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Fig. 10 Ultrastructural localization of catalase activity and protein in different cell types of the mouse lung.
Cytochemical staining of catalase activity with the modified alkaline DAB method (A-M, P, Q) and immunocytochemical
localization of the catalase protein with the post-embedding protein A-gold technique (N, O). A) Lower magnification
view of nonciliated Clara cells of a small bronchiole containing many mitochondria and four peroxisomes in the apical
cell pole underneath of the secretory granules (G). B) Lower magnification view of neighbouring nonciliated (NCC) and
ciliated cells (CC) showing the size difference of peroxisomes in these cell types. C) Higher magnification view of both
cell types with a large peroxisome in a nonciliated Clara cell and a very small peroxisome in the neighbouring ciliated
cell. Note the clear difference in DAB staining intensity of both peroxisomes. D) An example of different cross — and
longitudinal sections through tubular peroxisomes of a ciliated cell (arrows). E) Lower magnification view of a region
with peroxisomes in AECII, AECI and endoelial cells. F-1) Higher magnification of selected peroxisomes from (E) in AECII
(F), AECI (G) and in an endothelial cell (H). Note the difference in the size of cross-sectioned peroxisomes in AECII with
larger particles (ca. 200-250 nm) in comparison to AECI, in which the cross-section of the peroxisome has the same
diameter as the neighboring smooth endoplasmic reticulum (ca. 85-90 nm). |) Region of the blood-air barrier with a
small rod-shaped peroxisome in an AECI. J) Low magnification view of an AECII exhibiting many elongated peroxisomes
in the vicinity of lamellar bodies. K) Higher magnification view of (J) depicting a tangentionally sectioned region of
lamellar bodies, showing several peroxisomal profiles in their vicinity. L) A long tubular peroxisome of the AECII in (J).
M) A different AECII with tubular peroxisomes or groups of small cross-sectioned peroxisomes in the vicinity of lamellar
bodies. The close vicinity of peroxisomes and lamellar bodies was also seen frequently in stainings for the catalase
protein with the post-embedding protein A-gold technique (N, O inset). Peroxisomes were also often found closely
associated with the smooth endoplasmic reticulum and mitochondria (O). P, Q) Peroxisomes in an alveolar macrophage
in low (P) and higher (Q) magnifications. Arrows in B-D, P and Q depict peroxisomes; arrowheads in B and C mark cell
borders. G: secretory granules; NCC: nonciliated cell; CC: ciliated cell; LB: lamellar bodies. The size of magnification bars
are indicated in the figure 10.

5.1.6 Peroxisomes are present in all cell types of human donor lungs, are most abundant

in AECII and macrophages and show heterogeneity of their enzyme content

Unfortunately, many of the monoclonal antibodies against cellular marker proteins did not stain
their corresponding counterparts in samples of human donor lungs. Only staining of secretory
vesicles for pro-SP C in AECIl and CC10 in nonciliated Clara cells worked properly in human, since
this was done with polyclonal antibodies from rabbit or goat. Staining for pro-SP C was exclusively
found in AECII, revealing the distribution of AECII in human lung sections (Fig. 11B). Similarly to
antibodies against some cellular marker proteins, also our antibody against the peroxisomal ABCD3-
protein raised in sheep was not functional on human samples (data not shown). However, by
comparing parallel sections to each other - either labeled for pro-SP C or for different peroxisomal
proteins - peroxisomes in AECIl and macrophages could be easily distinguished. In addition, we
used a mouse anti-human CD68 antibody for this purpose, a specific marker only for human
macrophages. Double-immunofluorescence preparations with rabbit anti-pro SP C and mouse anti-
CD68 showed specific positive labeling for each individual cell type (Fig. 11C). This marker was also
used in double-labeling experiments to depict macrophages in staining reactions for different

peroxisomal proteins (Fig. 11C, G, and H).
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The overall distribution and abundance of peroxisomal proteins was similar between mouse and
human lung samples. Similar to mouse lungs, catalase was localized in high abundance in
peroxisomes of AECII (Fig. 11A and inset) and alveolar macrophages (Fig. 11A). AECII and alveolar
macrophages were also readily detected with antibodies against Pex14p, ABCD3 and ACOX1 (Fig.
11E, G, I, J). However, similar as in mouse lung samples, these proteins generally showed a more
ubiquitous expression pattern also in other cell types. Only thiolase showed a weaker labelling
intensity compared to mouse samples, with only low levels of this protein revealed in AECII and
very weak or no staining in alveolar macrophages (Fig. 11H). The best staining reaction of
peroxisomes in different cell types of human donor lungs was observed with the antibody against
Pex14p (Fig. 11J)-M) with highest numerical abundance and labeling intensity of peroxisomes in

macrophages (Fig. 11J right inset). With this marker protein, peroxisomes could be nicely visualized
also in the distinct cell types of the epithelia in the conducting airways (bronchioli or bronchi) (Fig.
11L, M). In ciliated cells clusters of peroxisomes were readily observed in the apical region of the
cells directly underneath of the cilia. In double-immunofluorescence preparations of bronchioles
Pex14p staining was clearly confined to a different subcellular compartment as the one for CC10,
the marker protein for secretory granules of nonciliated Clara cells (see inset in Fig. 11L).
Peroxisomes were often located in near neighbourhood to the secretory granules. A similar close
relationship was seen between MUC5-positive secretory granules and peroxisomes in goblet cells in
the human bronchial epithelium (Fig. 11M). In goblet cells, peroxisomes were less abundant and
smaller than in Clara cells or ciliated cells (Fig. 11M inset). Appropriate parallel controls without

primary antibodies were always negative (Fig. 11D, N).

5.1.7 The difference in the distribution and expression of distinct peroxisomal proteins
in samples of human and mouse lungs are also revealed in Western blotting

experiments

Western blots made from complete homogenates of human donor lungs, mouse lungs and mouse
livers (used as a positive control due to high expression levels of most peroxisomal proteins in
hepatocytes) produced specific bands revealing distinct peroxisomal proteins only after long-term
exposure (ca. 20 min), which also led to the production of several non-specific protein bands on the
blots especially in human samples (not shown). Therefore, all frozen homogenates from lungs of

human donors, mouse lungs and mouse livers were subjected directly after thawing to subcellular
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Figure 11. For figure legends see page 56.
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Fig. 11 Localization of peroxisomal proteins in human lung. Staining for peroxisomal proteins (A: catalase; E, G: ACOX1;
F, H: thiolase; I: ABCD3; J-M: Pex14p) and cell-type specific markers (B, C: pro-SP C for AECIl; C, G, H: CD68 for
macrophages; L: CC10 for Clara cells; M: MUCS for goblet cells) in paraffin sections of human lung. A) Catalase (CAT) is
present in human AECII and alveolar macrophages (inset: peroxisomes in AECII). B) pro-SP C staining for AECII (inset:
secretory vesicles in AECII). C) Double-staining for pro-SP C in AECII and CD68 in macrophages, depicting the specific
labelling of the correct cell types. E) Labelling for ACOXI is present in all cell types, with macrophages and AECII showing
higher numerical densities of peroxisomes (inset: AECII). F) Thiolase labelling was very weak, revealing peroxisomes
only in AECII (inset). G) Double-labelling of ACOX1 and CD68. H) Double-labelling of thiolase and CD68. |) Alveolar
region depicting peroxisomes labeled for ABCD3 (inset: ABCD3-positive peroxisomes in macrophages). J) Alveolar
region stained for Pex14p, depicting peroxisomes in several AECII cells and macrophages (left inset: peroxisomes in
AECII and AECI; right inset: peroxisomes in macrophages). K) Peroxisomes in human AECI, labeled for Pex14p (inset:
higher magnification of AECI peroxisomes). L) Double immunoflurorescence preparations of Pex14p and CC10 (L) or
Pex14p and MUCS5 (M) depicting peroxisomes in ciliated cell (L, M) and nonciliated Clara cells (L) or goblet cells (M).
Negative controls are shown in (D) with anti-rabbit IgG-Alexa488 and anti-mouse 1gG-Alexa555 or in (N) with anti-rabbit
IgG-Alexa488 and anti-mouse 1gG-Alexa594. Nuclei were counterstained with TOTO. Arrows: AECII cells; arrowheads:
macrophages. Bars represent: A, B, E, F, I-K: 50 um; L: 50 um; C, D, G, H: 25 um; M, N: 25 um.

fraction by differential centrifugation, for relative enrichment of the organelle mixtures with

peroxisomes. These fractions were used for a
Marker kD L1 L2 L3

100 »
75 experiments, in which all antibodies (against

—-—' Catalase catalase, ACOX1, thiolase, ABCD3, Pex13p
50 ™

and Pex14p) recognized specific polypeptide

second round of Western blotting

37> bands at the expected molecular size in all

[l - — A different tissues (Fig. 12). The relative
50 »- ' BACOX1 amount of most peroxisomal proteins in

‘. enriched peroxisomal fractions was much
37 - ..‘
75m amount of Pex13p and Pex14p was higher in
50 »- —-—— 1 ABGOS enriched fractions of human donor lungs

50 »- - Pex13p than in mouse lungs. Similar to morphological

— _— results, catalase and thiolase were more

50-_.—

Thiolase lower in lung compared to liver. The relative

Pex14p enriched in adult mouse lungs than in human

lungs. Thiolase was barely detectable in the

adult human donor lungs.

Fig. 12 Comparative Western blot analysis of enriched peroxisomal fractions isolated from human donor lungs,
adult mouse lungs and livers. Loading of gels: 50 ug of proteins of enriched peroxisomal fractions from human
lung (L1), mouse lung (L2) and 20 pg from mouse liver (L3). The size of markers are indicated on the left and
names of peroxisomal proteins on the right.
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5.2 Characterization of peroxisomes in highly purified freshly isolated or

cultured mouse AECII

Previous chapters describe the characterization of various peroxisomal proteins in distinct
pulmonary cell types of mouse and human lung tissues. As mentioned, AECII and Clara cells contain
the highest amount of peroxisomes. Except for the described morphological data, nothing is known
about the exact role and the characterization of peroxisomal proteins in AECI. Thus, we
characterized the peroxisomal compartment in highly purified, freshly isolated or cultured AECII with

various cell biological techniques.

5.2.1 Immunofluorescence analysis revealed the high purity of the isolated AECII

preparations

At first, the immunofluorescence (IF) technique was adapted to cytospin preparations of AECII. IF
analysis of freshly isolated AECII, incubated with the AECII marker antibody anti-pro SP-C, revealed
the high purity and good quality of the AECII preparation (Fig. 13A-C). As assessed by trypan blue
exclusion, the viability of the cells was >95%. Isolated AECIl were incubated with antibodies against
peroxisomal matrix or membrane proteins, such as anti-catalase (Fig. 13D), anti-Pex14p (Fig. 13E)
and anti-Pex13p (Fig. 13F). The stainings revealed a selective punctuate pattern of peroxisomal
labelling in these cells. The intensity of the immunofluorescence staining in AECII was highest for
Pex14p, followed by catalase and was lowest for Pex13p (Fig. 13D-F). In addition, co-localization of
pro SP-C with ABCD3 in double-IF, revealed labeling of distinct particles, corresponding to the
localization of these proteins in different subcellular organelles (Fig. 13G-J). Double localization of
ABCD3 with peroxisomal markers (such as catalase, Pex14p or Pex13p) showed a complete co-
localization of both markers in the peroxisomal compartment for ABCD3 and Pex14p double-
labellings (see Fig. 13J). Taken together, these results suggest that, Pex14p is the best marker
protein for identification of all peroxisomes in cultured AECII. These results completely corroborate

the results obtained in tissue sections of adult mouse lungs.
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5.2.2 Subcellular fractionation of primary AECII revealed a high enrichment of AECII

peroxisomes with ACOX1

Bright field

overlay

Fig. 13 Characterization of peroxisomes in freshly isolated highly purified AECII. Freshly isolated AECII were
fixed, stained by IF for pro SP-C followed by nuclear staining with Hoechst 33258. A: AECII under phase
contrast. B: Expression of pro SP-C in the preparation demonstrating the high purity of the AECII. C: AECII
nuclei stained with Hoechst 33258. Further, fixed cells were stained for peroxisomal proteins such as anti-
catalase (D), anti-Pex13p (E) and anti-Pex14p (F). Double IF of the peroxisomal lipid transporter ABCD3 and
pro SP-C as AECII marker. G: ABCD3 staining in AECII. H: Distribution of pro SP-C in the same AECII. |: Overlayi
picture of all layers. J: Double IF of the peroxisomal lipid transporter ABCD3 and Pex14p showing a clear co-
localization of the same compartment. Bars represent A-C, D-F: 20 um; G-J: 15 um.
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Figure 14A) Scheme for isolation of enriched peroxisomes from isolated AECII
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i as A e» ii @ ABCD3 Pex13p nd  |24% |nd  |43% |88% |96%  |20% |100%
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detetable: l.e = long exposure; s.e = short exposure. Quantification
of each band of Western blots was done with Biorad Gel Doc 2000,

- ". * ' Pex13p the value of the band of the pellet 2 was set to 100%.

Figure 14B) Western blot analysis of enriched peroxisomal fractions isolated from AECII and liver homogenate. 20 pl
of S1, P1, S2 and P2 dissolved in 50 ul and 10 ul of homogenizing buffer 1) Followed by protein determination using
Bradford method 2) 9 pg and 4.8 pg of protein was loaded in each lane subjected for Western blotting 3) The two
Western blots were stripped and reprobed for 5 times. For detailed description of the antibodies, see table 4.

The peroxisomal compartment of AECIl was characterized by using subcellular fractionation and
subsequent Western blot analysis of enriched main fractions of in comparison to liver protein
fractions. Fig. 14A and 148 illustrate the steps involved in this subcellular fractionation process and
depict the peroxisomal protein distribution in distinct fractions. The P1 pellet consists in addition to
large peroxisomes mainly of heavy mitochondria and nuclei, whereas the P2 fraction contains light
mitochondria, lysosomes and many regular sized peroxisomes. As can be seen in the immunoblot
pictures below, most peroxisomal enzymes are enriched in the light mitochondrial P2 fraction,

whereas only few micro peroxisomes are found in S2, a fraction mainly containing microsomes and
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cytoplasmic proteins. The comparative Western blot analysis and quantitative assessment of bands
revealed a relatively lower abundance of peroxisomal proteins in AECII in comparison to liver,
which corresponds to the lower numerical abundance of peroxisomes in AECIl. In addition, a
distinct relative composition of peroxisomal proteins in AECII in comparison to liver was noted, with
a selective enrichment of peroxisomes in catalase and ABCD3 in comparison to Pex14p and Pex13p
in AECII. Surprisingly, most of the Acyl-CoA oxidase | was not cleaved into its subunits B and C. Only
the full length protein (A) was revealed with both antibodies against either the large B subunit (50
kD) or the small C subunit (20kD). In addition, the relative intensity of the band pattern of Pex13p
was shifted to smaller bands in comparison to the liver samples. Finally, urate oxidase, the protein
of the crystalline cores in peroxisomes is not present in AECII peroxisomes, which is in agreement

with the absence of cores in peroxisomes of AECII.

5.2.3 Downregulation of peroxisomal enzymes during transition of AECII to AECI

Freshly isolated mouse AECII were grown under optimized culture conditions as previously described
(Rice et al., 2002). They were seeded on matrigel and cultured in bronchial epithelial growth
medium for 1, 3 and 7 days in the presence and absence of 10 ng/ml KGF. Immunofluorescence
preparations with specific antibodies against peroxisomal proteins and RT-PCR of corresponding
MRNAs were used to determine whether growth medium supplemented with or without KGF could
alter the peroxisomal compartment during cultivation of AECII. The analysis revealed that KGF
treatment led to maintenance of AECIl in a differentiated state with high peroxisome content. In
contrast, in vitro experiments with AECII cultures without KGF over a period of seven days led to
the transdifferentiation of AECIl into AECI like cells. This transdifferentiation process was
accompanied by a downregulation of pro SP-C (Fig. 15D-F) and in parallel a drastic reduction of
catalase (Fig. 15J-L). Furthermore, an increase of the AECI cell marker caveolin 1 was observed (Fig.
17). In contrast, in KGF-treated cells the mRNAs for SP-B and pro SP-C were still highly expressed
after 7 days of culture. Interestingly, catalase- and Gnpat- mRNAs were induced by KGF treatment
and were highest at day 3 in the cultures. Even after 7 days their expression was slightly higher in
comparison to control levels at day 1. In addition, cultured AECII, stained for Pex14p, were filled up
with many peroxisomes, which showed the typical punctuate cluster pattern in the KGF treated
group over the whole treatment period (Fig. 13A-C). In contrast, in the absence of KGF this cluster

pattern was only seen at day 1 and lost thereafter, suggesting the induction of peroxisomal KGF-
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mediated metabolism by treatment with this growth factor. This increase was also much

pronounced for Pex14p and ACOX1, two proteins abundant nearly at similar levels in individual

pro SE-C

Fig. 15 Disappearance of peroxisomal markers during differentiation of AECII to AECI. Primary AECII cells were
cultured with KGF and without KGF for a period of seven days, and IF was performed with anti-pro SP-C (A-F)
and anti-catalase (G-L) on days 1, 3, and 7. Bar represents: 80 um.

61



Results

peroxisomes in AECI in comparison to AECII, which remained almost constant until day 7 also in
groups without KGF treatment. After 3-7 days only individual and less numerous peroxisomes were
observed in the culture (Fig. 16E-G). At day 3, the cells without KGF-treatment already showed the
typical AECI “large and flat” epithelial cell pattern. Interestingly, tubular peroxisomes of different
size (Fig. 16F with inset) were observed after 3 days in culture with the anti PEX14p antibody as
marker. The tubular peroxisomes in the KGF (-) group were intermediate structures, which
disappeared again until the seventh culture day at which only spherical peroxisomes were
observed, suggesting the fission of the tubular organelles into spherical ones. Interestingly, tubular
peroxisomes seemed to partition into small spherical particles at the exact time point at which
drastical size and area increases of the transdifferentiating cells occured. Similar to the
immunofluorescence results, an intermediate transitional state of the peroxisomal compartment
between day 3 and 7 of the AECII culture was noted on the mRNA level. During this time-period, the
reaction of each peroxisomal enzyme to KGF-treatment was distinct from each other. On the one

hand the mRNA levels for PEX14p and ACOX1 showed almost constant levels also without KGF-

Pex14p | day 7

Fig. 16 IF analysis for the peroxisomal biogenesis protein Pex14p on cultured AECII with and without KGF for a period
of seven days. Bar represents: 80 um.
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treatment after 7 days. On the other hand, the mRNA levels for catalase and Gnpat were drastically
downregulated in the group without KGF treatment, whereas the ones in the KGF supplemented
group showed high expression levels. Indeed, also by immunofluorescence analysis, a high level of
catalase staining was noted in the highly differentiated AECII in cultures after 7 days of treatment
with KGF, whereas only very few peroxisomes with catalase could be visualized in 7 day old culture
without KGF. In addition, also Pex14p staining revealed a drastic downregulation of peroxisomal

numerical density in 7 day cultures without supplemented with KGF.

Catalase
SP-A

Pex14p
SP-B
SP-C ACOX 1
SP-D Gnpat
Caveolin-1 GAPDH

Fig. 17 Gene expression profiling of cultured AECII, depending on KGF supplementation. Primary AECII were
cultured with KGF and without KGF for seven days and total RNA isolated from cultured primary AECII
subsequently on days 1, 3 and 7. RT-PCR was performed to analyze specific gene expression. GAPDH served as
an internal control to normalize the expression levels. For a list of primer pairs and size of PCR product see
table 5.
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5.3 Characterization of peroxisomal proteins during the neonatal

development of the lung

Since animals are weaned with fat-containing milk in the early postnatal period, peroxisomes might
play an important role for the postnatal development and final differentiation of organ systems.
This notion is supported by the fact that many peroxisomal KO animals with single enzyme
deficiencies die during the weaning period (Li et al., 2002). In addition, in this period alveolarization
proceeds in the lung and a huge amount of surfactant is needed to reduce the alveolar suface
tension. However, until now nothing is known about the role and functions of peroxisomes during
the postnatal development of the lung. Thus, we characterized the peroxisomal compartment using
biochemical and molecular biological methods in the different stages of the postnatal development.
We have compared mutliple mRNAs encoding for various peroxisomal biogenesis and metabolic
proteins, ROS metabolizing enzymes of different subcellular compartments, epithelial lineage
markers and surfactant proteins in the tissues of newborn lung (P0.5), lungs from P15, and adult

animals and adult liver homogenates.

5.3.1 The mRNA expression levels of peroxisomal docking complex proteins decrease

during the postnatal development of the lung

RT-PCR analysis revealed that the mRNA levels for peroxisomal proteins, involved in matrix protein
import (such as PEX5, PEX13 and PEX14 - mRNAs) were decreased in their expression levels during
the postnatal development of the lung (Fig. 18B). The PEX5 mRNA was reduced more strongly than
those for PEX13 or PEX14.

5.3.2 The mRNA level of the peroxisomal lipid transporter, ABCD3 exhibited the biggest

differences in expression levels during the postnatal development

A heterogeneous regulation of individual mRNA expression patterns for various peroxisomal
enzymes involved in catabolic lipid metabolic pathways and their regulatory nuclear receptors
(PPARs) were noted during postnatal development of the lung. The highest mRNA levels at birth for
peroxisomal proteins involved in fatty acid degradation was noted for ABCD3, one of the lipid
transporters on the peroxisomal membrane, followed by ACOX1, the regulatory enzyme of the B-
oxidation pathway 1. In addition, both mRNAs were significantly downregulated during postnatal

development. Similar alterations of the expression patterns were also observed for the Scp2-mRNA

64



Results

regulation (Fig. 18C). In contrast, the mRNA levels for MFP2 and thiolase were hardly affected in
their expression levels during postnatal development.

Interestingly, the mRNA levels of the two other acyl-CoA oxidase (ACOX2, ACOX3), involved in the
degradation of distinct lipid substrates from ACOX1, were regulated in a completly different way.
Whereas the ACOX2 mRNA levels were high at birth, decreased at P15 and were upregulated in
lungs of adult animals, the one of ACOX3 were hardly detectable at birth, increased strongly at P15
and were slightly downregulated again in the adult lung. Similar patterns was observed for the
MFP1 mRNA levels, which were also low at birth, increased strongly at P15 and were
downregulated in adult animals again to a higher level in comparision to newborn animals. In
contrast, the expression level of the mRNA encoding ABCD1 was low at birth and it was not
significantly altered during postnatal development. The mRNAs encoding for the Gnpat and Agps,
involved in the synthesis of ether lipids, did not show any alterations during postnatal development
of the lung. In addition, the mRNAs encoding for peroxisomal cholesterol synthesizing enzymes,
such as IDI1 and HMGCR, which is a bicompartmentally localized enzyme (ER and peroxisome), also
did not show any alterations during postnatal development of the lung (Fig. 18E). Similarly to the
individual regulation of mRNA expression patterns of distinct B-oxidation enzymes and lipid
transporters, the expression patterns for the mRNAs of the three different members of the PPAR-
family varied significantly to each other. Whereas the PPARa mRNA was expressed at low level at
birth and increased until adulthood, the one for PPARB was present at higher levels at birth but was
not altered during postnatal development. In addition, the one for PPARy was expressed at an
intermediate level at birth and decreased during development. Finally, a drastic downregulation
from very high to an almost undetectable level was noted for the Wnt5a-mRNA, encoding a protein
involved in the transcriptional regulation of genes involved in the process of distal morphogenesis

(Fig. 18)).

5.3.3 The mRNA levels for peroxisomal peroxiredoxins are lower expressed in newborn

mouse lungs compared to adult animals

RT-PCR analysis of mRNA levels for other peroxisomal ROS metabolizing enzymes such as
peroxiredoxin | and V revealed an increase in their expression levels during the postnatal
development of the lung. In contrast, the one for peroxiredoxin VI and catalase did not change

significantly.
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5.3.4 Differential mRNA expression levels of ROS metabolizing enzymes of different

subcellular compartments

The mRNA levels for the mitochondrial antioxidative enzyme, SOD2 did not show any changes
during the postnatal development of the lung. On the other hand, the mRNA levels for
antioxidative enzymes of other subcellular compartments such as, glutathione S-transferase 1
(cytoplasm), glutathione peroxidase (cytoplasm and peroxisome) and hemoxygenase
(endoplasmic reticulum) were upregulated during the postnatal development of the lung (Fig.

18F, G).

5.3.5 No changes in the mRNA levels of cell-type-specific differentiation markers and of

surfactant proteins were noted

We did not find any specific differences in the mRNA expression levels of surfactant proteins such
as surfactant protein A, B, C and D during the postnatal development of the lung (Fig. 18H). In
addition, the mRNAs encoding for cell-type specific proteins such as Tla (podoplanin), CC10 and
AQPS5 did not show any alterations in their expression levels during the postnatal development of

the lung (Fig. 18l).

5.3.6 Downregulation of catalase activity during the postnatal development of the lung

Analysis of postnuclear supernatants (= enriched peroxisomal fractions) of different lung stages
for catalase activity suggests a higher catalase activity in the newborn lungs in comparison to P15

and adult lungs (Fig. 19). In these experiments, postnuclear supernatants from adult liver were

Specific catalase activity in postnuclear used as a positive
supernatant control, which
70
60 showed higher
C .o
T 50 specific catalase
o
s 40 activity than all lung
g 30
£ samples.
> 20
S
10
0 T T T
Newborn P15 Adultlung Adultliver

Fig. 19 Catalase activity is high in the newborn lungs compared to P15 and adult lungs. Catalase activity was
measured in post nuclear supernatants. Data were expressed as mU/mg protein.
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5.4 Pathological consequences of peroxisome-dysfunction in the lung. A

study with PEX11 KO mice

Peroxisomes vary in number and enzyme composition in distinct organs. Peroxisomal abundance is
controlled by metabolic factors and by Pex11 proteins, peroxins regulating peroxisomal division. In
the lung peroxisomes are most abundant in AECII and Clara cells, both secreting components of
the lung surfactant. However, to date, only basic information is available about the functions of
these organelles in AECII or Clara cells and nothing is known about the pathological consequences
of PEX11p deficiency in the lung. Even though peroxisomes are present in all tissues and cell types
of PEX11[-deficient mice, these animals display several pathologic features, shared by knockout
mouse models of the Zellweger syndrome, in which peroxisomes are absent. In this study, we used
the PEX11p-knockout mouse model to analyse the alterations of lung structure, function and
molecular mRNA and protein expression patterns due to a peroxisome proliferation defect. In our
previous study, we clearly showed that especially Clara cells and AECII possess a high numerical
density of peroxisomes (Karnati and Baumgart-Vogt, 2008). Wherefore, in this investigation, the
main emphasis was laid on the alterations and pathological consequences of PEX11p deficiency in
Clara cells. In addition, alterations of typical marker proteins of other pulmonary cell types were

analysed.

5.4.1 Upregulation of peroxisomal biogenesis proteins in PEX11p deficient mouse

lungs

Results from in situ-hybridization studies with PEX11B cRNA probes suggested that the PEX11(-
MRNA is strongly expressed in the distal epithelium of bronchioles in the lungs of new born mice
(Karnati and Baumgart-Vogt, 2009). In distal bronchiolar epithelia of mice mainly Clara cells are
present, whereas ciliated cells are less frequent in number. As shown by IF analysis of paraffin
sections of the E19 wild type mouse lungs, antibodies against the peroxisomal biogenesis proteins
Pex13p and Pex14p showed specific positive labelling of large peroxisomes mainly in the apical
part of Clara cells and the labelling intensity was slightly increased (especially the one for Pex13p)
in PEX11B KO animals (Fig. 20B, D, F, H, J, L). In addition, formation of numerous thick clusters of

peroxisomes was observed with both antibodies in the KO lungs (Fig. 20D, H, J, L).
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Fig 20. IF detection of Pex13p and Pex14p in perfusion-fixed and paraffin-embedded lung sections of E19 WT
versus PEX11B KO mice. Representative lower (A, B, E, F) and higher magnifications (C, D, G, H, |, J, K, L) of cross
sections of small bronchioles in the mouse lung are depicted, stained for the localization of Pex13p and Pex14p.
Mainly Clara cells are present in this type of epithelium, which contain a high number of intensively labelled
peroxisomes. Note that in PEX11B-knockout animals these organelles appear to be increased in size and are often
interconnected with each other (I-L). Bars represent A, B, E, F: 20 um; C, D, G, H: 10 um; I, J, K, L: 5 um.
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5.4.2 Increased mRNA and protein levels of peroxisomal lipid transporter and [-

oxidation enzymes of pathway 1

IF analysis of the E19 wild type and PEX11B KO mouse lungs with antibodies against the
peroxisomal lipid transporter ABCD3 revealed a strong upregulation of this protein in Clara cells
(Fig. 21A-D). Furthermore, antibodies against peroxisomal B-oxidation enzymes of pathway 1 such
as acyl-CoA oxidase 1 (ACOX1) (Fig. 21E-H) and 3-ketoacyl-CoA-thiolase (thiolase) (Fig. 21I-L)
showed increased protein levels in Clara cells of PEX11B KO lungs, with the increase being more

pronounced in preparations stained for thiolase.

5.4.3 Imbalance of peroxisomal antioxidative enzymes in PEX11J} deficient lungs

In addition, to the increased levels of peroxisomal biogenesis proteins, and proteins involved in
lipid degradation, an imbalance of antioxidative enzymes was noted in PEX11p deficient mouse
lungs. IF analysis for the peroxisomal marker enzyme catalase (CAT) showed a decrease in the
catalase protein, resulting in “smaller-appearing” peroxisomes in Clara cells of PEX11p KO lung
(Fig. 22H). In addition, the peroxisomal located antioxidative enzyme peroxiredoxin V (Prx V),
whose function is to catalyze the degradation of lipidhydroperoxides and hydrogen peroxide, was

drastically downregulated in Clara cells of PEX11p KO mouse lungs (Fig. 22I-L).

5.4.4 Alterations of antioxidant enzymes in other subcellular compartments

The manganese superoxide dismutase 2 (MnSOD or SOD2), is considered to be one of the most
important antioxidant enzymes in mitochondria. In contrast to the peroxisomal catalase and Prx
V, this mitochondrial antioxidant enzyme was significantly upregulated in Clara cells of PEX11p KO
animals (Fig. 23A-D). Contrarily to mitochondrial SOD2 and similarly to the peroxisomal
antioxidative enzymes, our results show a dramatic decrease in cytoplasmic glutathione
reductase (GR) in Clara cells of PEX11B KO animals, the enzyme catalyzing the reduction of
glutathione disulphide (GSSG) to glutathione (GSH) (Fig. 23E-H). Thus, deficiency of PEX11B might
lead to an imbalance of the expression of antioxidative enzymes in different subcellular
compartments, leading to oxidative stress and altering ROS metabolism and the maintenance of

the cellular redox system in the lung.
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Fig 21. IF detection of ABCD3, ACOX1 and thiolase in perfusion-fixed and paraffin-embedded tissue sections of
E19 WT versus PEX11B KO mice. Representative lower (A, B, E, F, |, J) and higher magnifications (C, D, G, H, K, L) of
cross sections of small bronchioles in the mouse lung are depicted, stained for the localization of ABCD3 and acyl-
CoA oxidase | (ACOXI) as well as thiolase. Upregulations of ABCD3, ACOX1 and thiolase were observed in the Clara
cells of PEX11B KO mouse lungs. Bars represent: A, B: 20 um; E, F, 1, J: 15 um; C, D, G, H, K, L: 10 um.
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Fig 22. IF detection of catalase and peroxiredoxin V in perfusion-fixed and paraffin-embedded tissue sections of
E19 WT versus PEX11B KO mice. Representative lower (A, B, E, F, |, J) and higher magnifications (C, D, G, H, K, L) of
bronchioles in the mouse lung, showing the localization of the peroxisomal antioxidative enzymes, catalase and
peroxiredoxin V. Note that, with the regular dilution of 1:4000 of the catalase antibodies, no significant alterations in
the Clara cells of wild type and PEX11B KO mouse lungs were found. However with a dilution of 1:80,000 of the
catalase antibody, a clear downregulation of catalase was observed in these lungs. In addition, peroxiredoxin V was
also strongly downregulated in these lungs. Bars represent: A, B: 25 um; E, F, I, J: 20 um; C, D, G, H, K, L: 10 um.
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Fig 23. IF detection of manganese superoxide dismutase 2, glutathione reductase and inducible nitric oxide
synthase in perfusion-fixed and paraffin-embedded tissue sections of E19 WT versus PEX11f KO mice.
Representative lower (A, B, E, F, I, J) and higher magnifications (C, D, G, H, K, L) of bronchioles in the mouse lung
showing the localization for antioxidative enzymes of distinct subcellular compartments such as SOD2
(mitochondrial), GSR (cytoplasmic) and iNOS (cytoplasm and peroxisomes). A downregulation of glutathione
reductase (E-H) and iNOS (I-L) was observed in PEX11B KO mouse lungs. However, a significant upregulation of
mitochondrial SOD2 was noted in these lungs (A-D). Bars represent: A, B, E, F, I, J: 25 um; C, D, G, H, K, L: 10 um.
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Cytoplasmic inducible nitric oxide synthase (iNOS) has an important function in pro-inflammatory
signalling in airway inflammation and it has been closely correlated with the pathophysiology in a
variety of diseases and inflammation. In addition to macrophages and AECII, Clara cells are one of
the major cell types expressing iNOS in the lung. As shown by IF, INOS was mainly localized in the
apical part of Clara cells (Fig. 23I-L). PEX11pB deficiency leads to a drastic downregulation of iNOS
in Clara cells of PEX11B KO mice (Fig. 23I-L). A more punctate staining pattern was observed in
PEX11B KO animals, suggestive for a possible shift of iNOS into peroxisomes as it is known from

the literature (Loughran et al., 2005).
5.4.5 Alterations of cell type-specific marker proteins in the PEX113 KO lungs

5.4.5.1 A severe downregulation of the Clara cell protein CC10 occured in the lung of PEX11f3

deficient animals

One of the vital functions of CC10 is to inhibit the phospholipase A2 activity, a potent regulator of
the lung inflammatory response. Deficiency of CC10 protein may therefore be associated with
more alterations in lung homeostasis with direct or indirect effects on the immunoregulation of
the lung. Alterations in the CC10 protein are associated with a variety of pulmonary diseases in
humans.

PEX113+/+

™

Figure 24. For figure legend see page 75.
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Fig 24. Immunohistochemistry and IF for the localization of CC10 in Clara cells in paraffin-embedded lung sections
of a E19 wild type and PEX11 KO mice. Already the IHC-staining revealed a significant downregulation in PEX11(
deficient mouse lungs (A-B). Lower panel C and D are higher magnifications, depicting the CC10 staining in Clara cells
with immunofluorescence. Note that, with immunohistochemistry, all bronchioles were negative for CC10 in PEX11f
KO mouse lungs (B), however, with IF a very weak staining for CC10 was observed (D). For overviews of IF
preparations for CC10 see also Fig. 25A-D, I-L. Bars represent: A, B; 50 um; C, D: 10 um.

In the present study, the CC10 protein was clearly detectable in secretory granules at the apical
pole of the Clara cells in WT animals (Fig. 24A, C). However, a marked reduction or the complete
absence of the CC10 protein was observed in PEX11B deficient mouse lungs. This result was
already observed with the less sensitive ABC-peroxidase staining method and was confirmed by

using the more sensitive immunoflourescence method (25A-D).

5.4.5.2 Distinct alterations of surfactant proteins due to PEX11 deficiency

We analysed if a deficiency of PEX11[( could alter the expression of surfactant proteins. The SP-A
protein is exclusively expressed only in AECIl in E19 lungs. Therefore, in the PEX11B KO mouse
model we could not be able to stain the SP-A protein in Clara cells. SP-B is synthesized and
produced in Clara cells and AECII. Expression of SP-B in the cells of the terminal airways or alveolar
junctions suggests that Clara cells may contribute to the formation of the surfactant film in the
terminal bronchioles, however, the exact functions of Clara cells SP-B are unclear. SP-B facilitates
lamellar body formation in AECII and phospholipid spreading during the respiratory cycles. SP-C is
not expressed in Clara cells. In contrast, Clara cell SP-D plays an important role in host defence
against lung inflammation. The results of the present study showed a drastic downregulation of
SP-B in Clara cells of PEX11B deficient mouse lungs (Fig. 25E-H). In contrast, double IF for SP-D and
CC10 proteins showed an upregulation of SP-D and the already described decrease of CC10 in
Clara cells of the PEX11B KO mouse lung (Fig. 25I-L).

5.4.5.3 Alterations of the type I cell marker T1a/podoplanin

The podoplanin gene (Tla) is highly expressed by AECI cells, lining most of the gas exchange
surface of the lung. Tla is localized in the apical plasma membrane of AECI cells. Tla gene
expression is also developmentally requlated however, the exact functions of this protein remains
unclear. Loss of podoplanin alters the proliferation rate of distal lung cells and might lead to
disruption of epithelial-mesenchymal signalling (Ramirez et al., 2003). In PEX11[ deficient mouse

model, we observed a downregulation of the AECI cell maker Tla (Fig. 26E, F).
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Fig 25. IF detection of surfactant proteins (SP-A, SP-B and SP-D) in perfusion-fixed and paraffin-embedded tissue
sections of E19 WT versus PEX11B KO mice. Representative lower (A, B, E, F, I, J) and higher magnifications (C, D, G,
H, K, L) of bronchioles in the mouse lung, showing the localization for various surfactant proteins. A downregulation
of the SP-B protein was observed in the Clara cells of PEX11B KO lungs (E-H). The double-labelling for CC10 and SP-D
revealed elevated levels of SP-D in Clara cells of the KO animals (I-K). Note that, the antibody against an SP-A
protein did not stain Clara cells however, it strongly labelled AECII in WT and PEX11f KO animals. Bars represent: A,
B,E,F 1, J:25um; C, D, G, H, K, L: 10 um.
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Fig 26. IF detection of pro SP-C and T1la in perfusion-fixed and paraffin-embedded tissue sections of E19 WT
versus PEX11 KO mice. pro SP-C staining in AECII (A-D). Note that with a regular 1:2,000 dilution of the anti pro
SP-C antibody no differences in AECII of PEX11B KO mouse lungs were observed. However, at a 1:128,000
dilution, a clear decrease of the AECII marker protein pro SP-C could be demonstrated in PEX11B KO mouse
lungs. In addition, the AECI cell marker protein, Tla/podoplanin was also downregulated in the KO mouse lungs.
Bars represent A-F: 20 pum.
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5.4.6 Semi-quantitative RT-PCR analysis of WT, PEX11f HZ and KO lungs

5.4.6.1 Severe alterations of expression levels of multiple mRNAs encoding for peroxisomal

biogenesis, and lipid metabolic proteins in PEX113 KO mouse lungs

In comparison to wild type (WT) animals only a slight reduction of the PEX11B mRNA was noted in
heterozygous animals (HZ), whereas the PEX11B mRNA was completly absent in the PEX11f KO
animals reflecting the PEX11B gene deletion. Quantitative analysis of RT-PCR bands for PEX11la
revealed a strong decrease in the expression level in PEX11pB KO mouse lungs, whereas the one
for PEX11y was only slight downregulated (Fig. 27A). In addition, the mRNAs for the peroxisomal
C-terminal targeting signal import receptor PEX5 was also downregulated in PEX11B KO mouse
lungs. In contrast, the ones for PEX13 and PEX14 encoding the biogenesis proteins of the docking
complex in the peroxisomal membrane involved in matrix protein import were slightly
upregulated (Fig. 27B). Furthermore, the mRNAs for two enzymes of the peroxisomal B-oxidation
pathway 1, (ACOX1, thiolase) as well as ABCD1 and 3, the lipid transporters were upregulated
(Fig. 27C). In addition, also the mRNAs for ACOX2 and 3 of the peroxisomal B-oxidation pathway 2
were upregulated in PEX11p KO mouse lungs (Fig. 27D). In contrast, the expression levels of the
MRNAs of the multifunctional proteins (MFP1 and MFP2) of both B—oxidation pathways and of
SCP2/ScPX were decreased. In addition, the mRNA IDI1, for the peroxisomal enzyme involved in
the synthesis of cholesterol, was strongly downregulated, whereas the one for Hmgcr was not
altered. The Hmgcr protein in localized in two compartments: the endoplasmic reticulum and the
peroxisomes and it still remains obscure, how this protein is targeted into peroxisomes (Krisans,
1992). The mRNAs encoding for enzymes involved in the peroxisomal ether lipid synthesis Gnpat

and Agps were hardly affected (Fig. 27E).

5.4.6.2 Imbalance of mRNA levels for ROS metabolizing enzymes of distinct subcellular

compartments

RT-PCR analysis of mRNA levels for peroxisomal ROS metabolizing enzymes such as catalase and
peroxiredoxin 1 (Prx 1) did not reveal any alterations, however, the one for peroxiredoxin V (Prx
V) was strongly downregulated (Fig. 27G). In contrast, the mRNA for the mitochondrial

antioxidative enzyme manganese-superoxide dismutase 2 (SOD2) was upregulated in PEX11p KO
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mouse lungs (Fig. 27F). Furthermore, the mRNA levels for additional antioxidative enzymes of
several other subcellular compartments, such as glutathione S-transferase 1 (Gstl), glutathione
peroxidase (Gpx), and hemoxygenase 1 (hmox1) were downregulated in PEX11B-deficient mouse
lungs, suggestive for an imbalance of reactive oxygen species metabolism in the KO mouse lungs

(Fig. 27F, G).

5.4.6.3 Alterations of expression levels of the mRNAs encoding for peroxisomal proliferator

activated receptors in PEX113 KO mouse lungs

PPARs are transcription factors with key regulatory functions on genes encoding proteins involved
in peroxisomal B-oxidation and lipid cellular homeostasis. Significant upregulations of PPARP and
PPARy were noted in PEX11B KO lungs (Fig. 27J). Whereas the expression level for the PPARa

mRNA was unaltered.

5.4.6.4 Regulation of Wnt5a in PEX113 KO mouse lungs

Interestingly, also the mRNA for Wnt5a, encoding a protein involved in the distal morphogenesis
of lung, was drastically downregulated in PEX11B-deficient mouse lungs, corresponding to the

lower maturation and differentiation of the alveolar region (Fig. 27)J).

5.4.6.5 Alterations of mRNA levels for cell type-specific marker proteins and targeting

signalling molecules in PEX11( deficient mouse lungs

The mRNAS for the cell type-specific marker proteins CC10 and T1a/podoplanin were decreased
in PEX11B deficient mouse lungs (Fig. 271), whereas the mRNA levels for all surfactant proteins
were unaffected. This difference in protein and corresponding mRNA levels of surfactant proteins
observed between immunofluorescence and RT-PCR results suggest a translation or post-

translational modification of the half-life of surfactant proteins in PEX11B KO animals.
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5.5 Upregulation of peroxisomal proteins (catalase and Pex14p) in
alveolar epithelial cells in lung tissue of patients with idiopathic

pulmonary fibrosis.

Samples of patients with idiopathic pulmonary fibrosis (IPF) were processed and analyzed to

reveal if the peroxisomal compartment was altered in lung diseases.

As already described previously in the alveolar region of human donor lungs (see Fig.7, page
number 44 and 45), only alveolar macrophages and AECII contain detectable amounts of catalase
and Pex14p in human donor lung samples. Peroxisomes could be clearly identified in alveolar
macrophages and AECII with both antibodies (Fig. 28A, C). The highest intensity of staining and

best visualization of peroxisomes was achieved with the antibody against Pex14p in macrophages.

The IPF samples were characterized by irregular expanding and massive fibrosis in between
interconnecting air spaces with thickened alveolar walls (see lower magnification views in Fig.
28B, D). Interestingly, catalase (Fig. 28B) and Pex14p (Fig. 28D) were increased in transitional
epithelial cells of thickened alveolar walls. In higher magnification views, it is obvious that
catalase (Fig. 28G) and Pex14p (Fig. 28H) protein levels are strongly expressed in the single-
layered flattened epithelial cells of thickened fibrotic alveoli and in alveolar macrophages of IPF
patients. These preliminary data show that the peroxisomal compartment is indeed altered in lung
diseases. Future studies taking IPF as an example, will clarify the influence of the peroxisomal

metabolism in the pathogenesis of these lung diseases.
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Fig. 28 Localization of catalase and Pex14p in donor and IPF lungs with immunohistochemistry ABC
peroxidase method. Low magnification view of preparations stained for catalase (A) and Pex14p (C), showing
positive labelling mainly in alveolar macrophages and AECII of the human donor lungs. Low magnification view
of catalase (B) and Pex14p (D) showing the labelling at the lining of the alveolar epithelium of the IPF lung.
Higher magnification of the specific punctuate staining pattern for the peroxisomal subcompartment in AECII
and macrophages of the donor with catalase (E) and Pex14p (F). Higher magnification of the staining for
catalase (G) and Pex14p (H) in the lining of the alveolar epithelium. Note the upregulation of catalase (I) and
Pex14p (J) in the alveolar epithelium of the IPF lung. All corresponding negative controls were devoid of
reaction product (not shown here. For a control on the method, see Fig. 7).
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6 DISCUSSION

In the present study, the peroxisomal compartment in human and murine lungs was analysed
with sensitive morphological, biochemical as well as molecular biological methods and a variety of
peroxisomal markers to achieve insights on their possible metabolic roles in distinct pulmonary
cell types. Peroxisomes were found in all lung cell types of adult human and murine lungs,
however, with cell-type specific numerical abundance and distinct protein composition,
suggestive of specific functional differences, depending on metabolic needs of the corresponding
cell types. Furthermore, the effect of KGF on the peroxisomal compartment, an important growth
factor, involved in the proliferation of AECII and in the regulation of the alveolar epithelium was
analysed. In addition, the alterations of peroxisomal metabolism during AECI to AECI
transdifferentiation were examined. Moreover, partial functions of peroxisomes were described
in bronchiolar epithelial cells, e.g. Clara cells of distal pulmonary airways. Studies using PEX11(
knockout animals with dysfunctions of peroxisomal proliferation revealed that peroxisomes play
an important role in the defence mechanisms of the bronchiolar epithelium against oxidative
stress. In addition, first preliminary results revealed that the peroxisomal compartment is altered
in AECIl and macrophages in lung tissue of patients with idiopathic pulmonary fibrosis. Further
investigations are needed to reveal the exact role of this organelle in airway cell biology and

pathology.

6.1 Catalase as marker for peroxisomes in different pulmonary cell types

Peroxisomes were described already in the early 1970-80 by cytochemical localization of catalase
activity with DAB at the electron microscopic level in the lung of a variety of species, such as
mouse, rat, hamster, guinea pig, rabbit, cat, pig, monkey and man (Eguchi et al., 1980;
Goldenberg et al., 1978; Moriguchi et al., 1984; Petrik, 1971; Schneeberger, 1972a; Van Meir and
Scheuermann, 1988). In all of these studies peroxisomes were mainly found in bronchiolar Clara
cells and AECII, the latter of which exhibited significant species-specific differences in size and
structure (Schneeberger, 1972a). Only in extremely rare cases peroxisomes or only “remnants” of

peroxisomes were observed in AECI of mice (Hirai et al., 1983; Schneeberger, 1972a) and none
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were described in cat or human lungs in fully differentiated AECI (Mercurio and Rhodin, 1976;
Moriguchi et al., 1984). In addition, in other pulmonary cell types, such as macrophages or
endothelial cells, no peroxisomes were found in different species (Schneeberger, 1972a) and no
reports are available in the literature on peroxisomes in ciliated or goblet cells of conducting
airways. In our study, we used a modified protocol of the alkaline DAB-method from Angemiiller
and Fahimi (1981), which had been developed by our group to demonstrate “catalase-less”
peroxisomes in germ cells at the electron microscopic level (Nenicu et al., 2007). This technique
allowed us to detect peroxisomes in all cell types in the lung, combined with good ultrastructural
morphology. Indeed, peroxisomes of ciliated cells of the epithelia of conducting airways or AECI
of the alveolar region contain only low levels of catalase and exhibit a diameter similar to the
endoplasmic reticulum (see Fig. 10). Therefore, these organelles most probably have been
overlooked in the past. Due to application of a higher incubation temperature of 45°C and a
prolonged incubation time of 2 hr in our study, the precipitated oxidized DAB product was

sufficient for visualization of peroxisomes in these cell types.

Due to the high abundance of catalase in peroxisomes of AECII Farioli-Vecchioli and colleagues
were able to use a catalase antibody in combination with ABC-peroxidase immunohistochemistry
for automatic detection of AECII at the light-microscopic level (Farioli-Vecchioli et al., 2001).
However, in their study no correct subcellular staining pattern was achieved to unequivocally
localize catalase inside of peroxisomes, instead the employed technique only led to a massive
staining of the cytoplasm of AECII (Farioli-Vecchioli et al., 2001). Due to the facts that a) in some
animal species catalase may be a genuine multi-compartmental enzyme (for a review see: Fahimi
et al., 1996) and b) in aging as well as under pathological conditions catalase import into
peroxisomes is impaired in mice with mislocalization of the enzyme to the cytoplasm (for reviews
see: Baumgart et al. 2003; Terlecky et al. 2006) optimal and sensitive methods for the
appropriate subcellular localization of the enzymes are essential. In a previous study by our
group, we noticed that only with the best pre-treatment conditions, small peroxisomes — formerly
called microperoxisomes — could be visualized as individual organelles in paraffin sections
(Grabenbauer et al., 2001). By using an adapted version of this protocol for lung tissue we were
able to achieve optimal staining for catalase with the ABC-peroxidase method in a punctuate
staining pattern in AECIl and Clara cells in mouse lungs, indicative for peroxisomes. The higher

diffusion-reaction of the Novared substrate in the cytoplasm of human samples labeled for
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catalase might be related to the facts that a) longer staining times had to be applied for the
peroxidase-reactions and b) the tissue was obtained from non-transplanted parts of organs which
had remained several hours in the “conservation buffer solution” prior to immersion fixation.
Indeed, cytoplasmic diffusion of catalase due to destruction of the peroxisomal membrane was
described on the ultrastructural level even in glutaraldehyde-fixed tissue samples after storage for
several hours in buffer solutions (Fahimi, 1974). The peroxisomal membrane alterations in these
preparations were most probably induced by the action of 15-lipoxygenase, since destruction of
the peroxisomal membrane was prevented by addition of corresponding enzyme inhibitors
(Yokota et al., 2001). In our study, the ‘cytoplasmic diffusion’ problems as observed in light
microscopic immunohistochemistry could be circumvented by subjecting paraffin sections of
human lung tissue to an immunofluorescence technique for catalase localization, suggesting that
the longer incubation time for the localization of catalase in the peroxidase-based
immunohistochemical reaction was the main reason for the cytoplasmic diffusion artifacts. In
addition, with the immunofluorescence technique higher sensitivity was observed to reveal
smaller particles, enabling visualization of peroxisomes with lower levels of catalase also in
ciliated and goblet cells of the conducting airway epithelia as well as alveolar macrophages, AECI
cells and endothelial cells or fibroblasts in the alveolar region corroborating our ultrastructural

results in mouse lung.

6.2 Peroxisomes can be best visualized in mouse or human lungs at the

light-microscopical level with Pex14p as marker

The best marker for peroxisomes at the light microscopic level was Pex14p, which stained
peroxisomes in a uniform and ubiquitous way in all cell types of mouse and human lung samples.
Comparable results with this peroxisomal marker protein have been obtained in other tissues, in
which catalase-less peroxisomes are present, such as many neurons in the central nervous system
and germ cells in the testis (Ahlemeyer et al., 2007; Nenicu et al., 2007). The ubiquitous
expression of Pex14p is logical, since this protein is located in the docking complex for
peroxisomal matrix protein import, which should be present in all functional peroxisomes (Eckert
and Erdmann, 2003). In addition to their well-known localization in AECII and Clara cells, stainings
for Pex14p in the present study revealed the relative richness of alveolar macrophages with

peroxisomes. Peroxisomal ROS and lipid-metabolism could play an important role in
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macrophages, since this cell type is activated by ROS and they secrete lipid mediators, such as
leukotrienes and prostaglandins. In addition, alveolar macrophages are the major source of NO
formation by iNOS in the lung. In this context it is of interest that iNOS was localized recently to
peroxisomes (at least in hepatocytes) (Loughran et al., 2005; Stolz et al., 2002). The exact role of
peroxisomal iNOS is not understood, but it was shown that NO has an effect on the regulation of

peroxisomal enzymes (Kremser et al., 1995).

Double immunofluorescence stainings for Pex14p and ABCD3 revealed that peroxisomes in
mouse AECII cells are densely packed, tubular organelles, forming network-like arrangements.
Complete tubular organelles (sometimes up to 8 um in length) are much less frequently found
due to statistical reasons within the plane of an 80 nm-thick ultrathin section in comparison to

3-5 um thick paraffin section. Therefore, peroxisomes appear at the ultrastructural level in mouse
AECII mostly as multiple segments with varying shape (round, oval to rod-shaped) cut through the
same or neighbouring organelles. The large aggregates in fluorescence micrographs of AECII of
human lungs can be explained by the occurrence of groups of clustered peroxisomes in human

AECII (see Fig. 1a in Moriguchi et al. 1984).

6.3 Peroxisomal B-oxidation enzymes are ubiquitously expressed in

distinct cell types of mouse and human lungs

Peroxisomal B-oxidation enzymes in the lung have not yet been characterized. In an older study
with pig lungs Goldenberg and colleagues were not able to show functional B-oxidation by
biochemical activity measurements (Goldenberg et al., 1978). In contrast, in our study acyl-CoA
oxidase 1 (ACOX1) as well as 3-keto-oxo-acyl-CoA thiolase (thiolase), the first and the third
enzymes of the B-oxidation pathway 1, could be identified in Western blots by their specific
protein bands in the correct molecular weight range in enriched peroxisomal fractions of mouse
and human lungs. These biochemical data were corroborated by the ubiquitous labelling of
peroxisomes in all pulmonary cell types with the specific antibodies against both enzymes in
immunofluorescence preparations. Whereas ACOX1 was more homogeneously expressed in
peroxisomes of all pulmonary cell types in murine and human lungs, the peroxisomal thiolase was
slightly enriched in peroxisomes of AECII. The weak labelling of the thiolase on human paraffin

sections was corroborated by the low protein content in enriched peroxisomal fractions in
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Western blot analysis of lung tissue of the same donor. In addition, these results are supported by
the 2.2-fold lower number of “expressed sequence target” sequences (ESTs) of the peroxisomal

thiolase obtained by data base mining at http://www.ncbi.nlm.nih.gov/UniGene with the “EST

Profile Viewer” of the UniGene program. We found 251/1x10° ESTs for peroxisomal thiolase in
mouse versus 115/ 1x10° in human lung cDNA libraries. In contrast for ACOX1 this value was
100/1x10° ESTs in mouse versus 121/1x10° ESTs in human cDNA libraries and in our study this
enzyme could also be adequately stained in the human lung. With the help of the “EST Viewer
program” also EST-sequences for all enzymes of the second B-oxidation pathway (ACOX2 and 3,
MFP2 and the SCPX-thiolase) were found in mouse and human lung, suggesting also the presence
of the complete pathway 2 in peroxisomes of the lung. Additional evidence from our study for
active lipid metabolism in lung peroxisomes was obtained by the localization of ABCD3 (formerly
called PMP70) in these organelles, which is an ABC-transporter involved in the transport of lipid
substrates across the peroxisomal membrane (Visser et al., 2007). In addition, high levels of the
non-specific lipid-transfer protein/sterol carrier protein 2 (SCP2) were described in the matrix of
lung peroxisomes (Ossendorp et al., 1994). The SCP2 protein is involved in the shuttle of lipid
intermediates within the multi-enzyme complex of the peroxisomal -oxidation system (Wouters

et al., 1998).

6.4 Possible functions of peroxisomal 3-oxidation in the lung - Connection

to PPAR regulation

Peroxisomal B-oxidation has much broader substrate specificity than mitochondrial -oxidation
and is able to degrade a variety of insoluble, toxic and bioactive lipids, regulating inflammatory
processes (prostaglandins and leukotrienes), signalling from the plasma membrane (e.g.
arachidonic acid) or acting as lipid ligands for nuclear receptors (Mannaerts and Van Veldhoven,
1993). Therefore, peroxisomal B-oxidation in the lung might be integrated in a variety of

metabolic processes and regulatory circuits.

The transcriptional activation of the genes of the peroxisomal 3-oxidation enzymes of pathway 1
is activated by PPAR/RXR heterodimers (Dreyer et al., 1992; Krey et al., 1995) and LXR alpha (Hu
et al., 2005). These receptors are activated by eicosanoid derivatives or fatty acids, retinoids or

pristanic acid and oxysterol derivatives, which are all metabolized by peroxisomal B-oxidation
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enzymes. Therefore, the induction of the peroxisomal B-oxidation enzymes by distinct nuclear
receptors might work as a feed-back loop in the control of the homeostasis of nuclear receptor
ligands for prevention of lipid toxicity in pulmonary cell types. Especially ACOX1 seems to be an
important enzyme in this feed-back loop, since it conducts the rate-limiting step of the B-
oxidation chain and its absence leads to steatohepatitis and tumorigenesis in the liver (Fan et al.,
1998). Interestingly, both PPARa. and PPARy were described in the lung (Braissant and Wahli,
1998). Activation of either one of the two receptors in the lung seems to protect lung tissue
against pathologic inflammatory and fibrotic processes (Lakatos et al., 2007). In addition, an
involvement of PPARy in normal lung maturation has been described recently in a study with

pulmonary airway epithelium-specific PPARy-knockout mice (Simon et al., 2006a).

6.5 Peroxisomal B-oxidation may provide acetyl-CoA units for biosynthetic
pathways in peroxisomes, such as PUFA-, plasmalogen- and cholesterol

synthesis

In addition to the regulation of lipid ligands for nuclear receptors, the (-oxidation enzymes in
peroxisomes of AECII, AECI and alveolar macrophages are certainly involved in the modification
and recycling of surfactant lipids. This is probably not only exerted by the simple 3-oxidation and

|II

degradation of “used and non-functional” surfactant lipid components. Peroxisomal B-oxidation
enzymes can also be used for the modification and synthesis of polyunsaturated fatty acids
(Hiltunen et al., 1996), which are important components of surfactant and protect against oxygen

toxicity (Sosenko et al., 1991; Zoeller et al., 1999).

In addition, peroxisomal B-oxidation is also capable of providing acetyl-CoA units for the synthesis
of plasmalogens or cholesterol in these organelles (Hayashi and Takahata, 1991). Interestingly,
the enzymes for different steps of these biosynthetic pathways are localized in distinct subcellular
compartments: the endoplasmic reticulum, mitochondria and peroxisomes. This might explain
the close ultrastructural association of peroxisomes with these organelles or with the surface of
lamellar bodies, observed in AECIl for facilitating the modification and shuttle of lipid
intermediates between the different subcellular compartments. High activity of the

dihydroxyacetone phosphate acyl-transferase (DHAPAT now named Gnpat), the first enzyme in
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peroxisomal ether lipid synthesis has been described in lung homogenates with values even
higher than in liver (Van Veldhoven and Mannaerts, 1985). In addition to ether lipid synthesis, the
peroxisomal enzymes of this pathway might in addition also contribute up to 40-50 % to the
synthesis of other glycerolipids via the acyl-DHAP pathway, also components of surfactant lipids.

Plasmalogens and cholesterol are important minor lipid components of surfactant, regulating its
viscosity and function on surface tension (Ridiger et al., 1998; Télle et al., 2002) but are also
involved intracellularly in important signal transduction pathways and vesicle fusion (for a review,
see (Brites et al., 2004). Plasmalogens and cholesterol serve different functions in surfactant.
Plasmalogens promote the formation of hexagonal lipid structures and are able to regulate the
movement of lipids during the breathing cycle into and out of the surface layer of surfactant,
whereas non-bilayer structures formed by cholesterol stabilize the surface layer of surfactant and
interact with the surfactant protein B (SP-B) for fine tuning of lipid-mediated surface properties
(Tolle et al., 2002). Interestingly, PPARy regulates SP-B synthesis (Yang et al., 2003). Peroxisomal
[B-oxidation might therefore interfere in two different ways in the synthesis, modification and
recycling of surfactant lipids: a) by its coupling to the “biosynthetic pathways” in peroxisomes and
b) by regulating of PPAR-ligands. Indeed, it is known from the literature that alterations of the
peroxisomal compartment by treatment with hypolipidemic agents such as clofibrate or
nafenopin, which both inhibit HMG-CoA reductase for cholesterol synthesis and activate PPARq,
exert significant alterations in lamellar bodies of AECII and in surfactant morphology and amount
in the alveoli as well as induce “foamy” macrophages (Fringes et al., 1988; Fringes and Reith,
1988). In this respect, it is interesting to note that in our study we have found that especially
alveolar macrophages in human lung tissue contained a high number of peroxisomes, which were

strongly labeled for Pex14p and contained similar high levels of ACOX1 and ABCD3 as AECII.

6.6 Coupling of lipid and ROS metabolism

In our study we found that peroxisomes in Clara cells and AECII of mouse lungs contained the
highest levels of catalase and peroxisomal thiolase. The significance of catalase in the protection
of the normal function of peroxisomal B-oxidation was noted in studies from Hashimoto and
Hayashi, who demonstrated the inhibition of peroxisomal thiolase by high H,0, levels and
showed that NADH can be directly oxidized by acetoacetyl-CoA and H,0, (Hashimoto and Hayashi,

1987, 1990). Therefore, the function of peroxisomal B-oxidation is directly coupled to the function
89



Discussion

of antioxidative enzymes. Contrarily, it has been shown that the well-known PPARy-activator 15-
d-PGJ,, a prostaglandin derivative degraded in peroxisomes, directly interferes with redox-
sensitive transcription factor pathways independently of the action of PPARy (Kim and Surh,
2006). Interestingly, peroxisomes harbour a variety of antioxidative and pro-oxidative enzymes
(Schrader and Fahimi, 2004) and contain a compartment-specific management of H,0, (Fritz et
al., 2007), which might lead to “metabolic signalling” from this organelles under metabolic stress
conditions as suggested already earlier by Masters (Masters, 1996) and shown in plants (Nyathi

and Baker, 2006).

6.7  Alterations of the peroxisomal compartment during
transdifferentiation of AECII into AECI - Effects of the keratinocyte growth
factor (KGF) on this process

The physiological maintenance of the lung alveolar epithelium is ensured by the stem cells of the
alveolus, the cuboidal corner cells, also called great alveolar cells or AECII. AECII are surrounded
by AECI cells, which are derived from the AECII stem cells (Adamson and Bowden, 1974; Evans et
al., 1975; Evans et al., 1976; Hirai et al., 1983; Hirai et al., 1977). Maintenance and differentiation
of AECII is affected by different soluble and insoluble macromolecules present in the extracellular
matrix, such as growth factors that are released in the course of the injury of the alveolar
epithelium and the exposure of the underlying connective tissue (Boudreau and Bissell, 1998;
Lukashev and Werb, 1998; Lwebuga-Mukasa, 1991; Rannels and Rannels, 1989). Growth factors
as well as other components of the extracellular matrix tend to change in response to injury and
are required for cell growth and differentiation as well induce cell division, migration and re-
epithelization during repair of the injured lung (Roman, 1996; Yano et al., 1996). Released KGF
acts as a potential mitogen for AECIlI and has been shown to maintain AECIl in culture in a
differentiated phenotype (Abraham et al., 1999; Borok et al., 1998b; Rice et al., 2002). In addition,
this growth factor promotes AECII proliferation in vitro (Panos et al., 1993) and in vivo (Ulich et

al., 1994).

In the present study, the alterations of the peroxisomal compartment during the
transdifferentiation of AECII into AECI over a period of seven days were investigated in primary
cell cultures and the effects of KGF on peroxisomes and dependent gene expression were studied
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in comparison to the AECII/AECI phenotypes. The AECII to AECI transition was verified by RT-PCR
analyses of specific expressions of mRNAs for AECII and AECI marker proteins and by IF with an
antibody against pro SP-C, a selective AECII marker protein. Indeed, in primary AECII cultures KGF
administration over a period of seven days maintained the AECII phenotype (as shown by strong
IF staining for pro SP-C, see Fig. 13) and conserved the typical structural pattern and high
numerical abundance of peroxisomes with high catalase protein content (as shown by IF for
catalase, see Fig. 13) and strong expression of “peroxisomal mRNAs”. In contrast, in AECII cultures
without KGF-supplementation the peroxisomal compartment underwent significant alterations
during AECII to AECI transition. A severe downregulation of mRNAs for catalase and peroxisomal
enzymes for ether lipid synthesis occurred during parallel to the AECII to AECI transdifferentiation
process. In parallel, a loss of the mRNA for pro SP-C and an increase for the one for caveolin 1 was

|Il

noted, which was suggested to be a robust indicator of a “real” transdifferentiation of AECII into
AECI (Fuchs et al., 2003; Qiao et al., 2003). In seven day old cultures without KGF-
supplementation the transdifferentiated AECI contained much lower numerical peroxisome
abundance with low catalase protein levels. They exhibited downregulated mRNAs for catalase
and Gnpat but showed still high expression levels of mRNAs for peroxisomal B-oxidation enzymes

(ACOX1) and of the peroxisomal biogenesis protein Pex14p, a typical feature of AECI in situ in the

mature mouse lung (Karnati and Baumgart-Vogt, 2008).

The only experimental evidence in the literature for alterations of the peroxisomal compartment
during AECIl to AECI transdifferentiation was provided in an ultrastructural study by Hirai and
colleagues (1983) in rats after lung injury with butylated hydroxytoluene (BHT). They observed a
lower numerical abundance of peroxisomes with lower catalase content in regenerating alveolar
cells 7 days after BHT treatment (Hirai et al., 1983). The results of this dissertation are in complete
agreement with their speculation that the peroxisomal compartment is downregulated during

AECII to AECI transition.

6.8 Which signalling mechanisms could be triggered by KGF

administration?

KGF initiates a casacade of signalling pathways upon administration to AECII cultures and various

other experimental model systems (Qiao et al., 2008). Previous reports suggest that KGF interacts
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with a specific receptor, the FGF receptor lllb (FGFIllb) a tyrosine kinase receptor (RTK) to initiate
the cascade of signalling events. KGF signalling induces rapid changes in the phosphorylation state
of secondary signalling proteins and activates a variety of transcriptional factors (Nrf2; SREBP1C;
C/EBP), regulating antioxidative and lipogenic enzymes in the lung (Braun et al., 2002; Chang et
al., 2005; Portnoy et al., 2004).

6.9 KGF and Nrf2-signalling in the protection against ROS-mediated

oxidative lung injury

Exogenous application of recombinant KGF protects the lung from various forms of injury,
including acid instillation (Yano et al., 1996), a-naphthylthiourea (Mason et al., 1996), hyperoxia
(Guo et al., 1998), bleomycin (Deterding et al., 1997; Yi et al.,, 1998; Yi et al., 1996) and y-
irradiation (Yi et al., 1996). In all of these models, increased ROS levels are inducing AECI damage
and lung injury. In addition to exogenous noxes, many pulmonary diseases are associated with
increased oxidative stress. Crucial cellular components such as DNA, lipids and proteins are
greatly affected by ROS. ROS induced lung injury leads to DNA strand brakes, lipid peroxidation
and oxidative modification of proteins. KGF might protect the alveolar epithelium against
oxidative injury by several different mechanisms: a) KGF may exert its protective effect by
proliferation of AECII that could maintain an intact epithelial surface (Panos et al., 1995; Panos et
al.,, 1993); b) KGF augments the expression of surfactant apoproteins in AECII that regulate
surfactant functions (Sugahara et al., 1995); ¢) KGF may limit oxidant induced increases in lung
epithelial cell permeability by protein kinase C (PKC) dependent mechanism (Waters et al., 1997);
d) KGF reduces oxidant-induced DNA damage by promoting DNA repair (Takeoka et al., 1997); e)
KGF reduces the oxidative injury by triggering the transcription of the Nrf2 gene, encoding a

transcription factor, regulating genes of antioxidative enzymes (Braun et al., 2002).

Nrf2 is a member of the cap ‘n’ collar family of transcription factors (Moi et al., 1994) and binds to
cis-acting elements (antioxidant response elements ARE) of the promoter region of target genes
(Rushmore et al., 1991). These target genes encode a series of antioxidative proteins, such as
glutathione S-transferase (Rushmore et al., 1990), hemoxygenase 1 (Prestera et al., 1995). In
addition, the catalase and superoxide dismutase 1 genes are regulated by Nrf2, both encoding

peroxisomal enzymes (Chan and Kan, 1999). The results of this dissertation suggest that KGF-
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mediated signal transduction may be protective against ROS-mediated lung injury by stimulating -
in addition to the strong AECII proliferation- the induction of higher levels of peroxisomal catalase
and enzymes of ether lipid synthesis (see Fig. 17, p. 63). Indeed, catalase is “the” enzyme with the
highest capacity to degrade H,0,. In addition plasmalogens as well as poly-unsaturated fatty acids
(PUFASs), both synthesized in peroxisomes, are important antioxidant lipids, trapping various ROS
species. Furthermore, the increased catalase might also protect the peroxisomal B-oxidation
system against ROS-mediated inhibition of the 3-keto-acyl-CoA thiolase (Hayashi and Takahata,
1991). A possible explanation for the downregulation of catalase and ether lipid synthesizing
enzymes during the transdifferentiation in the absence of KGF could be due to a downregulation

of Nrf2. However, the underlying mechanism has to be proven in future studies.

6.10 Interference of KGF-mediated signalling with pulmonary lipid

metabolism

As mentioned above (chapter 6.8), KGF induces activation of several transcription factors involved
in the regulation of lipogenesis. Two classes of transcriptional factors mainly regulate lipogenesis
in AECII: a) sterol response element binding protein (SREBP) family members, b) CCAAT/enhancer
binding protein (C/EBP) family members and c) PPARy (Fajas et al., 1998; Rosen et al., 2000).
Lipogenesis is a very important process for the synthesis of pulmonary surfactant, which has two
important functions: a) it reduces the surface tension at the air-liquid interface of the lung and b)
it plays a role in host defense against infection and inflammation. Pulmonary surfactant is
composed of 90% lipids and 10% surfactant proteins. About 80 to 90% of surfactant lipid is
represented by phospholipids. Cholesterol is one of the major neutral lipids in surfactant. Indeed,
cholesterol is considered to be an important lipid for surfactant function, especially after

compression.

Interestingly, AECII peroxisomes contain high amounts of sterol carrier protein-2 (SCP2) that
stimulates the biosynthesis of both dolichol and cholesterol (Ossendorp et al., 1994). In vitro
studies also confirmed the involvement of the SCP2 in cholesterol synthesis (Kesav et al., 1992;
Ossendorp and Wirtz, 1993). SCP2 in AECII is thought to transfer surfactant lipids between the
endoplasmic reticulum and lamellar bodies. In peroxisomes, SCP2 might be involved in the

transfer of lipid intermediates between the different B-oxidation enzymes. In addition to SCP2, all
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enzymes synthesizing isoprenoids, which are cholesterol precursors from acetoacetyl-CoA to
farnesyl pyrophosphate, are located in peroxisomes (Kovacs et al., 2007; Krisans, 1996). These
enzymes are: HMG-CoA synthase, HMG-CoA reductase, mevalonate kinase, phosphomevalonate
kinase, mevalonate diphosphate decarboxylase, isopentyl pyrophosphate isomerase and farnesyl
pyrophosphate synthase (Kovacs et al., 2004; Kovacs et al., 2007; Krisans, 1996). In a recent study
with ChIP-Chip technology, Reed and colleagues showed that the promoters of the corresponding

genes of all of these peroxisomal proteins bind SREBP-1 transcription factors (Reed et al., 2008).

Sterol regulatory element-binding proteins (SREBPs) are a family of transcription factors
consisting of SREBP1a, SREBP1c, and SREBP2 responsible for the activation of more than 30 genes
involved in the synthesis and metabolism of cholesterol, fatty acids, triglyceride metabolism and
phospholipids (Horton et al., 2002a, b; Reed et al., 2008). SREBP1 and SREBP2 have overlapping
binding properties to sterol responsive elements or regular E-boxes in the promoters of
dependent genes. SREBP2 regulates mainly genes of cholesterol metabolism whereas, SREBP-1C
mainly activates genes involved in fatty acid and triglyceride metabolism (Shimano, 2009). KGF
stimulates SREBP1c, which is a key transcriptional factor for regulation of fatty acid and

phospholipid synthesis in AECII (Chang et al., 2006; Chelly et al., 1999).

Peoxisomes harbour the necessary enzymes for the DHAP-pathway in glycerophospholipids and
ether-phospholipids (plasmalogen) synthesis. Glycerophospholipids are major components of the
surfactant, whereas plamalogens are less abundant but are functionally very important (see
discussion p. 88). Peroxisomal glycerolipid synthesis may contribute up to 40% of the total
glycerolipids (Hajra et al., 1979; Hajra et al., 2000). In this dissertation, we noted that KGF indeed
increased the mRNA level of Gnpat, an important enzyme in peroxisomal glycerolipid and ether
lipid synthesis. AECII convert fatty acids into phospholipids through C/EBPa-and SREBP-mediated
pathways, which are both induced by KGF-treatment. Gene profiling studies with microarray
technology suggest that, the PPARy mRNA is not altered by KGF-treatment, in basal medium in rat
AECII cultures. These results corroborate the unaltered mRNA expression for ACOXI, an enzyme
involved in peroxisomal B-oxidation, the genes of which are generally regulated by PPAR family

members.
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6.11 Role of KGF and PPARs in lung maturation (differentiation)

Interactions between mesenchymal and epithelial components are essential for regulating regular
organ morphogenesis and differentiation in the lung (Chelly et al., 1999). Several growth factors
and intracellular signalling molecules work together in an orchestrated action in lung
development. Whereas aFGF and FGF-10 seem to play an important role in early branching
morphogenesis, KGF and PPARy are both stimulators of final differentiation of epithelial cell
types, such as AECII or bronchiolar epithelial cells (Chelly et al., 1999; Michael et al., 1997; Simon
et al.,, 2006b). Interestingly, the mesenchymal components aFGF, FGF-10 and KGF bind to the
same receptor on the alveolar cells, the KGF-receptor or FGF-R2lllb, but apparently signal at
different time points during lung development. In the late fetal period, KGF secretion by
pulmonary fibroblasts leads to a strong signal in AECIl, promoting the synthesis of important
surfactant components (surfactant proteins as well as phospholipid components) at the time of
surfactant accumulation in AECII shortly before birth (Chelly et al., 1999). Furthermore, KGF
seems to exert a more sustained action at the same molar concentrations on the alveolar
epithelial cells than EGF, another factor influencing AECII development, wherefore it is thought to
control AECII differentiation rather than lung morphogenesis. Increased mRNA levels of KGF and
the KGF-R (FGF-R2lllb) were noted in the perinatal period (Dekowski and Snyder, 1995; Shiratori
et al., 1996). Interestingly, also in this period the mRNAs for various peroxisomal enzymes that are
involved in the synthesis of surfactant lipids (GNPAT, AGPS), involved in the biogenesis and
proliferation of peroxisomes (PEX5, PEX13, PEX14 and PEX11pB) and lipid transporters (ABCD3,
Scp2/ScpX) as well as B—oxidation enzymes (ACOX1 and MFP2) are already highly expressed in the
newborn lungs. Since total RNA from lung homogenates has been used in this study, future in
situ hybridization or specific microdissection experiments are necessary to clarify in which cell

types these mRNAs are expressed (e.g. AECII versus Clara cells).

In addition to KGF signalling, signal transduction via PPARy1, a nuclear receptor present in high
amounts in Clara cells and AECII (Simon et al 2006) might control epithelial differentiation and
lipid metabolism in response to cAMP stimulation (Michael et al., 1997). Michael and colleagues
suggested that PPARy1l, an important transcription factor for adipocyte differentiation, could
have similar effects in AECII. In addition, PPARy1 responds to insulin-signalling, cAMP and fatty

acids, promoting adipogenesis (triglyceride storage) (Michael et al., 1997). Even though, PPARy1
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MRNA expression was detectable in isolated fetal AECIlI (human and rabbit), the PPARy protein
could only be visualized in paraffin sections of newborn lungs with weak immunoreactivity in
conducting airway epithelia (Simon et al 2006). Interestingly, also the PEX11B mRNA showed the
strongest expression in distal airway epithelia in newborn mouse lungs (Karnati and Baumgart-
Vogt 2009). Peroxisomes were more generally abundant in different cell types of the distal
airways and in the undifferentiated alveolar regions as compared with adult lungs (Karnati and
Baumgart-Vogt 2009). In addition, peroxisomes in most cells of the yet undifferentiated alveolar
region showed strong staining for catalase, most probably labelling AECII in the early phase in the
process of their transdifferentiation into AECI. In contrast to E18.5 lungs, peroxisomes were
mainly present in high abundance in Clara cells and AECII in the adult mouse lungs and were more
prominently stained for catalase than any other cell type (Karnati and Baumgart-Vogt, 2008,
2009). This pattern is completely in accordance with the PPARy distribution in the adult lung
(Simon et al 2006) with highest staining of PPARy in Clara cells and AECII. In addition, Simon and
colleagues revealed that airway-specific PPARy knockout mice exhibited a significant enlargement
of the smaller airways and lower expression of mRNAs for elastic and collagen fiber components,
suggesting the importance of PPARy signalling in mesenchymal-derived cell types, such as
fibroblasts (Simon et al 2006). The microarray analysis with total lung RNA of the Clara cell-
specific PPARy knockout animals suggested that PPARy is an important regulator of the
differentiation of airway epithelia and Clara cell lipid metabolism. Interestingly, in the absence of
PPARy the PEX7 mRNA is strongly upregulated, a gene encoding for the cytoplasmic PTS2-

receptor protein, involved in PTS-2 dependent peroxisomal matrix protein import.

6.12 Technical pitfalls influencing the comparative analysis of lung tissue

immunofluorescence preparations of wild type and PEX113 KO mice.

If the antibodies are used in higher concentrations (saturated range) for detection of a certain
antigens, slight differences in antigen abundance between wild type and knockout animals might
be overlooked due to saturation of the fluorescent intensity and “equalization” of signals in
morphological specimens. Careful comparative examinations revealed that both antibody
concentrations and CLSM settings for image acquisitation influenced the comparison of relative
alterations of marker proteins between wild type and knockout animals. E.g. at standard

concentrations (1:1000) no differences in the abundance of pro SP-C were noted due to over-
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saturation of the antibody staining. However, serial dilutions (up to 1:128.000) revealed
significant differences in the protein amounts of pro SP-C between wild type and PEX11B KO
animals. Similar problems were observed by using CLSM-settings leading to “oversaturation of
images only when” the correct CLSM settings were used, differences between the experimental
groups were obvious. Therefore, for each antibody ad IF-preparation, correct Ab-diluitions and

CLSM settings were carefully selected to prevent false-negative interpretation of the data.

6.13 Pathological consequences of PEX11f deficiency in the lung with

special emphasis on alterations in Clara cells

The half life of peroxisomes is only 3 days, wherefore these organelles are constantly formed or
replaced by newly built peroxisomes, a process which is termed “peroxisomal biogenesis”.
Peroxisomes are replicated by fission of preexisting ones, regulated by proteins of the Pex11
family and DLP1/VpSl1p (Delille et al., 2009). Most information provided for PEX11B in the
international literature concerns its involvement in the steady state regulation of peroxisomal
numerical abundance, however, until now no knowledge is available on the molecular
consequences of a PEX11B deficiency in the lung. Our own studies on the localization of the
PEX11B mRNA in the newborn, using nonradioactive cRNA-hybridization, revealed that the
PEX11B mRNA is expressed in the lung at higher levels than in the liver. In the newborn lung the
strongest expression of the PEX11B mRNA was observed in the distal epithelium of the
conducting airways (Karnati and Baumgart-Vogt 2009). Similarly to the distribution of the PEX11B
MRNA, peroxisomes were highly abundant in Clara cells in immunohistochemical preparations
using distinct marker antibodies. Clara cell peroxisomes contain high levels of catalase, -
oxidation enzymes and metabolic transporters wherefore we first mainly focused on the
alterations of this cell type to understand the pathological consequences induced by the PEX11f

deficiency and therewith the role of peroxisomes in Clara cells.

6.13.1 Significant alterations of secretory proteins in Clara cells of PEX113 KO animals

Based upon morphology and histochemistry, Clara cells, the nonciliated cells of bronchioli, were
first described by Kolliker (Kolliker, 1881) and characterized comprehensively by Clara (Clara,

1937). Clara cells are nonmucous, nonserous, nonciliated, and columnar to cuboidal secretory
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cells with a club-shaped cytoplasmic projection. Appearance and distribution of Clara cells along
the airways is different among various distinct species. They are generally observed in the lining
of the bronchiolar epithelium of pulmonary airways and make up ca. 80% of the bronchiolar
epithelium in mice (Plopper et al., 1983). Clara cells secrete mainly the Clara cell 10 KDa (CC10)
protein and three members of the surfactant protein family, namely SP-(A, B, D). Eventhough,
extensive morphological and transgenic studies on Clara cells were performed in previous years,
to date their functional role is still not completely understood. On the one hand, cell culture
studies with isolated Clara cells showed that implantation of these cells in the denuded trachea
restored the alveolar epithelium, which led to the suggestion that Clara cells may serve as
progenitor cells for the respiratory epithelium in injured lungs (Brody et al., 1987). On the other
hand, Khoor and coworkers revealed an important role of Clara cells in the development and

maturation of the airway epithelium (Khoor et al., 1996).

During the last 15 years several studies were performed to discover the functions of the major
secretion product CC10. Interestingly, lipids such as phosphatidylcholine and phosphatidylinositol
were described in fractions of purified human CC10 protein, prepared for X-ray diffraction studies
(Umland et al., 1994). Indeed, CC10 binds phosphatidylcholine and thus reduces the activity of
phospholipase A2 by binding to this substrate. In addition, observations from Mantile and
colleagues suggested a functional role of CC10 in the modulation of inflammatory reactions
(Mantile et al., 1993). Indeed, Clara cell alterations are associated with a variety of human chronic
lung diseases, such as asthma and chronic obstructive pulmonary disease (COPD) (Bernard et al.,
1992; Jorens et al., 1995; Shijubo et al., 1999; Van Vyve et al., 1995). Interestingly, tobacco smoke
induces decreased levels of CC10 in serum as well as a decrease of the CC10 protein also in Clara
cells, suggesting that the level of the CC10 protein could act as a biomarker for Clara cell damage
(Hermans et al., 1999). Furthermore, adult CC10 knockout mice showed an altered pulmonary
response after exposure to hyperoxia and are very susceptible to hyperoxic lung injury (Johnston
et al., 1997). In addition, experiments with CC10 knockout mice suggested that the CC10
deficiency resulted in alterations in the composition of the epithelial airway lining fluid (Stripp et
al., 2002). Taken together, many published studies suggest that, CC10 is a biomarker of airway
injury. In this dissertation, a significant decrease of the CC10 protein was observed in the lungs of
PEX11B knockout animals, which suggests that Clara cell functions might be strongly altered in

PEX11B deficient mice. The CC10 reduction might in consequence play an indirect role in the
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contribution to the molecular pathogenesis of lung alterations in mice with peroxisomal

deficiency.

Similarly to the strong downregulation of CC10 in PEX11B deficient mouse lungs, the Clara cell
surfactant protein B (SP-B) was also drastically downregulated. Clara cell SP-B, an 8 kDa
hydrophobic protein, is involved in enhancing the adsorption, spreading and stabilizing of
phospholipids and the phospholipid monolayer on the bronchiolar epithelium (Cochrane and
Revak, 1991; Possmayer, 1990). In addition, SP-B is also involved in alveolar maturation and
facilitates the formation of lamellar bodies. In this respect, it is noteworthy that the alveolar
maturation was delayed and AECII contained less well developed lamellar bodies in the lungs of

PEX11B animals (EM data from Prof. Baumgart-Vogt already obtained prior to this dissertation).

Despite the strong downregulation of CC10 and SP-B proteins, the Clara cells in PEX11[3 knockout
mice exhibit the classical club shaped projection and show the typical mature characteristics for
this cell type. It is very unlikely that the developmental delay of the PEX11B KO mice alone should
produce alterations only in a subset of Clara cell secretory proteins. If this was the case, immature
Clara cells in PEX11B KO mice should in contrast not be able to produce any of their secretory
proteins. However, opposit to CC10 and SP-B, SP-D was upregulated in Clara cells (see Results
section, Fig. 25, P 76), suggesting that the observed alterations are not induced by a delay or
general growth retardation phenomenon in PEX11Bf KO animals. In contrast, this observation
suggests that the secretory pathway in Clara cell is functional, but rather the production of some
secretory proteins is negatively transcriptionally influenced. Since SP-D is functionally mainly
involved in host defence and also mediates effects on the immune response in airways of the lung
in an allergic asthma mouse model of ovalbumin-induced allergic airway inflammation (Hohlfeld
et al., 2002; Kasper et al., 2002), the higher SP-D production in the Clara cells could contribute to
an induction of inflammation in distal pulmonary airways in PEX11B KO mice (Fig. 25I-L, P. 76).
However, due to the short life span of PEX11B animals (they die only a few hours after birth), long

term studies could not be performed to investigate this hypothesis.
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6.13.2 PPAR-mediated signalling in the Clara cells of PEX11f KO animals

Interestingly, the SP-B gene expression and homeostasis are regulated by neutral lipid
metabolites and nuclear receptors of the PPARs-family in the lung. Yang and colleagues reported
that PPARy and its ligands (15d-PGJ2) inhibit also the transcription of the SP-B gene in cell lines
and whole lung explants (Yang et al., 2003). In addition, treatment of cultures of non-small lung
cancer cells with the PPARy ligand 15d-PGJ2 induced a downregulation of the Clara cell lineage
marker CC10, suggesting that PPARy also modulates the expression of the CC10 gene (Chang and
Szabo, 2000). Indeed, the majority of Clara cells show a prominent immunostaining for PPARy in

the mouse lung (Simon et al., 2006a). To evaluate the pathophysiological alterations in the

airway epithelium due to PPARy deficiency, RNA of the lung of a Clara cell-specific PPARy KO
PEX11B+/+ & ~ .PPARy . |PEX11B-/-

mouse was subjected to gene microarray analyses. Surprisingly, the PEX7 mRNA, encoding the
peroxisomal targeting signal 2 (PTS2) receptor protein was drastically upregulated in PPARy KO
mice. In the present study, PPARy was strongly upregulated (see above figure) and SP-B as well as
CC10 was decreased, suggesting that the lack of peroxisome proliferation due to PEX11p
deficiency leads to a PPAR-mediated repression of the SP-B and CC10 genes. Furthermore, the
broad functions of nuclear receptors of the PPAR family in the lung were further substantiated in
a recent article, showing a novel transcriptional regulatory mechanism of the Wnt/B-catenin
pathway by cytoplasmic phospholipase A2 and PPARB (Han et al.,, 2008). In PEX11pB deficient
mouse lungs a severe upregulation of PPARy and PPARP and a drastic downregulation of Wnt5a
were observed. Since Wnt5a is involved in the distal morphogenesis of the lung epithelium, a

direct link between the increased levels of PPARs and the downregulation of this Wnt-family
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member in PEX11B KO mouse lungs might exist. The strong downregulation of Wnt5a in PEX11
animal might explain the strong delay in basal alveolarization observed in the lungs of PEX11B KO

animals.

6.13.3 Oxidant and antioxidant imbalance in the Clara cells of PEX11p deficient mouse

lungs

In addition to alterations of Clara cell secretory proteins, significant changes of pro- and
antioxidant enzymes and an imbalance in ROS metabolism was observed in PEX11B KO mouse
lungs. A strong and reproducible increase of mitochondrial SOD2 expression in AECII and Clara
cells in PEX11B KO lungs was observed, suggesting an increase in oxidative stress. An increase in
mitochondrial SOD2 was also described in other tissues in a knockout mouse model with
defective peroxisome biogenesis (PEX5 knockout mice) (Baumgart et al., 2001). In these knockout
animals, a defect in mitochondrial respiration has been demonstrated. Indeed, in many cases of
mitochondrial respiratory complex defects (e.g. | + lll), the loose coupling of the mitochondrial
respiratory chain leads to significantly more superoxide radical release by mitochondria. In
consequence, the SOD2 is upregulated to convert this radical into less toxic H,0, which might be
decomposed further by the mitochondrial glutathione peroxidase or peroxiredoxin |I.
Interestingly, SOD2 is upregulated by NF-kB signalling (Rahman and MacNee, 1998). Indeed, the
latest experiments during the writing of this thesis revealed a drastic downregulation of IkBa in
the Clara cells of the PEX11B animals (see figure below). In wild type animals, IkBa degradation

leads to NF-kB translocation into the nucleus and the activation of the transcription of antioxidant

PEX11B+++. - |kBa “ |PEX11B-/- IkBax
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(e.g. SOD2) and pro-inflammatory signalling (e.g. interleukins) genes. The strong downregulation
of IkBa in PEX11f KO animals would suggest that, NF-kB signalling might be chronically activated
in PEX11B animals. Future experiments should reveal the relevance of NF-kB signalling and its
cross-talk with PPAR regulatory pathways for the molecular pathogenesis of organ defects in

PEX11pB deficiency and in peroxisomal diseases.

In contrast to mitochondrial SOD2, many other antioxidative enzymes of distinct subcellular
compartments are downregulated in PEX11B deficiency, such as SOD1, catalase and Prx 5,
wherefore cytoplasmic H,0, might accumulate and activate the NF-kB signalling cascade. Proteins
of the peroxiredoxin family degrade a variety of lipid hydroperoxides and H,0, (Chae et al., 1994).
In addition to the protective effect of the lung by their antoxidative properties, peroxiredoxins are
also involved in the activation of signalling cascades and the transcription of various genes
involved in the intracellular homeostasis (Kropotov et al., 2004). As shown in this thesis (see Fig.
22, P. 72), bronchiolar epithelial cells, AECIl and macrophages express high amounts of
peroxiredoxin V. The significant downregulation of most antioxidant enzymes (except for SOD2) in
the cell types in PEX11B deficient mouse lungs suggests an imbalance in antioxidative
mechanisms, leading to oxidative injury of pulmonary epithelia. Furthermore, under normal
conditions, H,0, accumulation or treatment of different cell types with H,0, also induces
different peroxisomal biogenesis (PEX) genes in wild type cells. Instead, in PEX11B animals, the
MRNA for PEX11a and PEX5 were downregulated and the one for PEX11y, PEX13 or PEX14 were
not altered, suggesting that the nuclear transcriptional antioxidative response in PEX11fB

knockout animals is disturbed.

In addition to antioxidant enzymes, the ratio of GSSH:GSH is important in celluar antioxidant
defence and is a good indicator of the cellular redox state (Park et al., 1998). Glutathione
peroixdase converts glutathione to its oxidized form during metabolization of H,0, into H,0.The
reduction of the oxidized (disulphide) form of glutathione (GSSH) is catalyzed by glutathione
reductase, which is a very important enzyme in the maintenance of GSH in its active reduced
form. In the literature it has been reported that glutathione peroxidase plays an important role in
the protection against lung oxidative injury. Interestingly, hyperoxia or pro-inflammatory
mediators such as TNFa or LPS alter the cellular GSSH/GSH levels, leading to modulation and

induction of various antioxidative enzymes, such as glutathione peroxidase and SOD2 (Cotgreave

102



Discussion

and Gerdes, 1998; Das et al., 2001). In the PEX11B KO model, both glutathione peroxidase (at
MRNA level) and glutathione reductase (at protein level) were drastically downregulated in Clara
cells, possibly interfering with GSSG:GSH levels. Future experiments have to reveal if the redox
state in Clara cells is altered in PEX11B KO animals. Taken together, this study with PEX113 KO
animals revealed that normal peroxisomal functions are essential for ROS homeostasis and the

antioxidant protection of the pulmonary airways.

6.13.4 Failture of INOS regulation in the Clara cells of PEX11p deficient mouse lungs

In wild type animals, ROS production, IkBa degradation and NF-kB signalling leads to the
activation of iNOS (besides the increase of SOD2). The induction of this proinflammatory gene is
one of the early reactions to inflammatory stimuli. Interestingly, the iNOS-upregulation seems to
be compromised in PEX11B KO animals by the strong increase of PPARy (see page 100 of
discussion). Indeed, PPARy directly downregulates iNOS expression by binding to a PPAR
responsive element in the iNOS promoter (Crosby et al., 2005). Experimental studies on the iNOS
gene promoter showed that C/EBP3 and NF-kB modulates its transcription (Sakitani et al., 1998).
The intensive cross-talk between these singalling pathways have to be elucidated in future studies

with PEX11f KO animals.

6.14 Hypothesis for the molecular pathogenesis of the pathological

alterations due to PEX11[ deficiency

The results of this dissertation suggest that a drastic dysregulation of lipid signalling,
antioxidative and proinflammatory pathways occur under conditions of pathologically reduced
peroxisomal proliferation, such as in PEX11B deficiency. Overflooding of the limited number of
peroxisomes with signalling lipids and an increased mitochondrial ROS production will lead to
peroxidation products of poly-unsaturated fatty acids or eicosanoids, both strong inducers of
PPARy. Due to the insufficient or missing peroxisomal feed-back-loop for the degradation PPARYy-
specific ligands, the strong and chronic PPARy-activation will interfere with the normal
intracellular antioxidative and proinflammatory response by overriding the necessary NF-kB
activation in the promoters of corresponding genes, such as iNOS and HO-1, which might be

necessary to activate the regular antioxidative response against inflammation.
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The SP-B and CC10 gene repression by over activation of PPARy will lead to the further release of
poly-unsaturated phospholipids via the activation of PLA2, an enzyme that is generally inhibited
by normal CC10 levels. In consequence, a vicious cycle will be induced, since the missing
antioxidative response, resulting in higher ROS production will lead to further peroxidation of
accumulating poly-unsaturated fatty acids or eicosanoids due to the missing peroxisomal
proliferation response in the feed-back-loop in PEX11( deficient animals. This will in consequence
lead to more accumulation of PPARy ligands and the deeper entry into vicious cycle of

dysregulated PPARy and NF-kB pathways.

We therefore think that, peroxisomes are essential organelles in controlling the levels of
metabolic signals in feed back loops between PPARy and NF-kB pathways, involved in the
activation of the antioxidative response and resolution of proinflammatory response. The results
obtained in this study are the first description of the molecular consequences of a peroxisomal
deficiency on the mouse lung. Future reporter gene studies investigating the biological

involvement of PEX11( deficient peroxisomes in arachidonic acid and eicosanoid metabolism as
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well as PPAR activation in bronchiolar epithelial cells may provide new important information,
concerning regulatory pathways in the pathogenesis of airway diseases. Taken together, our
results suggest that PEX11B and peroxisomes might indeed play an important role in airway
homeostasis and eventually also in the molecular pathogenesis of chronic pulmonary lung
diseases such as COPD or IPF in man. Future experiments have to prove the relevance of
peroxisomal ROS metabolism in the protection against lung injury and chronic-inflammatory lung

diseases.

6.15 Preliminary data on the alterations of peroxisomes in the alveolar

epithelium in patients with idiopathic pulmonary fibrosis

Damage to the alveolar epithelium is thought to initiate fibrotic responses, however, the source
of the initial epithelial injury in unknown. Since peroxisomes play an important role in protecting
the lung epithelium against ROS and are involved in lipid and PPAR-ligand homeostasis, the
characterization of the alterations of the peroxisomal compartment in IPF patients is necessary.
After injury of the alveolar epithelium (AECI), growth factors (such as KGF) are released, that
stimulate AECII to proliferate and to transdifferentiate into AECI. Alveolar lining cells in IPF indeed
show an intermediate phenotype between AECII and AECI and contain an altered composition of
intermediate filaments (Kasper and Haroske, 1996). As found in this study, peroxisomes in the
alveolar lining epithelium in IPF patients are proliferated (see Pex14p staining, Fig. 28, p. 82) and
contain a high amount of catalase. This effect might be mediated by the KGF release in the injured

lung, which in turn leads to upregulation of catalase (see Fig. 28, p. 82).

Future analyses of IPF samples with antibody concentrations at unsaturated levels and double-IF
analyses are necessary to reveal, whether macrophages and fibroblasts in IPF patients contain
altered levels of peroxisomal enzymes. In addition, the exact characterization of the levels of B-
oxidation enzymes (degrading eicosanoids) is necessary, since it is well known that LPS-treatment
with subsequent TNFa-secretion from activated macrophages in the liver downregulates PPARs
and the peroxisomal B-oxidation enzymes of pathway one. Since B-oxidation in AECII is coupled to
glycerophospholipid, etherphospholipid and cholesterol synthesis, downregulated peroxisomal -
oxidation might influence the function of the AECII plasma membranes as well as functional

properties of the surfactant film. Due to such lipid alterations, the alveolar lining cells could be
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injured. Indeed, several studies indicate that induction of PPARYy, a nuclear receptor regulating
peroxisomal lipid metabolism is protective in IPF (Lakatos et al., 2007). In IPF patients TNFa is not
only secreted from activated and proliferated macrophages, but also from AECIl. Wherefore
paracrine stimulated fibroblasts in underlying fibrotic areas might downregulate their
peroxisomal compartment and might be activated to proliferate due to higher ROS production in
their cytoplasm. This hypothesis might be tested easily in future experiments with isolated
fibroblasts from IPF-patients. Those studies are already on the way in our department and are
conducted by a master student under our (my and Prof. Baumgart-Vogt) supervision in the

moment.

6.16 Conclusions and future perspectives

The results of this thesis are indicative for important protective functions of peroxisomes in lung
epithelia (both bronchiolar and alveolar). Peroxisomes play a vital role in the regulation of the
epithelial ROS levels and the intracellular lipid homeostasis. Thereby the variety of peroxisomal
antioxidative enzymes and peroxisomal plasmalogens protect against oxidative stress in
pulmonary epithelia. Peroxisomal [-oxidation might regulate the levels of eicosanoids,
leukotrienes or prostaglandins, generally acting as signalling molecules of inflammation in various
pulmonary disease models. Therefore, increased oxidative stress and accumulation of bioactive
inflammatory lipid mediators due to a downregulation of peroxisomal B-oxidation may contribute
to the pathogenesis of lung diseases, such as asthma, chronic obstructive pulmonary disease and
idiopathic pulmonary fibrosis. Stimulation of peroxisomes and the use of drugs with positive
influence on the peroxisomal metabolism are suggested as a new possibility for the development

of treatment strategies in these diseases.

106



Summary

7 Summary

Only sparse information is available from the literature on the molecular consequences and
pathological alterations of the peroxisomal compartment and its enzyme composition in mouse
and human lungs. Neither were any studies performed on the molecular consequences of
peroxisome deficiency on the lung in knockout mouse models nor on the alterations of the
peroxisomal compartment in human lung diseases. Therefore, in this dissertation the peroxisomal
compartment and its related gene expression were characterized in different cell types of mouse
(C57BI/6J) and human lungs, using a variety of light-, fluorescence- and electron microscopic as
well as biochemical and molecular biological techniques. Furthermore, the molecular
consequences and pathological alterations in the lung of PEX11B knockout mice with deficient
peroxisome proliferation were characterized and the changes of the peroxisomal compartment in
epithelial cells in the lung of IPF patients described. In contrast to the literature, the results
obtained in this dissertation reveal for the first time the presence of peroxisomes in all distinct
cell types in the lung and describe significant differences in their cell type-specific numerical
abundance, structure and enzyme composition. In this respect, Pex14p proved to be the marker
of choice for identification of the whole peroxisomal population, independent of the specific cell
type. In contrast, catalase, an enzyme used in many morphological studies to identify these
organelles, was only present in high amounts in AECII and Clara cells. Furthermore, peroxisomes
of the alveolar and bronchiolar epithelium, as well as alveolar macrophages were rich in the lipid
transporter ABCD3 and B-oxidation enzymes, suggesting their involvement in the modification
and recycling of surfactant lipids and in the control of pro-inflammatory lipid mediators and

ligands for nuclear receptors of the PPAR family.

Prior to this dissertation, no information was available on the peroxisomal compartment during
the transdifferentiation process of alveolar epithelial cells (AECII to AECI) and the effect of KGF on
peroxisomal markers in this process. The results in this dissertation revealed that some
peroxisomal proteins and corresponding mRNAs were tremendously downregulated during AECII
transition in the absence of KGF, whereas KGF application conserved the AECII phenotype and led
to an increase of catalase and ether lipid synthesizing enzymes. These results correspond to the

significant differences observed in the peroxisomal compartment between AECII and AECI in situ
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in lung sections. The results suggest that KGF might influence differentiation pathways in AECII,
regulating peroxisome abundance and corresponding gene transcription. Additional results show
that the peroxisomal numerical abundance is extremely high in AECII at birth, suggestive for a
pivotal role of peroxisomal lipid metabolism during this period. Thereafter, with the concomitant
increase of AECI number during alveolarization, the peroxisomal compartment is downregulated

and is only prominent in AECII and alveolar macrophages in the mature adult lung.

Furthermore, the molecular consequences of peroxisomal deficiency for regular lung structure
and function were analyzed by the use of a knockout mouse model with a peroxisomal biogenesis
defect, in which peroxisomal proliferation is disrupted (PEXllB'/'). These mice showed severe
alterations in the abundance of ROS metabolizing enzymes and significant differences in cell type-
specific markers, involved in different maturation or signal transduction pathways in the lung.
With the help of PEX11|3’/' mice, we could demonstrate that peroxisome deficiency influences
lung morphogenesis and maturation, as indicated by severe alterations of the alveolarization
process and the differences in the expression levels of mRNAs for components of signal
transduction pathways, involved in distal morphogenesis (Wnt5a) and differentiation of individual
lung cell types (PPARs). The severe alterations of antioxidant enzymes and pro-inflammatory
proteins in PEX11[3'/' lungs are suggestive for disturbed antioxidant and pro-inflammatory
response in PEX11[3'/’ animals and suggest an essential role for peroxisomal metabolism in

maintaining regular airway homeostasis.

Finally, preliminary results reveal alterations of the peroxisomal compartment in the lung tissue
of patients with idiopathic pulmonary fibrosis (IPF), a devastating human lung disease. The exact
role and the molecular consequences of these peroxisomal alterations in IPF, however, have to be

investigated in future studies.
Taken together, the results of this dissertation suggest an important role of peroxisomes for

regular lung development and adult lung homeostasis functions and indicate that this intracellular

organelle compartment might be influenced as well in human lung diseases.
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8 Zusammenfassung

Zu Beginn dieser Dissertation waren kaum Informationen zu Peroxisomen in der Lunge und deren
Enzymzusammensetzung in der Literatur vorhanden. Weiterhin waren keinerlei Studien mit
Knockoutmausmodellen zu den molekularen Auswirkungen einer Peroxisomedefizienz in der
Lunge oder zu Verdanderungen des peroxisomalen Kompartiments bei Lungenerkrankungen des
Menschen ausgefiihrt worden. Deshalb wurden in dieser Dissertation das peroxisomale
Kompartiment und die Expression dessen zugehoériger Gene in verschiedenen Zelltypen der
Mauslunge (C57BI/6J) und der humanen Lunge mit unterschiedlichen Licht-, Fluoreszenz- und
elektronenmikroskopischen Techniken, sowie biochemischen und molekularbiologischen
Methoden charakterisiert. Weiterhin wurden die durch Peroxisomenproliferationsdefekt
ausgeldsten pathologischen Veranderungen im Lungengewebe bei PEX11[3'/' Knockoutmausen
charakterisiert und erste Veranderungen des peroxisomalen Kompartiments bei Patienten mit IPF
beschrieben.

Im Gegensatz zu fritheren Arbeiten zeigen die Resultate dieser Dissertation zum ersten Mal, dass
Peroxisomen in allen verschiedenen Zell-typen der Lunge vorkommen und beschreiben
eindeutige Unterschiede in der zelltypspezifischen Organellenanzahl, deren Struktur und
Enzymzusammensetzung. In diesem Zusammenhang erwies sich Pex14p als bester Marker zum
Nachweis aller Peroxisomen, unabhangig des entsprechenden Zelltyps. Im Gegensatz hierzu war
Katalase, ein Enzym, dass in den meisten Publikationen als Standard-Marker fiir Peroxisomen
eingesetzt wird, nur in hoher Menge in AECII- und Clara-Zellen vorhanden. Weiterhin waren
Peroxisomen des Alveolar- und Bronchialepithels und der Alveolarmakrophagen reich an ABCD3-
Lipidtransporter und [B-Oxidationsenzymen, was ihre Funktion in der Modifizierung und
Wiederverwertung des Lipidanteils von Surfactant und in der Kontrolle von pro-
inflammatorischen Lipidmediatoren und Liganden fiir nukledre Rezeptoren der PPAR Familie nahe
legt.

Zusatzlich Resultate erbrachten, dass die Peroxisomendichte und deren Enzymgehalt bereits bei
der Geburt extrem hoch war, was eine wichtige Rolle des peroxisomalen Lipidstoffwechsels in der
Lunge gerade in der perinatalen Periode vermuten ldsst. Wahrend der postnatalen
Lungenentwicklung, mit gleichzeitiger =~ Vermehrung von AECI in Rahmen des

Alveolarisierungsprozesses wurde das peroxisomale Kompartiment herunterreguliert und blieb
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nur in AECIl und Makrophagen der Alveolarregion der maturen adulten Lunge in starker
Auspragung vorhanden.

Weiterhin zeigten die Resultate dieser Dissertation aus Zellkulturversuchen mit AECII, dass das
peroxisomale Kompartiment und entsprechende mRNAs wahrend der AECII-AECI-
Umdifferenzierung drastisch herunterreguliert wird, wahrend die Zugabe von KGF ins
Kulturmedium den AECII-Phénotyp der Zellen erhélt und sogar eine Induktion von Katalase und
den peroxisomalen Enzymen der Etherlipidsynthese bewirkt. Diese Resultate spiegeln exakt die
starken Unterschiede in der Auspragung des peroxisomalen Kompartiments zwischen AECII und
AECI in licht- und elektronmikroskopischen Praparaten des adulten Lungengewebes wider und
legen nahe, dass KGF Differenzierungs signalwege des peroxisomalen Kompartiments in AECII

beeinflusst, die die Auspragung und die Transkription zugehoériger Gene induzieren.

Weiterhin  wurden in dieser Dissertation die molekularen Auswirkungen einer
Peroxisomendefizienz auf die Lungenentwicklung in einem Knockoutmausmodell mit
peroxisomalem Biogenesedefekt untersucht, durch den die Proliferation der Peroxisomen gestort
ist (PEXIIB'/’). Knockoutmduse mit PEX11B-Defekt zeigten schwere Verdnderungen des
pulmonalen ROS- und Lipidstoffwechsels und wiesen eindeutige Unterschiede in der Expression
zelltypspezifischer Marker auf. Mit Hilfe der PEX11|3'/' Mause konnte gezeigt werden, dass der
Verlust peroxisomaler Funktionen zu Veranderungen der Alveolarisierung und der Expression von
Whnt5a- oder PPAR-mRNAs fihrt, beides Faktoren, die in die distale Morphogenese (Wnt5a) oder
die Ausdifferenzierung von Epithelzellen (PPARs) eingeschaltet sind. SchlielRlich konnten erste
Resultate zu Veranderungen der Peroxisomen und deren Enzymzusammensetzung in
Lungengewebe von Patienten mit idiopathischer Lungenfibrose (IPF), einer todlichen
Lungenerkrankung, erhoben werden. Die genaue Rolle der Verdnderungen des peroxisomalen
Stoffwechsels in der Lunge von IPF-Patienten muss jedoch in zukiinftige Studien aufgeklart

werden.

Zusammenfassend legen die Resultate der Dissertation nahe, dass das peroxisomale
Kompartiment und dessen Stoffwechselfunktionen eine wichtige Rolle in der Ausdifferenzierung
bei der Lungenentwicklung spielen und fiir die reguldre Funktion und den Homdéostaseerhalt im
adulten Lungengewebe notwendig sind, sowie bei Lungenerkrankungen verdndert werden

kénnen.
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10 Index of abbreviations

For abbreviations of enzyme names see table 4, page 28

APS Ammonium persulfate

BLAST Basic Local Alignment Search Tool

BSA Bovine serum albumin

cDNA Complementary deoxyribonucleic acid
°C Degree celcius

DNA Deoxyribonucleic acid

Na,HPO, Disodium hydrogen phosphate

DTT 1,4-dithio-DL-threitol

EDTA Ethylene-diamine tetraacetate

h Hour(s)

IgG Immunoglobulin G

KH,PO,  Potassium dihydrogen phosphate

min Minute(s)

M Molar

mg Milligram

ml Millilitre

Mg Micrograms

ul Microliter

pm Micrometer

NCBI National Centre for Biotechnology Information
ng Nanograms

% Percentage

PBD Peroxisome biogenesis disorder

PBS Phosphate-buffered saline

PBST Phosphate-buffered saline with Tween
PCR Polymerase chain reaction

PEX Gene encoding a peroxin (peroxisome biogenesis protein)
PFA Paraformaldehyde

PMP Peroxisomal membrane protein

PPAR Peroxisomal proliferators activated receptors
PTS Peroxisomal targeting signal

RNA Ribonucleic acid

RT Room temperature

s Second(s)

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
NaOH Sodium hydroxide

TAE Tris acetate EDTA buffer

TEMED N, N, N, N-tetramethylethylenediamine
Tris Tris (hydroxymethyl) aminomethane
v/v Volume/volume

w/v Weight/volume
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