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Vorwort
Im Herbst 2018 entstand durch Univ.-Prof. Dr. Helmut Popper die Idee, einen Artikel zu

den noch zum Teil ungeklirten Pathomechanismen von idiopathischer Lungenfibrose (IPF)
zu verfassen.

Auf Ansto3 meiner Diplomarbeitsbetreuer Univ.-Prof. Dr. Helmut Popper und Priv.-Doz.
DDr. Luka Brecic nahmen dann die vorliegende Diplomarbeit und das mittlerweile
publizierte Paper Form an.

Darauf folgte im Dezember 2018 eine erste Literaturrecherche. Dabei wurden Seneszenz
und Autophagie als mogliche Pathomechanismen bei IPF identifiziert, die aber noch nicht
endgiiltig verstanden oder geklart sind, beziehungsweise wozu es bei Autophagie
widerspriichliche Daten in der Literatur gibt.

Ausgewihlte Gewebeproben wurden vom Krankenhaus Miinchen-Bogenhausen und dem
Lungen Archiv vom Diagnostic and Research Institute of Pathology der Medizinischen
Universitit Graz bezogen und mit den ndtigen klinischen Daten versehen.

In Folge konnten gemeinsam immunhistochemische Marker identifiziert werden, die es
ermdglichten, Seneszenz und Autophagie im Gewebe nachzuweisen.

Im Verlauf wurden auch noch weitere Punkte von wissenschaftlichem Interesse
identifiziert: Einerseits ist bei Annahme einer hochregulierten Autophagie- zu diesem
Zeitpunkt konnten wir bereits erkennen, dass sich diese Autophagie-Aktivierung bei uns
auch bestitigt- nicht klar, zu welchem Zwecke diese hochreguliert ist. Dabei konnte es sich
entweder um einen protektiven Mechanismus gegen die chronische Entziindung, der dann
ein Gegenspieler der Seneszenz wire, handeln oder aber um eine Reaktion auf lokale
Minderversorgung, ein Mechanismus, der aus dem Bereich der Tumorforschung bereits
bekannt und beschrieben ist. Andererseits wurde bei der Literaturrecherche auch die
Unklarheit beziiglich des zelluldren Ursprungs des fibrotischen Gewebes erkannt. Um in
Bezug auf diese beiden Fragenbereiche weitere Riickschliisse zu ziehen, wurden auch hier
entsprechende immunhistochemische Marker gefunden und benutzt, um dem zelluldren
Metabolismus und dem Ursprung von epithelialen Zellen in umgebauten Arealen
nachzuforschen.

Hier mochte ich Frau Sylvia Eidenhammer danken, ohne deren Hilfe die

immunhistochemische Aufbereitung und Analyse nicht moglich gewesen wire.



Auch bei der Auswertung und der anschlieBenden Bewertung der Ergebnisse standen mir
meine Diplombetreuer zur Seite. Letztendlich wurde das Manuskript von Virchows Archiv
zur Verdffentlichung nach einer Revision angenommen.

Bereits 2019 konnte ein Poster mit dem Titel ,,Autophagy and senescence are activated
mechanisms in idiopathic and autoimmunity caused usual interstitial pneumonia" mit einer
ersten Auswertung der Ergebnisse erstellt werden, welches beim ERS Kongress 2019 in
Madrid bei einer Poster Discussion vorgestellt wurde (das Poster ist im Anhang zu finden).
Recht zeitgleich mit der Publikation fand der virtuelle ERS Kongress 2020 (European
Respiratory Society) statt, an dem ein gemeinsames E-Poster mit einer Tonaufnahme
eingereicht und am virtuellen Kongress vorgestellt wurde. Dieses E-Poster mit dem Titel

,» What cells are replacing the epithelium in cystic remodeling in UIP and COPD" ist die
anschlieende Forschungsfrage, an die in der Publikation gewonnene Erkenntnis, dass die
Zellen in umgebauten Arealen in UIP einen peripheren Ursprung nehmen (das E-Poster ist
im Anhang zu finden). Wir konnten im Zuge dieses E-Posters auch Seneszenz in
Lungengeweben von COPD Patienten und auch von Asthma Patienten nachweisen.
Zusétzlich wurde hier aber auch- ausgehend von bisherigen Erkenntnissen- die
Zytokeratin-Expression der jeweiligen Gewebearten untersucht.

Dieses E-Poster fiihrte dann bereits zur Idee einer neuen Publikation, da hier Unterschiede
im Zyotkeratin-Expressionsmuster zwischen UIP und COPD Lungengeweben identifiziert
wurden. So lduft momentan noch die weitere Auswertung der verschiedenen
Zytokeratinmuster in COPD und Asthma Lungengewebeproben. Zusétzlich wird auch
versucht, neue Erkenntnisse iiber die Seneszenz in der Pathogenese der COPD zu
gewinnen, nachdem das Thema zwar wissenschaftlich bereits behandelt, aber weiterhin
nicht abschlieBend geklart ist.

Abschlieflend mochte ich mich noch bei allen bedanken, die mir meinen ersten Kontakt zu
wissenschaftlichem Arbeiten und der medizinischen Grundlagenforschung ermoglicht
haben, allen voran natiirlich meinen beiden Diplomarbeitsbetreuern.

Herzlichen Dank euch beiden!

Der Artikel ist bei Springer Nature unter dem Link https://doi.org/10.1007/s00428-020-
02917-2 verfiigbar.
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Zusammenfassung
Wegen der sehr schlechten Prognose und Grofteils fehlender Therapiemdglichkeiten ist

bei idiopathischer Lungenfibrose weiterfiihrende Forschungsarbeit besonders relevant.
Unléngst konnte mehr und mehr der Pathophysiologie von IPF verstanden werden, dabei
waren vor allem auch Seneszenz und die Rolle der Autophagie von besonderer Bedeutung.
Daher wurden 23 Fille von mikroskopisch gewohnlicher interstitieller Pneumonie (UIP)
ausgewahlt, der 4tiologisch einerseits IPF und andererseits chronische
Autoimmunkrankheiten zugrunde lagen. Von diesen 23 Féllen wurden Proben entnommen,
diese wurden mit Formalin fixiert und auf Paraffin eingebettet und anschliefend mit
immunhistochemischen Antikdrpern eingefarbt. Als Marker fiir Seneszenz wurden p16,
p21 und B-Galactosidase, als Marker fiir Autophagie LC3, SIRT1, MAPIS und pAMKa,
als Marker fiir den zelluldren Metabolismus LDH und GLUT1 und als Marker fiir den
zelluldren Ursprung TTF1 und CKS5 verwendet. In diesen Farbungen zeigte sich, dass
epitheliale Zellen, nicht aber Myofibroblasten in verdnderten Lungenarealen positiv auf
P21 und P16 gefarbt wurden, beides Marker fiir Seneszenz. Dabei zeigte sich P16 als
spezifischerer Marker. Autophagie konnte mittels der vier Marker LC3, SIRT1, MAP1S
und pAMKa sowohl in epithelialen Zellen, als auch in Myofibroblasten, im
Bronchialepithel und auch in Pneumozyten in gesunden Lungenarealen nachgewiesen
werden. Ob die Autophagie als anti-inflammatorischer Prozess auftritt, also damit gegen
IPF arbeiten wiirde, oder ob der hochregulierten Autophagie eine zelluldre Hypoxie zu
Grunde liegt, konnte mit Hilfe von LDH und GLUT1 beantwortet werden. Beide Marker
waren positiv in Epithelien und in Myofibroblasten in umgebauten Arealen, womit die
zelluldre Hypoxie als Ursache fiir die Aktivierung von Autophagie anzunehmen ist. Unsere
Hypothese, dass die Zellen in ihren Zellverbanden mit eingeschrankter Versorgung die
Autophagie als Energiequelle nutzen, wurde entsprechend diskutiert. Der Ursprung der
epithelialen Zellen in UIP wird ebenfalls divers gesehen (Annahme, daf3 die Zellen aus
dem zentralen Bronchialsystem stammen), daher wurde versucht mit der Farbung auf
TTF1 und CKS5 zwischen einem lokalen Ursprung oder einer Theorie von eingewanderten
Zellen zu differenzieren. Nachdem die Zellen in umgebauten Arealen sowohl TTF1, als
auch CKS5 exprimierten, ist von einem Ursprung dieser Zellen aus den Basalzellen der

Bronchiolen auszugehen.



Abstract

Idiopathic pulmonary fibrosis (IPF) is a disease with a dismal prognosis. Currently, the
causing agent(s) are poorly understood. Recent data suggest that senescence and autophagy
might play a role in its development, as well as changes in metabolism due to hypoxic
conditions. In this study, the expression of senescence markers in 23 cases of usual
interstitial pneumonia (UIP)/IPF and UIP/chronic autoimmune diseases (UIP/AuD) was
investigated. The status of autophagy was evaluated with respect to either
antiinflammatory or antihypoxia function. Formalin-fixed paraffin-embedded tissues of
UIP were selected for immunohisto- chemistry with antibodies for p21, p16, and 8-
galactosidase (senescence); for LC3, SIRT1, MAP1S, and pAMKa (autophagy); and for
LDH and GLUT1 (metabolism). Epithelial cells in cystic remodeled areas of UIP stained
for p16 and p21, p16 being more specific compared with p21. Myofibroblasts were
negative in all cases. An upregulation of all four autophagy markers was seen not only in
epithelia within remodeled areas and proliferating myofibroblasts, but also in bronchial
epithelia and pneumocytes. Upregulated autophagy points to a compensatory mechanism
for hypoxia; therefore, LDH and GLUT1 were investigated. Their expression was present
in epithelia within cystic remodeling and in myofibroblasts. The cells within the remodeled
areas stained for cytokeratin 5, but coexpressed TTF1, confirming their origin from basal
cells of bronchioles. Within this population, senescent cells arise. Our results indicated that
autophagy in UIP very likely helps cells to survive in hypoxic condition. By phagocytosis
of cellular debris, they supplement their need for nutrition, and by upregulating LDH and
GLUT]1, they compensate for local hypoxia.



Virchows Archiv
https://doi.org/10.1007/s00428-020-02917-2

ORIGINAL ARTICLE

)

Check for
updates

Senescence and autophagy in usual interstitial pneumonia
of different etiology

Florian Gallob' & Luka Brcic ' & Sylvia Eidenhammer' & Florian Rumpp 2 & Andreas Nerlich? & Helmut Popper '

Received: 5 April 2020 / Revised: 15 July 2020 / Accepted: 19 August 2020
# The Author(s) 2020

Abstract

Idiopathic pulmonary fibrosis (IPF) is a disease with a dismal prognosis. Currently, the causing agent(s) are poorly understood.
Recent data suggest that senescence and autophagy might play arole in its development, as well as changes in metabolism due to
hypoxic conditions. In this study, the expression of senescence markers in 23 cases of usual interstitial pneumonia (UIP)/IPF and
UIP/chronic autoimmune diseases (UIP/AuD) was investigated. The status of autophagy was evaluated with respect to either
antiinflammatory or antihypoxia function. Formalin-fixed paraffin-embedded tissues of UIP were selected for immunohisto-
chemistry with antibodies for p21, p16, and B-galactosidase (senescence); for LC3, SIRT1, MAP1S, and pAMKa (autophagy);
and for LDH and GLUT1 (metabolism). Epithelial cells in cysticremodeled areas of UIP stained forp16 and p21, p16 being more
specific compared with p21. Myofibroblasts were negative in all cases. An upregulation of all four autophagy markers was seen
not only in epithelia within remodeled areas and proliferating myofibroblasts, but also in bronchial epithelia and pneumocytes.
Upregulated autophagy points to a compensatory mechanism for hypoxia; therefore, LDH and GLUT 1 were investigated. Their
expression was present in epithelia within cystic remodeling and in myofibroblasts. The cells within the remodeled areas stained
for cytokeratin 5, but coexpressed TTF1, confirming their origin from basal cells of bronchioles. Within this population,
senescent cells arise. Our results indicated that autophagy in UIP very likely helps cells to survive in hypoxic condition. By
phagocytosisofcellulardebris, they supplement their need for nutrition, and by upregulating LDH and GLUT 1, they compensate
for local hypoxia.

Keywords IPF - UIP - Senescence -pl16 - Autophagy - LC3 - SIRT -MAPIS -pAMKa - Regenerationincysts - Cytokeratin5 -
TTF1 - Myofibroblast - Hypoxia - LDH - GLUT1

Introduction 44, 49, 60]. Idiopathic pulmonary fibrosis (IPF) is the most
severe disease characterized by an UIP pattern. Many aspects

Interstitial lung diseases (ILDs) are a heterogenous group of of the pathogenesis have been reported, such as premature

diseaseswith differentetiology, clinical, radiological, and his-
tologic presentation. They can be classified based on etiology
(known and unknown) or based on histology, with usual in-
terstitial pneumonia (UIP) as the most common pattern [24,
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aging of pneumocytes due to defects in the telomere or the
surfactant gene system [15, 30, 31, 36, 42, 46, 47, 53, 55].
Initially, the occurrence of UIP pattern in diseases other than
IPF was not accepted; however, this changed. Furthermore, it
wasrecognized thatthe disease course in chronic autoimmune
diseases with UIP pattern (UIP/AuD) has a similar dismal
course as [PF (UIP/IPF) [1]. The incidence of IPF in Europe
ranges between 5 and 8.5 per 100,000 individuals per year

with short mean survival of 2.5 to 5 yearsafter diagnosis
[21,40]. Current therapy includes deceleration of the disease
progression with antifibrotic drugs Nintedanib and Pirfenidon,
symptomrelease with oxygen, and, asultimaratio, lungtrans-
plantation [13, 32]. Two processes might play a key role in
development of UIP/IPF: senescence and autophagy[37,45].

Senescenceisthe state ofcell cycle arrest, whichisinitiated
by cyclin-dependent kinase inhibitors such as p16, p21,and

'fa Springer
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p53. It is caused by DNA damage and is usually age related
[54]. Senescent cells secrete various mediators (e.g., [IL-1, IL-
6,1L-10, TGF-R), which promote fibrosis and may play a role
inthe epithelial mesenchymal transition in UIP, which may be
brought on by dysfunctional autophagy [6, 8, 38, 45, 52, 53].
Senescent cells can be identified by the surrogate markers 3-
galactosidase, and p21 and p16, inducing senescence through
cell cycle inhibition [11, 16, 20, 27, 34]. These markers may
be used for immunohistochemical detection [41]. Autophagy
is a cellular process for degradation and recycling of cellular
debris, importantforhomeostasis. Itcan downregulate inflam-
mation, thus inhibiting the action of senescent cells [ 7, 23, 58].
Under specific conditions, such us hypoxia, starvation, or the
absence of growth factors, autophagy is considerably in-
creased [26]. It was observed that markers for autophagy
(LC3-II and the number of autophagosomes) are reduced in
IPF lung cell lysates, indicating that dysfunctional autophagy
might lead to senescence and myofibroblast trans-
differentiation into epithelial cells [5, 43]. However, more
recent studies demonstrated that autophagy was necessary
for TGF-R3-induced fibrosis in UIP/IPF and that markers for
autophagy are seen in both epithelial and mesenchymal cells,
whereas samples from UIP/AuD donors showed less autoph-
agic activity [17]. Autophagic activity can be demonstrated
using antibodiesfor adenosin-5"' monophosphate-activated ki-
nase (AMPK), known as an activator of autophagy, or for
microtubule-associated protein 1A/1B-light chain 3 (LC3)
and microtubule-associated protein 1S (MAP1S), both in-
volved in the development and degradation of
autophagosomes [18, 43, 51, 63]. Nuclear protein SIRT1, a
member of the silent information regulator (SIR) gene family,
takes part in DNA damage prevention and repair and induces
autophagy, and might also be used as a marker of autophagy
[25]. Yet, there are controversial studies about the protective
effect of SIRT1 against senescence, some stating that SIRT1
may even reverse senescence; other observed that continuous
SIRT1 stimulation leads to irreversible senescence [33, 56].
Epithelial-mesenchymal transition (EMT)hasalsoarolein
the development of UIP/IPF. However, the exact origin of the
cells replacing damaged pneumocytes in UIP is not known.
One theory is that basal cells from the upper airways, which
have stem cell properties, migrate to remodeled areas in UIP
[39, 61]. The staining pattern of cytokeratin 5 (CKS5) may be
one way to investigate the origin of cells replacing the dam-
aged pneumocytes in UIP. CK3, physiologically expressed by
basal cells in upper airways, was observed in the epithelia of
remodeled areas in UIP samples, and was also pronounced in
the distal airways and alveoli when compared with healthy
samples [48, 64]. Staining for the thyroid transcription factor
1 (TTF1) will additionally point towards the origin of these
epithelial cells from peripheral lung epithelia [57]. The origin
of myofibroblasts in UIP is not known. Some theories prefer
EMT; othersuggestinvolvement ofcirculating mesenchymal

precursor cells from the bone marrow [3]. Another important
factor for the induction of myofibroblast differentiation, and
therefore for the pathogenesis of lung fibrosis, is lactic acid. It
was shown that lactate-dehydrogenase-A (LDH-A), the en-
zyme which produces lactate, is overexpressed in UIP, and a
decrease in extracellular pH induces arise in TGF-3, a known
mediator of pulmonary fibrosis [22, 28]. Therefore, the dys-
regulation of cellular metabolism might be a key factor in the
genesis of lung fibrosis. However, how GLUT1 is connected
to this dysregulation and the associated hypoxia is not clear. In
normal lungs, GLUT1 is expressed only in erythrocytes. In
UIP, some state that in areas of fibrosis, fibroblasts induce
increased levels of GLUT I-dependent glycolysis to compen-
sate for an elevated energy demand [9]. On the contrary,
others state that overexpression of GLUT1 in UIP/IPF is not
due to expression in fibroblasts, but in erythrocytes and in-
flammatory cells (macrophages), probably caused by in-
creased neovascularization and inflammation[12].

The aim of our study was to determine the presence of
senescence cells in UIP and to evaluate if autophagy is upreg-
ulated ordownregulated. Downregulationof autophagy might
counteract senescence by removal of cellular debris, whereas
upregulation might point to a mechanism of protecting senes-
cence cells from hypoxic stress. This might lead to a connec-
tion with metabolism under hypoxic condition in UIP. The
final question was where the cells in remodeled areas (includ-
ing senescent cells) originate.

Material and methods

Study population and clinical data

During the period from 2012 to 2019, 12 cases from the
Hospital Miinchen-Bogenhausen and the Lung Archive of
the Diagnostic and Research Institute of Pathology, Medical
University of Graz, were selected based on pathologic reports
and if a definite clinical diagnosis was available. There were
10 cases of IPF/UIP and 13 of UIP due to chronic autoimmune
diseases (UIP/AuD) (Table 1). All slides were re-evaluated by
two of the authors (HP, LB). The criteria for UIP were focal
fibrosis, myofibroblastic foci, temporal heterogeneity (normal
lunglobules, myofibroblastic foci, fibrosis), geographical het-
erogeneity (peripheral accentuation—only in cases with
VATS biopsies), and cystic remodeling with bronchiolar
metaplasia.

Immunohistochemistry

The tissues were either videothoracoscopic biopsies (17 from
all autoimmune disease and some IPF patients and 6
cryobiopies from the remaining IPF patients). Serial sections
were taken from selected tissue blocks. One slide was stained
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Table 1 Clinical and radiological

data of patients; all patients had Age Gender Smoking CT scan Clinical diagnosis (working Final diagnosis including
definite UIP by histology. /LD history hypothesis) histology
interstitial lung disease, HP
hypersensitivity pneumonia 51 F No ILD, Undifferentiated collagen Systemic sclerosis
NSIP? vascular disease
82 M Yes UIP Collagen vascular disease Rheumatoid arthritis
78 F No UIP Systemic disease Rheumatoid arthritis
72 M No ILD Systemic disease Rheumatoid arthritis
74 M No IPF Did not fit to IPF Systemic sclerosis
51 M No UIP/IPF Collagen vascular disease Rheumatoid  arthritis
69 M Yes ILD Mixed collagen vascular disease Mixed collagen vascular
disease
57 F No ILD Interstitial lung disease of Systemic sclerosis
unknown cause
50 M No ILD Interstitial lung disease of Mixed collagen vascular
unknown cause disease
75 M Yes HP Do not fit into HP Chronic autoimmune
disease
73 M Yes HP Do not fit into HP Chronic autoimmune
disease
73 M No ILD Interstitial lung disease of Dermatomyositis
unknown cause
76 M Yes ILD Interstitial lung disease of Chronic autoimmune
unknown cause disease
72 M Yes uIP Probable IPF IPF
60 M Yes Probable Probable IPF IPF
ulp
60 M Yes Probable  Probable IPF IPF
ulp
75 M Yes uIp Probable IPF IPF
68 M Yes Probable Probable IPF IPF
UIP
69 M Yes uIp IPF IPF
54 M Yes ILD ILD of unknown cause IPF, very early case
82 M Yes UIP IPF IPF
69 M Yes Probable Probable IPF IPF
uUIP
74 M Yes UIP IPF IPF

with hematoxylin-eosin, and further sections were incubated
with antibodies for p16, p21, R-galactosidase, MAPI1S,
pAMPKa, LC3, SIRT1, TTF1, CK5/6, GLUT1, and LDH
(detailed immunohistochemistry protocol is provided in
Table 2).

3-Galactosidase, p21, and p16 were used as markers for
senescence. Autophagy was investigated by immunohisto-
chemical staining for phosphorylated adenosin-5'
monophosphate activated kinase (pAMPKa), LC3, MAP1S,
and SIRTI. In order to investigate the possible migration of
circulating precursor cells of bronchiolar metaplasia cells,
TTF1 was used as a surrogate marker for small airway epithe-
lium and CK5/6 as marker for basal cells of the bronchiolar
epithelium. Immunostaining for GLUT1 and LDH was done
in order to quantify potential changes in cellular metabolism
due to increased energy demand.

The presence (positive reaction) and absence of staining
(negativereaction) withabovementioned antibodies was eval-
uated semiquantitatively for the following compartments:
bronchial epithelium, airway-associated smooth muscle cells,
vascular endothelium and smooth muscle cells,
myofibroblasts, macrophages, bronchiolar metaplasia, and
pneumocytes in unaffected lung areas and in areas of
microcystic degeneration of lung parenchyma. Positivity was
expressed as the percentage of analyzed cells for the markers
of senescence (3-galactosidase, p21, and p16) and autophagy
(pPAMPKa, LC3, MAPIS, and SIRT1). The evaluation was
done independently by two authors (HP, LB). In rare discrep-
ant cases, slides were discussed on a multiheaded microscope
and consensus was reached.

Of note, the term myofibroblast was preferred over fibro-
blasts,astheseproliferating cellsnotonly synthesize different
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Table 3 Detailed results of the markers for senescence and autophagy in UIP/IPF and UIP/AuD

Degenerative/remodeled ~ Myofibroblasts Normal Bronchial Endothelium Smooth Macrophages
epithelium pneumocytes  epithelium muscle cells
Senescence
p21 UIP/IPF  9/9 1/9 8/9 0/9 0/9 0/9 0/9
UIP/AuD 13/13 0/13 13/13 6/13 0/13 0/13 0/13
pl6 UIP/IPF  9/9 0/9 1/9 0/9 0/9 0/9 0/9
UIP/AuD 13/13 1/13 0/13 0/13 0/13 0/13 1/13
Autophagy
SIRTI UIP/IPF  10/10 7/10 7/10 6/10 0/10 0/10 10/10
UIP/AuD 13/13 12/13 11/13 9/13 3/13 0/13 12/13
MAPIS UIP/IPF 10/10 4/10 8/10 7/10 4/10 0/10 10/10
UIP/AuD 13/13 6/13 7/13 7/13 2/13 0/13 12/13
LC3 UIP/IPF  10/10 10/10 10/10 10/10 9/10 0/10 10/10
UIP/AuD 13/13 12/13 13/13 13/13 8/13 3/13 13/13
pAMPKa UIP/IPF 10/10 9/10 9/10 10/10 2/10 2/10 10/10
UIP/AuD 13/13 13/13 13/13 12/13 2/13 1/13 13/13

«In one case, the relevant lesions were not anymore present in some of the serial sections; therefore, this case was excluded from the evaluation

Autophagy

Epithelial cells in remodeled areas were positive in more than
90% of all cases for SIRT1, MAPI1S, LC3, and pAMKa
(Table 3). Positive staining for LC3 (Fig. 2a) and pAMKa
(Fig. 2b) was observed in normal pneumocytes in more than
90% of all cases, while SIRT1 (Fig. 3a, b) and MAP1S (Fig.
3c)were only occasionally seen in some normal pneumocytes.
Myofibroblasts were LC3 and pAMKa positive in more than
90% of cases, whereas positive staining for SIRT1 and
MAPI1S was observed only in some cases.

More than 80% of cases demonstrated expression of LC3
and pAMKa in bronchial epithelia. SIRT1 and MAPI1S, on
the contrary, were only observed in some cases inbronchial
epithelial cells. LC3 showed positivity in endothelia in most
cases, whereas MAP1S, SIRT1, and pAMKa were observed
in endothelial cells only in few cases. Positive staining for
LC3 and pAMKa in smooth muscle cells was seen in few

Fig. 1 a Positive p16 reaction in
senescent cells. b Presentation of
staining with p21. Since the
number of positive cells is high,
this shows that p21 is expressed
not only by senescent cells. Bars
50 ym

cases. SIRT1 and MAP1S were not observed in smooth mus-
cle cells. Positive staining for SIRT1, MAP1S, LC3, and
PAMKa was observed in alveolar macrophages in more than
60% of cases.

When comparing the staining pattern in UIP/IPF and UIP/
AuD, there were no differences inthe expression ofautophagy
markers (Table 3).

Cellular metabolism with respect to hypoxia

Epithelial cells in remodeled areas stained positive for not
only LDH, but also bronchial epithelia and macrophages
(Fig. 4a). In few cases, LDH was expressed in endotheliaas
well, especiallyinlarger vessels withinremodeled areas. LDH
was not expressed in pneumocytes in unaffected lung paren-
chyma, nor in myofibroblasts or smooth muscle cells. Positive
staining for GLUT 1 was observed in erythrocytes, epithelia in
remodeled areas (Fig. 4b), and in bronchial epithelia of areas

\ o -1', ‘,"_'.“. %
e LS i'-:_!:.!.'n‘ i

{2 Springer



Virchows Arch

Fig. 2 Autophagy markers LC3
(a) and phosphorylated AMPK
(b) stain epithelial cells, including
those in remodeled areas, but also
myofibroblasts, Bars 50 pm

unaffected by fibrosis. The staining in cells of epithelia in
remodeled areas was exclusively cytoplasmic and was not
observed in normal pneumocytes. Staining for GLUT1 was
absent in myofibroblasts, endothelia, smooth muscle cells,
and macrophages. There was no difference with respect to
UIP/IPF and UIP/AuD samples.

Origin of epithelial cells

Epithelial cells in remodeled areas were positive for both
TTF1 and CK5/6 (Fig. 5a, b). Positive staining of CK5/6
was observed in basal cells in normal epithelium as well.
Columnar and cuboidal cells of normal epithelium were neg-
ative. Inaddition, positivity was seen in squamous metaplasia
withintheremodeled areas. TTF 1 showed positivity innormal

Fig. 3 Autophagy markers SIRT
in(a) young myofibroblasts, with
a gradual loss of staining in older
myofibroblasts and fibrocytes (b);
MAP1S, another autophagy
marker, is expressed in
myofibroblasts and epithelial cells
within remodeled areas (C). Bars
50 and 20 pm

epitheliumas well as in pneumocytes and regenerating cells in
remodeled areas. Myofibroblasts, smooth muscle cells, endo-
thelium, and macrophages were all negative. Here as well,
there was no difference between UIP/IPF and UIP/AuD
samples.

Discussion

Senescence has been identified as a strong factor contributing
to fibrosis in the lung, kidney, and liver [2, 35, 45, 65]. In lung
diseases, it is activated in UIP. Senescent cells release differ-
ent inflammatory mediators, most prominently interleukin-1a,
interleukin-1b, interleukin-6, interleukin-10, and TGF-B. This
release causes a prolonged repair process, finally resulting in
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Fig. 4 a Epithelial cells in
remodeled areas, butalso normal
bronchialepitheliaarepositivefor
LDH; myofibroblasts also have
upregulated this enzyme, but less
intense. b Expression of GLUT1
is seen inred blood cells, but also
in few epithelial cells within the
remodeling area. Bar 50 pm and
magnification x 400

remodeling of the peripheral lung tissue and fibrosis [29].
Several markers of senescent cells have been identified, such
as pl6, p21, and R-galactosidase [19, 45]. In our study, p16
and p21 expression was present in remodeled areas of UIP,
where p16 is much more specific for senescent cells, whereas
p21 is expressed in additional cells, such as pneumocytes and
normal bronchiolar cells. We did not succeed in staining for
[3-galactosidase in formalin-fixed paraffin-embedded tissues.
Senescence plays a role in UIP regardless of the underlying
etiology, as the expression of p16 and p21 was similar in UIP/
IPF and UIP/AuD cases. Interestingly, myofibroblasts did not
express pl6 or p21; therefore, they do not undergo senes-
cence. This implies that proliferation of myofibroblasts might
be stimulated by growth factors released by the senescent
epithelial cells.

The role of autophagy in UIP is controversially discussed.
Some studies reported downregulation, othersupregulation;
however, some were experimental studies, and others conducted
an examination of human UIP/IPF samples with immunohisto-
chemical staining [5, 17, 37,43]. Autophagy has two roles: one is
to remove debris and downregulate inflammation and the other,
frequently seen in cancer, is to phagocytose cellular debris, de-
grade it, and use it for metabolic purposes of the cells [50]. The
second mechanism might be especially important in areas of
hypoxia—a common phenomenon in cancer. In UIP, regardless
of the underlying etiology, we found high expression of allfour
markers of autophagy (LC3, SIRT1, MAP1S, and pAMPKa) in

Fig. 5 Epithelial cells in
bronchioles and in regenerating
cystic areas express TTF1 (a), a
marker of the terminal
bronchoalveolar unit as well as
cytokeratin 5/6 (b), also found in
basal cells of bronchioles and
small bronchi. Magnification x
200 and x 400

epithelial cells within the remodeled areas and in myofibroblasts.
Interestingly, expression was predominantly seen in
myofibroblasts (“young lesions”), whereas fibrotic areas (“old
lesions”) whwereercuse were instead of where matured and no
longer proliferating fibrocytes were present, were less metabolic
active. Upregulation of autophagy is here very likely the answer
of epithelial cells and myofibroblasts to local hypoxia. This cor-
responds well with morphology: the thickness of alveolar septa is
increased in these areas, and there is no neoangiogenesis (in
contrast to organizing pneumonia); therefore, the cells have dif-
ficulties to support their metabolic needs. The expression of au-
tophagy markers was also present in macrophages. This fits well
into the picture, as they are within the alveolar lumina, have no
access to nutrients from capillaries, and act very likely in the
same way for their metabolic needs. Interestingly, hypoxia may
also be responsible for the proliferation of metaplastic cells in the
remodeled areas [59]. Very likely, hypoxia also induces the pro-
liferation or differentiation of myofibroblasts[4].

We tried to tackle the question of hypoxia in remodeled
areas using the expression of LDH and GLUT1. LDH is a
marker for anaerobic glycolysis or the metabolic pathway of
the Warburg type [43]. A positive staining was observed in
cells within the remodeled areas, which can be interpreted as a
sign of hypoxia. Whether anaerobic glycolysis takes place,
because oxygen is scarce due to the increased demand and
the impairment of vascularization through fibrosis, or because
glycolysis takes place in exchange for oxidative
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phosphorylation (Warburg effect) as seen in neoplastic pro-
cesses, needs further investigation [14]. Positive staining for
GLUT]1 in remodeled areas is another indicator for a high
cellular energy demand, since GLUT1 expression reflects an
increased cellular glucose uptake and glycolysis [10, 62].
Regarding the GLUT]1 staining pattern, it must be noted that
due to high-intensity staining of erythrocytes, the evaluation
of the cells within remodeled areas and also unaffected lung
tissue was difficult to determine.

There have been some speculations about the origin of cells
within remodeled areas of the peripheral lung. As these cells
sometimes differentiate into squamous cell metaplasia, an or-
igin from large airways was discussed [48]. To contribute to
this discussion, we performed immunohistochemistry using
markers for peripheral cells. TTF1 and CK5/6 were expressed
in epithelial cells in remodeled areas. CK5/6 was also seen in
basal cells of the bronchioles. This could imply that cells from
the bronchiolar epithelium move into the denuded alveolar
region and repopulate these areas. The expression of TTF1
inthese cells was a strong argument for their peripheral origin,
as cells from bronchi do not express this protein.

Conclusion

UIP regardless of the underlying etiology is driven by p16/
p21-positive senescent cells within the remodeled area, which
sustain the proliferation of myofibroblasts by inflammatory
cytokines. Upregulation of autophagy in the setting of UIP
seemsto protect epithelia andmyofibroblastsagainst hypoxia.
In addition, the metabolism is changed to a glycolysis path-
way demonstrated by the expression of LDH and GLUT1
within the remodeled foci. Because pneumocytes undergo ap-
optosis in areas of active remodeling (myofibroblastic foci),
the epithelial surface layer is regenerated by basal cells from
terminal bronchioles expressing TTF1 and CK5/6.
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Medical University of Graz

Introduction: Fibrosing pneumonia can present with the pattern of Usual Interstitial Pneumonia (UIP), fibrosing Non-Specific Interstitial Pneumonia, and as Organizing o B
Pneumonia. Within the spectrum/pattern of UIP there is Idiopathic Pulmonary Fibrosis (IPF) but also chronic Autoimmune Diseases and chronic Hypersensitivity Pneumonia A

(cAD, cHP). Senescence was identified as a driving force in UIP of different aetiologies. Senescence is the state of cell cycle arrest, which is initiated by cyclin-dependent

kinase inhibitors such as p16, p21 and p53. Senescent cells release various inflammatory mediators, e.g. IL-1, IL-6, IL-10, TGF-R&, which keeps the lung in an inflammatory et
state (inflammasome) and finally promotes fibrosis. Autophagy is important for cellular homeostasis. It might inhibit prolonged inflammation by degrading cellular debris by \P\-

phagosomes. However, it also can help in hypoxic conditions by providing nutrients and oxygen out of recycled proteins, amino acids, etc. Conflicting results have been
published for IPF: Markers for autophagy (LC3) were reduced in IPF lung cell lysates, thus dysfunctional autophagy leads to senescence and myofibroblast differentiation of
epithelial cells. In other studies it was shown, that autophagy was increased and being necessary for TGF-R induced fibrosis.

IPF 9/9 1/9 8/9 0/9 0/9 0/9 0/9
ulp 13/13 0/13 13/13 6/13 0/13 0/13 0/13

Methods and Materials: Patients were selected based on pathological reports from the Lung Archive of the Diagnostic and Research Institute of
Pathology, Medical University of Graz. All together 23 cases of UIP/IPF were selected. All cases had a pattern of UIP and were clinically either

classified as IPF or chronic AD. \PF 9/9 0/9 1/9 0/9 0/9 0/9 0/9
Serial sections were produced and stained with H&E and incubated with antibodies for p16, p21, MAP1S, PAMPK ¢, LC3 and SIRT1 (See table
below). Senescent cells were identified by the surrogate markers B-Galactosidase, p21, and p16. Autophagy was demonstrated by ulP 13/13 1/13 0/13 0/13 0/13 0/13 1/13

immunohistochemical staining for phosphorylated Adenosin-5" Monophosphate activated kinase (pAMPKe), microtubule-associated protein
1A/1B-light chain 3 (LC3), microtubule-associated protein 1S (MAP1S), and family of silent information regulator 1 (SIRT1). There are

controversial studies about the protective effect of SIRT1 against senescence, some stating that SIRT1 may even reverse senescence, others
observed that continuous SIRT1 stimulation leads to irreversible senescence. IPF 10/10 7/10 7/10 6/10 0/10 0/10 10/10
Immunohistochemical staining was evaluated for percentage of positive cells. This was done separately for the normal bronchial epithelium and UIP 13/13 12/13 11/13 9/13 3/13 0/13 12/13
smooth muscle cells, vascular endothelium and smooth muscle cells, pneumocytes in unaffected lung areas, macrophages, myofibroblasts, and
epithelial cells in areas of microcystic remodelling of lung parenchyma including peribronchiolar metaplasia. The evaluation was done IPF 10/10 4/10 8/10 7/10 4/10 0/10 10/10
independently by two authors (HP, LB). In rare discrepant cases slides were discussed on a multiheaded microscope and consensus was
reached. i I - - uIp 13/13 6/13 7/13 7/13 2/13 0/13 12/13
e Y .
i G G - PF 10/10 1010 1040 10/10 910  0/l0  10/10
PRODUCER ENZO DAKO Novus QEII ) Nanotools  LSBio
CLONE ENZ-ABS-  SX118 NBP2- :‘::':;'Z"E 0231- 15-B1895 UIP 13/13 12/13 13/13 13/13 8/13 3/13 13/13
377-0100 47383 -

- P IPF 10/10  9/10 9/10 10/10  2/10 2/10 10/10
1:1000 1:30 1:1000 1:100 1:200 1:500
m Mo ommIcC ce SO0 uIp 13/13 13/13 13/13 12/13 2/13 1/13 13/13
TREATMENT (DAKO (DAKO (DAKO

52367) 52367) 52367)
DG Ventana  Envision  Ventana  Ventana  Envision  Envision Results
KIT optiView + DAKO ultraView  ultraView ~ DAKO DAKO. . . . L. . . 0
.Ampumcan k5007 K007 K5007 - ' Senescence markers were investigated in cases of UIP/IPF and UIP/chronic immune diseases, predominantly %

on * 4 . . . . . . . . .
e = E " autoimmune diseases. -Galactosidase despite several attempts with different protocols did not work in FFPE tissues.

However, p16 and p21 could be demonstrated in all cases. We also evaluated b-Glucuronidase: However this enzyme ™
was expressed in epithelia as well as stroma cells without any preferred expression pattern. The expression just
signaled that all these cell are in an activated metabolic state. In contrast to some reports senescence markers were
exclusively positive in epithelial cells; p16 was more specific staining only epithelia in remodelled areas, but not
myofibroblasts. P21 stained also senescent cells, but in addition gave positive reactions also in normal pneumocytes
and in few bronchial epithelia (basal cells). To evaluate autophagy we used four different markers. All of them showed
positivity in epithelia within the remodeling areas, and partially also in normal pneumocytes and bronchial epithelia.
Myofibroblasts were also positively stained, however, only young myofibroblastic lesions were positive, whereas older
foci were negative. Macrophages showed some unspecific uptake of the molecules, probably by phagocytosis. In few |
cases and only focally positive reactions for autophagy markers were seen in endothelia and smooth muscle cells in
areas of muscular cirrhosis.

Conclusions

Senescence was equally activated in IPF as well as chronic immune diseases with UIP
pattern. The positive reaction was exclusively confined to the epithelia within remodelling
areas (this corresponds to honeycomb lesions by CT scan). Myofibroblasts were negative.
This means that the proliferation of myofibroblasts is most likely maintained by the secretion
of an inflammasome by the epithelial cells and myofibroblasts do not undergo senescence. If ~
there are rare mesenchymal cells from the bone marrow cannot be answered, as none were '
present in our samples. Autophagy was upregulated in epithelia within remodelled areas, and
in young myofibroblastic foci. This was unexpected: This means inflammation and
proliferation is not maintained by cellular debris not degraded by autophagy mechanisms. yap1s
Therefore the function of autophagy in UIP seems not to be directed towards downregulation
of the inflammation, but more likely autophagy functions to help the proliferating cells to keep
up their nutrition functioning under a hypoxic condition, which is well known for the
remodeled areas of the lung.
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What cells are replacing the epithelium in cystic remodeling in UIP and COPD
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Remodeling in usual interstitial pneumonia (UIP) results in the repopulation of alveolar
remnants by cuboidal cells. There are speculations these cells might migrate from the proximal
bronchial airways, facilitated by the secretion of chemokines from senescent cells. Senescent
cells have not only been identified in UIP, but also in chronic obstructive lung disease (COPD),
where remodeling might also occur. The aim of the study was to characterize the origin of the
regenerating cells in the remodeled cystic areas.

Well characterized tissues from cases with UIP pattern composed of IPF, chronic autoimmune
disease (CAD) and chronic hypersensitivity pneumonia (CHP), and cases of COPD were chosen.
Sections were incubated with antibodies for cytokeratins 5/6, 7, 8, 9. 14, 17, 18, 19, and p40,
TTFL, and Clara cell protein 10/uroplakin (CC10) k
Cells in remodeling areas of IPF, CAD, CHP were positively stained by cytokeratin 5, in a few
cases single cells also acquired CK14; almost all cells stained for CK8/18. The cells were positive
for TTFL and pd0. The reaction for CC10 was seen in only few cells. Cells of the basal layer of
bronchioles including the terminal ones stained for CK5/6 and P40, whereas the differentiated
cells in the upper layer were positive for CK8/18 and CC10. Cells from the basal layer of |
bronchioles migrate into the denuded alveolar region and repopulate the remodeled cystic
areas. Interestingly at this position they acquire TTF1, initially not expressed in basal cells. The
expression of the so-called squamous cell marker pa0 in basal cells of bronchioles and in the
cystic areas was unexpected, as squamoid morphology was absent; if these cells give rise to
squamous metaplasia cannot be answered. A coexpression with CK14 is rarely found, other
ytokeratns assoclate with CKS. Also in COPD CKS/6 positve cells increase in number and )
replace pneumocytes in emphysematous areas and increase within bronchi

Material and Methods

We investigated 23 cases of clinically proven UIP/IPF, 29 cases of
clinically proven COPD, and 3 cases of bronchial asthma for the
expression of senescence markers p16 and p21, and also for the
expression of different cytokeratins. The IPF cases all presented with an
UIP pattern, the COPD cases showed emphysema and chronic bronchitis.
All COPD patients were current smokers, all presented with decreased
lung function tests. Two asthma patients presented with reduced lung
function tests, one tissue was from a transplant donor.
Immunohistochemistry was done for cytokeratin polypeptides (CK) 5/6,
7,8,9. 14,17, 18, 19; a staining for CK 1-4, 10-12, and CK20 was omitted
because these are not expressed in lung tissues, antibodies. Details for
the other CKs are in table 1.
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Senescent cells were seen within the cystlc remodeling in UIP/IPF (f|g 1/2) and in the bronchial mucosa in COPD (fig. 3/4) as well as in asthma (fig. 5/6)
Cytokeratin 5 was expressed in basal cells of the bronchi and bronchioli. CK5 positive cells were seen in the cystic remodeling structures in UIP (fig.7) and a increase was seen in bronchi and

bronchioli of COPD patients (fig.8/9), but not in asthma cases. CK5 positive cells in UIP also stained positively for p40 (fig.10)

The reaction for CK 8 and 9 was negative in UIP/IPF, whereas a positive reactivity for CK 8 was seen in high columnar cells including goblet cells in COPD, but not in asthma (fig.11/12)

Positivity for CK 7 was seen in all cases (fig.13), whereas CK14 was only positive in few cells in remodelled areas of UIP/IPF (fig.14). No positive reactions were seen for CK17, however, CK 18 was
positive in COPD (fig.15) and CK19 in UIP (fig.16) exclusively.

As in UIP senescecent cells play a similar role in COPD maintaning inflammation. Basal cells expressing cytokeratin 5 act as a cell pool for regeneration in UIP as well as in COPD, however, in UIP
this is restricted to the basal cells of the bronchioles, which very likely move to the remodelled cystic areas, whereas in COPD regeneration happens in bronchi and bronchioli. Whereas CK 7 is
expressed in almost every compartment of the lung, the basic CKs are assembled differently in UIP and COPD: CK18 in COPD, CK19 in UIP; in COPD a second acidic CK, CK8 is expressed in bronchi
and bronchioles.



