys in North America and in a pyogranulomatous pneumonia
in a mare (8, 18). Kleiboeker et al, (2002) described multifocal to coalescing nodules of
fibrosis scattered throughout the lung parenchyma in the most severely affected of the 11
donkeys, a pattern similar to that seen in EMPF and quite different to the pathology described
herein for DPF. Kleiboeker et al (2002) also detected herpesviral DNA in lung homogenate in
all 11 affected donkeys but not in 6 control animals (8). This differs from the current findings
that lung homogenates from all DPF and control donkeys were positive for AsHV-4 or-5. The

role of AsHV-4 and -5 in DPF warrants further study.

In conclusion, over 50% of donkeys with DPF in this study shared key imaging and
pathological characteristics of human PPFE, a rare and usually idiopathic interstitial
pneumonia (4). Hence the donkey may provide a unique progressive model in which to study
PPFE. The ubiquitous presence of gamma herpesvirus in the study population of donkeys

warrants further investigation with regard to its potential role in the aetiology of DPF.
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Table 1: Classification of ex vivo donkey lungs
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Case | Imaging | Imaging Histology Overall
No. | Type Classification | Classification | Classification
1 HRCT Inconsistent Inconsistent Inconsistent
2 HRCT Consistent Inconsistent Inconsistent
3 HRCT Consistent Consistent Consistent
4 HRCT Consistent Consistent Consistent

5 HRCT Consistent Consistent Consistent
6 HRCT Consistent Consistent Consistent
7 HRCT Consistent Consistent Consistent

8 HRCT Inconsistent Inconsistent Inconsistent
9 HRCT Consistent Consistent Consistent
10 HRCT Consistent Consistent Consistent
11 Digital | Inconsistent | Inconsistent | Inconsistent
12 HRCT Consistent Inconsistent Inconsistent
13 Digital | Consistent Consistent Consistent
14 Digital | Consistent Inconsistent Inconsistent
15 Digital | Consistent Inconsistent Inconsistent
16 Digital | Consistent Consistent Consistent
17 Digital | Consistent Inconsistent Inconsistent
18 Digital | Consistent Consistent Consistent
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19 Digital

Inconsistent

Inconsistent Inconsistent

Table 2: Frequency of imaging and histological features identified in ex vivo ‘PPFE-like’

donkey lungs
Imaging (digital and HRCT) Histology
Feature Frequency Feature Frequency
Pleuroparenchymal | 10/10 Pleural and subpleural 10/10
thickening fibrosis with intra-alveolar
predominant in fibrosis and elastosis in
upper zones dorsal lung sections
Subpleural fibrosis | 10/10 Inter-lobular septal fibrosis | 10/10
Ventral fibrosis 7/10 Bronchocentric fibrosis 8/10
Parenchymal bands | 7/7 Lymphoplasmacytic 10/10
bronchiolitis
Traction 77 Venous and arterial intimal | 9/10
bronchiectasis fibrosis
“Ground glass” 4/7 PPFE pattern in ventral 2/6
opacity lobe biopsies
Bronchocentric 57 Granulomatous 3/10
consolidation inflammation
Pleural 1/10

ossification/calcification

15



Figure 1: Photographs of the dorsal (uppermost) surface of inflated ex vivo control (A) and
‘PPFE-like’ (B) lungs. Where HRCT was not available, lungs were sectioned vertically prior

to digital imaging (C). Note the extensive dorsal pleural fibrosis in (B) and (C).

A B
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Figure 2: (A-H) Histology images of sections from ‘PPFE-like’ donkey lungs. (A) Pleural
and subpleural fibrosis with alveolar septal elastosis and intra-alveolar fibrosis, EVG. (B)
Disarray of the pleural elastin with a band of fibrosis extending from the subpleura along an
interlobular septum, EVG. (C) Higher powered view of an area of intra-alveolar fibrosis,
EVG. (D) High power view of an area of diffuse elastosis, EVG. Other common histological
features of the ‘PPFE-like’ ex vivo donkey lungs include spatial heterogeneity (E) EVG,
aggregates of mononuclear inflammatory cells (F) H&E, bronchiolocentric inflammation and
fibrosis (G) H&E, and intimal fibrosis and elastosis of entrapped vessels (H) EVG. (I-])
Sections of DPF tissue classified as ‘inconsistent with’ PPFE, H&E, demonstrating intra-

alveolar inflammation and fibrin deposition (I) and fibrosis of the alveolar walls with

conservation of alveolar architecture (J).
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Figure 3: Cranio-caudal HRCT images of ‘PPFE-like’ inflated ex vivo donkey lungs.
Pathology ranged from mild dorsal pleural fibrosis extending along parenchymal bands (A) to
thick rinds of pleural fibrosis encasing the dorsal surface of the lung (C). Also note the

traction bronchiectasis (large arrow) and bronchocentric fibrosis (small arrow).

Figure 4: HRCT images of fibrotic inflated ex vivo donkey lungs classified as ‘inconsistent
with’ PPFE on both imaging and histology. Images A-B show a predominantly ventral

distribution to the fibrosis whereas image C demonstrates diffuse “ground glass” change.
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