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1 Summary

Lymphotoxins (LTs) are members of the tumor necrosis factor (TNF) superfamily and
comprise the two cytokines LTalpha (LTa) and LTbeta (LTb). They are the major regu-
lators of lymphoid organogenesis and moreover, they are responsible for lymphoid neoge-
nesis as well as the generation and maintenance of tertiary lymphoid organ formation, a
pathological feature of many chronic inflammatory diseases. Due to the broad expression
of their receptors (e.g. LTbR, TNFR) on non-hematopoietic cells LTs are capable to
exert further, pleiotropic functions beyond lymphoid homeostasis e.g. induction of cell
death or proliferation in inflamed tissues. Aim of this study was to investigate the contri-
bution of those pleiotropic functions to different inflammatory or inflammation-related
pathologies. I therefore focused on the pathology of chronic inflammatory diseases of
the urinary tract and the skeletal muscle. During the study I analyzed samples of hu-
man patients and transgenic mouse models overexpressing LT in a tissue specific manner.

In my first project I describe the presence of LTbR ligands in chronic inflamma-
tory kidney diseases (CKD). In addition I found that next to infiltrating lymphocytes,
tubular epithelial cells and mesangial cells themselves produce LTs under inflammatory
conditions. Secreted LTs induced a positive feed forward loop of further cytokine and
chemokine production by kidney cells. In line with these data blocking LTs in a murine
model of lupus nephritis significantly decreased inflammation and therefore improved
kidney function. Thus, I could not only reveal activation of the LTbR-signaling cascade
in CKD but I could also show its relevance in pathology in an in vivo model.

My second project revealed the presence of LTbR ligands in all entities of inflammatory
myopathic diseases (Polymyositis PM, Dermatomyositis DM and inclusion body myosi-
tis IBM). A mouse model of muscle specific lymphotoxin overexpression provided me
with the opportunity to study the single effects of LTbR driven inflammation on skeletal
muscle tissue. Transgenic mice developed myositis similar to human patients with up-
regulation of MHCI on skeletal muscle fibers, impaired skeletal muscle development and
regeneration and a change in fiber type composition leading to muscle dysfunction. Re-
markably, I observed spontaneous protein aggregation in muscle fibers of transgenic mice.
By this I could demonstrate a direct link between chronic inflammation in the skeletal
muscle and degenerative processes. Protein aggregation was accompanied by the induc-
tion of autophagy and the unfolded protein response. Genetic ablation of autophagy
resulted in the aggravation of the phenotype with the induction of an active degener-
ative myopathic diseases and the formation of classical “rimmed vacuoles”. Therefore,
I generated a novel model for IBM development allowing further investigations on the
role of chronic inflammation and the LT system in IBM. Furthermore this model will
allow us in the future to screen different therapeutic compounds for their efficiency in
inflammatory myopathic disease treatment.
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In my third project I demonstrate the expression of the LTbR, its ligands and the
activation of its downstream signaling in bladder tumor samples as well as in urothelial
cells from chronic cystitis patients. Together with current data this suggests a role of
LTbR mediated inflammation in bladder carcinogenesis. Therefore, I generated a trans-
genic mouse model overexpressing LTa and/or LTb specifically in the bladder. Using
this model the direct effect of LTbR signaling on urothelial cells can be analyzed to
investigate the underlying molecular mechanisms correlating LT signaling with bladder
cancer progression.



2 Zusammenfassung

Die Lymphotoxine (LTs) gehören zur Familie der Tumor Nekrose Faktor Liganden und
umfassen die Zytokine LT alpha (LTa) und LT beta (LTb). Sie sind elementar für die
Entstehung der lymphatischen Organe und darüber hinaus auch an der Entstehung und
Erhaltung ektoper lymphatischer Gewebe - so genannter tertiärer lymphatischer Or-
gane - beteiligt. Diese sind ein pathologisches Merkmal vieler chronisch entzündlicher
Erkrankungen. Aufgrund der breiten Expression ihrer Rezeptoren auf nicht hämatopoi-
etischen Zelltypen, besitzen die Lymphotoxine zusätzliche Funktionen in entzündeten
Geweben über die lymphoide Organogenese hinaus. So können sie z.B. Einfluß auf
die Proliferation von Zielzellen nehmen oder auch Apoptose in diesen induzieren. Ziel
dieser Studie war es daher den Einfluss der Lymphotoxine auf die Pathogenese ver-
schiedenen chronisch-entzündlichen Erkrankungen der Harnwege und des Skelettmuskels
darzustellen. Zur Durchführung dieser Studie wurde sowohl auf die Untersuchung hu-
maner Patientenproben zurückgegriffen als auch verschiedene Mausmodelle mit Gewebe-
spezifischer Lymphotoxin Überexpression generiert und charakterisiert.

In meinem ersten Projekt konnte ich die Expression von LT in chronisch entzündlichen
Nierenerkrankungen nachweisen. Neben eingewanderten Lymphozyten waren sowohl
Tubulusepithelzellen, als auch Mesangialzellen in der Lage unter entzündlichen Bedin-
gungen LTa und LTb zu produzieren. Dieses war wiederum in der Lage in autokriner
Weise die Freisetzung weiterer Zytokine und Chemokine von den Nierenzellen selbst zu
induzieren. Die Inhibition von LT in einem chronischen Nierenentzündungsmodell zeigte
daher eine klare Verbesserung der Entzündungspathologie und damit einhergehend eine
Verbesserung der Nierenfunktion. Es konnte somit nicht nur die Expression von LT in
der entzündlich veränderten Niere nachgewiesen werden, sondern auch seine funktionelle
Beteiligung an der Pathologie chronisch entzündlicher Nierenerkrankungen im Tiermod-
ell.

In einem weiteren Projekt konnte die Expression von LT auch in allen drei Formen
der chronisch entzündlichen Myopathien nachgewiesen werden. Ein transgenes Maus-
modell mit muskel-spezifischer LT Überexpression ermöglichte uns die Untersuchung
LT vermittelter Effekte im Skelettmuskel: Transgene Tiere entwickelten eine Myositis
mit vergleichbarer Pathologie zur humanen Situation: unter anderem die Expression von
MHCI auf Muskelfasern, eine verringerte Muskelentwicklung und Regenerationsfähigkeit
sowie eine Veränderung des Faseraufbaus. Einhergehend mit der Pathologie war auch
die Muskelfunktion deutlich eingeschränkt. Auffallend war die spontane Ausbildung von
Proteinaggregaten in den Muskelfasern transgener Tiere. Hiermit konnte zum ersten Mal
gezeigt werden, dass chronische Entzündung allein zur Störung des Proteinhaushaltes
und Proteinaggregation im Skelettmuskel führen kann. Eine kompensatorische Induk-
tion von Autophagie konnte in transgenen Tiere festgestellt werden, deren genetische
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Unterbindung zu einer massive Verschlechterung des Phänotyps führte. Betroffene Tiere
zeigten eine aktive, vakuoläre degenerative Myopathie und bildeten klassische “rimmed
vacuoles” aus. Wir konnten somit ein neues Tiermodel der Einschlußkörpermyositis
generieren welches uns erlaubt die genaue Beteiligung entzündlicher Prozesse und des
LT Systems an der Pathologie zu untersuchen. Des Weiteren können in diesem Model
zukünftig neue Wirkstoffe zur Therapie entzündlicher Myopathien ausgetestet werden.

Blasentumore und Blasenschleimhautzellen eines Patienten mit chronischer Cystitis
zeigten ebenfalls eine Aktivierung des LT Systems. Zusätzlich werden diese Daten durch
eine neue Studie gestärkt, welche eine klare Korrelation der LTbR Expression und der
Progression von Blasentumoren zeigt. Zur genaueren Untersuchung der molekularen
Mechanismen wurde daher ein Mausmodel generiert, welches spezifisch in der Blasen-
schleimhaut LT überexprimiert.



3 Introduction

3.1 Inflammation

Inflammation describes a response of the body towards tissue injury or infection. It com-
prises a network of chemical signals that initiates and maintains processes aimed to cure
the affected tissue from infection or heal it from injuries. Signs of inflammation have
been known since at least a few thousand years with Cornelius Celsius first defining
its clinical symptoms in the first century AD. The so called cardinal signs of inflam-
mation comprise “rubor et tumor cum calore et dolore” (meaning redness and swelling
with heat and pain) and apply to acute inflammatory processes. A fifth cardinal sign
“functio laesa” (meaning tissue malfunction) was added by Rudolph Virchow in 1858
and this is the only sign applying to all inflammatory processes.1 Nowadays it is known
that inflammation is not a simple response but there exist various types distinguishable
by different mechanisms of induction, regulation and resolution. We know a lot about
the cells involved in these processes, the variety of inflammatory mediator classes and
signaling pathways that control their production and their way of action. Although we
are able to combat most of the infectious agents being of major issue in the past we still
do not succeed in escaping of inflammation as a major health issue. The spectrum of
inflammation today has shifted from infectious acute towards chronic responses build-
ing up the initial base of currently widespread diseases as for example type 2 diabetes,
atherosclerosis, asthma, neurodegenerative disorders and cancer. Understanding inflam-
matory processes therefore is inevitable for improving therapies and for active prevention
of diseases.2

3.2 Mediators and mechanisms of the inflammatory
response

Acute inflammatory responses can be either triggered by infectious agents such as bac-
teria and viruses or by sterile tissue injury. Detection is mediated via specialized sensors
(e.g Toll-like receptors) inducing specific pathways depending on the nature of the trig-
gering agent.2 In an initial phase inflammatory cytokines (e.g. tumor necrosis factor
alpha (TNFa), interleukin (IL) -1 or -6), chemokines (e.g. CCL2 and CXCL8) and
prostaglandines are expressed acting on the affected tissue. Thereby full activation and
further recruitment of inflammatory cells is mediated e.g. by vasodilatation and leakage
of plasma into the tissue. Incoming serum factors such as the complement system and
antibodies further support removal of the triggering agents together with invading neu-
trophils, mast cells and tissue resident macrophages. As a part of the innate immune
system they contain the inflammatory trigger - in case of an infectious agent - until the
adaptive immune response is activated and capable of resolving the infection. Expressed
cytokines not only generate local effects, secreted in sufficient amounts IL-1, TNFa and

8
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IL-6 are capable to induce production of acute phase proteins from hepatocytes and
of prostaglandine (PG)E2 from brain endothelial cells. PGE2 in turn induces specific
neuron populations to promote the classical features of “sickness behavior” e.g. fever,
anorexia, fatigue and sleepiness.3 Infectious agents are recognized by various types of
sensors discriminating the nature of the pathogen and thereby are able to induce a spe-
cific response appropriate to the type of infection. For example, viruses are recognized
by different receptors than parasites thereby eliciting the production of type I interferon
and activation of cytotoxic lymphocytes needed to establish an antiviral status. In con-
trast parasites induce the production of histamine, IL-4, IL-5 and IL-13 and recruitment
of mast cells and basophils necessary for resolution of infection.

Inflammation induced by sterile tissue injury is needed to support tissue repair and
to prevent invasion of affected tissue by opportunistic pathogens. Known endogenous
molecules activating inflammatory responses are for example ATP or heat shock proteins
released from dying cells, breakdown products of the extracellular matrix and bradykinin
which is proteolytically generated after vascular damage.4 The sensors responding to-
wards those triggers can be found on tissue resident macrophages but also on nerves
mediating pain response in the affected tissue. It was shown that nociceptors are ac-
tivated by the same triggers as are sensors of the inflammatory response. Relation of
nociception and inflammation is close and it was shown that inflammation driven stim-
ulation of the vagus nerve induces an “inflammatory reflex” essential for the negative
control of inflammation.5

Pathogen clearance or tissue repair under normal conditions actively induces a turn
back towards homeostatic tissue conditions. This resolution process of the inflamma-
tory response is highly regulated and several mechanisms involved could so far been
identified: In principle all levels of the inflammatory response can be controlled by anti-
inflammatory mediators such as IL-10, transforming growth factor beta (TGFb) and
glucocorticoids. Most important they suppress production of the pro-inflammatory me-
diators directly on expression level or indirect via induction of decoy receptors. Also
the responsiveness of the tissue can be effected or they revert the effects mediated by
pro-inflammatory mediators e.g. vasodilatation.2 Interestingly, anti-inflammatory me-
diators are often downstream targets of pro-inflammatory signaling pathways thereby
establishing an activity-dependent negative feedback loop.6 One exception is depicted
by glucocorticoids which are not only induced by inflammation but also in response
to other triggers e.g. psychological stress.7,8 Therefore they can act as a part of the
inflammatory pathway or independent of inflammatory processes.

3.3 Acute versus chronic inflammation

Chronic inflammation arises if there is no switch back from the inflammatory response
towards homeostatic conditions.2 This may be due to the inability to clear the initial
trigger or to initiate a proper resolution phase. In most cases the chronic inflammation
resides in the tissue were the initial trigger is present as for example in chronic infections.
In addition there are more and more chronic inflammatory conditions described where
the initial trigger is not well defined and therefore cannot be localized towards a specific
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tissue. These conditions accompany diseases of increasing health issues as for example
obesity and type 2 diabetes, atherosclerosis, neurodegenerative diseases and cancer. A
positive feedback loop was described for several of these diseases meaning the chronic
inflammatory state increases pathology which itself leads to further inflammation. This
might be one of the reasons why the resolution phase in these inflammatory responses
cannot be achieved. In general chronic inflammatory responses are characterized by
their self-sustaining character and the lack of a proper resolution phase. They often
result in local tissue remodeling leading to pathological processes and associated disease
symptoms.2

3.4 Chronic inflammation and pathological processes

Inflammation is a process that aims to return a disturbed tissue environment due to any
noxious condition - either infection or tissue damage - back to “normal” level which we
call homeostasis. But how come that a beneficial inflammatory response not reaching
the level of homeostasis leads to severe pathological processes and is even causative for
diseases onset? The danger in inflammation resides in its tissue-remodeling effects and
thereby generates a damaging potential: Chronic inflammation is associated with fibro-
sis, granuloma and tertiary lymphoid organ formation thereby affecting tissue architec-
ture and native function.2 For example in chronic airway inflammation tissue remodeling
leads to airway dysfunction and asthma. In addition, adaptive responses as a general
feature occur at the cost of normal cellular function. In case of inflammation it is a
temporary decrease in normal tissue function which as a cardinal sign is termed “functio
laesa”. Without a return to homeostatic conditions this temporal limitation is not fur-
ther given with detrimental consequences. But also return to homeostatic conditions not
always protects from the damage of inflammatory processes: Adaption towards extreme
or long lasting noxious conditions often comprises a switch of the homeostatic set points
to new values better adjusting the current environment. Such changes of homeostatic set
point conditions are of major issue in chronic inflammatory diseases such as obesity and
diabetes: In those diseases inflammation mediated down regulation of insulin sensitiv-
ity is described to be responsible for peripheral insulin resistance.9 Although not being
characterized by excessive inflammation set point changes found in obesity and type 2
diabetes are maladaptive further promote disease pathology.10 Inflammatory processes
- although being a subject of investigation already for a long time - still increasingly
take over central positions in divergent fields of biological research. The exact molecular
mechanisms behind still are not fully understood and have to be further elucidated.

3.5 The lymphotoxin system

3.5.1 Ligands and receptors of the Lymphotoxin System

The lymphotoxin (LT) system comprises all ligands of the TNF-superfamily capable of
activating the lymphotoxin beta receptor (LTbR). Being member of the TNF-superfamily
they all show similarities with its eponymous member TNFa. Although TNFa being the
heading member of this protein family LTa was discovered already in 1968.11–17 whereas
TNFa in contrast was first isolated in 1975.18 LTb, the second member of the LT system
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was discovered later in the beginning of the 1990’s19–22 and the last TNF superfamily
member capable of activating the LTbR named LIGHT was first described in 1998.23–25

LTa and LTb not only share structural similarities with TNFa - all three genes form a
cluster within the human MHCIII region on chromosome 6, whereas LIGHT is encoded,
on chromosome 19.26,27 All members of the lymphotoxin system share the ability to
activate the LTbR in one or the other way but still they exhibit specific functions via
other members of the TNF receptor superfamily described in more detail below.

3.5.2 Lymphotoxin-alpha (LTa)

Lymphotoxin alpha (LTa) was discovered first as a cytotoxic factor produced by lympho-
cytes and capable of inducing lymphocyte mediated toxicity on fibroblasts in presence
of specific antigens.12–17,28–31 Although being the most related member of the TNF su-
perfamily LTa shares only 25-30% identity with TNFa on DNA sequence level with an
amino acid homology of about 50%.32 The LTa gene spans a total of 2005 base pairs
with 4 exons encoding a mRNA of 1386 nucleotides in size. The RNA is translated
into a protein containing 205 amino acids and a molecular weight of around 22 kDa.33

As a feature of all TNF superfamily members it holds the common structural motif of
two anti-parallel beta -pleated sheets containing conserved cysteine residues.34–38 Struc-
tural analysis revealed the assembly of homomeric ligand complexes by disulfide bond
formation via these conserved cysteine residues in both cytokines and creation of the
receptor binding sites at the junction of the neighboring subunits. Both, LTa as well
as TNFa, have been shown to exist as homotrimers.35,36,38 TNFa behaves primarily as
a trimer with 20% dimer fraction after isolation from bacteria. In contrast, isolated
functional LTa appeared to be a mixture of 50% trimer and 50% dimer fraction as well
as a monomer fraction. This was in contrast to data showing that its trimeric structure
appeared to be much more stable in the nonionic detergent NP-40 as the TNFa one.39,40

As a further difference human LTa is glycosylated on N and O residues whereas TNFa
is not glycosylated at all.41 Homotrimeric LTa is a soluble protein of 60-70 kDa size
not being integrated into the cellular membrane. Members of the TNF superfamily are
known to be type II membrane proteins but in case of LTa there has never been retention
of its leader or transmembrane region detected.20 Therefore, it is still not clear if LTa
is a very efficiently processed type II membrane protein or a classically secreted type I
protein. Initially LTa was shown to be expressed in hematopoietic cells such as mature
T-, B- and NK-cells as well as in lymphoid tissue inducer cells.24,42 Promoter studies of
the LTa gene revealed the presence of several nuclear factor of activated T-cells (NFAT)
binding sites activated after Phorbol 12-myristate 13-acetate (PMA)/ionomycin or anti-
CD3/CD28 stimulation in mature lymphocytes.43 In recent times it was also found to
be expressed in non-hematopoietic cells e.g. hepatocytes, pancreatic acinar cells and
melanocytes.44–47 Within our recent study we could in addition show expression of LTa
by different epithelial cells in the kidney.48 Soluble (homotrimeric) LTa is not capable of
binding to the LTbR instead it can bind the TNF receptor 1 and 2 as well as TROY.49,50

Also binding to the herpes-virus entry mediator (HVEM) was described although to a
very low extent.24
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3.5.3 Lymphotoxin-beta (LTb)

Long before the amino acid sequence of lymphotoxin beta (LTb) was determined several
groups provided evidence of a membrane bound lymphotoxin species.51–54 Biochemical
analysis of a CD4+ T-cell hybridoma cell lines revealed no differences in between secreted
and membrane bound LTa, but an additional protein of 33 kDa could be identified present
in a complex together with membrane bound LTa. By amino acid sequencing a cDNA
could be cloned encoding this protein named as LTb.19–21 The LTb gene comprises 1868
base pairs in total and contains 4 exons similarly arranged as LTa and TNFa.5,20 It
could be shown that there are two isoforms of mRNA existing transcribed from the
LTb gene locus: splice variant 1 of 894 base pair length encoding protein isoform A
which contains all 4 exons. And splice variant 2 lacking exon 2.55,56 The predicted
encoded protein (isoform B) contains a premature stop codon due to the induced frame
shift thereby lacking a major part of the extracellular domain. This loss would impair
its ability to complex with LTa although its biological existence and function was not
described so far. The full length LTb protein shows comparable relation towards LTa
as LTa does towards TNFa. It contains a single N-linked glycosylation site and also a
single cysteine residue probably not involved in intersubunit disulfide bond formation.
LTb is a type II transmembrane protein which is characteristic for the ligands of the
TNF superfamily. After glycosylation it assembles fast during biosynthesis with the
LTa subunit and experimental data suggest that a major part of membrane-bound LTab
heterotrimers already form early during transit through the Golgi apparatus.19,32 Studies
of different groups indicate that LTb is not expressed independently on cell surfaces and
co-expression with LTa always results in formation of the 70 kDa heterotrimers.32 Still
some data from our group in LTb transgenic mice are indicative for an independent
biological function of LTb (unpublished). Membrane shedding of LTab heterotrimers -
as observed for TNFa heterotrimers - was analyzed quite early after discovery of LTb.
Studies revealed no clear evidence and it was thought to be a rare event..32,55,56 In
2010 Young et al. could show cleavage of LTab heterotrimers by metalloproteinases and
its contribution to rheumatoid arthritis - possibly indicative of a more prominent role
during inflammatory processes than under homeostatic conditions.57 There are two forms
of heterotrimeric LTab complexes existing: the major LTa1b2 and the minor LTa2b1

form making up less than 2% off all LTab expressed by T-cells.50 Assembly with LTb
switches the binding affinity of LTa from TNFR- towards high affinity LTbR-binding.
Therefore only the LTa2b1 form keeps the ability of TNFR1 and TNFR2 binding with
low avidity and has further the ability to bind the LTbR. The major form of LTab
heterotrimer - the LTa1b2 solely binds the LTbR. Expression of LTb - similar to LTa -
can be found in hematopoietic cells like T-, B-, NK- and lymphoid tissue inducer cells.
In contrast to LTa it is expressed in a constitutive fashion but this basal expression is
weak compared to expression after lymphocyte activation.21,58 In addition, LTb can be
produced also by non-hematopoietic cells under chronic inflammatory conditions as for
example hepatocytes, pancreatic acinar cells and epithelial cells of the kidney as shown
by our own study.44,47,48
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3.5.4 LIGHT

LIGHT was identified in a screen searching for endogenous ligands of the herpes virus
entry mediator (HVEM) surface receptor.24 It was found to be 28-29 kDa in size and
it was predicted from the primary cDNA sequence to consist of 240 amino acids with a
characteristic type II transmembrane protein structure. Highest sequence homology in
the receptor binding domain could be found with LTb sharing 34% of sequence homology
especially in the regions of the beta-strand scaffold suggesting LIGHT also folds into
anti-parallel beta-sandwich structure and assembles as a trimer. Outside this region a
conserved tyrosine residue (Y173) could be found in a loop structure (D-E loop) shared
with LTa. Mutation of Y173 in LTa ablates its interaction with the HVEM. Similar
to LTb - LIGHT possesses a single N-glycosylation site.24,59 In contrast to LTa and
LTb, the LIGHT gene locus does not locate within the MHC cluster on chromosome 6.
Instead it was designated to a paralogous locus of the MHC cluster on chromosome 19
containing gene loci of further TNF superfamily members e.g. the complement protein3
(C3) gene locus which is tightly linked to the LIGHT gene separated by only 8 kilo-
basepairs (kbp). This is quite reminiscent of the LTb gene locus which is located nearby
the C4 gene locus; still overall organization of the loci on chromosome 6 and 19 is not
similar enough to be a direct descendent. In fact another paralogous locus comprising
the genes of FasL, GITRL and OX40L showed highest similarity in gene orientation and
exon organization, indicating a tighter evolutionary relation with the MHC paralogue on
chromosome 19. Interestingly, LIGHT and FasL exhibit significant amino acid sequence
homology in their extracellular parts (31%) nearly as high as for LTb.59 The LIGHT
gene comprises 4 exons with a total length of 5.1 kb from the translation start site to the
stop codon. As a length for the transcribed mRNA 2.5 or 2.7 kb have been reported but
also two smaller cDNAs of 1169 and 1491 bp were described.23This might be due to the
fact that there are 3 potential consensus TATAA elements for transcription initiation
described.59 In addition an alternative splice variant of LIGHT (LIGHT ∆TM) could be
described lacking the transmembrane domain. Therefore LIGHT is the first member of
the TNF superfamily shown to be produced in a soluble fashion by alternative splicing
- although it could be shown that LIGHT ∆TM is not secreted but rather retained in
the cytosol. No cytosolic function has been discovered so far.59 As a second mechanism
it was shown that surface LIGHT is cleaved by matrix metalloproteinases which is an
important mechanism of signaling regulation in the LIGHT/HVEM system.60 LIGHT
was discovered in T-cells as was LTb but expression of LIGHT and LTa1b2 on the T-cell
surface requires different signaling pathways: PMA stimulation of T-cells is sufficient
to induce LTa1b2 surface expression. In contrast LIGHT surface expression requires an
additional calcium signal provided e.g. by an ionophore probably due to dependency
on NFAT binding in the LIGHT promoter.61Further cells of the immune system e.g.
monocytes, granulocytes and immature dendritic cells (iDCs) could be shown to express
LIGHT.25,62 Despite binding the HVEM receptor LIGHT is also capable of binding to
the LTbR as it shares most of its extracellular domain with LTb. Although LIGHT
also shares high sequence homology with FasL the only receptor shared with this TNF
superfamily member is the decoy receptor 3 (DcR3) and not Fas itself.63
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3.5.5 Lymphotoxin-beta Receptor (LTbR)

Different cDNA libraries generated for characterization of TNFa responsive surface re-
ceptors revealed the existence of further receptors with homologous structures to the
already known TNF receptors TNFR1 (TNFR60) and TNFR2 (TNFR80).

64–68 Crowe et
al. used those cDNAs to screen for receptors capable of binding to surface LT identify-
ing a receptor specific for LTb therefore named LTbR. Comparison of the LTbR cDNA
sequence with the sequences of TNFR1 and TNFR2 revealed 41% and 46% homology
respectively. The genetic locus of the LTbR comprises 9 kb with a similar structure to
the TNFR1 locus. It forms a cluster together with the TNFR1 gene and CD27 another
TNFR family member on chromosome 12.69 The mRNA transcribed comprises 2.2 kb
and encodes for a 408 amino acid protein of around 61 kDa molecular mass.50 As a
characteristic feature of all TNFR family members the LTbR contains a ligand-binding
domain with four cysteine-rich pseudorepeats, followed by a short proline-rich mem-
brane proximal region. All subdomains of the extracellular part share homologies with
the TNFR receptors: Domain 1 and 2 have a similar positional arrangement of cysteine
residues as TNFR1 and also the size of the predicted loops created by disulfide bonds
is similar. In contrast domains 3 and 4 resemble those of TNFR2 but have a drastically
shortened loop 1 compared to TNFR2 itself. Also the proline-rich stalk region in the
membrane proximal part shows high similarity to TNFR2. In total two N-glycosylation
sites are present in the extracellular LTbR domain.32,69 All receptors of the TNFR-
superfamily diverge essentially in their intracellular domains and only little homology
can be found in between LTbR and other family members. Still the TNFR-superfamily
members can be subdivided into two main receptor classes: The classical death receptors
- like TNFR1 and Fas - containing death domains in their intracellular parts and the
non-death receptors - including the LTbR - containing TNFR associated factor (TRAF)
binding sites. Two different TRAF binding sites are described so far in the intracellular
LTbR domain.70,71 Both of them are involved in further downstream signaling. LTbR
is expressed similar to TNFR1 on most cell types except of lymphocytes which might
be reflected by its promoter structure resembling housekeeping-like genes lacking both
TATA and CAAT sequences.27
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Figure 3.1: Receptors and ligands of the LT system: Depicted are the soluble as well as the
membrane anchored ligands of the LT system (upper row) and the respective receptors (lower
row). High affinity interactions are indicated by solid lines whereas low affinity interactions
are indicated by dashed lines. Ligands without a known biological function or existence are
indicated by pale colour. (Adapted from Ware, C.F.50)

3.6 LTbR-induced signaling pathways

3.6.1 Receptor oligomerization and initiation of downstream signaling

Binding of the LTbR by its ligands LTab or LIGHT in first consequence induces cluster-
ing of receptor molecules at the plasma membrane and recruitment of TRAF molecules
to the intracellular receptor domain. This further leads to the activation of the two main
signaling pathways: the canonical and the non-canonical nuclear factor kappa B (NF-kB)
signaling pathways. Initiation of the different downstream signaling pathways not only
depends on the ligand binding and recruitment of specific TRAF molecules but also on
the subcellular localization of the LTbR/ligand complexes (see Fig. 3.2) In 2011, Ganeff
et al. proposed a model of LTbR mediated signaling including receptor internalization
after clustering71: Interaction of the LTbR with its ligand leads to formation of receptor
trimers capable of binding TRAF-2, TRAF-3, TRAF-4 or TRAF5 molecules thereby
inducing classical NF-kB signaling.72–75 Further increase of the membrane bound lig-
ands leads to increased clustering of trimeric receptors and strong accumulation at the
site of cell-cell contact. This induces dynamin dependent receptor internalization into
endosomes and thereby enabling intracellular TRAF-interacting motifs of the LTbR to
compete with the NF-kB inducing kinase (NIK) for TRAF2/TRAF3 inhibitory complex
binding. In this model separate activation of the canonical and non-canonical NF-kB
pathway downstream of the LTbR, observed in different studies, could be explained by
a mechanism similarly found in TLR4 induced NF-kB versus type I interferon signal-
ing.76–79
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Figure 3.2: Model of LTab mediated LTbR activation and downstream signaling activation:
The binding of LTab to LTbR induces trimerization of single receptor molecules. This leads to
fast recruitment of TRAF molecules and activation of downstream canonical NF-kB signaling.
Further accumulation of LTbR ligands on the cell surface of target cells induces clustering
of LTbR receptor trimers followed by dynamin dependent internalization of clustered recep-
tor molecules now capable to compete with intracellular NIK molecule for TRAF2/TRAF3
complex binding. Binding of TRAF2/TRAF3 complexes protects NIK from proteasomal
degradation thereby initiating non-canonical NF-kB signaling. TRAF2/TRAF3 complexes
bound to the LTbR. (Adapted from Ganeff et al.71)

3.6.2 The nuclear factor kappa B (NF-kB) signaling pathway

The basic principle of the NF-kB signaling pathway relies on the activation dependent
translocation of transcription factors from the NF-kB family into the nucleus, thereby
influencing gene transcription and expression.80 The NF-kB transcription factor family
consists of five members: p50, p52, Rel-A, c-Rel and Rel-B (see Fig. 3.3) all of which share
an N-terminal Rel homology domain (RHD) responsible for DNA binding and homo-
and heterodimerization of the different NF-kB family members. NF-kB transcription
factors are able to stimulate recruitment of transcriptional coactivators to the DNA by
a so called transactivation domain (TAD). The TAD domain is present only in Rel-
A, c-Rel and Rel-B. Therefore, p50 and p52 are able to repress transcription unless
they are associated with a TAD-containing member. In the inactive state all NF-kB
dimers are associated with an inhibitory protein called inhibitor of kappaB (IkB). There
are three IkB molecules known to interact with Rel-A, c-Rel and Rel-B namely IkBa,
IkBb and IkBe. In contrast p50 and p52 exist as precursor proteins p105 and p100
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respectively which are proteolytically processed into their active forms. In both cases
NF-kB transcription factors are retained in the cytosol either by covering their nuclear
localization signal or as shown for Rel-A-p50(p150) heterodimer by introducing a nuclear
export signal leading to constant nuclear export.81 Degradation of the IkB molecules or
subdomains is rapidly induced after receptor stimulation by specific phosphorylation.
Molecules involved in this process depend on the signaling pathway used.
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Figure 3.3: The NF-kB family members: (A) Members of the NF-kB family share a highly conserved
N-terminal Rel-homology domain (RHD) responsible for dimerization, nuclear translocation,
DNA binding and interaction with IkB molecules. Rel-A, Rel-B and c-Rel in addition contain
a transactivation domain (TAD) that initiates transcription from NF-kB binding sites in
target genes. Rel-B is the only member containing a second protein interaction domain
the N-terminal leucine zipper motif (LZ). The precursor proteins p100 and p105 contain
like IkB molecules in addition 6 or 7 ankyrin repeat domains responsible for protein-protein
interactions and binding of the nuclear localization signal (NLS) thereby retaining bound
NF-kB molecules in the cytosol. Processing of p100 and p105 occurs at specific cleavage
sites. (B) Activatory and repressive NF-kB complexes (C) Complexes of the canonical and
the non-canoncial NF-kB pathway. (Adapted from Peterson et al.82)

The canonical (IKK-complex dependent) NF-kB signaling pathway

Activation of the canonical NF-kB signaling pathway relies on the recruitment of the
receptor interacting kinase 1 (RIP1), TRAF2 and TRAF5 to the receptor either via an
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adaptor molecule like TNFR-1 associated DEATH domain protein (TRADD) in case of
TNFR1 or via direct binding of TRAF2 and TRAF3 towards TRAF-interacting motifs
(TIMs) in the cytosolic receptor domain as in case of the LTbR.75,83–86 Recruitment of
RIP1 to the TNFR1 is indispensable for TNFa mediated NF-kB activation and latter
one does not depend on its kinase function.87,88 Instead RIP1 is rapidly ubiquitinated
probably by TRAF2 via K63-linked polyubiquitin chains stabilizing interaction of the re-
ceptor complex with the ubiquitin-binding domain of NEMO thereby recruiting the IkB
kinase complex (IKK).89–91 Recruitment of the IKK complex to the LTbR independent
of RIP1 might be - similar to CD40 or BAFFR - directly be mediated via TRAF2.92,93

(see Fig. 3.4)
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Figure 3.4: Activation of the canonical NF-kB downstream of TNFR1 and LTab: TNFR1
mediated IKK activation depends on recruitment and K63-linked ubiquitination of RIP1 via
the TRADD/TRAF complex whereas direct interaction of TRAF2 with NEMO recruits the
IKK to the LTbR.

Exact mechanism of IKK activation is still under debate, but undoubtedly recruit-
ment of the IKK complex leads to phoshorylation of the IKKb and also IKKa subunits.
Two different mechanisms of IKK phosphorylation are so far described: First mem-
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brane recruitment was supposed to induce trans-autophosphorylation of the IKKa and
IKKb subunits.94 Further on upstream kinases were suggested to be responsible for lig-
and induced IKKa and IKKb phosphorylation: Mitogen-activated protein kinase kinase
kinase 3 (MEKK3) was shown to interact with RIP1 in fibroblasts and this interac-
tion was necessary for phosphorylation of IKKa and IKKb in response to TNFa and
IL-1.87,88,95,96 However, MEKK3 is not essential for IKK phosphorylation in immune
cells.97 A kinase more common involved in IKK phosphorylation is the TGFb- activated
kinase 1 (TAK1) and its regulatory subunits TAK-1 binding protein 1 and 2 (TAB1/2).
The TAK1 complex can be recruited either via polyubiquitinated RIP1 or directly via
TRAF2 and TRAF6.98–102 Despite phosphorylation of the IKK complex TAK1 is re-
sponsible for the activation of JNK and p38 MAPK signaling pathways downstream
of TNFR family and other immune receptors e.g. the LTbR.101,103 Kinetic studies on
CD40 receptor engagement revealed rapid IKK recruitment to the receptor followed by
phosphorylation whereas activating phosphorylation of MEKK1 and TAK1 occured in
the cytoplasm relatively delayed to IKK activation.103 This observation may support
speculations about a cell-type specific amplification of the IKK signaling via upstream
kinases after its initial activation via trans-autophosphorylation.97

Activation of the IKK complex results in phosphorylation of the IkBa molecule on
Ser32 and Ser36. Phosphorylated IkBa is recognized by the beta transducin repeat-
containing protein (bTRCP) - SCF E3 ubiquitin ligase complex leading to its K48 linked
polyubiquitination and subsequent degradation by the 26S proteasome. This leads to
exposure of a strong nuclear localization sequence in the Rel-A protein and nuclear
translocation of Rel-A:p50 complexes.104 Same mechanisms also affect IkBb and IkBe
molecules but due to different relative affinities of the IKK complex towards the different
IkB molecules with different kinetics.105 Although both being activated by phosphory-
lation the major responsible kinase in the canoncial NF-kB system is the IKKb subunit.
In its absence IKKa can provide at least residual kinase activity.106 Furthermore, in the
specific context of mammary gland epithelial cells IkB phosphorylation and degradation
upon RANK stimulation was shown to be mainly IKKa dependent.107 In addition acti-
vation of IKKa influences downstream signaling by phosphorylation of Rel-A and c-Rel
TAD while still being present in the cytosol. Thereby IKKa enhances transcriptional ac-
tivity of Rel-A and c-Rel as well as their nuclear turnover by phosphorylation-dependent
polyubiquitination and proteasomal degradation.108,109

IKKa induced increase in nuclear turnover is not the only mechanism of nuclear NF-
kB inhibition. In 2004 Saccani et al. proposed that promoter-bound Rel-A might be
subjected towards proteasomal degradation.110 Further studies revealed indications that
copper metabolism MURR1 domain containing 1 (COMMD1) proteins might transfer
Rel-A-containing dimers towards a suppressor of cytokine signaling 1 (SOCS-1) contain-
ing ubiquitin E3 ligase complex.111 SOCS1 was already shown before to suppress NF-kB
transcriptional activity.112,113 Induction of proteasomal degradation of DNA-bound Rel-
A dimers could provide the molecular mechanism behind. In addition inhibitory mech-
anisms have been identified drawing to further upstream events in the canonical NF-kB
signaling cascade as for example the induction of deubiquitinases such as Cylindromatosis
(turban tumor syndrome) CYCLD and A20.114,115 CYCLD was shown to deubiquitinate
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TRAF2 and NEMO leading to IKK inactivation.116–118 It is a potent negative inhibitor
of JNK activation suggesting also an influence on a common upstream regulator of IKK
and JNK e.g. TRAF2 and TAK1.119 Also A20 removes K63-linked polyubiquitin chains
as shown for RIP1 and TRAF6 but in addition, it adds K48-linked ubiquitin residues
targeting RIP1 for proteasomal degradation.120–122 Further complexity appeared by the
fact that even an A20 mutant lacking either deubiquitinase or E3 ligase activity still po-
tently inhibits NF-kB signaling indicating a more complex influence.123 By induction of
IkB gene expression NF-kB signaling provides a feedback inhibition mechanism to avoid
excessive activation.124,125 Another described negative regulatory mechanism is the ac-
tive de-phosphorylation of IKKb: in-vitro interaction of the phosphatase PP2Cb with
Ikkb was detected and inhibition of PP2Cb prolonged TNFa-induced IKK activity.124,126

An intrinsic regulation mechanism of the IKK complex is provided by the HLH- motif in
the IKKb molecule: This motif is necessary for IKKb kinase activity as it serves as an
endogenous activator of the IKKb kinase activity by physical interaction. A cluster of
cysteine residues could be identified C-terminally of the HLH-motif phosphorylation of
which inhibits IKKb kinase function. It occurs via the IKK and thereby might provide
an intrinsic termination signal of the IKK activity.127 Activation and regulation of the
canonical NF-kB signaling pathway therefore consists of a complex system of molecules
regulated via different mechanisms in a receptor- and cell type-specific fashion allowing
divergent results of receptor engagement.

The non-canonical (IKKa-dependent) NF-kB signaling pathway

Studies on the processing of p100 revealed the existence of another pathway capable of
activating NF-kB transcription factors called non-canonical NF-kB pathway.128 Stabi-
lization and accumulation of the NF-kB inducible kinase (NIK) is the essential step in
activation of non-canonical NF-kB signaling (see Fig. 3.5). Therefore, non-canonical NF-
kB signaling requires de novo protein synthesis for activation.129,130 Under unstimulated
conditions NIK is continuously degraded upon de novo synthesis by rapid binding to
TRAF3, K48-linked polyubiquitination and its subsequent proteasomal degradation.131

Interestingly, no E3 ubiquitin ligase activity towards NIK was found to be exerted by
TRAF3 in mammalian cells.131 Several studies provided evidence for the existence of a
whole NIK ubiquitin ligase complex consisting of TRAF3, TRAF2 and cellular inhibitor
of apoptosis (cIAP) -1 and -2 molecules.132–135 TRAF3 was shown to function as an
adaptor connecting the TRAF2/cIAP1/2 complex with NIK whereas TRAF2 is needed
for linkage of cIAP1/2 with TRAF3.132–135 Ubiquitination of NIK is performed by cIAP1
or 2 E3 ligases, which have redundant function as ablation of both is needed to stabilize
NIK.136 Internalization of the LTbR induces competitive binding of this complex to the
receptor and TRAF2 mediated K63-linked ubiquitination of cIAP1/2.27,132 This modifi-
cation redirects cIAP1/2 function towards K48-linked ubiquitination of TRAF3 leading
to its further proteasomal degradation.

Redistribution and degradation of the NIK ubiquitin ligase complex not only sta-
bilizes, but also activates NIK kinase activity probably by expression level dependent
autophosphorylation.137,138 Activated NIK was shown to further phosphorylate IKKa at
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Figure 3.5: Regulation of the non-canonical NF-kB signaling: Receptor internalization leads to
the recruitment of the TRAF3/2 complex shifting c-IAP1/2 mediated K48-linked ubiquiti-
nation from NIK towards TRAF3. This stabilizes NIK expression inducing autophosphory-
lation and recruitment of IKKa. Activated IKKa induces p100 phosphorylation inducing its
processing and release of p52:Rel-B dimmers into the nucleus. Graph adapted from Sun et
al.137
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S176 mediating p100 phosphorylation and processing.139 Interestingly only the NIK me-
diated IKKa phosphorylation induces p100 processing indicating further NIK-dependent
mechanisms responsible for subsequent p100 processing. One potential mechanism dis-
cussed is the NIK dependent promotion of IKKa binding to p100 maybe by formation of
a NIK/IKKa/p100 complex. Still it might be possible that NIK activates an additional
factor mediating p100 processing together with IKKa.128,137,140

Processing of p100 is a strictly regulated process and under unstimulated conditions
actively suppressed by its C-terminal portion. Exact mechanisms are still under inves-
tigation but a potential mechanism might be the formation of a tight structure cov-
ering processing sites.128,141 Observations from a constitutive processed p100 mutant
(p100∆C) revealed the requirement of p100 nuclear translocation for processing sug-
gesting the presence of important regulators in the nucleus. This was further supported
by data showing that DNA-binding is necessary for p100 processing in this system. In
vitro data additionally showed a higher stability of the p52 product when bound to
DNA.142,143 Therefore suppression might not only be provided by coverage of processing
sites but also by cytosolic retention of p100. Site-specific phosphorylation at S866 and
S870 by IKKa triggers processing by creation of a bTrCP E3 ubiquitin ligase binding
site.128,130,144 K48-linked ubiquitination by bound bTrCP mediates together with its
C-terminal death domain binding of p100 to the S9 regulatory subunit of the protea-
some.144,145 Exact mechanisms of the following limited degradation of p100 still remain
elusive. Degradation finally leads to the release of p52:Rel-B dimers in the nucleus.

Despite being two separated signaling pathways intensive interplay in between both
branches of the NF-kB exists. Not only through the formation of diverse NF-kB dimers in
the nucleus having positive and negative influence on gene expression and function.146–151

Also upstream signaling crosstalk is reported as for example the induction of p100 gene
expression via the canonical pathway.152 This complex signaling network enables the
NF-kB system to regulate most of the immunological processes, but far beyond also
gene expression events regulating cell survival, differentiation and proliferation.80 The
LTbR - as one of the few receptors being capable of activating the whole set of genes -
is therefore an ideal candidate to use for modeling full-mounted inflammatory responses
and their consequences for tissue homeostasis.

3.7 Physiological functions of lymphotoxin mediated
signaling

Early studies from LT-deficient mice clearly showed the importance of LTbR mediated
signaling in the development of lymphatic organs and immune cells. LTa−/−, LTb−/−

and LTbR−/− mice lack lymph nodes (LNs) and Peyer’s patches (PP), mature follic-
ular dendritic cells (FDC) and thereby display a disorganized lymphoid microarchitec-
ture.153–157 Also defects in the development of natural killer (NK) -cells and NKT-cells
were observed as well as in maturation and proliferation of splenic DC subsets and sub-
capsular sinusoidal spleen macrophages.76,156,158–168 But LTbR mediated signaling does
not only show influence on lymphatic tissue development also on its maintenance as
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shown by experiments with soluble LTbR decoy receptor: Treated adult animals showed
a disrupted splenic architecture. This was due to the absence of mature FDCs producing
homeostatic chemokines (CXCL-13/CCL-19/CCL-21) which recruit lymphocytes into
the spleen. LTbR signaling induces the expression of MAdcam-1, ICAM-1 and VCAM-1
in the marginal zone sinus of the spleen thereby recruiting marginal zone macrophages,
B-cells and DCs further influencing splenic tissue microarchitecture.160,162,164,166,167 Not
only was the spleen but also were the LNs affected by this treatment as seen by a loss
of mature high endothelial venules and FDC. Therefore cellularity of LNs was altered
and T-cell:DC clusters were lost when LTbR signaling was blocked. Decoy receptor
treatment also destroyed isolated lymphoid follicles and recruitment of B-cells into the
lamina propria of the intestine.169–175

LTbR signaling plays an important role in the production of mucosal immunoglobulin
A (IgA): LTa−/− mice lack intestinal IgA and B-cell recruitment into the lamina propria
(LP) might be the reason for it. It could be shown that by reconstitution with wild-
type bone marrow B-cells reentered the LP and started to produce IgA antibodies in
LTa−/− mice. As LTbR deficiency in stromal cells also ablated normal IgA expression it
is possible that B-cell derived LT induces chemokine and adhesion molecule expression
responsible for their migration into the LP and IgA production.171,176–178 Another rea-
son might be the differentiation of iNOS+ DCs induced by LTbR signaling. It could be
shown that those DCs contribute to IgA production independently of LTbR-expressing
stromal cells and that they are absent in LTb−/− and LTbR−/− mice.179

DC differentiation is an important factor in immune responses as DCs are one of the
major antigen-presenting cells for T-cell priming. Recent studies observed requirement
of LTbR signaling for development of ESAMhi DCs. Mice with transgenic T cell receptor
divided at much lower rate in animals lacking ESAMhi DCs indicating a role for LTbR
signaling in T-cell priming by regulation of DC maturation. Observed phenotypes in DC
subset reduction of LTbR-/- mice first were attributed towards diminished chemokine
production preventing cell entry into the tissue.76 Using bone marrow chimaeras this
hypothesis was heavily challenged.163 Therefore it seems that LTbR signaling induces
transcription factors involved in DC maturation once they reach certain host tissues, such
as lymphoid organs where a high proportion of LT producing lymphocytes reside.180–183

Experiments adressing OT-II CD4 T-cell activation in LTbR decoy receptor treated
animals revealed normal activation and expansion within the draining LNs whereas the
recall response to OVA was strongly reduced.179 This observation cannot be explained
by lack of mature DCs and it is well known that acquisition of CD4 effector and memory
responses is blunted in the presence of LT/LIGHT pathway inhibitors.184 Similar obser-
vations could be obtained for CD8 T-cell responses in different models of virus infections:
LT deficient mice exhibited reduced numbers of virus-specific CD8 T-cells, defective cy-
tolytic activity and cytokine production especially of interferon gamma (IFNg).185–187

In a herpes simplex virus model CD8 T-cells appeared to stay in a naive state and failed
to upregulate activation or memory markers.188 Studies with influenza virus in contrast
did not show any impairment in CD8 T-cell function of lymphotoxin deficient mice.
Therefore the role of LTbR mediated signaling in T-cell function may depend on the
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route of infection, the nature of the pathogen and its relative virulence.186

In addition to the lack of IgA production LTa−/− and LTbR−/− mice fail to produce
IgE which is part of a more severe imbalance in CD4+ T helper (TH) -cell subsets oc-
curring in those animals. Mice lacking LT express higher levels of TH1-type cytokines
in their spleen and lungs indicating a role for LTbR signaling during TH2 cell devel-
opment.189 This is in contrast to the traditional view of LT as a hallmark cytokine in
TH1 cell response but also in-vivo data from Leishmania major infections support a
role of LT in TH2 cell development: LTbR−/− mice develop IL-4 producing T-cells in
the spleen after infection with Leishmania major rather than interferon gamma (IFNg)
producing ones thereby failing to control infection.190–192 However, LTa−/− mice were
shown to elicit a higher TH1-type cytokine response in a usually TH2-type challenge
(shistosome egg infection). This shift towards different TH -cell biases indicated that the
influence of LTbR signaling on TH -cell differentiation goes beyond its influence on lym-
phoid organogenesis.189 Maybe this is mediated by influencing the complex interactions
in between the different immune cell types in the LNs. Recent data in an infection model
of Heligmosomoides polygyrus, a pathogen known to induce IL-4 and IgE production,
gave substantial indication for this hypothesis: Leon et al. observed that LT signaling is
essential for the generation of IL-4 producing CD4 T-cells in this model.193 B-cells ex-
pressing LT induced chemokine production by FDCs - especially CXCL-13 - responsible
for the attraction of DCs into the LNs thereby enabling interaction with T-cells. This
mechanism is reminiscent to the function of LTbR signaling for maintenance of splenic
microarchitecture.

LTbR−/− mice develop inflammatory disorders in non-lymphoid organs e.g lung, liver
and kidney characterized by elevated levels of tissue lymphocytes which were initally
dedicated to the lack of LNs in those mice.194–197 Later data were published suggesting
that those effects were a result of decreased autoimmune regulator (AIRE) expression
in thymic medullary epithelial cells (mTECs) pointing towards a role of LTbR mediated
signaling in thymic negative selection processes.194 However, these data are challenged
by various studies.198,199 Nevertheless, several models of transgenic TCRs were studied
with divergent results and still the role of LTbR in negative thymic selection is under
debate.200–203 The dependence of proper mTEC development on LTbR signaling in con-
trast is now generally accepted. Still, also other members of the TNFR family were
already shown to be important in this process. LTbR mediated signaling not only is
involved in mTEC development furthermore, also in mTEC network organization. By
disruption of the thymic architecture but also by the lack of chemokine production co-
ordinating thymocyte migration during selection, LTbR deficiency negatively influences
central tolerance induction.194,198,200,204–207 The similarities in inflammatory phenotypes
of AIRE−/− and LTbR−/− mice led to the first hypothesis of LTbR regulated Aire ex-
pression in mTECs.194 Several studies were reported with different results depending on
the strategy used for analysis. However convincing data indicate that LTbR mediated
influences on total thymic Aire expression are indirect and referred to its influence on the
development of specific mTEC subsets. Furthermore, cell type specific analyses revealed
a direct effect of LTbR signaling on expression of specific tissue restricted self-antigens
(TRAs) in certain mTEC subpopulations.194,198–200,208–212 By these various effects LTbR
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mediated signaling plays an important role in negative thymic selection of T-cells and
establishment of central tolerance.

In addition to its influence on mucosal secondary lymphoid organogenesis and IgA
production LTbR signaling could be shown to be directly involved in mucosal immunity
by regulating IL-22 production from innate lymphoid cells (ILCs) and formation of
isolated lymphoid follicles. LTa1b2 produced by ILCs during Citrobacter rodentium
infection was shown to engage the LTbR expressed on intestinal DCs inducing production
of IL-12 and IL-23. IL-23 induced signaling in turn leads to expression of IL-22 by again
ILCs resulting in an innate feedback loop.213–215 In contrast, interaction of LTa1b2
produced by ILCs with a so far unknown stromal cell induces formation of isolated
lymphoid follicles and activation of adaptive immune responses.172,216–218

3.8 Lymphotoxin mediated signaling involved in
pathophysiological processes

Tertiary lymphoid organs or tissues (TLOs) are accumulations of inflammatory cells -
mainly lymphocytes, found in tissues affected by chronic inflammation. They evolve
by a process called lymphoid neogenesis at random, non-lymphoid sites and share con-
siderable morphological, cellular, chemokine and vascular similarities with secondary
lymphoid organs. Lymphoid neogenesis involves the same processes and molecules that
govern lymph node development therefore it is based on the cooperative activities of the
LT family members and its downstream target chemokines.170,219–223 TLO formation is
observed in various human infectious and autoimmune diseases.57,224–234 Interestingly,
most of these diseases show elevated levels of lymphotoxin or its target genes further
emphasizing its importance in lymphoid neogenesis.220 Additionally, several transgenic
mouse models characterized by expression of LT family members or LT target chemokines
develop TLOs.170,219,221,222,235–241 LTbR-dependent signaling in smooth muscle cells of
the aortic wall induces differentiation into a lymphoid tissue organizer cell phenotype,
providing a seeding point for TLO formation in the arteria wall during artherosclero-
sis.242,243 Formed TLOs provide a contact area for antigen presenting and responding
cells, and are therefore capable of initiating or sustaining immune responses during
chronic inflammatory processes.220 Suppression of LTbR signaling therefore was suc-
cessfully used in the treatment of various inflammatory or autoimmune disease mod-
els.44,50,179,220,244

Also in the course of transplant rejection administration of LTbR-Ig decoy as well as
LIGHT-blocking antibodies were capable of diminishing graft-versus-host-disease (GVHD)
or even prevent rejection when used in a setting of pure CD8 T-cell mediated transplant
rejection. A possible mechanism might be the decrease of IFNg and in turn diminished
IFNg- induced chemokines leading to less T-cell attraction towards the allograft. There-
fore LTbR signaling is involved in CD8 T-cell responses against alloantigens and im-
portant for the acceptance of donor stem cells.62,245–248 Further studies in bone-marrow
transplantion settings revealed the importance of soluble LTa for graft-versus-leukemia
effects and LTa−/− transplants were not able to clear leukemia.249
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Influence of LTbR signaling on experimental autoimmune encephalitis (EAE) could
be shown in different studies with controversial results depending on the setting used
for EAE induction. In studies using pertussis toxin-independent strategies for EAE
induction, LTbR-Ig decoy treatment resulted in significant improvement of paralysis.
Mechanisms responsible were shown to involve influences of LTbR on peripheral T-cell
priming but also chemokine-directed migration and maintenance of lymphoid architec-
ture.179,250–252 In addition, Plant et al. could show that LTbR mediated signaling has
a complex impact on cuprizone-induced demyelination and also remyelination probably
by direct interaction of membrane-bound LT on astrocytes with the LTbR expressed on
glial cells.253

Far beyond its function in the regulation of inflammatory processes LTbR mediated
signaling can be directed towards further pleiotropic functions. LT could be linked via
various mechanism and studies with metabolic disease. Genetic studies revealed a corre-
lation of Thr60Asn mutation in the LTa gene with increased incidence of type2 diabetes.
Furthermore, it was shown that this mutation was related to a different adipose tissue
distribution.254,255 In addition different animal models of LT deficiency were resistant
to high-fat diet induced weight gain. So far, one mechanism elucidating how LTbR
signaling can influence the body metabolism is the LT mediated regulation of the com-
mensal microbiota: In response to high fat diet increased LT expression in the colon was
observed, which leads to enhanced induction of IL-22 and production of antimicrobial
peptides. Produced antimicrobial peptides are responsible for clearance of specific bacte-
ria from the gut microbiome. These mechanisms contribute to the high fat diet-induced
alterations in microbiota, which are already shown to be responsible for further weight
gain.256–258 Studies on LTbR−/− mice further confirmed differences in the gut microbiota
compared to heterozygous littermates both under normal and high fat diet. Restoration
of IL-22 levels in those mice rescued the imbalance in microbiota composition and also
the metabolic abnormalities e.g. resistance towards high-fat diet induced perigonadal
fat depot expansion.258 In addition, LTbR mediated signaling could be shown to directly
regulate hepatic lipid production, thereby controlling hyperlipidemia, one of the most
important risk factors for coronary heart disease.259

Not only regulation of lipid homeostasis in hepatocytes is mediated via LTbR signal-
ing it also regulates IL-6 expression by hepatocytes after partial hepatectomy, thereby
controlling liver regeneration.260 It also mediates the interaction of LT producing hep-
atocytes and LTbR positive hepatic stellate cells a further control mechanism of liver
regeneration but also of fibrosis.261

Another field of great interest is the role of the LT system in inflammation mediated
carcinogenesis. Inflammation is well known to function in tumor promotion and Hanahan
and Weinberg defined it as enabling characteristic, allowing cells to acquire multiple of
the “hallmark capabilities” of cancer.262–266 In case of the LT system several studies
exist investigating the involvement of LT in inflammation induced carcinogenesis but
also on its role in tumor surveillance by the immune system:
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Genetic studies investigated a polymorphism in the LTa gene locus responsible for a
lower gene expression. It could be associated in the homozygous status with a lower
risk for high-grade bladder tumors whereas in B-cell lymphoma same polymorphism was
associated with poor prognosis. Lung and endometrial cancer studies revealed a lower in-
cidence in the heterozygous compared to homozygous individuals.267–272 These divergent
results may be referred to the multiple functions of LTa induced signaling e.g. different
receptors and signaling pathways engaged by the different LTa containing ligands. But
also tissue-specific interactions with further signaling pathways might contribute.

LTbR gene amplification due to chromosomal aberrations can be detected in na-
sopharyngeal carcinoma and in vitro studies of related cell lines revealed a direct pro-
proliferative role of LTbR mediated signaling.271 Different mutations in the LTbR gene
leading to a gain-of-function as well as mutations inactivating negative regulators of
LTbR mediated signaling were described in multiple myeloma patients. Constitutive
NF-kB signaling is a characteristic feature of different leukemia types and during plasma
cell transformation ligand independent activation of non-canonical NF-kB signaling is
the limiting step. Studies from T-cell lymphoma cells ,but also further cancer types
increased complexity as they revealed the involvement of micro-RNAs in the regulation
of non-canonical NF-kB signaling during transformation process.273–275 In vitro assays
further proved a direct transforming potential for the LTbR protein in pancreatic carci-
noma cells and 3T3 fibroblast cells.276

Increased LT expression could be found in human hepatocellular carcinoma either in
CD45+ immune cell fraction as well as in the parenchymal compartment. A transgenic
mouse model of LT overexpression in hepatocytes induced hepatitis and HCC devel-
opment which could be rescued by hepatocyte specific deletion of NF-kB signaling or
lymphocytes but not by depletion of TNFR1. This study identified LTbR mediated sig-
naling as a key player in hepatitis induced HCC formation, providing new therapeutic
approaches.44,45

Therapy resistance is a major issue in cancer treatment: B-cell derived LT was shown
to mediate castration resistance in prostate cancer due to IKKa activation and Signal
Transducers and Activators of Transcription (STAT)- 3 phosphorylation allowing andro-
gene independent tumor cell growth. Knockdown of LT in B-cells could delay regrowth
of tumor cells after castration.277 Although LTbR is a non-death receptor its agonization
had cytotoxic effects in different adenocarcinoma cell lines in vitro either alone or in com-
bination with IFNg. This observation was confirmed by in vivo studies, in which LTbR
agonization further inhibited tumor growth of most human colon carcinoma xenografts
and enhanced sensitivity towards chemotherapeutic agents. The molecular mechanisms
behind LTbR induced cytotoxicity may be related to the NF-kB mediated regulation of
cell survival, apoptosis, proliferation and cell cycle progression.278–281

LTbR mediated signaling is directly involved in tumorigenesis and furthermore in tu-
mor promotion and metastasis: Defects in LT expression of NK-cells lead to improper
tumor surveillance thereby increasing tumor growth and metastasis in vivo. However,
ablation of LT in T-cells decreased tumor incidence and inhibited metastasis. By this
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clonal deletion of tumor specific T-cells could be inhibited leading to a rescue of the
antitumor response.201,282 In the Eµ-Myc transgenic mouse model of T-cell lymphoma a
niche-forming function of LT could be described: In this model lymphoma cells home via
CCR7 into the bone-marrow, where they activate LTbR signaling on residing stromal
reticular cells allowing growth of the tumor cells in the bone marrow.283 Not only by
environmental changes LT can influence tumor growth it also has a role in tumor tissue
organization as shown by studies in fibrosarcoma cells: Ablation of LTbR in the tumor
cells inhibited induction of the pro-angiogenic chemokine CXCL-2 by tumor infiltrating
lymphocytes thereby blocking tumor angiogenesis and growth.284

The lymphotoxin system is fundamentally related to the immune regulation hence be-
ing continuously present in inflammatory processes affecting the tissues in our body. Still,
effects of the lymphotoxin system are far beyond induction of inflammatory mediators
and can be both beneficial as well as harmful. Being one of the rare TNFR superfamily
members capable to activate both, canonical and non-canonical NF-kB signaling, the
LTbR is a central regulator of cellular homeostasis influencing cell cycle progression,
cellular metabolism and stress responses. The complex system of different ligands, re-
ceptors and associated downstream signaling pathways, in the context of different tissue
requires careful investigations to define the exact contribution of the LT system to patho-
logical processes. Based on these findings new drug targets or improvement of current
therapies might evolve.

3.9 Chronic kidney disease and the involvement of the LT
system

Chronic kidney disease (CKD) describes all disorders affecting the structure and func-
tion of the kidney, leading to a progressive loss of renal function. They are characterized
by the presence of kidney injury as seen by albuminuria (leakage of albumin into the
primary urine) or decreased glomerular filtration rate (GFR) over a time period of at
least 3 month.285–287 Different stages are graduated depending on the extent of GFR de-
crease with kidney failure as most serious outcome and therefore also named as end-stage
kidney disease (ESKD).288 Latter can be treated only by dialysis or kidney transplan-
tation. But already reduced GFR is related to various complications e.g. cardiovascular
diseases, acute kidney injury, infection and impaired cognitive and physical function of
the patients.289–293 In industrialized countries CKD is associated with old age, diabetes,
hypertension, obesity and cardiovascular diseases.294 In addition, infections and expo-
sure to drugs or toxins as found in developing countries can cause renal damage leading
to CKD.288

Pathology of CKD and ESKD is associated with an acute and chronic inflammatory
status that contributes to morbidity and mortality. Classical activators of inflamma-
tory responses in CKD pathology comprise hypoalbuminemia (decreased albumin level
in the serum due to its leakage into the primary urine), malnutrition, atherosclerosis,
beta-glucans, L-fucose, acetate, silicone or lipopolysaccharide (LPS).295,296 Furthermore,
in ESKD patients accumulation of advanced glycation end products (AGE) due to de-
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creased renal clearance was detected. AGEs were shown to be the major contributors
to vascular inflammation and associated vasculopathy in diabetes yet a defined role in
CKD inflammation is still lacking.297 Increased oxidative stress in the course of CKD
is indicated by different studies and may contribute to the inflammatory status as well:
Reduced serum levels of glutathione - an antioxidant protecting cells in the body from
oxidative damage - could be detected in CKD patients. Studies with rats subjected to
5/6 nephrectomy showed beneficial effects of antioxidant administration on weight gain,
oxidative stress and GFR.298,299 Advanced oxidation protein products possibly resulting
from oxidative stress are known inducers of inflammation in ESKD patients, as well as of
peroxisome proliferators-activated receptor (PPAR) signaling, leptin and increased lipid
peroxidation.300–303 Either by those activators or directly induced by CKD pathology
inflammatory mediators and cytokines are elevated in the sera of CKD patients and
significantly correlate with mortality.304,305 In addition, T-cells of CKD patients showed
increased levels of stimulation and produce higher levels of IL-2, IFNg and TNFa after
in vitro stimulation.306

Severity of the inflammatory response correlates with renal function independent of
the initial cause. Inflammation further influences expression of various vascular regula-
tory substances for example nitric oxid, angiotensin II or endothelin-I thereby affecting
filtration rate and CKD pathology.307–310 Cytokines and chemokines in addition are
linked with kidney fibrosis either by directly inducing fibrotic factor expression on stro-
mal cells, or by recruitment of macrophages and T-cells. Immune cell recruitment into
the kidney is caused by cytokine induced expression of adhesion molecules on the en-
dothelial cells of the glomerular capillaries.311–314

Progressive kidney disease therefore is accompanied by the infiltration of the kidney
with inflammatory cells. Not only T-cells and macrophages infiltrate the tissue, around
2-27% percent of the interstitial leukocyte infiltrates are identified as B-cells. In 30%
of all cases those B-cells do not form diffuse infiltrates instead they rather form orga-
nized follicle like structures together with infiltrating T-cell known as TLOs.315–317 The
presence of TLO structures indicates expression of LT and activation of the LT system.
Besides TLO formation LT would be able to further promote the inflammatory status in
CKD. Interfering with the LT system might provide new therapeutic targets. However,
the exact role and expression pattern of LT during kidney inflammation has not been
investigated so far and was subject of this study.

3.10 The LT system in inflammatory myopathic diseases

Idiopathic inflammatory myopathies (IIM) comprise three major types based on clin-
ical and pathological features as well as underlying immunopathogenic mechanisms:
polymyositis (PM), dermatomyositis (DM) and inclusion body myositis (IBM). A shared
pathological feature in IIM is the infiltration of muscle tissue by various types of immune
cells (inflammation) and the resulting loss of muscle mass leading to muscle weakness
and dysfunction. Recruitment of immune cells depends on the expression of cytokines
more precise on cytokine-induced chemokines either by infiltrating immune cells or by
regenerating myocytes themselves.318–326 In addition to the induction of chemokines and
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adhesion molecules leading to immune cell recruitment also direct effects of several cy-
tokines on muscle tissue are described: Activation of the NF-kB signaling in myofibers
induces upregulation of major histocompatibility complex (MHC) class-I and -II antigen
expression and it also inhibits myocyte migration and differentiation thereby negatively
influencing tissue regeneration.324,327–329

Although being related in basic pathological features and functional outcome (in-
flammation induced muscle mass loss and weakness) the different IIM subtypes reveal
specific pathological features essential for differential diagnosis: Dermatomyositis DM
is identified by a characteristic rash accompanying or, more commonly, preceding mus-
cular degeneration. The extent of muscular weakness varies and slowly developes over
weeks to month.318 Histologically a characteristic predominant perivascular and per-
imysial inflammation is described.318,320,321 Infiltrates consists mainly out of CD4+T-
cells, macrophages, B-cells and plasma cells.330 Also IFNg producing plasmacytoid DCs
can be found.331 Reduced numbers of vessels and endothelial hyperplasia in remain-
ing intramuscular vessels are indicative for the underlying immune response against the
capillaries and small blood vessels in this disease.332–335 DM is a complement-mediated
endotheliopathy leading to muscle ischemia and fiber atrophy by necrosis and phago-
cytosis.336–338 A characteristic feature of DM related muscle atrophy is the primary
involvement of the peripheral fibers affecting normally the first two to ten fiber layers
of a muscle fascicle.318,334 Polymyositis and inclusion body myositis both show slowly
developing muscular weakness with constant progression but PM presents with weak-
ness mainly of the proximal muscles. In contrast, IBM early affects distal muscles and
fine motor movements. Early involvement of the quadriceps muscle leads to frequent
falling of the patients and also facial muscle weakness is common in IBM.318,323 PM and
IBM affect adults with IBM being the most common myopathic disease in the over 50’s
population. Both diseases show a mixed endomysial infiltration consisting mainly out
of CD8+T-cells, macrophages and myeloid DCs. Invasion of single fibers by T-cells is a
typical feature and this is thought to be induced by MHC class-I presented autoantigens
on myofibers activating perforin-mediated T-cell cytotoxicity.338–341 Clonal T-cell expan-
sion was observed in PM whereas for IBM evidence of epitope spreading exists.342–344 As
a hallmark of IBM additional degenerative processes occur in affected muscle: vacuolar
fiber degeneration and accumulation of misfolded, ubiquitinated, congophilic, multiple
protein aggregates inside the muscle fibers.345–347 Those processes have been related
to disturbed protein homeostasis in the skeletal muscle of IMB patients resulting from
increased transcription of several aggregation prone proteins, the abnormal posttrans-
lational modification and misfolding of proteins and/or inadequate protein disposal by
inhibition of the proteasome and autophagy.348

Humoral immunity plays an important role in PM and DM pathology as indicated by
an incidence of autoantibodies of over 70%. The profiles of autoantibodies found in PM
and DM patients are associated with different patient subsets.349,350 Especially in DM
autoantibodies against endothelial cells are thought to be the initial cause for the acti-
vation of complement factor C3 and the further downstream cascade leading to vascular
destruction. The characteristic perifascicular atrophy is a consequence of the resulting
hypoperfusion at the fascicle borders which in addition leads to compensatory dilatation
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of the remaining capillaries another hallmark of DM pathology.318,334,335,351–354 Autoan-
tibodies have been described in IBM too, e.g. in 2011 Saljegheh et al. described IBM
specific autoantibodies directed against a yet unidentified muscle antigen.355 Also large
numbers of plasma cells can be found in IBM muscle, but still their contribution to
pathology is under debate.356

Having clear features of autoimmune diseases, therapies applied on IIM patients use
immunosuppressive drugs as e.g. prednisone methotrexate, oxandrolone, tacrolimus,
T-cell depleting immunoglobulins, alemtuzumab (T- and B-cell depleting antibody),
intravenous IgG application (IVIG) or IFNb with more or less success in PM and DM
patients. But still a standard therapy does not exist and selection of drug remains empir-
ical and depends on personal experiences.318,337,357–364 Furthermore, anti-inflammatory
treatments as described above failed to demonstrate a clinical benefit for IBM patients,
despite showing prominent inflammatory features in the affected muscles. Therefore
some researchers concluded that inflammation in IBM is secondary to the degenera-
tive processes and protein aggregation.365–369 But still others address a contribution of
various cytokines towards IBM pathology and a promoting function for the ongoing de-
generative processes.370,371

Several studies deal with the effects of cytokines on IIM pathology and also some stud-
ies set their focus especially on the role of TNF superfamily members like LT.356 Indeed
early studies on the role of LT in PM revealed its production by lymphoid cells isolated
from patient blood.12–14,372,373 Furthermore, in vitro studies using culture supernatants
from PM patient-derived lymphoid cells revealed a direct cytotoxic effect probably re-
ferred to soluble LT expression.374 More recent studies confirmed expression of LT in PM
skeletal muscle biopsies on infiltrating lymphocytes. Interestingly, LT-positive CD8+ T-
cells were shown to infiltrate skeletal muscle fibers leading to necrosis of muscle fibers.374

The existence of tertiary lymphoid organs in juvenile DM further indicates involvement
of LTa1b2 in IIM disease pathology.375 These structures might enable local maturation
of B-cells and autoantibody production and could be the source of plasma cells found in
skeletal muscle tissue of IBM patients. But not only immune cells seem to be a source
of LT in IIM: In 2012, Creus et al. published data indicating expression of LTb by skele-
tal muscle fibers in myopathic muscle. The majority of these fibers co-expressed MHC
class-I molecules. Therefore they propose LTb as an early marker of myofibre damage.
Additionally, in DM samples they could show LTb expression on pDCs and invading
CD68+ macrophages.376 Data obtained in those different studies clearly indicate the
presence of LTs in IIM.

Interestingly, canonical and non-canocial NF-kB signaling - both LTbR downstream
signaling pathways - are decisive factors in muscle homeostasis. Canonical NF-kB sig-
naling was shown in vitro to repress myoblast differentiation using various molecular
mechanisms.82 Binding of the p50:p65 heterodimer to the cyclin D1 promoter increases
its transcription. Cyclin D1 promotes progression of cells into the S-phase of the cell
cycle and thereby keeps them in a proliferative state. Additionally p65 directly binds to
the cyclin D1:CDK4 complex stabilizing on one side cyclin D1 protein on the other side
increases the kinase activity of CDK4.377,378 Furthermore, canonical NF-kB signaling
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suppresses transcription of the myogenic transcription factor MyoD mRNA and induces
degradation of the MyoD protein.379–382 By induction of the transcriptional repressor
Ying Yang-1 (YY-1) canonical NF-kB signaling can suppress muscle specific genes.383,384

Activation of canonical NF-kB signaling rapidly decreases shortly after birth in skeletal
muscle fibers, accompanied by a massive activation in stromal fibroblasts.385,386 These
fibroblasts start secreting inducible nitric oxide (iNOS) a signal for further myoblast fu-
sion. Fibroblast derived postnatal canonical NF-kB signaling therefore plays a beneficial
role in muscle development. In addition activation of canonical NF-kB signaling induces
rapsyn expression.387,388 This protein is involved in the clustering of acetylcholine recep-
tors and the formation of the neuromuscular junctions by this canonical NF-kB signaling
furthermore supports skeletal muscle tissue organization. The canonical NF-kB signal-
ing pathway is known to be induced upon cellular stress. Indeed under muscle stress
conditions, acute injury or in ischemia-reperfusion studies it was shown to be activated in
affected myofibers. Interestingly inhibition of this activation resulted not only in reduced
inflammation but also in enhanced regeneration and decreased fibrosis.384,385,389–395 Ex-
ercise mediated skeletal muscle stress also induces canonical NF-kB signaling probably
by increased expression of reactive oxygen and nitrogen species due to muscle contrac-
tion.396–406 Several studies suggest that by inducing expression of various antioxidants
NF-kB signaling provides a protective response during exercise.396–398,402 Some studies
reported chronic NF-kB activation in exercise-trained rodent muscle.396,403,404 This is
contradictory to the observation that chronic classical NF-kB signaling activation induces
muscle atrophy by inducing general protein degradation via the ubiquitin proteasome
system: The E3 ubiquitin ligases atrogin-1 and MuRF-1 are induced by canonical NF-
kB signaling, mediating ubiquitination and subsequent degradation of proteins from the
contractile apparatus.82,407–409 Blocking of NF-kB signaling prevented skeletal muscle
atrophy in several in vivo models.391,408 Therefore, under physiological conditions sev-
eral factors could be recently identified restricting NF-kB functions counterbalancing
e.g. the chaperones heat-shock protein (HSP) - 27 and -70 as well as the coactivator
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a).410–412

Much less is known about the role of non-canonical NF-kB signaling in myogene-
sis. Activated non-canoncial NF-kB signaling, more precise processing of p100 to p52,
could be observed in postnatal skeletal muscle at time points when canonical NF-kB
signaling becomes already downregulated. Somehow a switch from canonical towards
non-canonical signaling occurs during postnatal skeletal muscle development. Interest-
ingly, in-vitro a regulatory function of non-canonical NF-kB in mitochondrial biogenesis
and maintenance of mature myotubes was described.386,413

To date it is known that LTs are present in all types of IIM and the downstream
signaling pathways activated by the LTbR is closely connected with skeletal muscle
development, regeneration and proteostasis all processes affected in IIM. Investigating
the precise role of the LT system in skeletal muscle homeostasis and disease therefore
will reveal novel underlying molecular mechanisms of IIM. It is to be expected that
the identification of the underlying molecular mechanisms of IIM will comprise new
therapeutic targets urgently needed for treatment of patients.
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3.11 The LT system in inflammation and carcinogenesis of
the bladder

Inflammation is a known tumor promoter. In 2011, Hanahan and Weinberg qualified it
as an enabling characteristic of tumorigenesis, meaning inflammatory processes enable
cells to acquire the so called “hallmarks of cancer”.265 Substantial evidence exists for a
role of inflammation in bladder carcinogenesis both, from animal models as well as from
human patient studies:414 In rats long term administration of Escherichia coli (E.coli)
into the bladder induced hyperplastic and early neoplastic lesions.415 Administration of
heat-inactivated bacteria or LPS enhanced chemically induced carcinogenesis with both
higher incidence and tumor number.416,417 Furthermore, bacterial infection was able to
reactivate tumor cell growth in rats receiving single intravesicular carcinogen injection
even with a delay of 18 weeks between infection and carcinogen induction.418

In humans clear correlations between schistosomiasis (infection with Schistosoma
haematobium) induced chronic infection and bladder cancer - mainly high-grade squa-
mous carcinomas - were described.419,420 Fortunately, due to national sanitary efforts
lower Schistosoma infestation and less severe schistosomiasis-induced inflammation have
been reported in the last decades. This decrease in inflammatory response correlated
with an increasing incidence of transitional cell carcinomas, which constitutes 90% of
bladder cancer in industrialized countries.421 Recent data on this revealed that low
level infestation of S. haematobium even more promotes urothelial carcinogenesis.414 A
possible mechanism of S. haematobium-induced carcinogenesis might be inflammation-
induced genetic damage and forced proliferation in the urothelium.422,423 Also recurrent
urinary tract infections by E.coli seem to be associated with increased bladder cancer
risk or at least promotion of tumor growth.424

These findings are not in contrast to the fact that Bacille Calmette-Guérin (BCG)-
induced inflammation is used as a mainstay therapy for treating superficial bladder car-
cinoma (carcinoma in situ CIS). Specific gene expression networks discriminate the re-
sponse of mouse urothelium towards BCG-induced stimulation and e.g. LPS or TNFa425

- again underlining the fact that inflammation has pleiotropic effects that can - depend-
ing on its cellular composition and downstream mediators - be anti- or pro-carcinogenic.

Correlation studies for LTa polymorphisms in human patients showed association be-
tween a high expressing allele and tumor incidence, high grade tumor risk, CIS risk and
risk of recurrence in between different ethnic groups.268,269 Furthermore, a recent study
detected increased expression of LTbR in bladder carcinoma and also cystitis patient tis-
sue samples which correlated with activation of downstream canonical and non-canonical
NF-kB signaling. Activity of downstream NF-kB signaling in this study could be further
correlated with pathological grade, clinical stage and lymph node metastasis of bladder
cancer patients.426

In summary, the link between inflammation and bladder cancer has been suggested
both from clinical studies and observations in animal models still the underlying molec-
ular mechanisms are not resolved so far. In addition different qualities of inflammation
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were shown to have divergent impact on bladder carcinogenesis. Studies on human sam-
ples revealed participation of the LT system in bladder cancer associated inflammation
and correlation with pathology but also here exact molecular mechanism are still lacking.



4 Aims of this study

The common aim of this study was to investigate the role of LTs in chronic inflammation
induced pathology of different tissues - focusing on skeletal muscle tissue and tissues of
the urinary tract. If possible its influence should be referred to one of the LTbR down-
stream signaling pathways either the canonical or the non-canonical NF-kB pathway.
We investigated three chronic inflammatory diseases with a known involvement of the
LT system:

1. Presence of TLOs in CKD patients indicated activation of the LT system during
kidney pathology. As there are so far no data existing on the expression pattern
of LTs during kidney inflammation first presence of LT should be verified in the
different kidney compartments as well as in different CKD etiologies. Cells capable
of responding towards LT mediated signaling should be identified and its influence
on responsive cells investigated. Using an in-vivo model of CKD potential thera-
peutic effects of blocking the LTbR-signalling cascade on disease pathology should
be analyzed.

2. Chronic inflammatory diseases of the skeletal muscle show quite distinct patholog-
ical features. As the presence of activated lymphocytes in skeletal muscle tissue is
predictive for the presence of LTs we wondered what contribution the LT system
may give to the inflammatory muscle pathology. First, expression of LTs has been
verified and localized in the different IIM entities. Second, to study the influence of
the LT system on muscle tissue a transgenic mouse model of chronic LT mediated
myositis was generated. The generated mouse model should be characterized in
regards of the inflammatory response induced, its skeletal muscle tissue structure
and the molecular signature of the muscle tissue compared to control animals.

3. Recent studies clearly indicated a direct correlation between LTbR-activation on
tumor cells and bladder cancer progression. Therefore, the inflammatory signature
of human bladder cancer samples should be analyzed in regards of a possible ac-
tivation of the LTbR-signaling cascade system and compared with chronic cystitis
samples to further get insight into the different qualities of bladder inflammation.
In addition a transgenic mouse model overexpressing LTa and/or LTb specifically
in the bladder should be generated. Using this model the direct effect of LTbR
signaling on urothelial cells should be analyzed to investigate the underlying molec-
ular mechanisms correlating LT signaling with bladder cancer progression.
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5 Materials and Methods

5.1 Materials

5.1.1 Laboratory equipment and consumables

Equipment

Table 5.1: Equipment in alphabetical order

Device Source

-20◦C freezer Liebherr, Switzerland

4◦C refrigerator Bauknecht, Stuttgart, Germany

7900HT Fast Real Time PCR System Applied Biosystems, Darmstadt, Ger-
many

-80◦C freezer Herafreeze Heraeus, Hanau, Germany

AG Protect cryostat Leica Microsystems, Wetzlar, Germany

Automatic Ice Machine AF10 Scotsman, USA

Avanti J25 ultracentrifuge Beckmann-Coulter, Krefeld, Germany

Biofuge Fresco Microcentrifuge Heraeus, Hanau, Germany

BondMaxII Leica Microsystems, Wetzlar, Germany

Eppendorf Research
10µl/20µl/200µl/1000µl

Eppendorf, Hamburg, Germany

FACS Canto II BD Bioscience, Redmond, USA

GelDoc 2000 Bio Rad, München, Germany

gentleMACSTM Dissociator Miltenyi, Bergisch Gladbach, Germany

Heating plate Eltac, Germany

Heracell CO2 Incubator Thermo Scientific, Ulm, Germany

Herasafe Cell Culture Bench Thermo Scientific, Ulm, Germany

HLC sucking Pump Ditabis, Pforzheim, Germany

Hybaid Shake’n Stack Hybridization oven Thermo Scientific, Ulm, Germany

HybEZ oven Advanced cell diagnostic, Hayward CA,
USA

Hyrax M25 Microtome Zeiss, Jena, Germany

IKAMAG RCT magnetic stirrer IKA Werke, Staufen, Germany

Incubator Memmert, Schwabach, Germany

Infinite F200 PRO microplate reader Tecan, Männedorf, Switzerland

Megafuge 1.0 Heraeus, Hanau, Germany

Micro centrifuge MiniStar Silverline VWR, Darmstadt, Germany

Microscope Axiovert 25 Zeiss, Jena, Germany

Microscope BX53 Olympus, Hamburg, Germany

36
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Device Source

Microwave Siemens, Germany

Milli-Q R© Advantage A10 Ultrapure Wa-
ter Purification System

Merck Millipore, Darmstadt , Germany

Molecular Imager R© ChemiDocTM XRS Bio Rad, München, Germany

Nanodrop 2000 Spectrophotometer Peqlab, Erlangen, Germany

Novex R© NuPAGE R© SDS-PAGE Gel Sys-
tem

Life Technologies (Invitrogen), Frankfurt,
Germany

PCR cycler Biometra, Göttingen, Germany

pH-meter Inolab WTW GmbH, Weilheim, Germany

PipetBoy Integra Bioscience, Zizers, Switzerland

Power 300 Power Supply Peqlab, Erlangen, Germany

Precision scale CP153 Sartorius, Göttingen, Germany

SCN400 slide scanner Leica Microsystems, Wetzlar, Germany

SM30C shaker Edmund Bühler GmbH, Hechingen, Ger-
many

Sonoplus HD200 sonicator Bandelin, Berlin, Germany

Subcell Agarose Electrophoresis System Bio Rad, München, Germany

Tetra Blotting Module Bio Rad, München, Germany

Thermomixer comfort Eppendorf, Hamburg, Germany

Tissue drying oven TDO66 Medite, Burgdorf, Germany

TransBlot Turbo Bio Rad, München, Germany

UNITWIST RT shaker UniEquip, Planegg, Germany

Varioklav autoclave HP-Medizintechnik, Oberschleiβheim,
Germany

Vortexer Reax 200 Heidolpf, Kelheim, Germany

Water bath Memmert, Schwabach, Germany

Water bath B3 Thermo Haake, Karlsruhe, Germany

Consumables

Table 5.2: Consumables in alphabetical order

Product Company

384 well qPCR plates colourless, ABI type Biozym Scientific GmbH, Oldendorf, Ger-
many

96-,24-,12-,6-well plates polystyrene cell
culture

Corning Life Sciences, Tewksbury, USA

Adhesive Microplate Seal, 135x80mm,
Sheets

Biozym Scientific GmbH, Oldendorf, Ger-
many

Aspiration pipette Sarstedt, Nümbrecht, Germany

Cassettes Medite, Burgdorf, Germany

Cell-Star Serological Pipets
5ml/10ml/25ml

Greiner Bio-one, Frickenhausen, Ger-
many
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Product Company

Conical Sterile Polypropylene Centrifuge
Tubes 15ml/50ml

Thermo ScientificTM NuncTM; Ulm, Ger-
many

Cork plug conical neoLab, Heidelberg, Germany

CoStar R© EIA/RIA plates Corning Life Sciences, Tewksbury, USA

Cryotubes 1.8ml Thermo Scientific

Disposal Bags, autoclavable Roth, Karlsruhe, Germany

Drigalski spatula, polypropylene A.Hartenstein, Marburg, Germany

GentleMACS M-tubes Miltenyi, Bergisch-Gladbach , Germany

Kimtech Science Professional tissues Kimberly Clarke, Reigate Surrey, UK

Microtubes 1.1ml Z-gel Braun-Melsungen, Melsungen, Germany

Neolus Needles Terumo, Leuven, Belgium

Nitrex Nextgen examination gloves Rösner-Mautby Meditrade, Kiefersfelden,
Germany

NuPAGE R© Novex R© Bis-Tris Protein Gels Life Technologies (Invitrogen), Frankfurt,
Germany

Omnican single use fine dosage syringe Braun-Melsungen, Melsungen, Germany

Omnifix syringes 5ml /10ml Braun-Melsungen, Melsungen, Germany

PCR tube stripes and lid strips Biozym Scientific GmbH, Oldendorf, Ger-
many

Pipette filter tips
(10µl; 20µl; 200µl; 1000µl)

VWR International GmbH, Erlangen,
Germany

Pipette tips
(20− 200µl/1000µl)

VWR International GmbH, Erlangen,
Germany

Preparation Sets (scissors, foreceps...) Omnilab, München, Germany

Reaction tubes (0.5ml/1.5ml/2ml) Eppendorf, Hamburg, Germany

Rotilab Syringefilters 0.45µm/0.22µm Roth, Karlsruhe, Germany

Superfrost Plus Microscope Slides Thermo Scientific; Ulm, Germany

Surgical blades Schreiber, Fridingen, Germany

Surgical disposable scalpels Braun-Melsungen, Melsungen, Germany

Tissue culture flasks with filter lid
(T15/T75/T115)

Greiner Bio-one, Frickenhausen, Ger-
many

5.1.2 Chemicals

Table 5.3: Consumables in alphabetical order

Compound Company

Acetic Acid Roth, Karlsruhe, Germany

Agarose Biozym Scientific, Oldendorf, Germany

Albumin bovine fraction V Biomol GmbH, Hamburg Germany

Anilinblue Roth, Karlsruhe, Germany

Benzalkonium chloride Sigma Aldrich, Taufkirchen, Germany

Chromotrope 2R Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany
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Compound Company

Citrate Sigma Aldrich, Taufkirchen, Germany

Disodium hydrogen phosphate Sigma Aldrich, Taufkirchen, Germany

Doxycycline Clontech -Takara Bio Europe/SAS, Saint-
Germain-en-Laye, France

Eosin Waldeck GmbH & Co. KG, Münster,
Germany

Ethanol absolute Merck KGaA, Darmstadt, Germany

Ethylene glycol tetraacetic acid Sigma Aldrich, Taufkirchen, Germany

Ethylenediaminetetraacetic acid Sigma Aldrich, Taufkirchen, Germany

Glycerol Sigma Aldrich, Taufkirchen, Germany

Glycine Sigma Aldrich, Taufkirchen, Germany

Gum tragacanth Alfa Aesar GmbH & Co KG, Karlsruhe,
Germany

Igepal-CA630 Sigma Aldrich, Taufkirchen, Germany

Methanol Merck KGaA, Darmstadt, Germany

Monopotassium phosphate Sigma Aldrich, Taufkirchen, Germany

Phloxin Merck KGaA, Darmstadt, Germany

Phosphotungstic acid Acros Organics (Fisher Scientific), Nid-
derau, Germany

Potassiumchlorid Sigma Aldrich, Taufkirchen, Germany

Skim Milk powder Sigma Aldrich, Taufkirchen, Germany

Sodium bicarbonate Sigma Aldrich, Taufkirchen, Germany

Sodium carbonate Sigma Aldrich, Taufkirchen, Germany

Sodium dodecyl sulfate solution 20% Sigma Aldrich, Taufkirchen, Germany

Sodiumchlorid Sigma Aldrich, Taufkirchen, Germany

Sodiumdeoxycholate Sigma Aldrich, Taufkirchen, Germany

Tris(hydroxymethyl)aminomethane VWR International GmbH, Erlangen,
Germany

Triton X-100 Sigma Aldrich, Taufkirchen, Germany

Tween-20 BioRad, München, Germany

5.1.3 Kits

Table 5.4: Kits in alphabetical order

Kit Company

BCA protein Assay Thermo Scientific, Ulm, Germany

BondMax Leica Novocastra, Wetzlar, Germany

Immun-StarTM WesternCTM Chemilumi-
nescent Kit

BioRad, München, Germany

PeqGold HP Kit VWR International, Erlangen, Germany

Plasmid Midi Kit Endotoxin Free Qiagen, Hilden, Germany

Qiaquick Gel extraction Kit Qiagen, Hilden, Germany

Qiaquick PCR purification Kit Qiagen, Hilden, Germany
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Kit Company

QuantiTec reverse transcription Kit Qiagen, Hilden, Germany

QuickLyse Mini Kit Qiagen, Hilden, Germany

RNAscope 2.0 brown FFPE Assay kit Advanced cell diagnostic, Hayward CA,
USA

RNeasy Mini Kit Qiagen, Hilden, Germany

5.1.4 Buffer, Media and cell culture supplements

Table 5.5: Buffers in alphabetical order with recipe or if commercially available company listed

Buffer Recipe

1x PBS 135mM NaCl 2.5mM KCl 10mM
Na2HPO4 1.8mM KH2PO4

1x TAE 40mM TRIS-Cl 20mM acetic acid 1mM
EDTA

NuPAGE R© MOPS SDS Running Buffer
(20X)

Life Technologies (Invitrogen), Frankfurt,
Germany

Restore Western Blot Stripping Buffer Life Technologies (Invitrogen), Frankfurt,
Germany

NuPAGE LDS Sample Buffer (4X) Life Technologies (Invitrogen), Frankfurt,
Germany

1x TBST 0.1M TRIS-Cl (pH 8,0) 1.5M NaCl 0.5%
Tween-20

1x Wet Blot Buffer 100mM TRIS base 192mM Glycine 20%
Methanol

1x Protein Lysis Buffer (RIPA) 50mM TRIS-Cl (pH 7.4) 150mM NaCl
1mM EGTA 1% Igepal-CA630 0.25%
Sodiumdeoxycholate

1x Ruegg Buffer 50mM TRIS-Cl (pH 8.0) 150mM NaCl
1% Igepal-CA630 1% Triton X-100 0.1%
SDS 0.5% Sodiumdeoxycholate 10% glyc-
erol

1x Muscle Lysis buffer 50mM TRIS-Cl (pH 7.5) 150mM NaCl
1mM EDTA 1% Triton X-100 0.01% SDS
1% Sodiumdeoxycholate

Coating Buffer ELISA 100mM NaHCO3 100mM Na2CO3 (pH
9.6)

BD Cytofix/CytopermTM

Fixation/Permeabilization Solution
BD Bioscience, San Jose, USA

BD Perm/WashTM Buffer BD Bioscience, San Jose, USA

Flow cytometry buffer 1x PBS 20mM EDTA 2% FBS

Eosin Stock Solution 4g Eosin 0.4g Phloxin 440ml ddH2O

Eosin Staining Solution 60ml Eosin Stock solution 430ml 96%
ethanol 2.2ml glacial acidic acid
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Buffer Recipe

Ponceau S Solution 0.1% PONCEAU-S (w/v) in 5% acetic
acid solution

Trichrom Gomorri Solution 0.6g Chromotrop 2R 0.3g Anilinblue 0.6g
Phosphotungstic acid 1ml glacial acidic
acid ad 100ml

Tragacanth 5g gum tragacanth ad 100ml add ben-
zalkonium chloride until suitable consis-
tency

Table 5.6: Media and cell culture supplements in alphabetical order

Medium/ Cell Culture Supplement Company

10x Trypsin EDTA solution (0.5%) Life Technologies (Gibco), Frankfurt,
Germany

1x PBS, sterile Life Technologies (Gibco), Frankfurt,
Germany

DMEM Life Technologies (Gibco), Frankfurt,
Germany

FBS, heat inactivated Life Technologies (Gibco), Frankfurt,
Germany

Ham’s F-12/DMEM Life Technologies (Gibco), Frankfurt,
Germany

Hyclone donor equine serum GE Healthcare Life Sciences, Logan, USA

Insulin-Transferrine-Selenite solution
(ITS)

Life Technologies (Gibco), Frankfurt,
Germany

Lonza EBM Lonza, Basel, Switzerland

Lonza EGM Single Quot Lonza, Basel, Switzerland

McCoys 5A Sigma-Aldrich, Taufkirchen, Germany

Minimum Essential Medium (MEM) Sigma-Aldrich, Taufkirchen, Germany

Non-essential amino acid solution
(NEAA)

Sigma-Aldrich, Taufkirchen, Germany

Penicillin-Streptomycin Solution
(Pen/Strep)

Merck KGaA (Biochrom), Darmstadt,
Germany

RPMI Life Technologies (Gibco), Frankfurt,
Germany

Ultraglutamine Lonza, Basel, Switzerland
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5.1.5 Cell lines

Table 5.7: Cell lines used in described experiments in alphabetical order with information on tissue
background and respective culture media composition

Cell line Origin Medium

10T1/2 murine fibroblast DMEM 5% FBS 1x Pen/Strep

C2C12 murine immortalized satellite cell
line

(culture) DMEM 20% FBS, 1x
Pen/Strep

C2C12 murine immortalized satellite cell
line

(differentiation) DMEM 2% ECS
1x ITS 1x NEEA 1% Ultraglu-
tamine 1x Pen/Strep

HCV29 human transformed urothelium RPMI 10% FBS 1x Pen/Strep

HEK293 human embryonic kidney cell line DMEM 10% FBS 1x Pen/Strep

HeLa-rtTA human cervix carcinoma cell line DMEM 10% FBS 1% Ultraglu-
tamine 1x Pen/Strep 200µg/ml
G418

HepG2 human hepatoma cell line DMEM 10% FBS 1x Pen/Strep

HK2 human kidney proximal tubular
epithelial cells

Ham’s F12/DMEM (1:1) 10%
FBS 1x ITS 0.5mM Hydrocorti-
sone 1x Pen/Strep

HT1197 human urothelial transitional car-
cinoma

MEM 10% FBS 1x Pen/Strep

Jurkat human leukemia T-cell line RPMI 10% FBS 1x Pen/Strep

PEC murine kidney parietal epithelial
cells

Lonza EBM Medium Lonza EGM
single Quot Kit 10% FBS 1x
Pen/Strep

RT4 human transitional cell papilloma McCoys 5A 20% FBS 1x
Pen/Strep

5.1.6 Antibodies

Table 5.8: Antibodies used in alphabetical order. Working dilutions for respective experimental setup
(WB, FACS, ELISA) or IHC listed as well as antigen retrieval conditions for staining with
BondMax Machine (Leica). Crossreactivity in between murine or human antigens is indicated
as follows H(uman)or M(urine). If no polyclonal sera were used specific hybridoma clones
used for antibody generation were listed

Target Clone Company Reactivity Dilution
WB/ELISA/

FACS

Conc.
IHC

ARC

a-LTaFcmT S5H3.22 Hybridoma cell
line ATCC

M 5µg/ml

a-Tubulin TU-02 Santa Cruz M 1:1000

B220 RA3-
6B2

BD Biosciences M 1:300 20 min
EDTA,
100◦C
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Target Clone Company Reactivity Dilution
WB/ELISA/

FACS

Conc.
IHC

ARC

CCL-17 poly R&D Systems H 1:100 20 min
EDTA,
100◦C

CD16/CD31 2.4G2 BD Biosciences M 2µg/ml

CD20 SP32 Cell Marque
Lifescreen Ltd

H 1:300 20 min
EDTA,
100◦C

CD3 SP7 NeoMarkers M,H 1:300 20 min
EDTA,
95◦C

CD68 p3-
NS1-
Ag4-1

Novocastra H 1:200 30 min
EDTA,
100◦C

cleaved
Caspase-3

poly Cell Signaling M,H 1:300 20 min
EDTA,
100◦C

Cyclin D1 72-13G Santa Cruz M 1:1000

F4/80 BM8 BMA
Biomarkers

M 1:120 10 min
En-
zyme,
37◦C

goat anti-
human IgG
PE

poly Jackson Im-
muno Research

H 1:1000

goat anti-
rat IgG
Alexa488

poly BD Biosciences 1:1000

Isotype
Control
(ACH6)

HA48 Biogen Idec 1µg/ml

Isotype
control
/ human
IVIG (BS-1
/LTbR
hIgG)

poly Biogen Idec

Ki67 SP6 NeoMarkers M,H 1:200 30 min
EDTA,
95◦C

LIGHT ab57901 Abcam H 1:200 10 min
EDTA,
95◦C
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Target Clone Company Reactivity Dilution
WB/ELISA/

FACS

Conc.
IHC

ARC

LTa poly R&D Systems M 50ng/ml

LTb B27 Biogen Idec H 1:1000 60 min
EDTA,
100◦C

LTbR ACH6 Biogen Idec M 1µg/ml

LTbR BS-1 Biogen Idec H 1µg/ml

LTbR 6D66 Santa Cruz H 1µg/ml

LTbR 3C8 eBioscience M 1µg/ml

LTbR-
hIgG
(fusion
protein)

Biogen Idec M 1µg/ml

Ly6G 1A8 BD Pharmin-
gen

M 1:600 30 min
EDTA,
95◦C

MHCI ER-
HR52

Abcam M
(C57BL/6)

1:500 Frozen
only

MHCII M5/
114.15.2

Novus Biologi-
cals

M 1:500 10 min
En-
zyme,
37◦C

p100/p52 poly Cell Signaling M 1:1000

p62 poly Progen
Biotechnik
GmbH

M,H 1:1000 20 min
Cit-
rate,
100◦C

PCNA poly Santa Cruz M 1:1000

phospho-
Stat3

D3A7 Cell Signaling M,H 1:100 60 min
EDTA,
95◦C

Prp 3F4 Neuropathology,
Zurich

M,H 1:200 20 min
Formic
Acid/
EDTA,
100◦C

pTau AT8 Thermo Scien-
tific

M,H 1:100 20 min
EDTA,
100◦C

Rel-A poly NeoMarkers M,H 1:500 20 min
EDTA,
95◦C
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Target Clone Company Reactivity Dilution
WB/ELISA/

FACS

Conc.
IHC

ARC

Rel-B poly Santa Cruz M,H 1:400 20 min
EDTA,
100◦C

TDP43 poly ProteinTech M,H 1:4000 20 min
EDTA,
100◦C

Ubiquitin poly Abcam M,H 1:100 20 min
EDTA,
100◦C

Uroplakin-2 poly Santa Cruz M 1:1000

5.1.7 Enzymes

Table 5.9: Enzymes used in alphabetical order

Enzyme Company

AccuPrime Taq DNA Polymerase high fi-
delity

Life Technologies (Invitrogen), Frankfurt,
Germany

BamHI New England Biolabs, Ipswich, USA

BssHI New England Biolabs, Ipswich, USA

EcoRI New England Biolabs, Ipswich, USA

MluI New England Biolabs, Ipswich, USA

PvuI New England Biolabs, Ipswich, USA

REDTaq R© ReadyMixTM PCR Reaction
Mix

Sigma Aldrich, Taufkirchen, Germany

SpeI New England Biolabs, Ipswich, USA

T4 DNA Ligase Roche Dignostics, Mannheim, Germany

XhoI New England Biolabs, Ipswich, USA

5.1.8 Oligonucleotides

Table 5.10: Oligonucleotides used for quantitative PCR analysis in alphabetical order. Oligonucleotides
used for cloning or genotyping see tables in respective chapters

Human Murine

Primer forward reverse foward reverse

A20 TCCTCAGGC
TTTGTATTT
GAGC

TCTCCCGTA
TCTTCACAG
CTT

TGGTTCCAA
TTTTGCTCC
TT

CGTTGATCA
GAGTCGTG

ATF3 GCTGGAGT
CAGTTACCG
TCAA

CGCCTCCTT
TTCCTCTCA
T
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Human Murine

Primer forward reverse foward reverse

ATF4 ATGATGGC
TTGGCCAG
TG

CCATTTTCT
CCAACATCC
AATC

ATG12 AAGAAATG
GGCTGTGG
AGCG

TGCAGTAAT
GCAGGACC
AGT

ATG3 GGGAAGCT
GCAGACAT
GGAA

GCCAAACAA
CCATAGCCG
TG

ATG5 TGTGCTTCG
AGATGTGT
GGTT

GTCAAATA
GCTGACTCT
TGGCAA

Atrogin-1 AAAGGGCA
GCTGGATT
GGAA

TGAGGGGA
AAGTGAGA
CGGA

BAFF CAGCGACAC
GCCGACTAT
AC

TAGCAAAG
ATGGGGTC
CGTG

Bcl-xL GACTGAATC
GGAGATGG
AGACC

GCAGTTCAA
ACTCGTCGC
CT

Beclin-1 GGAAGTAG
CTGAAGACC
GGG

TTAGACCCC
TCCATGCCT
CA

Cathepsin B GTACTTAG
GAGTGCAC
GGGAG

TGTAGAAG
TTGCGTCCA
GCC

CCL-17 ACCGTTGG
TGTTCACCG
CCC

GGCCCTTTG
TGCCCATG
GCT

TACCATGAG
GTCACTTCA
GATGC

GCACTCTCG
GCCTACATT
GG

CCL-19 GCCTCAGAT
TATCTGCCA
T

AGACACAG
GGCTCCTTC
TGGT

CCL-2 CTTCGGAG
TTTGGGTTT
GCTT

CATTGTGG
CCAAGGAG
ATCTG

TTAAAAAAC
CTGGATCG
GAACCAA

GCATTAGCT
TCAGATTTA
CGGGT

CCL-20 GCTACTCCA
CCTCTGCGG
CG

CAGCTGCC
GTGTGAAG
CCCA

Chop GCGACAGA
GCCAGAAT
AACA

GATGCACTT
CCTTCTGGA
ACA



Chapter 5. Materials and Methods 47

Human Murine

Primer forward reverse foward reverse

CXCL-1 CTGGGATT
CACCTCAAG
AACATC

CAGGGTCA
AGGCAAGC
CTC

CXCL10 AAGTGCTG
CCGTCATTT
TCT

CCTATGGCC
CTCATTCTC
AC

CXCL-13 ATATGTGT
GAATCCTCG
TGCCA

GGGAGTTG
AAGACAGA
CTTTTGC

Cyclin D1 GAACAAAC
AGATCATCC
GCAAAC

GCGGTAGT
AGGACAGG
AAGTTG

Ero1 GCGTCCAG
ATTTTCAGC
TCT

TCGAAGTG
CAAAGGAA
ATGA

GADD34 GCTTCTGGC
AGACCGAA
C

GTAGCCTG
ATGGGGTG
CTT

Grp78 CTGAGGCG
TATTTGGG
AAAG

TCATGACAT
TCAGTCCAG
CAA

HPRT TCAGGCAG
TATAATCCA
AAGATGGT

AGTCTGGC
TTATATCCA
ACACTTCG

CTGATTATG
GACAGGAC
TGAAAGA

CCGTTGACT
GATCATTAC
AGTAGC

Hsp10 AGTTTCTTC
CGCTCTTTG
ACAG

TGCCACCTT
TGGTTACA
GTTTC

Hsp27 GGGCAGTA
CTTGGGAT
CAGG

GCCGAACAT
AGTAGCCG
TGA

Hsp60 TCTTCAGGT
TGTGGCAG
TCA

CCCCTCTTC
TCCAAACAC
TG

Hsp90a CTCGTGCGT
GTTCATTCA
GC

CCAGTTTAC
TGGGGTCC
GTC

Hsp90b ACTACTACT
CGGCTTTCC
CGT

TAGAGATC
AACTCGCG
GAGGA

IFNg TCAAGTGG
CATAGATGT
GGAAGAA

TGGCTCTGC
AGGATTTTC
ATG
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Human Murine

Primer forward reverse foward reverse

IL1b CAACCAACA
AGTGATATT
CTCCATG

GATCCACAC
TCTCCAGCT
GCA

IL-6 TCGAGCCCA
CCGGGAAC
GAA

GCAACTGG
ACCGAAGG
CGCT

LIGHT CTGGCGTCT
AGGAGAGA
TGG

CTGGGTTG
ACCTCGTGA
GAC

TCCGCGTGC
CTGGAAA

AAGCTCCGA
AATAGGAC
CTGG

LTa CCACCCTAC
ACCTCCTCC
TT

AGTCTGGG
CAGCTGAA
GGT

TCCACTCCC
TCAGAAGC
ACT

AGAGAAGC
CATGTCGG
AGAA

LTb GAGGACTG
GTAACGGA
GACG

GGGCTGAG
ATCTGTTTC
TGG

TACACCAGA
TCCAGGGG
TTC

ACTCATCCA
AGCGCCTAT
GA

LTbR GAGAACCA
AGGTCTGG
TGGA

GAGCAGAA
GAAGGCCA
GTG

GCCGAGGT
CACAGATG
AAAT

CAGGACACT
GGTGAAGA
GCA

mTOR GACCCCACT
TCTCTTCGC
AA

AGGGAGCG
GGTATAGT
TGGT

MuRF1 GGCGAGAC
AGTCGCATT
TCA

AACGGAAA
CGACCTCCA
GAC

MyH1 CGGTCGAA
GTTGCATCC
CT

GTTCTGAG
CCTCGATTC
GCT

MyH2 CCAAGGACC
CTCTTATTT
CCCA

TCCGCCACA
AAGACAGA
TGTT

MyH4 CTTGTCTGA
CTCAAGCCT
GCC

ACTTCCGGA
GGTAAGGA
GCA

MyH7 GCCGAGTC
CCAGGTCAA
CAA

AGCACAAG
AGCTACTCC
TCATTC

MyoD ATCCGCTAC
ATCGAAGG
TCTG

GGTGTCGT
AGCCATTCT
GCC

Myogenin CCAGTGAAT
GCAACTCCC
AC

GTTGGGCA
TGGTTTCGT
CTG
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Human Murine

Primer forward reverse foward reverse

Nrf2 TAGATGACC
ATGAGTCG
CTTGC

GCCAAACTT
GCTCCATGT
CC

Pax7 GTCCCAGTC
TTACTGCCC
AC

GTAGGCTT
GTCCCGTTT
CCA

RANKL CAACATATC
GTTGGATC
ACAGCA

ACAGACTCA
CTTTATGG
GAACC

Survivin AGGACCACC
GCATCTCTA
CAT

AAGTCTGG
CTCGTTCTC
AGTG

sXBP-1 TGACGAGG
TTCCAGAG
GTG

TGCACCTGC
TGCGGACT
CAG

TGFb CTAATGGT
GGAAACCC
ACAACG

TATCGCCAG
GAATTGTT
GCTG

ATCCTGTCC
AAACTAAG
GCTCG

ACCTCTTTA
GCATAGTA
GTCCGC

TIMP3 GCTTCAGTA
AGATGCCCC
AC

CCACAAAGA
CTTTCAGAG
GCTTC

TNFa GGCGCTCCC
CAAGAAGA
CAGG

CCAGGCACT
CACCTCTTC
CCT

CGATGGGT
TGTACCTTG
TC

CGGACTCC
GCAAAGTCT
AAG

TRAIL TGCGTGCT
GATCGTGA
TCTTC

GGGGTCCC
AATAACTGT
CATCTT

ATGGTGAT
TTGCATAGT
GCTCC

GCAAGCAG
GGTCTGTTC
AAGA

TWEAK CGCCTTTCC
TGAACCGAC
TA

CCGTGTTTT
CCGGCCTTT
A

CCGAGCTAT
TGCAGCCCA
TT

CAGACACCT
GGCACAAA
CGG

UPII TGCCCCTGA
TCCTGATTC
TG

CAAGGCAA
TTAACAGGC
TTTCTG

uXBP-1 GCAGCACTC
AGACTATGT

GGTCCAACT
TGTCCAGAA
TGCCC
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5.1.9 Software

Table 5.11: Software applications used in alphabetical order

Software Company

Adobe Photoshop CS5 Adobe

BD FACS DivaTM BD Biosciences

Corel Draw Graphics Suite X6 Corel Corporation

Digital Image Hub (DIH) Leica Biosystems

DIH- TissueIA Leica Biosystems

Endnote Microsoft Corporation

GraphPad Prism GraphPad Software Inc.

Image LabTM BioRad

ImageJ Open Source (NIH)

LaTeX Open Source (Stanford University)

MagellanTM - Data Analysis Software Tecan

Microsoft Office Microsoft Corporation

NanoDrop2000 Thermo Scientific

PrimerBlast Open Source (NCBI)

Quantity OneTM BioRad

SCN400 viewer Leica Biosystems

SDS 2.4 TM Applied Biosystems

5.2 Methods

5.2.1 Histology

Dissection, tissue fixation and embedding

Animals were euthanized for dissection using CO2 as recommended by the German
animal protection law. Skin and fur were moisturized with 80% ethanol. First blood
samples were taken from the heart by injecting a 1ml insulin syringe at a 45◦ angle
through the skin directly beneath the sternum. Afterwards fur was removed from the
body front and the abdomen was opened by a central cut. Organs were taken out,
dissected as needed and directly immersed into 4% PFA for paraffin embedding or deep
frozen in liquid nitrogen for RNA or protein analysis. For cryoblock preparation tissue
was immersed in TissueTek R© cryosection medium and carefully frozen in liquid nitrogen.
Skeletal muscle tissue was fixed on cork platelets using Tragant solution and frozen down
in isopentane solution cooled with liquid nitrogen for at least 30 seconds. Afterwards,
tissue was further frozen in liquid nitrogen. All frozen tissue samples were stored on
-80◦C until further processing. Tissue for paraffin embedding has been kept in 4% PFA
for up to 5 days afterwards it has been cut for embedding and stored in PBS on 4◦C
until final processing. Tissues were embedded into paraffin after dehydration overnight.
A microtome was used for cutting paraffin embedded tissues into 2µm ultrathin sections
adhered to Superfrost glass slides. Tissue cuts were incubated at 37◦C overnight to allow
dehydration before staining
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Histochemistry

Hematoxylin-Eosin (HE) staining

Cryosections
Sections were dried at room temperature for 1-2h. By immersion of slides for 10 min in
absolute ethanol tissue was fixed. Afterwards, slides were washed two times shortly in
ddH2O and immersed in fresh filtered Harris hematoxylin solution for 1 min 30 s. Slides
were washed three times with ddH2O and blued under running tap water for up to 5
min. Next slides were shortly washed in ddH2O and immersed in eosin staining solution
for 30 s. Dehydration was performed three times immersing slides in absolute ethanol
and afterwards three times in xylene solution. Slides were mounted in Eukitt mounting
medium.

Paraffin sections
Paraffin slides were baked 15 min at 70◦C. Deparaffinization of slides was performed by
three times 5 min incubation in xylene solution and three times incubation for 1 min in
absolute ethanol. Afterwards slides were shortly washed with ddH2O and immersed in
Harris hematoxylin solution for 5 min. Following three ddH2O washing steps slides were
blued by dipping several times into ammonia water (40 drops 25% ammonium solution
per 500ml ddH2O). Slides were washed with ddH2O and differentiated in HCL-water
(2.5ml 37%HCL solution per 500ml ddH2O) by 1-2 short dips. After a fast wash proce-
dure under running tap water slides were again blued in ammonia water, washed again
two times with ddH2O and one time with 70% ethanol by short dip. Eosin staining was
performed for 2 min and slides were subsequently immersed in absolute ethanol for three
times to wash out eosin solution. By incubation in clear xylene solution for three times
2 min slides were dehydrated and afterwards mounted in Eukitt medium.

Trichrome - Gomori staining

Cryosections of frozen muscle were carefully thawed for at least 2h at room temperature.
After fixation in acetone for 10 min at room temperature slides were air dried for another
5-10 min. Fixed slides were shortly immersed into ddH2O before being put into Harris
hematoxylin solution for 5 min. Stained slides were immersed 3 times in ddH2O and
afterwards for 5 min in tap water. Three further wash steps in ddH2O were performed
before slides were immersed into Gomori Trichrome solution for 10 min. Staining was
further developed by shortly dipping slides 1-2 times into 0.2% glacial acetic acid solu-
tion. Afterwards slides were dipped three times into ethanol absolute and 3 times into
xylene solution before mounting in Eukitt mounting medium.

Immunohistochemistry

Sections were incubated in Bond Primary antibody diluent (Leica) and staining was per-
formed on a BOND-MAX immunohistochemistry robot (Leica Biosystems) using BOND
polymer refine detection solution for DAB or AP. Depending on the primary antibody,
citrate (H1) or EDTA (H2) based antigen retrieval was performed before staining. Con-
centrations and antigen retrieval conditions (ARC) for individual antibodies can be found
in Tab.5.8
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In situ RNA-hybridization

RNA in situ hybridization was performed using the RNAscope R© 2.0 brown FFPE As-
say (Advanced Cell Diagnostic) according to the manufacturer’s protocol. In brief,
2µm paraffin embedded tissue sections on Fisherbrand* Superfrost* PlusTM Micro-
scope slides were baked for 1h in a dry oven at 60◦C. Deparaffinization and blocking of
endogenous peroxidases was performed according to the RNAscope R© 2.0 brown FFPE
Assay protocol. Slides were cooked for 15 min in pretreatment solution 2 and protease
digestion was performed for 30 min using pretreatment 3 solution. Murine LTa, LTb
or LTb receptor specific probes (Advanced Cell Diagnostic) were incubated for 2h at
40◦C in a hybridization oven. Signal amplification and detection was performed accord-
ing to the assay protocol. Counterstaining with Gill’s Hematoxylin I (American Master
Tech Scientific) was performed as described in assay protocol. Slides were mounted us-
ing EcoMount mounting medium (BioCare) and analyzed using LEICA SCN400 Slide
scanner.

EM Analysis

Freshly prepared tissue was immersed in 3% glutaraldehyde solution (in Sörensen buffer)
and fixed for 2h at room temperature. Afterwards, tissue was cut into small cubes of
1mm x 1mm x 1mm size and fixed for a further 20h in 3% glutaraldehyde solution.
After fixation, tissue cubes were immersed in Sörensen buffer and stored at 4◦C until
further processed. Embedding and further processing was performed at the Institute
of Neuropathology at the University Hospital of Freiburg (Head Prof. M. Prinz). EM
analysis was also performed there.

5.2.2 Molecular biology

Cloning

Generation of PCR products
For generation of a lymphotoxin coding sequenc fragment with suitable restriction sites
PCR reactions were performed using primers with overhangs containing respective se-
quences. Primer sequences can be found in Tab.5.12. As a template for PCR plasmids
Prp 5’HG ∆KpnI LTa or Prp 5’HG ∆KpnI LTb were used.

PCR reaction mix:
1x AccuPrimeTM Pfx reaction mix (Invitrogen)
0.375µM primer mix
25− 50ng template DNA
1.0-2.5 units AccuPrimeTM Pfx (Invitrogen)
Fill up to 50µl with aqua dest

All PCR protocols started with a single hot start activation step of 2 min at the melting
temperature and were finalized with a 7 min cycle at the amplification temperature. The
annealing temperature was determined experimentally by gradient PCR experiments.
For respective protocols and primers see tables below.
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Table 5.12: Primers LTa and LTb for Insert PCRs Sequences of forward and reverse primers are shown.
Overhang refers to a non-template binding part of the primer sequence containing the re-
striction sites (bold) of respective enzymes. Complementary parts of the primers binding to
the template DNA are underlined with translation start site (ATG) shown in bold.

Insert Primer fwd
(5’-3’)

Primer rev
(3’-5’)

Product
size [bp]

LTa
(EcoRI/MluI overhangs)

ccggaattcgccgccatga
cactgctcggccg

cgacgcgtctacagtgcaa
aggctccaaagaa

639

LTb
(EcoRI/MluI overhangs)

ccggaattcgccgccatgg
ggacacggggactgcagg

cgacgcgttcaccccacca
tcaccgc

921

LTa
(BamHI overhangs)

cgcggatccgccgccatga
cactgctcggccg

cgcggatccctacagtgca
aaggctccaaagaa

633

LTb
(BamHI overhangs)

cgcggatccgccgccatgg
ggacacggggactgcagg

cgcggatcctcaccccacc
atcaccgc

945

Table 5.14: PCR protocols insert PCR of LTa and LTb for molecular cloning of UPII LTa, UPII LTb,
TRE LTa and TRE LTb Annealing temperatures were determined experimentally by gradient
PCR experiments.

PCR Dissociation Annealing Amplification Cycles

LTa
(EcoRI / MluI overhangs)

94◦C
15s

57◦C
30s

70◦C
1min

30

LTb
(EcoRI / MluI overhangs)

94◦C
15s

65◦C
30s

68◦C
1min

35

LTa
(BamHI overhangs)

95◦C
15s

60◦C
30s

68◦C
1min

35

LTb
(BamHI overhangs)

95◦C
15s

60◦C
30s

68◦C
1min

35

The PCR products were separated on a 0.8 to 1% agarose gel by gel electrophoresis,
visualized by UV illumination and cut out from the gel.

I Linearization of entry vector:
4µg of the respective vector were digested for 3 hours at 37◦C with 10U/µg of
the respective restriction enzymes in a total volume of 50µl. The linearized vector
fragments were separated on a 0.8% agarose gel by electrophoresis, visualized by
UV illumination and cut out from the gel with a sterile scalpel.

II Agarose gel electrophoresis:
Standard Agarose (Biozym) was diluted in 1x TAE buffer. GeneRulerTM Mix DNA
ladder (1µg/µl) and the 6x DNA loading dye were provided by Fermentas. 100ml
of melted agarose were supplied with 5µl ethidium bromide (Sigma-Aldrich).

III Gel extraction:
Gel extraction was performed using QIAquick Gel extraction Kit provided by Qi-
agen. Bands were carefully cut out of the agarose gel and incubated at 50◦C,
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800rpm with 600µl of buffer QG until they were fully dissolved. Afterwards, 200µl
of isopropanol were added and further incubated for 5 min at 50◦C. Dissolved
agarose pieces were then transferred to a QIAquick spin column and centrifuged
for 30 sec at 8.000rpm. The column was washed successively with 500µl of buffer
QG, 750µl and 500µl of buffer PE before being dry centrifuged for 1 minute at
13.000. Elution was performed with 45µl of EB buffer.

IV Digest of PCR product:
PCR products were digested for 2 h at 37◦C by 10U/µg of the respective restriction
enzymes in a total volume of 50µl.

V Vector dephosphorylation:
The linearized vectors were dephosphorylated by the enzyme CIP (Roche) for
1 hour at 37◦C. 4µl of 0.5 M EDTA were then added to the total volume and
incubated for 15 min at 65◦C.

VI PCR product and vector purification:
Purification was performed using QIAquick PCR purification Kit provided by Qi-
agen. 500µl of buffer PB and 0.5µl of 3 M NaAc were added to the digested PCR
product and 500µl of buffer PB and 1µl of 3 M NaAc were added to the dephos-
phorylated vector. Aliquots were then transferred to a QIAquick spin column and
incubated at room temperature for 1 min before being centrifuged. The mem-
brane was then washed successively with 750µl and 500µl of buffer PE. Elution
was performed with 33µl of Milli-Q water.

VII Ligation:
50ng of vector were ligated with 1 U of T4 DNA ligase (Roche) in a total volume of
20µl. The insert volume necessary was calculated according the following formula:

Volume insert [µl] = (3 x molarity vector x volume vector [µl] ) / molarity insert
Molarity = concentration / length [kbp]

The reaction aliquot was incubated in a 12◦C water bath overnight.

VIII Heat shock transformation of chemically competent bacteria cells:
TOP10 chemically competent cells (Invitrogen) were thawed on ice for 15 to 20
min. Complete ligation solution was added and incubated with the cells for 30 min
on ice. Aliquots were heat shocked for 45 sec at 42◦C before being incubated for 2
min on ice. 250µl of pre-heated (37◦C) LB medium was added and aliquots were
incubated for further 2 h at 37◦C with gentle shaking 500rpm. Cells were grown
over night on LB agar plate supplied with 100µg/ml of ampicillin.

IX Minipreparation of plasmid DNA:
Plasmid preparation was performed using QuickLyse Miniprep Kit (Qiagen). A
single colony from a freshly streaked selective plate was inoculated in 5 ml LB
medium containing 100µg/ml ampicillin and incubated for 16h at 37◦C with vig-
orous shaking. 2 ml of the overnight bacterial culture were centrifuged for 15 min
at5.000rpm. The supernatant was removed and 800µl of ice cold QLL buffer was
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added to the pelleted bacterial cells and mixed thoroughly by vortexing at the
highest setting for 30 sec. Lysate was incubated at room temperature for 3 min
before being transferred to a QuickLyse spin column and centrifuged for 1 min
at 13.000rpm. Membranes were washed twice by adding 400µl of QLW buffer
and centrifuged at 13.000rpm. Columns were then dry centrifuged for 3 min at
13.000rpm. Elution was performed by 50µl of QLE buffer.

X Midipreparation of plasmid DNA:
Plasmid preparation was performed using Plasmid Midi Kit (Qiagen). A single
colony from a freshly streaked selective plate was inoculated in 5ml LB medium
containing 100µg/ml ampicillin or kanamycin and incubated for 8h at 37◦C with
vigorous shaking. This starter culture was diluted in 100ml of the same selective
medium and grown for further 12-16 h with vigorous shaking. Bacterial cells were
harvested by ultracentrifugation at 6.000 x g for 15 min at 4◦C and pellet was
suspended in 4ml buffer P1 by vortexing. 4ml of buffer P2 were added and the
solution was mixed vigorously. After 5 min of incubation at room temperature 4
ml of chilled buffer P3 was added, immediately mixed and incubated on ice for
15 min. The solution was ultracentrifuged at 17.000 x for 45 min at 4◦C and the
plasmid DNA containing supernatant was removed promptly and ultracentrifuged
again at 17.000 x for 30 min at 4◦C. Meanwhile the QIAGEN-tip 100 column was
equilibrated by applying 4ml of buffer QBT. The supernatant was applied to the
QIAGEN-tip and entered the resin by gravity flow. The QIAGEN-tip was then
washed twice with 10ml buffer QC and the DNA was eluted with 5ml buffer QF
into a 15ml tube containing 3.5ml isopropanol. The mixed solution was centrifuged
at 4.000 x g for 45 min at 4◦C. The glassy pellet was then washed with 2ml
70% ethanol and centrifuged at 4.000 x g for 25 min at 4◦C. The pellet was air-
dried for 30 min and resuspended with 100µl TE buffer, pH 8.0. The tube was
stored overnight at 4◦C to allow the DNA to slowly dissolve in the buffer. DNA
concentration was determined at the NanoDrop device on the next day, and the
DNA preparation was stored at -20◦C.

XI Glycerol stock:
1 volume of 50% autoclaved glycerol was mixed with 1 volume of a 16h bacterial
culture and stored at -80◦C.

XII Preparation of expression cassettes for microinjection:
Plasmids digest:
60µg of each construct was digested for 3h by 300 U enzymes (5U/µg DNA) using
fresh buffer, bovine serum albumin (BSA) and aqua dest in a total volume of 300µl.

XIII Fragment separation and extraction:
The digest mix was separated into two aliquots of 150µl, supplied with 15µl of
10x loading dye and applied on a 0.8% agarose gel, prepared with fresh 1x TAE
buffer. L.M.P Agarose (low melting point) provided by GIBCO BRL was used.
The fragments were separated by electrophoresis for approximatively 3h at low
voltage (90V ) and visualized by UV illumination. The bands corresponding to the
expression cassette were cut out of the gel with a sterile scalpel in the gel trail
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to avoid contamination. Gel extraction was performed as previously described.
Elution buffer used: Tris-HCl, pH 8.0

XIV Concentration measurement and control gel electrophoresis:
The concentration and the purity ratios (260/280 and 260/230) were measured at
the NanoDrop device provided by Thermo scientific for each eluted sample. Given
the very similar concentrations and purity ratios, the samples were then pooled
together and measured again. For each purified fragment, 1µl, 2µl and 3µl aliquots
were applied on a 0.8% agarose gel and run at 100V for approximatively 1h.

XV Storage of DNA samples:
The remaining sample volume was directly stored at -80◦C until shipment on dry
ice.

XVI Microinjection:
Microinjection into C57BL/6 oocytes was kindly performed by Univ.-Prof. Dr.
Thomas Rülicke at the University of Veterinary Medicine in Vienna.

Genotyping of transgenic mice

For genotyping of transgenic mice tail biopsy samples have been digested in 200µl 1x tail
lysis buffer with proteinase K (20mg/ml, Roche) for at least 4h at 56◦C with vigorous
shaking. Lysates have been centrifuged at 13.000rpm for 3 min in a standard Heraeus
table top centrifuge and stored at 4◦C. For long-term storage supernatant has been
transferred to a new tube and frozen at -20◦C. Primer solutions were made as follows:
15µl of forward and 15µl of reverse stock primer (c = 100µM) were mixed and filled up
with PCR-grade water to 1.6ml. For mastermix preparation per sample 5µl of RedTaq
PCR Reaction Mix were added to 4µl of respective primer solutions. Genotyping PCR
reaction was made by adding 9µl of mastermix to 2µl of tail lysate. Primer sequences
and PCR protocols for genotyping of different mouse strains used are listed in the tables
below.

Table 5.15: Genotyping primer sequences in alphabetical order. Expected product sizes are listed.

Genotyping
PCR

Primer forward Primer Reverse Product
Size

Acta-/
Ckmm-Cre

PV83 GTCCAATT
TACTGACC
GTACACC

PV85 GTTATTCG
GATCATCA
GCTACACC

750

ATG5 P1 ex3-1 GAATATG
AAGGCAC
ACCCCTGA
AATG

P2 short2 GTACTGCA
TAATGGTT
TAACTCTT
GC

wt=350

ATG5 P1 ex3-1 GAATATG
AAGGCAC
ACCCCTGA
AATG

P3 check2 ACAACGTC
GAGCACA
GCTGCGC
AAGG

flox=700
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Genotyping
PCR

Primer forward Primer Reverse Product
Size

HSA LTa HSA fwd CAGTCGG
TTCACCTG
GTCAG

LTa rev ACCCTCAA
GAGGTGG
AGACG

150

HSA LTb HSA fwd CAGTCGG
TTCACCTG
GTCAG

LTb rev AGGCCAG
CACAGCCA
GGACA

250

TRE LTa TRE LT ATCCACGC
TGTTTTGA
CCTC

TRE LTa
rev

AGTGCTTC
TGAGGGA
GTGGA

249

TRE LTb TRE LT ATCCACGC
TGTTTTGA
CCTC

TRE LTb
rev

GGAAGTA
GCTCCTGC
CACAG

176

UPII LTa UPII LT
fw

CAGCCTGT
CAGCACCT
GTT

UPII LTa
rev

GAAGCGG
ACACCAGA
GAGTC

190

UPII LTb UPII LT
fw

CAGCCTGT
CAGCACCT
GTT

UPII LTb
rev

GGAAGTA
GCTCCTGC
CACAG

157

Table 5.16: Genotyping PCR protocols in alphabetical order.

Genotyping
PCR

Hot
Start

Dis-
sociation

Annealing Ampli-
fication

Cycles Final
elonga-
tion

Acta-/
Ckmm-Cre

95◦C
5min

95◦C
30s

60◦C
30s

72◦C
40s

35 72◦C
5min

ATG5 floxed 95◦C
3min

94◦C
30s

60◦C
30s

72◦C
1min

35 72◦C
5min

HSA LTa 95◦C
5min

94◦C
30s

64◦C
30s

72◦C
35s

30 72◦C
5min

HSA LTb 95◦C
5min

94◦C
30s

64◦C
30s

72◦C
35s

30 72◦C
5min

TRE LTa 95◦C
2min

94◦C
15s

53◦C
30s

68◦C
1min

35 68◦C
7min

TRE LTb 95◦C
2min

94◦C
15s

53◦C
30s

68◦C
1min

35 68◦C
7min

UPII LTa 95◦C
2min

94◦C
15s

61.5◦C
30s

68◦C
1min

35 68◦C
7min

UPII LTb 95◦C
2min

94◦C
15s

61.5◦C
30s

68◦C
1min

35 68◦C
7min
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RNA Isolation and reverse transcription

RNA Isolation from tissue samples

For isolation of total RNA from tissues snap-frozen tissue stored at -80◦C was lysed
in 1ml of TriFast c© Reagent using the GentleMACS c© dissociator program RNA 02.02
and M-tubes (Miltenyi). Further steps were performed according to the manufacturer’s
protocol (PeqGOLD HP Kit, PeqLab). In brief, 200µl of chloroform have been added to
tissue lysate and incubated for 10 min at room temperature. After a 10 minute centrifu-
gation step at 10.000rpm upper aqueous phase had been transferred to a new tube and
RNA was precipitated by adding the same amount of isopropanol. After transfer of the
solution to spin columns, centrifugation and wash procedure was performed according
to the protocol. For elution, 50µl of RNase free water has been applied on top of the
column membrane, incubated for 5 min and centrifuged for 1 minute at 10000rpm. In
the case of muscle tissue, a second elution step was performed, for bladder tissue eluate
was put on top of the membrane and centrifuged again. Determination of RNA concen-
tration was performed using the NanoDrop c© photospectrometer.

RNA Isolation from cell lines
For isolation of total RNA from cell lines the RNeasy c© Mini Kit was used according
to the manufacturer protocol. In brief supernatant of plated cells was sucked off and
350µl of buffer RLT containing 1% of β-mercaptoethanol was added to the wells inde-
pendent of their size. Plates were frozen down to -80◦C for at least 1h and let thawed
again on ice. Cells were scraped using a cell scraper of appropriate size and lysates were
transferred to tubes. By addition of 70% ethanol in equal amounts RNA was precipi-
tated. Afterwards, solutions were transferred to spin columns and the wash procedure
was performed according to the manufacturer’s protocol including the additional dry
centrifugation step for 3 min at 13.000rpm. For elution, 50µl of RNase free water was
applied on top of the column membrane, incubated for 5 min and eluted for 1 minute
at 10.000rpm. Eluate was put on top of the membrane and eluted for a second run to
increase the RNA concentration. Determination of RNA concentration was performed
using the NanoDrop c© photospectrometer.

Reverse Transcription
Generation of cDNA was performed using the Qiagen QuantiTec reverse transcription
Kit c©. In brief 1µg of RNA in 12µl RNase free water was treated for 10 min at 42◦C with
2µl of genomic DNA wipeout buffer. After genomic DNA digest, 6µl of a master mix
containing reaction buffer, primers and reverse transcriptase was added and incubated
for another 30 min. Reverse transcription was stopped by incubating samples for 3 min
at 95◦C. Before freezing at -20◦C samples were diluted 1:40 with PCR-grade water.

Quantitative PCR analysis

Quantitative PCR analysis was performed using an Applied Biosystem 7900HT Real
time PCR cycler and FastStart Universal SybrGreen ROX Mix 2x from Roche. In brief,
reaction mixtures containing 6µl of a master mix with 6µl 2x SybrGreen Mix, 0.06µl of
each primer (100µM stock concentration) and 0.88µl PCR-grade water and 3µl of cDNA
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were placed in a 384 well plate for amplification. A standard cycling procedure contained
a pre-heating step for 5 min at 95◦C to activate hot start polymerase, 15 seconds double
strand dissociation at 95◦C, 15 seconds annealing and elongation at 60◦C. In total 40
cycles were run. After the last cycle a melting curve ramping from 65◦C to 95◦C was
added to control for single specific amplification products. Data analysis was performed
using the SD2.4 software.

5.2.3 Biochemistry

Western Blot

Protein lysate preparation from tissue samples
For preparation of protein homogenates from tissue frozen tissue samples were homoge-
nized using the GentleMACS c© dissociator program Protein 02.01 in M-tubes (Miltenyi).
For skeletal muscle, modified RIPA (Ruegg buffer) in a ratio of 10mg tissue per 400µl
lysis buffer was used. All other tissues were homogenized in RIPA buffer at a ratio of
10mg tissue per 100µl lysis buffer. After homogenization, lysates were transferred into
tubes and sonicated two times for 10-15 seconds at medium energy level. Non-muscle
lysates were centrifuged for 15 min at 4◦C and maximum speed in a Heraeus table top
centrifuge and the supernatant was used for further applications. For skeletal muscle
sonicated lysates were directly used in downstream applications.

Protein lysate preparation from cell lines
For preparation of protein homogenates from cell lines cell pellets (1-2x106 cells) were
washed once with PBS w/o and suspended in 250µl lysis buffer. For plated cells, the
supernatant was sucked off, and the cell layer was washed once with PBS w/o. Depend-
ing on the plate size 200µl (12-well plate) or 350µl (6-well plate) was added. All cell
lines were lysed in RIPA buffer except C2C12 cells which were lysed in MLB buffer. Cell
pellets or plates were frozen at -80◦C for at least 1h. Lysates were thawed carefully on
ice and the remaining cells were disrupted by pipetting lysates up and down for several
times. After incubating for 1h on ice, lysates were sheared through a 291/2 gauge needle
and sonicated two times for 10-15 seconds at medium energy level. All lysates were cen-
trifuged for 15 min at 4◦C at maximum speed and the supernatant was used for further
applications.

Determination of protein concentration
For determination of protein concentration the BCA protein assay was used. Standard
dilutions were prepared according to the manufacturer protocol in PBS. Tissue samples
were diluted 1:20 - cell samples 1:5 - similar to the standard solution in PBS. Working
reagent was prepared as described in the protocol. For the assay, 25µl of sample or
standard were incubated with 200µl of working reagent for 30 min at 37◦C. Assay read-
out was performed at the Tecan infinite200 pro machine at 560nm. Concentration
was determined by linear regression of standard series absorption using Microsoft Excel
software.
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SDS Page
Protein lysates were diluted to appropriate concentrations with their respective lysis
buffers and SDS Loading buffer was added. Samples were boiled for 15 min at 95◦C
and further loaded on gels or stored at -20◦C. For gel electrophoresis, ready-to-use
NuPAGE R© Bis-Tris gels and the NOVEX gel system were used. Depending on the pro-
tein 4-12% gradient gels or 12% SDS gels were used. As running buffer, either 1xMOPS
or 1x MES buffer was used depending on the protein size to detect. Gels were run at
100V constant for at least 15 min, after which the voltage was increased up to 130V
constant. When the run was complete gels were taken out and equilibrated for at least 3
min in fresh, cold blotting buffer. Meanwhile, the wet blot was prepared and Whatman
paper, as well as sponges and membranes were soaked with fresh cold blotting buffer.
Gels were then blotted for 2 hours at 50V constant. Following transfer, membranes were
stained with Ponceau-S to check the transfer efficiency and enable cutting at the right
sizes. Ponceau-S stain had been washed off with TBST, and membranes were blocked
for at least 1 hour at room temperature with 5% skim milk powder dissolved in TBST.
Afterwards membranes were shortly washed with TBST and primary antibody solutions
were added. Antibodies were diluted in 5% bovine serum albumin dissolved in TBST
at different concentrations (see 2.1.7 table XY) and incubated overnight shaking at 4◦C.
Membranes were washed 3 times for 5 min with TBST and incubated with respective
secondary antibodies diluted (see 2.1.7 table XY) in 5% bovine serum albumin/TBST
for 1,5h at room temperature. After being washed for three times with TBST for 5
min, membranes were incubated with 2ml ECL solution (Western C Kit, BioRad) for
5 min. Chemiluminescence was measured by ChemiDoc XRS (BioRad) with ImageLab
software.

Enzyme-linked immunosorbant assays (ELISA) for LTa3/LTa1b2/LTa2b1
protein detection

For detection of LTa protein, 96-well ELISA plates were coated overnight with 50µl
of anti-LTaFcmT (clone: S5H3.2.2) antibody diluted 1:200 in coating buffer at 4◦C.
The next day, the coating solution was discarded and 200µl PBS 0.05% Tween-20 was
added per well incubated for 2 min and again discarded (wash step). 200µl PBS 5%BSA
was added to each well and incubated at room temperature for 1h to block unspecific
binding. After blocking, 5 wash steps were performed and afterwards, 50µl of standard
or sample was added per well. The first standard contained 1µg/ml recombinant LTa
in blocking solution, further standards were created by 1:1 serial dilutions in blocking
solution. Samples were also diluted in blocking buffer. After incubation overnight at
4◦C, 5 wash steps were performed and 50µl of detection antibody (50ng/ml in blocking
solution) solution was added per well and incubated for 2h at room temperature. After
5 wash steps, 50µl of Avidin-HRP diluted 1:500 in blocking solution was added to each
well and incubated for 30 min at room temperature. Again 5 wash steps were performed
before adding of 50µl TMB solution to induce a colorimetric reaction. After incubating
15 min in the dark, the reaction was stopped by adding 25µl of 20% sulphuric acid
solution per well. Analysis was done at 450nm using a Tecan Infinite pro machine.
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5.2.4 Cell culture

Cell Passaging

For passage of adherent cell lines medium was sucked off and cells were washed two times
with PBS w/o before incubation with respective amount of 0.05% Trypsin solution (in
1M EDTA PBS w/o). Cells were incubated at 37◦C until complete detachment had
been reached. Trypsin digestion was stopped by addition of up to 10ml culture medium.
Cells were suspended by several up and down pipetting steps and transferred into new
culture flasks at respective dilutions. For passage of suspension cell lines medium with
cells was transferred into falcon tubes and spun down for at least 5 min at 1100rpm
4◦C (Heraeus Centrifuge). Supernatant was sucked off, and the pellet was suspended in
up to 10ml culture medium. Respective amounts of cell suspension were seeded in new
flasks.

Cell seeding of non-muscle cell lines

For RNA isolation or generation of protein lysate, 1x105 cells were seeded in 1ml of
culture medium in a 12-well dish. After 24 hours, treatment of cells was started as
indicated in experiments or kept for another 24h growing. RNA Isolation or protein
lysate was performed as described previously.

Seeding of C2C12 myoblast cells and differentiation into myotubes

For generation of C2C12-derived myotubes 6-well plates were pre-coated with a gelatin
solution. Therefore, a 2% gelatin solution (Sigma) was warmed up to 37◦C and diluted to
0.2% with pre-warmed PBS. Each well was coated with 500µl of diluted collagen solution
for 1h at 37◦C. After coating plates were washed two times with 1ml of PBS w/o and
filled with 2ml culture medium. Per well an amount of 5x104 cells were seeded and
kept in culture medium overnight. The next day, cells were changed into differentiation
medium. Every second day medium was changed up to 6 days. After 7 days in culture,
myotubes were successfully formed. Myotubes were treated for another 6 days with
daily medium changes. For interference with myotube differentiation, treatments were
started as soon as the medium was switched to differentiation medium. Treatments were
performed using 1µg/m ACH or isotype control HA48 antibodies respectively.

5.2.5 Flow cytometry

LTbR staining

Murine LTbR FACS analysis:
Cells were washed in FACS buffer (PBS 2% FCS) and incubated for 15 min in anti-
CD16/32 (BD Biosciences, 2µg/ml) diluted in FACS buffer. Primary antibody rat anti-
mouse LTbR (1µg/ml, eBioscience) was added, and the cells were incubated for 40 min
on ice before being washed twice with FACS buffer and suspended in anti-rat Alexa 488
IgG (BD Biosciences, 1µg/ml) diluted in FACS buffer. Cells were incubated on ice for
30 min, washed twice with FACS buffer and suspended in 350µl FACS buffer for analysis.
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Human LTbR FACS analysis
Cells were washed in FACS buffer (PBS 2% FCS) and incubated for 20 min in the dark
on ice in Cytofix/Cytoperm Buffer (R&D Systems). Afterwards, cells were washed three
times with 1x Perm/Wash Buffer (R&D Systems) and incubated for 30 min in 2% goat
serum diluted in 1x Perm/Wash Buffer. Before cells were incubated for 1h in rat anti-
human LTbR (1µg/ml, Santa Cruz, clone 6D66) diluted in 1x Perm/Wash Buffer, three
wash steps with 1x Perm/Wash buffer were performed. Cells were incubates with an
anti-rat IgG Alexa 488 (BD Biosciences, 1µg/ml) antibody diluted in 1x Perm/Wash
Buffer for 1h after three washing steps with 1x Perm/Wash Buffer to detect the signal.
The final wash steps were performed using FACS buffer, and cells were suspended in
350µl FACS buffer for analysis.

LTab surface staining

All antibodies were diluted in flow cytometry buffer. Cells were pelleted, suspended in
anti-CD16/32 (BD Biosciences, 2µg/ml) and incubated for 30 min on ice. Mouse LTbR-
human IgG (Biogen Idec, 2µg/ml) was added and incubated for another 30 min on ice.
Afterwards cells were washed twice with flow cytometry buffer. In the meantime, the
anti-human IgG PE labelled cells (2µg/ml) were incubated in 2% rat serum and 2%
mouse serum in flow cytometry buffer for 30 min at 4◦C. The pellet was suspended in
anti-human IgG PE-labelled antibody and incubated for 30 min at 4◦C. Finally, cells
were washed twice in flow cytometry buffer and suspended in 200µl flow cytometry
buffer. For analysis, Doublette exclusion was performed as described in Fig. 5.1

Figure 5.1: Doublet exclusion strategy FACS analysis: After gating on living cell population dou-
blets were excluded using FSC-H versus FSC-W and SSC-H versus SSC-W. Populations
showing too high signal intensity (H - measure) or too long signal duration (W - measure)
were defined as doublet fraction and excluded from further analysis. Data shown: Thymus
FACS analysis for establishment of LTab surface staining.



6 Results

6.1 The role of lymphotoxin-driven chronic inflammation
in progressive kidney diseases

Indications for expression of LTs during CKD existed but still expression was not proven
so far. Therefore during this study patient samples were analyzed by various methods for
expression of LT ligands. Furthermore cells expressing LT ligands during CKD have been
identified as well as cells capable to respond towards LTbR mediated signaling. Using
various cell lines in vitro inducers of LT ligands and consequences of LTbR stimulation
in those cells could be analyzed. Resulting data are currently published together with
data on the role of the LT system in an in vivo model of lupus nephritis induced CKD.48

6.1.1 Increased LTb expression can be found in human nephritis
patients

For characterization of the inflammatory response in chronic kidney disease, tissue sam-
ples from human systemic lupus erythematosus (SLE) patients and IgA nephropathy
patients were analyzed for whole transcriptome expression and compared to samples of
living kidney transplant donors using microarray technique (Fig. 6.1). Analysis of gene
expression of different inflammatory mediators revealed significant upregulation of LTb
in both compartments of the kidney and in both disease entities. LTa did not show
any significant upregulation, but another LT family member LIGHT or TNF superfam-
ily member 14 (TNFSF14) was significantly increased in both diseases specifically in
the glomerular compartment. LTbR itself did not show any change in expression in
glomerular compartment of SLE patients and was even less expressed in the tubular
compartment. In contrast, IgA nephropathy patients did show an increase in expression
of LTbR RNA transcripts in the glomerular but not in the tubular compartment.

63
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Figure 6.1: Genomic expression analysis of human CKD patient samples: Microarray results:
Relative gene expression levels of LTa, LTb and LTbR (underlined) and genes known to be
regulated by the NF-kB pathway were analyzed by microarray in microdissected glomeruli
(Glom) as well as the tubulointerstitial compartment (TI) from patients with biopsy-proven
lupus nephritis (SLE) and IgA nephropathy (IgA). Heat map of all genes with a significant
change in SLE and/or IgA are shown. Numbers represent fold changes compared with the
respective controls (LDs, living donors). Glom: LD [n = 15] vs. SLE [n = 32]; LD [n = 6]
vs. IgA [n = 27], TI: LD [n = 15] vs SLE [n = 32]; LD [n = 6] versus IgA [n = 25]. SLE
samples combined Lupus class II: n=8, class III: n=10, class IV: n=12, class V: n=2

To confirm array results quantitative PCR was performed to quantify LTa and LTb
mRNA expression levels in patient samples from healthy donors and different progres-
sive kidney disease entities (Fig. 6.2A). Again no difference in LTa mRNA expression
could be detected. For LTb mRNA increased expression was found in all entities with
a significant increase in patients suffering from Lupus nephritis. Immunohistochemistry
revealed expression of LTb by infiltrating lymphocytes (green arrows) in different pa-
tient entities. Interestingly, tubular epithelial cells (TECs) also showed LTb expression
(red arrows) (Fig. 6.2B). When scoring the LTb staining all progressive kidney disease
entities showed higher scores compared to living donor controls. Highest and the only sig-
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nificantly increased score was obtained for pauci-immune crescentic glomerulonephritis
patient samples (Fig. 6.2C). A CD20 staining on consecutive cuts revealed that expres-
sion of LTb was mainly due to infiltrating B-cells (Fig. 6.2D). Scoring of B-cell staining
exhibited increased scores in all disease entities with highest and significantly increased
cell numbers in cGN patient samples, reflecting the results of LTb expression (Fig. 6.2E).
In addition, there was a significant correlation between the semi quantitative scores for
LTb and CD20. (Spearman r = 0.41, 95% confidence interval: 0.13 to 0.63, p = 0.0041).

Figure 6.2: Lymphotoxin b ligand is present in samples of chronic inflammatory kidney dis-
ease patients: (A) Expression of LTa and LTb mRNAs were quantified by real-time RT-
PCR in the tubulointerstitial compartment of renal biopsies from living donors as controls
(LD) [n = 10] and from patients suffering from pauci-immune crescentic glomerulonephritis
(cGN) [n = 9], IgA nephropathy (IgA N) [n = 16] and lupus nephritis (Lupus N) [n = 18].
Statistical analysis was performed using GraphPad Prism software with Kruskal-Wallis anal-
ysis and Dunn’s multiple comparison post-test. Significance: *p¡0.05 (B) Immunohisto-
chemistry for LTb protein was performed on patient samples with pauci-immune crescentic
glomerulonephritis cGN, [n = 10], IgA nephropathy [n = 8], lupus nephritis [n = 8], and
membranous nephropathy [n = 10]. Representative pictures are shown with disease en-
tity indicated. (C) All samples in addition were scored for positive staining. Statistical
analysis was performed using GraphPad Prism software with Kruskal-Wallis analysis and
Dunn’s multiple comparison post-test. Significance: **p¡0.01 (D) CD20 staining on consec-
utive cuts of sample shown in (B). (E) Immunohistochemistry for CD20 was performed on
patient samples described in (C) and scored for positive staining. Statistical analysis was
performed using GraphPad Prism software with Kruskal-Wallis analysis and Dunn’s multiple
comparison post-test. Significance: ∗p < 0.05
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6.1.2 Human TEC cells express LTa and LTb upon stimulation with
TNFa and IFNg in vitro

As expression of LTb was found in TECs of human patient samples in vitro experiments
were performed to further proof the ability of TEC cells to express LTs upon stimulation
with inflammatory mediators. For stimulation TNFa, interferon (IFN) a/b/g and IL-2 -
all known to be elevated in CKD patients - were used over different time periods. Both
LTa and LTb mRNA expression could be induced by stimulation with TNFa as early as
6h after stimulation. Co-stimulation with IFNg led to further increased expression of
LTa at early time points (6h and 12h) with significantly increased LTa RNA expression
only in co-stimulated cells. IFNg stimulation alone did not change expression of LTb at
any time point (Fig. 6.3). Therefore, expression of LTs under inflammatory conditions
by epithelial cells of the kidney itself could be proven in vitro.

Figure 6.3: TNFa and IFNg induce LT expression in TEC cells in vitro: HK-2 cells were ex-
posed to cytokines IFN-a, IFN-b, IFNg, a combination of all three interferons IFN a+b+g
(1000U/ml each), TNF-a (25 ng/ml), a combination of TNFa and IFNg, or to IL-2 (5 ng/ml)
for 6, 12 and 24 hours. All experiments were performed in triplicate. LTa (left column)
and LTb (right column) mRNAs were quantified by real-time RT-PCR and depicted as fold
change compared to medium control samples (ctr). Statistical analysis was performed us-
ing GraphPad Prism software with one-way ANOVA analysis and Holm-Sidak’s multiple
comparison post-test. Significance: ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001.
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6.1.3 Identification of LTb responsive cells in the kidney

By ISH staining, we attempted to identify cells expressing LTbR mRNA in human kidney
sections. Abundant staining was found in all sections tested in the glomerular as well as
in the tubular compartment of the kidney (Fig. 6.4A left). Higher magnification allowed
us to identify LTbR mRNA expression in TECs (Fig. 6.4A middle) as well as parietal
epithelial cells (PECs) (Fig. 6.4A right) of the Bowman capsule. Furthermore mesangial
cells in the glomerular tuft were also strongly positive. Interestingly, in cGN patients,
strong staining was found in cells of glomerular crescents (Data not shown). As an
internal positive control for LTbR RNA staining, TLOs found in cGN patients showed
clear staining of single cells (Fig. 6.4B) which was not present on consecutive cuts
stained with the negative control probe DapB. Consecutive cuts of the LTbR-stained
sections were further stained with a positive control (PPIB). As shown in Fig. 6.4C all
cells were positive for PPIB, indicating excellent RNA quality. In contrast no signal could
be detected with the negative control probe DapB reflecting a highly specific staining.
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Figure 6.4: LTbR mRNA expression in human kidney: (A) ISH was performed on human patient
samples of a single living kidney donor (LD) and crescentic nephritis patients (cGN) [n = 6].
Representative pictures of 2 patient samples and from the LD sample are shown: Overview
pictures (left) and higher magnification of tubular epithelial cells TECs (middle) and parietal
epithelial cells (right). (B) Representative pictures of consecutive cuts from a cGN patient
inflammatory infiltrate stained for LTbR or with negative control probe (DapB). (C) Pictures
of consecutive cuts from LD patient and one cGN patient shown in (A) stained with positive
control probe (PPIB) and negative control probe (DapB).



Chapter 6. Results 69

6.1.4 LTbR activation on TEC cells promotes chemokine expression

Using the humane TEC cell line HK-2 we further analyzed the function of LTbR sig-
naling in kidney. First, we wanted to show LTbR protein expression in HK-2 cells.
Therefore, FACS analysis was performed using an antibody recognizing the intracellu-
lar signaling domain of LTbR. As controls, HepG2 and HEK293 cell lines were stained
same way as HK-2 cells (Fig. 6.5A) High expression of LTbR could be detected in HK-2
cells in comparison to control staining without antibody (unstain) or with secondary
antibody only (2nd). Also compared to HEK293, which do not express LTbR, HK-2
cells showed higher expression although HEK cells showed an unusual positive signal
above (2nd)control staining. Unfortunately, HepG2 cells which should serve as a positive
control stained extremely weak. As internal FACS controls worked for HK2 cells and
qPCR data on LTbR mRNA expression further confirmed expression of LTbR in these
cells (data not shown), we continued to use HK2 cells for further experiments. Cells
were stimulated using an LTbR specific agonistic antibody (Fig. 6.5B). Expression of
different chemokine mRNAs was determined and results of CCL-2 and CCL-5 are shown
as an example. CCL-2 mRNA showed fast induction already after only 6h of stimulation
whereas a significant increase in CCL-5 mRNA was first reached after 24h. Induction
of RNA expression occurred in a dose dependent manner. Similar to RNA expression,
CCL-2 protein was significantly upregulated after 24h of LTbR stimulation in a dose
dependent manner, whereas CCL-5 protein concentration did not increase significantly
over the observed time period. (Fig. 6.5C). Inflammation can induce LT production in
TEC cells. Expressed LT can further stimulate LTbR-dependent signaling on TEC cells
and thereby induce further inflammation-promoting chemokine expression.
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Figure 6.5: TEC cells respond to LTbR stimulation with chemokine production in vitro:
(A) FACS analysis of HK-2 cell line for LTbR expression was performed. Histograms are
shown with overlay of unstained samples and samples only stained with secondary antibody
as control (2nd). As additional controls, cell lines positive for LTbR expression (HepG2
human hepatocellular carcinoma cell line) and negative (HEK human embryonic kidney cells)
were tested. (B) HK-2 cells were exposed to rising concentrations of anLTbR agonistic
antibody (in µg/ml) or control IgG for 6 or 24 hours. The mRNAs for CCL2 and CCL5
were quantified by real- time RT-PCR and depicted as fold change compared to medium
control samples (ctr). Statistical analysis was performed using GraphPad Prism software
with one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001. All experiments were done in triplicate. (C)
Supernatants of 24h stimulation from experiment (B) were tested for CCL2 and CCL5 protein
expression by ELISA. Results are shown as concentration [pg/mL]. Statistical analysis was
performed using GraphPad Prism software with one-way ANOVA analysis and Holm-Sidak’s
multiple comparison post-test. Significance: ∗p < 0.05, ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001. All
experiments were done in triplicate.
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6.1.5 PEC cells are also capable of LT expression and respond to
LTbR mediated stimulation

Single PEC cells and cells of crescents in cGN samples were found to be positive for
LTb protein expression (Fig. 6.6A left white arrows). LTbR protein was also expressed
in PEC cells and cells of crescents (Fig. 6.6A middle and data not shown). LTbR ex-
pression and LTb expression in glomeruli overlapped (Fig. 6.6A right) indicative of LTb
expression in LTbR-positive PEC cells. To further confirm LTb expression by PEC cells
under inflammatory conditions, a murine PEC cell line was stimulated with TNFa with
or without IFNg, and LTb mRNA levels were detected (Fig. 6.6B). A strong increase
could already be detected for TNFa expression 6h post-treatment which declined over
time. Additional treatment with IFNg did not influence expression, as observed with
TEC cells.

In addition, protein expression of LTbR on PEC cells was proven by surface FACS
staining (Fig. 6.6C). As controls, 10T1/2 and Jurkat cell lines were stained the same way
as PEC cells. PEC cells showed strong expression of LTbR compared to unstained and
2nd antibody control. But also compared to the positive control cell line 10T1/2, the
fluorescence intensity shift in between the controls and the LTbR stain was much higher
in PEC cells. As expected Jurkat cells did not show any shift above the 2nd antibody
control sample. Therefore, staining of PEC cells revealed high expression level of LTbR
on the surface. To test the functionality of LTbR, PEC cells were stimulated using
an agonistic LTbR-specific antibody. Indeed stimulation led to a massive increase in
mRNA levels 6h after treatment which was maintained until 24h (Fig. 6.6D). Significant
amounts of CCL2 protein could also be detected in supernatants of PEC cells 24h post-
treatment. (Fig. 6.6E). Therefore, LTbR signaling provides a new pathway of PEC cell
activation and induction of chemokine production.

The results of this study revealed a novel role of lymphotoxin in chronic inflammatory
kidney diseases: It could be shown that tubular epithelial cells and mesangial cells are ca-
pable of producing lymphotoxin under inflammatory conditions. Expressed lymphotoxin
- either from inflammatory or kidney cells themselves - was able to induce further cy-
tokine and chemokine production by kidney cells thereby providing a new feed-forward
loop supporting or maintaining chronic inflammation. By blocking lymphotoxin in a
murine model of lupus nephritis, significant improvement of kidney function could be
achieved (data published) confirming in vitro data obtained here.48 Another interesting
finding is that parietal epithelial (PEC) cells were also capable of reacting to LTbR
stimulation by chemokine expression. Proliferating, activated PEC cells are the ma-
jor components of crescents in kidney glomeruli, and we could show high expression of
LTbR on crescents. Therefore LTbR-induced signaling not only supports maintenance
of chronic kidney inflammation but might also be involved in tissue remodeling processes
associated with inflammation-induced kidney failure. This hypothesis will be the subject
of further investigations.
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Figure 6.6: PECs express LTb as well as LTbR and respond to LTbR stimulation with
chemokine production in vitro: (A) Double immunofluorescence is illustrated on a
renal biopsy with cGN for LTb (left), LTbR (middle) and overlay in (right). Expression of
LTb in parietal epithelial cells (white arrowhead) could be detected. LTbR is also expressed
by parietal cells and shows overlap with LTb staining (white arrowhead). (B) PECs were
exposed to medium (ctr), TNFa (25ng/ml), IFNg (1000U/ml) or a combination of TNFa
and IFNg for 6, 12 and 24 hours. All experiments were performed in triplicate. LTb mRNA
was quantified by real-time RT-PCR and depicted as fold change compared to medium con-
trol samples (ctr). Statistical analysis was performed using GraphPad Prism software with
one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05, ∗ ∗ ∗p < 0.001. (C) FACS analysis of mPEC cells for LTbR expression was per-
formed. Histograms are shown with overlay of unstained samples and samples only stained
with secondary antibody as control (2nd). As additional controls, cell lines positive for LTbR
expression (10T1/2 murine fibroblast cell line) and negative (Jurkat murine T-cell leukemia
cell line) were tested. (D) PECs were exposed to rising concentrations of LTbR agonistic
antibody; control IgG (corresponding to the highest concentration of the agonist in µg/ml)
or medium (ctr) for 6 or 24 hours. CCL2 mRNA was quantified by real- time RT-PCR and
depicted as fold change compared to ctr. Statistical analysis was performed using Graph-
Pad Prism software with one-way ANOVA analysis and Holm-Sidak’s multiple comparison
post-test. Significance: ∗ ∗ p < 0.01, ∗ ∗ ∗p < 0.001. (E) Supernatants of 24h stimula-
tion from experiment (C) were tested for CCL2 protein expression by ELISA. Results are
shown as concentration [pg/mL]. Statistical analysis was performed using GraphPad Prism
software with one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test.
Significance: ∗ ∗ ∗p < 0.001. All experiments were done in triplicate.
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6.2 The role of lymphotoxin-driven chronic inflammation
on skeletal muscle function

IIM patients suffer from severe loss of muscle function due to inflammation induced
muscle mass loss. Although as well suffering from skeletal muscle inflammation, IBM
patients in contrast to the other IIM entities do not respond to anti-inflammatory treat-
ment. As a hallmark feature these patients show defects in skeletal muscle proteostasis
leading to the formation of protein aggregates and muscle fiber degeneration. Therefore
a primary role of inflammation in IBM pathology is doubted. LTs are present in all
types of IIMs and LTbR induced signaling pathways are known to be linked with skele-
tal muscle homoeostasis. Therefore, the aim of this project was to investigate a possible
role of LTbR-dependent signaling in chronic skeletal muscle inflammation with a focus
on its contribution to the different pathologies.

6.2.1 Lymphotoxin beta receptor signaling is activated in human
idiopathic inflammatory myopathy patients

Human biopsy samples of skeletal muscle from patients suffering from Polymyositis
(PM), Dermatomyositis (DM) and inclusion body myositis (IBM) were analyzed us-
ing immune- and histochemical methods. Representative pictures are shown in Fig.
A. Hematoxylin - eosin (HE) staining was performed to analyze tissue structure and
inflammation. We found strong infiltration of immune cells in biopsies from PM pa-
tients. Inflammatory infiltrates were found in between single muscle fibers (endomysial
inflammation) and single fibers were invaded by immune cells (Fig. 6.7A black arrow).
In contrast, DM patients showed infiltration of inflammatory cells alongside the vessels
with larger infiltrates found mainly around bigger vessels (perivascular inflammation)
which can be seen in the different IHC stainings. As shown in HE staining, peripheral
fibers (Fig. 6.7A white stars) were more affected by myopathic changes than central
ones (Fig. 6.7A white arrowheads), indicated by decreased fiber size diameter. Vacuolar
degeneration - a hallmark of IBM - could be found in HE staining of patient samples. In
addition IBM samples showed endomysial inflammation and signs of fibrosis. All three
entities showed increased variation in fiber size diameter and muscle tissue replacement
by fat tissue (not shown) as signs of myopathic changes. In summary, the human sam-
ples investigated were representative of the previously described pathological changes
characteristic of each disease group: PM, DM and IBM.

To investigate the presence of LTbR-dependent signaling in inflammatory myopathic
diseases expression of the LTbR ligands LTb and LIGHT was analyzed by immunohisto-
chemistry (IHC) on patient tissue sections. Strong expression of both LTb and LIGHT
by infiltrating inflammatory cells could be found in all 3 entities. Nuclear translocation
of RelB is indicative for activation of non-canonical NF-kB signaling - a downstream sig-
naling pathway of the LTbR. By IHC analysis nuclear staining of RelB in inflammatory
cells (Fig. 6.7A white stars) of all 3 diseases could be detected. One major difference was
that single RelB positive muscle fiber nuclei (Fig. 6.7A white arrowhead) were only found
in IBM patients, which could be differentiated by their position in between fibers and
their elongated shape from rounded nuclei of infiltrating inflammatory cells (Fig. 6.7A
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inserts). Activation of non-canonical NF-kB signaling was further proven by expression
of CCL-17, a downstream target of the LTbR, in all 3 entities which could be found in
inflammatory cells and also myonuclei. As expected, samples of patients without skeletal
muscle inflammation and only minor histological changes (MHC cases) did not display
expression of any of the targets tested (Fig. 6.7B).

Figure 6.7: Histological analysis of human patient material: (A) Representative pictures of paraf-
fin sections from human skeletal muscle biopsies of patients suffering from polymyositis (PM),
Dermatomyositis (DM) or inclusion body myositis (IBM). Numbers of analyzed patient sam-
ples PM [n = 5]; DM [n = 3]; IBM [n = 6]. Inserts show translocated RelB in lympho-
cytes (PM, DM) and myonuclei (IBM) (B) Representative pictures of negative control slides
(Human skeletal muscle biopsies from patients not suffering from inflammatory myopathic
diseases). Number of analyzed samples MHC [n = 2].

In addition, RNA expression analysis from patient material of all 3 entities was per-
formed and compared to results from MHC cases (Fig. 6.8). Likewise, mRNA expression
of the LTbR ligand LTa could be detected by quantitative PCR in all 3 entities with
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significant up-regulation compared to MHC cases found in PM. Expression in PM in
addition was significantly higher than in IBM and DM. In contrast, LTb and LIGHT
mRNAs were expressed in PM and IBM samples but without significant increase com-
pared to MHC case or to each other. Expression of TNFa mRNA was detectable in all
3 entities at comparable levels but without significant increase compared to MHC cases.
Downstream targets of LTbR - the chemokines CCL17 and CCL19 - were expressed in
all 3 entities. For CCL17 only IBM cases showed major increase (> 10-fold on aver-
age) in mRNA expression reaching significance compared to DM but not MHC or PM
cases. CCL19 transcript was strongly increased - at least 50-fold on average- in all 3
entities with PM group showing the strongest induction and the IBM group the least.
Nevertheless, none reached significance compared to MHC cases. For CCL2 mRNA, we
found expression in all 3 entities with the PM group showing the highest induction -
around 20-fold on average. This was significantly higher than the expression in IBM
group which showed only a 3-fold increase on average compared to MHC cases. Like
CCL-19, strong expression of CCL20 could be detected in all 3 entities with the DM
group showing highest induction and the PM group lowest. But as for CCL-19 mRNA,
significant elevations in expression compared to MHC case were not observed.

Figure 6.8: RNA expression analysis of human muscle tissue: Quantitative PCR analysis of
human skeletal muscle tissue samples. Results are shown as fold-change expression compared
to MHC case levels. Group size: PM [n = 8]; IBM [n = 21]; DM [n = 16]; MHC [n = 6]
Statistical analysis was performed using GraphPad Prism software with one-way ANOVA
analysis and Holm-Sidak’s multiple comparison post-test. Significance: ∗p < 0.05; ∗ ∗ p <
0.01.

In summary, LTbR dependent signaling is activated during the pathogenesis of chronic
inflammatory myopathic diseases. To further investigate its specific role in pathology a
mouse model of chronic myositis was generated based on the muscle-specific overexpres-
sion of the LTbR ligands LTa and LTb.

6.2.2 The human skeletal actin promoter sequence efficiently mediates
muscle specific lymphotoxin expression

For generation of skeletal muscle-specific LT transgenic mice, a promoter fragment of
the human skeletal actin (HSA) gene previously shown to drive skeletal muscle tissue-
specific gene expression was used.427,428 HSA promoter in pcDNA3.1 (+) plasmid was
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kindly provided by Edna Hardeman and molecular cloning - performed by Dr. Juliane
Bremer and Dr. Monika Wolf - is shown in Fig. 6.9

In brief:

I LTa and LTb open reading frames were independently cloned into the multiple
cloning site of the pcDNA3.1 plasmid using BamHI (B) and EcoRI (E) cut sites.
Therefore PCR products of LT cDNA sequences with overhangs containing BamHI
(B) and EcoRI (E) recognition sites were generated. An additional AscI (A) site
was introduced in between LTa or LTb 3´stop codon and the EcoRI overhang.
Cloning into HSA construct was performed by BamHI/EcoRI digest of the vector
and PCR products and following ligation.

II Subsequently, the SV40 polyA sequence from vector pPLP was excised and cloned
into HSA-LTa and HSA-LTb using AscI and NotI.

III For microinjection, expression cassettes were excised from pHSA-LTa and pHSA-
LTb respectively by ClaI/NotI digests.

Of each vector 100µg DNA was digested and separated on an agarose gel (Fig. B).
Bands of respective size were excised from the gel and DNA was extracted. Purity of
DNA fragments was determined by NanoDrop measurement. A260/280 and A260/230 ab-
sorption level for both elutes showed optimal values of around 1.9 or 2.0-2.2 respectively.
Purified expression cassettes of both constructs were mixed in equimolar ratios and mi-
croinjected into the pronuclei of fertilized C57BL/6 oocytes. Oocytes were implanted
into foster mothers, and offspring were screened for transgene expression. Microinjec-
tions were performed by Professor Thomas Rülicke at the Veterinary University Vienna.
Molecular cloning and screening of transgenic founders was done by Dr. Juliane Bremer
and Dr. Monika Wolf (Institute of Neuropathology, University Hospital Zurich).

In total 8 different transgenic founders were obtained from microinjection as seen in
Fig. 6.9C. Unfortunately, two founders (#35 and #48) either did not show germline
transmission or showed segregation of transgene expression in F1 generations. There-
fore, they could not be used for further analysis (indicated by grey color). The first
three founder lines (#8; #19; #22) obtained were further investigated for expression
levels and tissue specificity of the transgenes by quantitative RNA expression analysis
in comparison to non-transgenic B6 mice (Fig. 6.9C and D). All three lines displayed
strong expression of LTa and LTb in skeletal muscle compared to B6 mice. However,
line #22 showed strong unspecific expression in heart, kidney, lung and brain. Also line
#19 showed unspecific expression in brain and additionally low expression in lung and
liver.

To test if the expressed transgenic RNA is translated into functional protein, mRNA
expression analysis of the LT-induced genes TNFa, CXCL-13 and CXCL-1 was per-
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Figure 6.9: Generation of a skeletal muscle specific LT transgenic mouse line: (A) Cloning
strategy for generation of transgenic expression cassettes. Elements used: -2000HSA237 =
human skeletal actin promoter fragment ranging from -2000 to +237 from transcriptional
start site; LTa/b CDS = coding sequence of LTa/LTb; SV40AAA = polyA signal derived
from SV40; Restriction enzyme recognition sites: C=ClaI; H=HindIII; B=BamHI; E=EcoRI;
N=NotI; A=AscI all sites are intact and can be used for further cloning. (B) Overview of all
double transgenic lines resulting from microinjection; lines in grey showed missing germline
transmission or multiple integration events. (C) Quantitative PCR analysis of LTa gene
expression in different founder lines and tissues. Per line [n = 2] individuals were analyzed
in triplicates. Data shown as fold-change compared to normal B6 mice. (D) Quantitative
PCR analysis of TNFa, CXCL1 and CXCL13 gene expression in different founder lines. Per
line [n = 3] individuals were analyzed in triplicates. Data shown as fold-change compared to
normal B6 mice.
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formed on the different founder lines. TNFa mRNA was induced in both skeletal and
heart muscle in comparable amounts in line #8 and #19 whereas line #22 showed less
induction in skeletal compared to heart muscle. CXCL-1 was more strongly induced in
heart muscle as compared to skeletal muscle and induction was comparable in all three
lines. Expression of CXCL-13 mRNA was strongly induced in skeletal muscle tissue of
all three lines, but expression was also induced in heart muscle albeit at a lower level.
Expression of CXCL13 in heart muscle did not differ in between the different lines. Ex-
pression of different LT-induced genes could be found in transgenic animals, indicating
successful translation of transcribed transgenic LT RNA into protein. For further anal-
ysis, we decided to focus on the muscle-specific transgenic lines #8 and #19, but due
to less efficient breeding of line #8, further characterizations could only be performed
using line #19.

6.2.3 HSA LTab transgenic line #19 shows strong and constant
transgene expression

As described above line #19 showed strong expression of the LTa transgene in skeletal
muscle tissue. To determine the cellular localization of muscle-specific LT expression
in our transgenic mice, we performed RNA in situ hybridization on muscle sections of
3, 6 and 10 month old transgenic mice. Strong staining was found around myonuclei
and along muscle fibers (Fig. 6.10A). Infiltrating lymphocytes (black asterisks) were
positive for LTa and LTb but endothelial cells or fibroblasts did not express LTa or LTb
(Fig. 6.10B). Transgene mRNA expression levels did not alter over time which could be
confirmed by quantitative PCR analysis (Fig. C). In addition, we measured LTa protein
concentration in muscle tissue lysates by ELISA (Fig. 6.10D) confirming qPCR results.
Hence, HSA-LTab transgenic line #19 shows a strong and constant expression of LTa
and LTb in skeletal muscle tissue.
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Figure 6.10: Characterization of transgene expression in skeletal muscle of HSA LTab#19:
(A) RNA in-situ hybridization of paraffin sections from M.quadriceps for LTa and LTb
of 3, 6 and 10 month old mice. Pictures of muscle fibers and endothelial cells (B) are
shown. (C) Quantitative PCR analysis of transgene expression at indicated time points.
Data are shown as fold-change compared to non-transgenic littermates (+/+). Statistical
significance was tested using GraphPad Prism t-test analysis. Significance: ∗p < 0.05; ∗∗p <
0.01; ∗∗∗p < 0.005; ∗∗∗∗p < 0.001. (D) LTa ELISA with skeletal muscle tissue homogenate
from indicated time points and genotypes. Data are shown as ng LTa3/LTa1b2/LTa2b1

protein per mg total protein. Statistical significance was tested using GraphPad Prism
t-test analysis. Significance: ∗p < 0.05; ∗ ∗ p < 0.01.
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6.2.4 Skeletal muscle-specific lymphotoxin expression induces cytokine
and chemokine expression leading to infiltration of immune cells
and expression of MHCI

Histological analysis of skeletal muscle tissue revealed strong and increasing influx of
inflammatory cells over time into the tissue of HSA-LTab transgenic mice (Fig. 6.11A
HE). Infiltrates were mainly found around vessels and peripheral fibers (perivascular
and - mysial regions). In addition focal invasion of fibers by immune cells - similar
to what has been found in PM samples - could be found (Fig. 6.11A HE 6M white
star). Infiltrates were positive for the T-cell marker CD3, as well as for B-cell marker
B220 (Fig. 6.11A). MHCII staining exhibited infiltrates of myeloid cells in between mus-
cle fibers (endomysial infiltration). Quantification of CD3 and B220 staining showed
increasing influx of lymphocytes over time. In contrast, MHCII+ cells were continu-
ously increased from the age of 3 month (Fig. 6.11B). In some animals, perivascular T-
and B-cell infiltrates reached substantial size and showed signs of follicular structures
(Fig. 6.11C).

RNA in situ hybridization for LTbR mRNA was performed to determine which cells re-
spond to expressed LT in transgenic animals (Fig. 6.12A). Only a small amount of LTbR
RNA was detected in muscle fibers of transgenic and non-transgenic animals without
any change in expression over time or between genotypes. RNA expression levels were
confirmed by quantitative PCR analysis. To explore if expression level in skeletal mus-
cle is sufficient to drive NF-kB signaling in transgenic animals, paraffin sections were
stained for RelA and RelB and analyzed for nuclear translocation (Fig. 6.12B). For RelA,
no positive myonuclei were found. In contrast, for RelB single myonuclei appeared to
be positive at 3 and 6 month but not at later time points. Additionally, translocation
of both RelA and RelB could be detected in inflammatory infiltrates and endothelial
cells (Fig. 6.12B lower panel). Endothelial translocation of RelA and RelB was strong
and independent of the time point analyzed. RelB translocation in endothelial cells
was specific to transgenic animals, whereas endothelial RelA activation also existed in
non-transgenic animals. Therefore, transgenic LT activated LTbR dependent signaling
on myeloid cells inside of inflammatory infiltrates, endothelial cells and skeletal muscle
fibers itself.
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Figure 6.11: Histological analysis of LT transgenic mice: (A) Representative pictures of paraf-
fin sections from M.quadriceps of LT transgenic and control animals. Analyzed samples
[n = 4] per genotype and time point. (B) Quantification of IHC staining: CD3 and B220
positive cells were counted manually. Results are shown as positive cells/area. MHCII pos-
itive stained area was quantified using TissueIA software. Results are shown as % positive
area. Statistical significance was tested using GraphPad Prism t-test analysis. Significance:
∗p < 0.05; ∗ ∗ p < 0.01 (C) Representative pictures of a perivascular infiltrate with follic-
ular structure. Pictures shown are from serial sections of M. quadriceps of a 6 month old
transgenic animal.



82

Figure 6.12: Activation of NF-kB signaling in transgenic muscle: (A) LTbR RNA in situ hy-
bridization on paraffin sections of M.quadriceps from transgenic animals and littermate
controls. Quantitative PCR analysis of LTbR mRNA expression in skeletal muscle tis-
sue from transgenic and non-transgenic littermates at indicated ages. Results are shown
as fold-change compared to non-transgenic animals. Statistical significance was tested us-
ing GraphPad Prism t-test analysis. (B) RelA and RelB IHC on paraffin sections of
M.quadriceps from transgenic animals and a 10 month old littermate control. Upper row:
Skeletal muscle tissue with myonuclei shown in inserts cation. Lower row: Skeletal muscle
vasculature.
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Activation of NF-kB signaling seemed to induce cytokine and chemokine expression
in skeletal muscle as we found infiltration of immune cells. Quantitative RNA expres-
sion analysis indeed showed quite a distinct pattern of inflammatory gene expression in
transgenic compared to non-transgenic animals (Fig. 6.13 A): Some inflammatory genes
showed constant upregulation of mRNA expression over time (class I) as for example the
LTbR ligand LIGHT and its non-canonical downstream target CCL-19. Other mRNAs
were initially induced but downregulated at late time points (class II) like the RNAs
of TNFa and IL-1b - both activators of canonical NF-kB signaling. A third group was
induced only at early time points (class III) as found for the TNF superfamily members
TWEAK and TRAIL but also TGFb and IFNg. Downregulation of IFNg mRNA level
seemed to be especially interesting, as it declined from more than a 30-fold increase at
the 3 month time point to more or less equal levels with non-transgenic animals from
the 6 month time point on. The last group of genes were strongly induced at early time
points, showed a reduction in expression at the 6 month time point and were again up-
regulated at late time points (class IV). It comprised the chemokines CCL2 and CCL17
as well as the TNFa superfamily member BAFF.

As we found LTbR expression in skeletal muscle fibers and activation of non-canonical
NF-kB signaling we were wondering if LTab might be capable to induce chemokine and
cytokine expression by myofibers itself. We used an easy and well-established in vitro
system of myotube generation - the C2C12 myoblast cell line. C2C12 myoblasts express
intermediate levels of LTbR compared to murine fibroblast cell line 10T1/2 - a LTbR
high-expressing cell line (Fig. 6.13B). Expression in the LTI cell line which is known
to be negative for LTbR, was used as a reference. During differentiation of C2C12
cells into myotubes no change in LTbR expression could be detected over time. After
stimulation of differentiated C2C12 myotubes for a period of 7 days with an agonistic
LTbR antibody (ACH6) or isotype control processing of p100 towards p52 and RNA
expression of different inflammatory mediators was analyzed (Fig. 6.13C and D). Indeed
ACH6 treated samples showed strong cleavage of p100 towards p52 and expression of
CCL2 RNA. There was no expression of LTa, LTb, LIGHT, TNFa, TWEAK, CCL17
and CCL19 RNA detectable in C2C12 derived myotubes (all Ct values > 35 cycles data
not shown) either with or without treatments. These data indicate that muscle fibers
might be able to contribute to cytokine and chemokine expression but major part most
likely will be taken over by activated endothelial cells and infiltrating inflammatory cells.
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Figure 6.13: Expression analysis of inflammatory mediators: (A) Quantitative PCR analysis of
different mRNA targets in skeletal muscle tissue from transgenic and non-transgenic lit-
termates at indicated ages. Results are shown as fold-change compared to non-transgenic
animals. Statistical significance was tested using GraphPad Prism t-test analysis. Signifi-
cance: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.005; ∗∗∗∗p < 0.001. (B) Quantitative PCR analysis
of LTbR mRNA expression in C2C12 myoblasts (undiff) and C2C12-derived myotubes dif-
ferentiated for different time points (D3 = day3). As a positive control 10T1/2 cells were
analyzed. Results are shown as fold-change compared to negative control (LTI cell line).
Data shown are from a single experiment. (C) Western Blot analysis of C2C12 derived
myotubes differentiated for 7 days and stimulated with ACH6 or isotype control for another
7 days. Pictures shows a representative blot of [n = 3]. (D) Quantitative PCR analysis
of C2C12 derived myotubes differentiated for 7 days and stimulated with 1µg/ml ACH6
or HA48 isotype control for further 6 days. Results are shown as fold-change compared to
untreated. Statistical significance was tested using GraphPad Prism t-test analysis. Sig-
nificance: ∗p < 0.05. Upper row: Skeletal muscle tissue with myonuclei shown in inserts
cation. Lower row: Skeletal muscle vasculature.
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Increased expression of IFNg can be found in IIM patients and it was shown that IFNg
induces MHCI expression on muscle fibers in vitro.429–434 As IFNg was also present in
transgenic animals and expression of MHCI on skeletal muscle fibers is a characteristic
feature of IIM435–440, IHC for MHCI (Fig. 6.14A) was performed on muscle sections of
transgenic animals and control animals. Indeed, significant up-regulation of MHCI at all
time points could be detected when quantifying the stained area (Fig. 6.14B). To con-
firm these results, quantitative PCR analysis was performed and the increase in MHCI
expression could be verified on RNA expression level. Expression also correlated with
RNA expression of the MHCI chaperone β2-microglobulin (Fig. 6.14C).

These data indicate that, in line with human data, and for the first time in a model
of chronic muscle inflammation, non-canonical NF-kB signaling is activated in different
cells of muscle tissue resulting in inflammatory gene expression and recruitment of in-
flammatory cells. In vitro experiments indicated a direct contribution of skeletal muscle
fibers themselves towards cytokine and chemokine expression. Upregulation of MHCI on
muscle fibers was also detected, probably induced by expression of IFNg in transgenic
animals.

Figure 6.14: Myofibers of LT transgenic mice upregulate MHCI: (A) IHC of cryosections from
M.quadriceps of transgenic animals and littermate controls. Inserts showing MHCI+ fibers
(B) Quantification of MHCI staining performed with TissueIA software. Statistical signifi-
cance was tested using GraphPad Prism t-test analysis. Significance: ∗p < 0.05; ∗∗p < 0.01.
(C) Quantitative PCR analysis of skeletal muscle tissue from transgenic and non-transgenic
littermates at indicated age. Results are shown as fold-change compared to non-transgenic
animals. Statistical significance was tested using GraphPad Prism t-test analysis. Signifi-
cance: ∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005.
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6.2.5 Chronic skeletal muscle inflammation influences muscle
development and muscle function

To understand if the observed changes in transgenic mice led to any functional con-
sequences, further analyses were performed. Body weight analysis of transgenic and
non-transgenic littermates showed a decreased gain in body weight in transgenic mice al-
though starting with more or less the same weight as non-transgenic litters (Fig. 6.15A).
In addition, the muscle weight of M.quadriceps was significantly lowered as early as
at 4 weeks of age in transgenic mice (Fig. 6.15B). The same results were obtained for
M.gastrocnemicus and M. triceps (data not shown). The muscles of the fore and hind
limbs were used for analysis as these can be easily dissected in a reproducible manner by
cutting along the outer muscle fascicle layer. Although slightly increasing - from 0.0.78
g at 4 weeks to 0.12 g at 3 month - muscles of transgenic mice did not gain weight
as rapidly as those of non-transgenic animals (Fig. 6.15C). Analysis of fiber diameter
size revealed increased fiber size variation in transgenic animals compared to littermate
controls (3 and 6 months) and a decreased overall fiber size in old transgenic animals
(Fig. 6.15D).

Figure 6.15
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Figure 6.15: HSA LT transgenic mice show impaired muscle development: (A) Body weight
curves of male and female mice comparing transgenic (LT tg/+) to wild type (+/+) animals.
[n = 6] per group (B) and (C) Muscle weight of M. quadriceps at indicated time points
and from indicated genotypes. Statistical significance was tested using GraphPad Prism t-
test analysis or one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test.
Significance: ∗p < 0.05; ∗ ∗ ∗ ∗ p < 0.001. (D) Muscle fiber diameter was measured on HE
stained cryosections (200 fibers per animal; [n = 4] animals per group) and results were
grouped. Percentage of total fibers with respective sizes were calculated and plotted.

Decreased muscle mass and muscle fiber size indicated a negative influence of LT over-
expression on myogenic differentiation. Indeed RNA expression of myogenic transcrip-
tion factor MyoD was significantly decreased by the 6 month time point (Fig. 6.16A).
In contrast, mRNA expression of myogenin another transcription factor of the myogenic
program was consistently upregulated in transgenic mice. Expression analysis of the
satellite cell marker Pax7 showed a decrease in transgenic animals with ongoing deple-
tion over time. A similar result was obtained for the regeneration marker TIMP3, which
was significantly upregulated at 3 months time point but at 10 months was massively
decreased compared to non-transgenic littermates. Turning back to the in vitro system
of C2C12-derived myotubes a blockade of myoblast fusion was observed when differen-
tiated under ACH6 treatment (Fig. 6.16B). In light microscopy, formation of myofibers
could be clearly seen after 7 days of differentiation. This was completely blocked by
ACH6 treatment. As a control, isotype control antibody was added. This did not in-
hibit myoblast fusion or myotube formation. Analysis of C2C12-derived myotubes for
RNA expression of myogenic markers revealed no significant difference in Pax7 RNA
expression in between normally differentiated and ACH6-treated myotubes (Fig. 6.16C).
Also, no significant decrease in MyoD or TIMP3 RNA expression could be detected.
But for all 3 genes a trend was seen for lower expression due to ACH6 treatment. In-
terestingly, Myogenin mRNA was also found to be significantly decreased in the in vitro
setting.

As there were indications of ongoing regenerative processes in skeletal muscle of trans-
genic mice a possible influence on fiber type composition was considered. To further in-
vestigate this, quantitative PCR analysis for RNA expression of different myosin isotypes
(Fig. 6.16D) in skeletal muscle of transgenic and non-transgenic animals was performed.
Slight induction of the isoforms MyH1 and MyH2 at the 6 month time point could be de-
tected without reaching significance. MyH4 was induced at all time points analyzed but
reached significance only from 6 months on. The strongest upregulation was observed
for MyH7. At the 6 month time point, a ˜6-fold increase in mean compared to non-
transgenic littermates could be detected but it did not reach significance. These results
indicated an influence of LT overexpression on expression of myosin isoforms resulting
in altered fiber type composition of skeletal muscle.
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Figure 6.16
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Figure 6.16: LT-induced chronic inflammation influences skeletal muscle regeneration, fiber
type composition and function: (A) Quantitative PCR analysis of skeletal muscle tis-
sue from transgenic and non-transgenic littermates at indicated age. Results are shown as
fold-change compared to non-transgenic animals. Statistical significance was tested using
GraphPad Prism t-test analysis. Significance: ∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗ ∗ p < 0.001. (B)
Light microscopy pictures taken at 20X magnification of C2C12 cells differentiated over a pe-
riod of 7 days with indicated treatments (Diff= differentiated; Diff+ISO= differentiated with
isotype control treatment 1µg/ml HA48; Diff+ACH6= differentiated with ACH6 treatment
1µg/ml). (C) Quantitative PCR analysis of myotubes differentiated with different con-
ditions (UT= untreated; ISO=differentiated with HA48 treatment; ACH6= differentiated
with ACH6 treatment). Results are shown as fold-change compared to untreated. Statistical
significance was tested using GraphPad Prism t-test analysis; [n = 6]replicates per group.
Significance: ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005. (D) Quantitative PCR analysis of skeletal muscle
tissue from transgenic and non-transgenic littermates at indicated age. Results are shown
as fold-change compared to non-transgenic animals. Statistical significance was tested using
GraphPad Prism t-test analysis. (E) Functional analysis of transgenic animals compared
to non-transgenic animals. Each data point represents a single animal tested. Each animal
was tested for gripth strength, hanging wire and Rotarod. Statistical significance was tested
using GraphPad Prism t-test analysis. Significance: ∗p < 0.05; ∗ ∗ p < 0.01.

The next question was, whether these changes in muscle development and fiber type
composition would have an influence on skeletal muscle function. Therefore, muscle
function tests were performed to measure maximum muscle force level, endurance power
and coordination. Grip strength measurements were performed by Dr. Thomas Blank
(Institute of Neuropathology, University Hospital Freiburg) to analyze maximum muscle
force level. It was found to be significantly decreased from 6 months on in transgenic
animals. Endurance power was tested using a hanging wire assay performed by Dr.
Thomas Blank and also by myself. In this assay, transgenic animals by the age of
3 months already showed significantly impaired function. By these assays, functional
disability of transgenic muscle tissue was shown (Fig. 6.16E). When tested in the Rotarod
assay by Dr. Thomas Blank, no difference could be detected between transgenic and
non-transgenic animals, indicating no influence of transgene expression on coordination
capabilities of the animals.

6.2.6 Intrafibrillar protein aggregates and induction of autophagy and
ER stress in aged HSA LT transgenic mice

Trichrome - Gomorri is a classical staining of muscle biopsy used to detect degenera-
tive structures like intrafibrillar aggregates and rimmed vacuoles found in human IBM
patients. Since decreased muscle mass and fiber size in transgenic mice indicated on-
going degenerative processes, Trichrome-Gomorri staining of muscle cryosections was
performed. Red inclusions inside fibers were found in skeletal muscle of transgenic
mice from 6 month of age (Fig. 6.17A white arrowheads). In 10 month-old and older
animals’ inclusions embedded in vacuolar structures were found (Fig. 6.17A white as-
terisks) resembling rimmed vacuoles in human IBM patients. No inclusions were found
in non-transgenic littermates until the age of 10 month. To further confirm that these
structures were similar to inclusions in human IBM patients, staining for Ubiquitin and
p62 on skeletal muscle were performed. Ubiquitin-positive intrafibrillar inclusions ap-
peared from 6 month of age on, as did inclusions in trichrome staining (Fig. 6.17B).
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However, these early inclusions did not show vacuolar structure (Fig. 6.17B green arrow
head). In contrast, in 10 month-old animals, these structures existed (Fig. 6.17B red ar-
row head). Staining of p62 did not show intrafibrillar aggregates except at 10 months in
one out of 7 animals, which is shown in Fig. 6.17B (green arrow head). However, trans-
genic animals showed single fibers with more intense staining which was not found in
control littermates. To investigate if p62 expression was increased in transgenic animals,
Western blot analysis was performed using the same antibody as used for IHC analysis
(data not shown). No signal at all could be detected in 3 independent experiments.

These data indicated chronic inflammation induced aggregation of ubiquitinated pro-
teins in skeletal muscle fibers of transgenic animals similar to what can be found in
human IBM patients. Since mice did not develop severe myopathic disease, in con-
trast to human IBM patients, we considered the possibility that muscle fibers might
evolve mechanisms to counterbalance protein aggregation. Two main pathways of skele-
tal muscle protein degradation were analyzed: autophagy and proteasomal degradation
(Fig. 6.17C). No increase of E3-ubiquitin ligases MuRF1 or Atrogin-1 could be detected.
In contrast Atrogin-1 was significantly downregulated from the 6 month time point on
when the first aggregates appeared. Autophagy was the pathway triggered, as a sig-
nificant induction of ATG5 at 3 and 6 month time point was detected. Also Beclin-1
was significantly upregulated at 6 months. ATG12 showed an increased expression at
6 months but without reaching significance. All autophagy-related genes did not show
any further increase at the 10 month time point compared to non-transgenic animals.
Expression of the lysosomal protease cathepsin B and mTOR were also analyzed, but
no differences in expression in between transgenic and non-transgenic animals could be
detected.
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Figure 6.17: HSA LT transgenic mice develop protein aggregates and autophagy: (A) Cryosec-
tions of M.quadriceps from transgenic mice and littermate controls werde stained for
Trichrome-Gomorri. Blue stains proteinacious structures (muscle fibers), and red stains
lipophillic structures (mitochondria, membranous structures) Representative pictures are
shown. (B) Representative pictures of ubiquitin- and p62-stained paraffin sections at indi-
cated time points. (C)Quantitative PCR analysis of skeletal muscle tissue from transgenic
and non-transgenic littermates at indicated ages. Results are shown as fold-change com-
pared to non-transgenic animals. Statistical significance was tested using GraphPad Prism
t-test analysis. Significanc: ∗ ∗ p < 0.01.
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Misfolded proteins induce stress responses via the ER and mitochondria which is
known as “unfolded protein response” (UPR). Next, expression of genes related to UPR
was analyzed to see if protein aggregation in transgenic mice induced ER stress and
triggered UPR (Fig. 6.18). Significantly increased expression of ATF3 was detected at all
time points analyzed. In addition increased levels of Ero-1 could be detected at early time
point and of Chop and NRF2 at late time points. All four genes are downstream of PERK
mediated ER stress response. In contrast, ATF4 and GADD34 additional genes involved
in the PERK dependent UPR signaling pathway did not show increased expression. IRE1
dependent induction of XBP-1 splicing was not detected. In contrast, both unspliced and
spliced XBP-1 transcripts were significantly decreased. Data obtained therefore indicate
that protein aggregation induced by chronic inflammation induces ER stress and UPR
by PERK-dependent pathways.

Figure 6.18: PERK dependent UPR signaling is activated in HSA LT transgenic mice:
Quantitative PCR analysis of skeletal muscle tissue from transgenic and non-transgenic lit-
termates at indicated age. Results are shown as fold-change compared to non-transgenic
animals. Statistical significance was tested using GraphPad Prism t-test analysis. Signifi-
cance: ∗p < 0.05; ∗ ∗ p < 0.01.
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Furthermore expression of different chaperones known to be expressed in skeletal
muscle was analyzed (Fig. 6.19). The ER chaperone and sensor of misfolded proteins
Grp78/BiP was found to be significantly upregulated at the 6 month time point. In-
terestingly as for autophagy related genes no upregulation at the 10 month time point
could be detected anymore. Induction of Hsp90a at early and late time points but not at
6 month time point was found. In contrast Hsp27, a chaperone known to have protective
function during skeletal muscle atrophy was found to be significantly downregulated at
all time points analyzed. For Hsp90b, Hsp10 and Hsp60 no significant differences in
expression could be detected.

Figure 6.19: Induction of chaperones in HSA LT transgenic mice: Quantitative PCR analysis
of skeletal muscle tissue from transgenic and non-transgenic littermates at indicated age.
Results are shown as fold-change compared to non-transgenic animals. Statistical signifi-
cance was tested using GraphPad Prism t-test analysis. Significance: ∗p < 0.05; ∗ ∗ p <
0.01; ∗ ∗ ∗p < 0.005.

6.2.7 Abrogation of autophagy in HSA LT transgenic mice leads to
muscle atrophy and dysfunction

To further investigate the role of autophagy in HSA LTab#19 transgenic mice (HLT)
backcrossings to muscle-specific ATG5 deleted mice were done. To this end HLT mice
were backcrossed to ATG5 floxed mice intercrossed with a muscle specific Cre-transgenic
strain. As the Ckmm-Cre ATG5 floxed backcrossing showed lethality already around 6
months of age, a second Cre line, Acta-Cre was intercrossed with ATG5 floxed animals
and backcrossed to HLT mice. To further discriminate in between the generated strains
short forms for each genotype were used as indicated in Fig. 6.20A. First efficiency of Cre
mediated ATG5 knockdown was tested by quantitative PCR (Fig. 6.20B): Knockdown



94

of gene expression was about 90% (dotted line indicating 10% expression of +/+ control
animals) in both CA5 and double transgenic HLTCA5 at both time points. Reduction
was significant compared to +/+ wildtype controls and HLT transgenic mice but no
significant difference in between CA5 and HLTCA5 could be detected. Also expression
of lymphotoxin transgene was not altered in between HTLCA5 and HLT only trans-
genic animals as measured by quantitative PCR (Fig. 6.20C). In contrast knockdown
efficiency of Acta-Cre backcrossed ATG5 flox animals was much weaker as seen on RNA
expression level. At the age of 6 month ATG5 RNA levels were reduced only round
about 50% percent with further reduction at later time points (e.g.10 month around
75-90%). No significant differences in ATG5 reduction was found in between HLTAA5
and AA5 strains. But at late time point it seems that HLTAA5 strain showed less ef-
ficient knockdown than AA5. As already shown for HLTCA strain no reduction of LT
transgene levels could be observed in between normal transgenic strain (HLT) and in
addition ATG5 deficient mice (HLTAA5). In contrast HLTAA5 animals showed in case
of LTb at both time points even higher expression in case of LTa only at the earlier 6
month time point.

Double transgenic mice showed massive loss of muscle mass as seen in Fig. 6.20D left
picture. When body weight of all genotypes was analyzed, a significant decrease could
be detected only in LT only and double transgenic - never in ATG5-deficient only mice
compared to non-transgenic (+/+) C57BL/6 wild type animals. Compared to the HLT
or CA5 groups, HTLCA5 mice showed significantly reduced body weight at 6 months
of age. This could also be found when comparing HLTAA5 with HLT or AA5, but in
addition, a significant decrease of HLT body weight compared to AA5 could be found at
this time point. For the late 10 month time point HLTAA5 showed a significant decrease
compared to HLT but not to the AA5 group. In summary, body weight loss found in
HLT transgenic mice is exacerbated by backcrossing to muscle specific ATG5 deficient
mice.

To clarify if body weight loss may be related to a loss in skeletal muscle mass, the
muscle weight of M.quadriceps in different genotypes was compared (Fig. 6.21A). A
significant reduction of muscle mass was found in double transgenics compared to single
transgenic genotypes. For Acta-Cre-based lines, this was true for all 3 time points,
whereas Ckmm-Cre-based lines only showed significant differences at the 6 month time
point. Interestingly, when muscle mass of double transgenic lines was compared over time
for Ckmm-Cre-based lines a significant decrease could be detected. In contrast, HLT
mice only showed a blocked increase in muscle mass (Fig. 6.15C). Therefore, backcrossing
of HLT mice to CA5 mice induced an active myopathic phenotype. Volumetric MRI
analysis further proved a loss in muscle mass (Fig. 6.21B). Using specific algorithms it
was possible to reconstruct the 3D shape of M. gastrocnemicus of different animals and
quantify absolute muscle volume. These analyses were performed Dr. Regina Reimann
(Institute of Neuropathology, University Hospital Zurich) and Renaud Maire (Institute
of Pathology, University Hospital Zurich). Muscle volume of double transgenic animals
was significantly reduced in both strains compared to the control group consisting of
respective single transgenic animals. For the 10 month analysis, significance could not
be tested due to a small group size. Quantification of absolute muscle volume was
technically difficult as fat tissue surrounding skeletal muscle had to be excluded, however,
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Figure 6.20
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Figure 6.20: Skeletal muscle-specific autophagy deficiency aggravates phenotype in HSA
LT transgenic animals: (A) Backcrossing strategy HSA LT transgenic mice on an
ATG5 loxP/loxP background were backcrossed to different Cre deleter strains on an
ATG5 loxP/loxP background. Acta-Cre transgenic mice express cre-recombinase under
the human skeletal actin promoter, whereas Ckmm-Cre transgenic mice use the crea-
tine kinase promoter. (B) Quantitative analysis of ATG5 RNA expression in skele-
tal muscle tissue from different genotypes. Results shown as % expression of wildtype
(+/+) animal. Statistical significance was tested using GraphPad Prism software with
one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001. (C) Quantitative analysis of LTa and LTb
RNA expression in skeletal muscle tissue from different genotypes. Results shown as fold
change compared to wildtype (+/+) animal. Statistical significance was tested using Graph-
Pad Prism software with one-way ANOVA analysis and Holm-Sidak’s multiple comparison
post-test. Significance: ∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001. (D)
Left: Picture of 6 month old HLTCA5 transgenic mouse showing massive muscle mass loss
and kyphosis Middle and right: Analysis of body weight from different genotypes at indi-
cated time points. Statistical significance was tested using GraphPad Prism software with
one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001.

using specific densitometric analysis, this could be achieved. It was found that double
transgenic animals showed massive infiltration of skeletal muscle with fat tissue which
was not found in Cre only transgenic lines CA5 and AA5 and only slightly in HLT line.
(Fig. 6.21C). Replacement of skeletal muscle tissue by fat tissue can be found in human
inflammatory myopathy patients of all entities and is indicative of myopathic processes
in the muscle tissue.
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Figure 6.21: Double transgenic animals suffer from massive muscle mass loss and fat tis-
sue infiltration (A) Muscle weight of M. quadriceps at indicated time points and
from indicated genotypes. Statistical significance was tested using GraphPad Prism t-
test analysis or one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test.
Significance:∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.005; ∗∗∗∗p < 0.001. (B) Representative MRI
pictures and 3D reconstructions of M. gastrocnemicus from female mice of indicated age
and genotype. Statistical analysis of total volume of M. gastrocnemicus from female mice
- age and genotype as indicated. Statistical significance was tested using GraphPad Prism
one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001. (C) HE staining: Representative
picture of M. quadriceps from 6 month old HLTCA5 mouse at different magnification.
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Further histological analysis on HE stained sections of double transgenic animals re-
vealed endomysial and perivascular inflammation as found previously in HLT animals
before. In addition, slides showed signs of fibrosis not found in any single control line.
A striking feature of double transgenic muscle fibers were vacuolar structures. These
structures resembled vacuolar degeneration previously identified in human IBM patient
material (Fig. 6.22)

Figure 6.22: Double transgenic mice show inflammation, fibrosis and vacuolar degeneration:
HE staining of paraffin sections from M. quadriceps. Representative pictures of double
transgenic mice and controls and indicated time points.

Due to the signs of degeneration found in double transgenic animals, the functionality
of skeletal muscle in these animals was tested. Grip strength measurements were per-
formed by Dr. Thomas Blank to analyze maximum muscle force level. It was found to
be significantly decreased from 6 months on in double transgenic animals compared to
the control group (Fig. 6.23). Endurance power was tested again using a hanging wire
assay performed by Dr. Thomas Blank and also by myself. In this assay, double trans-
genic animals showed severe impairment already at 3 months of age. In summary, using
these assays significant functional impairment of double transgenic muscles compared
to control muscles could be shown. When tested in the Rotarod assay again no differ-
ence could be detected in between double transgenic and control animals, indicating no
influence of genotypes on coordination capabilities
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Figure 6.23: Double transgenic mice show massively impaired muscle function: Functional
analysis of double transgenic animals compared to control group at indicated time point.
Each data point represents a single animal tested. Each animal was tested for grip strength,
hanging wire and Rotarod. Statistical significance was tested using GraphPad Prism t-
test analysis or one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test.
Significance: ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001.
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ATG5 deficiency massively exacerbated the phenotype of HLT mice without changing
expression levels of transgenic lymphotoxin. We speculated that autophagy deficiency
could have an influence on cytokines and chemokines induced in HLT transgenic animals.
Therefore RNA expression of different cytokines and chemokines was analyzed in HLT,
CA5 and HLTCA5 animals (Fig. 6.24). Indeed, there was further induction of the
cytokines LIGHT, TNFa and most prominently IFNg in double transgenic animals. Also
the chemokines CCL2, CCL17, CXCL-13 and especially CCL19 were further increased.
Interestingly a massive decrease of the NF-kB negative regulator A20 was found in both
ATG5 deficient genotypes.

Figure 6.24: Autophagy deficiency influences expression of inflammatory mediators I: Quanti-
tative PCR analysis of skeletal muscle tissue from transgenic and non-transgenic littermates
at indicated ages. Results are shown as fold-change compared to non-transgenic animals.
Statistical significance was tested using GraphPad Prism one-way ANOVA analysis and
Holm-Sidak’s multiple comparison post-test. Significance: ∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p <
0.005; ∗ ∗ ∗ ∗ p < 0.001.
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Some inflammatory genes were induced in ATG5 deficient genotypes even higher than
or at the same level as in HLT transgenic ones (Fig. 6.25). These genes comprised the
TNF superfamily members TWEAK and TRAIL as well as IL-1b and TGFb indicating
that lack of autophagy worsens the inflammatory and myopathic state in the context
of myositis. Also, the chemokines CCL20 and CXCL-10 were upregulated by ATG5
deficiency. All of them showed no further increase in double transgenic animals compared
to single transgenic.

Figure 6.25: Autophagy deficiency influences expression of inflammatory mediators II: Quan-
titative PCR analysis of skeletal muscle tissue from transgenic and non-transgenic litter-
mates at indicated ages. Results are shown as fold-change compared to non-transgenic
animals. Statistical significance was tested using GraphPad Prism one-way ANOVA anal-
ysis and Holm-Sidak’s multiple comparison post-test. Significance: ∗p < 0.05; ∗ ∗ p <
0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001.

6.2.8 Autophagy-deficient double transgenic mice develop “rimmed
vacuole”- like structures

Double transgenic mice showed vacuolar degeneration in HE staining as do human IBM
patients. A hallmark of IBM is the presence of “rimmed vacuoles” in trichrome staining.
Therefore cryosections of double transgenic and ATG5 only-deficient mice were stained
and analyzed for the presence of “rimmed vacuoles” (Fig. 6.26A). In both HLTAA5 and
HLTCA5 we found at the age of 6 months big vacuoles inside of muscle fibers surrounded
by a red-stained rim filled with red contents. This is the classical appearance of “rimmed
vacuoles” and these structures could not be detected in 3 month old animals or CA5 and
AA5 transgenic animals. Staining for ubiquitin showed the contents of rimmed vacuoles
to be positive (Fig. 6.26B black arrows). Intrafibrillar ubiquitin-positive inclusions could
be found in CA5 and AA5 transgenic animals but no vacuolar structures comparable
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to 3 month old HLTAA5 transgenic animals. Also, p62 staining was performed and, in
this case positive inclusion could be found inside of muscle fibers, especially around my-
onuclei (Fig. 6.26B blue arrow) of CA5 and AA5 transgenic animals. Double transgenic
animals displayed a strong staining of vacuolar rim structures.

Figure 6.26: Double transgenic mice develop rimmed vacuoles (A) Cryosections of M.quadriceps
from transgenic mice controls were stained for Trichrom Gomorri. Blue staining: proteina-
cious structures (muscle fibers) Red staining: lipophillic structures (mitochondria, membra-
nous structures) Representative pictures shown. (B) Representative pictures of ubiquitin-
and p62 stained paraffin sections at indicated time points.
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Figure 6.27: Rimmed vacuoles of double transgenic mice do not express all markers found in
human IBM patients: (A) Cryosections (TDP43) and paraffin sections (pTau, PrP) of
M.quadriceps from transgenic mice and controls were stained as indicated. Representative
pictures are shown. (B) Representative pictures of ubiquitin- and p62-stained paraffin sec-
tions at indicated time points. (C) Quantitative PCR analysis of skeletal muscle tissue from
transgenic animals of indicated ages and genotypes. Results are shown as fold-change com-
pared to non-transgenic animals. Statistical significance was tested using GraphPad Prism
one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-test. Significance:
∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001.
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Rimmed vacuoles of human patients typically stain positive for several other pro-
teins, three of which - the prion protein (PrP), phosphorylated tau protein (p-Tau) and
TAR DNA binding protein-43 (TDP43)- were tested on muscle sections from different
genotypes (Fig. 6.27A). For TDP43 a positive staining inside of vacuolar structures in
HLTAA5 transgenic mice could be found. This indicated that double transgenic mice
develop degenerative structures similar to human IBM patients.

When analyzed for expression of autophagy related genes ATG5 transcripts were
downregulated in CA5 and HLTCA5 transgenic mice. ATG3 and ATG12 were induced at
early time points and Beclin-1 was not increased (Fig. 6.27B). Interestingly E3-ubiquitin
ligases MuRF-1 and Atrogin-1 were further decreased in double transgenic mice. Sur-
prisingly, autophagy deficiency seemed to influence expression of cathepsin B and mTOR
as in both genotypes CA5 and HLTCA5 transcripts were massively downregulated.

Figure 6.28: Double transgenic mice do not induce UPR signaling: Quantitative PCR analysis of
skeletal muscle tissue from transgenic animals of indicated ages and genotypes. Results are
shown as fold-change compared to non-transgenic animals. Statistical significance was tested
using GraphPad Prism one-way ANOVA analysis and Holm-Sidak’s multiple comparison
post-test. Significance: ∗p < 0.05; ∗ ∗ p < 0.01; ∗ ∗ ∗p < 0.005; ∗ ∗ ∗ ∗ p < 0.001.
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Next expression of UPR-related genes was investigated (Fig. 6.28): Nearly all genes
of the PERK-induced UPR such as GADD34, Ero-1, Nrf2 and Chop found to be up-
regulated in HLT mice were downregulated in double transgenic mice. In contrast,
ATF3 was upregulated in HLT, CA5 and HLTCA5 at both time points to similar levels.
IRE-1-dependent XBP-1 transcripts were even further downregulated compared to HLT
animals.

Figure 6.29: Double transgenic mice induce a specific pattern of chaperones: Quantitative PCR
analysis of skeletal muscle tissue from transgenic animals of indicated ages and genotypes.
Results are shown as fold-change compared to non-transgenic animals. Statistical signifi-
cance was tested using GraphPad Prism one-way ANOVA analysis and Holm-Sidak’s multi-
ple comparison post-test. Significance: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.005; ∗∗∗∗p < 0.001.

Autophagy deficiency blocked induction of Grip78/Bip and Hsp90a expression in dou-
ble transgenic mice (Fig. 6.29). In addition, expression of Hsp10, Hsp90b and Hsp60
was downregulated in CA5 and HLTCA5 transgenic mice. Interestingly Hsp27 - which
was downregulated in HLT mice - was significantly upregulated in CA5 mice and at also
in HLTCA5 mice. In summary, deficiency of autophagy not only influenced cytokine
expression, protein turnover and stress response in skeletal muscle but also expression
of chaperones.

Human data clearly showed the presence of LTbR ligands in inflammatory myopathic
diseases. We found that IBM and PM showed the highest expression of ligands and
expression of LTbR target genes. However, only in IBM patients did we also find ac-
tivation of LTbR downstream signaling in myonuclei. By skeletal muscle-specific over-
expression of lymphotoxin we were able to generate a model of a chronic, sterile and
non-autoimmune myositis. This provided us with the opportunity to study the single
effects of LTbR driven inflammation on skeletal muscle tissue. We found upregulation of
MHCI on skeletal muscle fibers under inflammatory conditions similar to what is found
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in human PM and IBM patients. In vitro data also indicate that muscle fibers are capa-
ble of chemokine production under LTbR stimulation. Transgenic mice revealed a clear
influence of inflammation on skeletal muscle development but it also seemed to have a
negative impact on regeneration and fiber type composition. Interestingly, spontaneous
protein aggregation was found in muscle fibers of transgenic mice. Therefore, for the first
time, a direct link between chronic inflammation in the skeletal muscle and spontaneous
formation of protein aggregates could be shown. In addition, chronic inflammation led to
muscle dysfunction. Protein aggregation was accompanied by the induction of autophagy
and the unfolded protein response. By genetically ablating autophagy this phenotype
could be dramatically worsened into an active degenerative myopathic disease. Inter-
estingly, protein inclusions found in these mice resembled ”‘rimmed vacuoles”’ found in
human IBM patients. Using these mice, a novel model of IBM could be generated to
further investigate the role of chronic inflammation and the lymphotoxin system in IBM.

6.3 Role of Lymphotoxin driven chronic inflammation in
bladder carcinogenesis

Many studies have already shown an influence of inflammation on bladder carcinogenesis
but its exact contribution still remains elusive.414–418,424 Therefore, we wanted to inves-
tigate the effects of chronic inflammation on bladder cancer development in more detail.
In addition it was shown that inflammation decreases the barrier function of the urothe-
lium. We hypothesized that this might facilitate isolated tumor cells to invade deeper
layers of the bladder wall or to re-implant into bladder epithelium. Thereby inflamma-
tion might contribute to bladder cancer recurrence and metastasis a major problem in
patient therapy. Aim of this project was to generate an in vivo model of chronic bladder
inflammation to further investigate our hypotheses. Based on human data proposing a
tight link between LTbR signaling and bladder cancer,268,270,426 we focused on LTbR
dependent signaling. In addition LTbR dependent signaling was already shown to be a
driver of carcinogenesis in other organs.44

6.3.1 Human bladder cancer patients show activated LTbR signaling

Human biopsy samples of bladder tissue were analyzed for the expression of different
inflammatory genes on mRNA level (Fig. 6.30A). Expression was compared between
healthy tissue of non-tumor patients (control group) and tissue samples from bladder
cancer patients including in most cases tissue from both a non-affected and a tumor
region of the same patient (unaffected or tumor group). In addition, a single biopsy
sample of a patient suffering from chronic cystitis was included into the analysis. All
ligands of the LTbR (LTa, LTb and LIGHT) showed increased mRNA transcript levels
in samples of bladder cancer patients, but the highest expression was found in chronic
cystitis sample. Due to the small group size in the control group statistical significance
could not be reached. However, the trend clearly suggested upregulation of the above
mentioned candidates. Also, transcript levels of LTbR were increased in cancer patient
samples. Interestingly, expression seemed to be further increased in biopsies of cancer
patients from tumor regions compared to non-affected regions. In addition, expression
of CCL-17 and CCL-20 mRNAs - both LTbR target genes - was increased in bladder
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cancer and cystitis patients. In contrast TNFa mRNA levels and also of TRAIL were
increased in bladder cancer patients but not in the cystitis sample. TWEAK RNA ex-
pression was not changed between any of the groups as was the expression of IL-6 mRNA
although cystitis sample showed decreased expression. Two genes, namely RANKL and
TGFb, showed higher RNA expression levels in cancer patients but interestingly more
pronounced in the non-affected tissue samples.

Next, paraffin sections of human bladder cancer samples and a chronic cystitis were
analyzed (Fig. 6.30B). HE stains revealed typical structures of undifferentiated invasive
TCC showing loss of cellular stratification and polarization, loss of umbrella cell layer,
highly polymorph nuclei and cellular structure, ongoing mitosis and invasion of tumor
tissue into muscle layer of the bladder wall. The chronic cystitis sample revealed in-
filtration of inflammatory cells in the submucosal layer and inside the urothelium yet
intact epithelial stratification. Nuclei showed spindle-like shape in upper layers and cir-
cular shape in basal cell compartment. All samples were stained for RelA and RELB
protein expression to investigate LTbR downstream signaling and pictures of three rep-
resentative tumor samples and the cystitis sample are shown. Sections were analyzed
for nuclear staining indicative of nuclear translocation of RelA and RELB and activa-
tion of canonical and non-canonical NF-kB signaling respectively. In all tumor samples
and in the cystitis sample RelA showed nuclear staining exclusively in infiltrating im-
mune cells - as identified by their small size and circular shape. In contrast for RELB
four out of six tumor samples also showed nuclear staining in tumor cells indicative of
non-canonical NF-kB activation. As a negative example, sample #2 showed no nuclear
translocation of RELB in tumor cells but did in infiltrating immune cells (Fig. 6.30B,
white star). In addition nuclear staining of RELB could be detected in immune cells
infiltrating urothelium of the chronic cystitis patient (Fig. 6.30B, white star) and inter-
estingly, also in the urothelial cells. In addition, expression of activated, phosphorylated
STAT3 was analyzed. Bladder cancer samples and also the cystitis sample showed strong
phosphorylation of STAT3 in tumor cells or urothelial cells and immune cells. Again
tumor sample #2 constituted an exception as it did not show tumor cell staining but
still staining of immune cells as found for RELB.

Analysis of LTb protein expression on paraffin sections (Fig. 6.31A) revealed infiltrat-
ing immune cells as producers and not tumor cells or urothelial cells. By further staining
of CD3 antigen T-cells were identified as the major cell population infiltrating tumors
and inflamed urothelium. A B-cell marker, namely CD20, showed the presence of B-
cells only at the tumor borders or in inflammatory infiltrates in the submucosal layer of
cystitis samples. Cells of the monocyte/macrophage lineage were identified using CD68
staining and were found to be present at the border of tumors or inflamed urothelium
as well as occasionally infiltrating into those tissue areas.The presence of LTb and its
receptor could be proven in human samples of bladder cancer and cystitits patients.
The results of RELB staining clearly showed activation of non-canoncial NF-kB in tu-
mor cells as well as urothelial cells of chronic cystitis patients. This activation might be
LTbR-mediated as supported by the expression of known LTbR downstream targets in
bladder cancer and cystitis samples
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Figure 6.30
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Figure 6.30: Analysis of inflammatory mediators and signaling pathways in human bladder
cancer samples: (A) Quantitative PCR analysis of human bladder cancer, chronic cystitis
and control tissue samples. Results are shown as fold-change expression compared to control
tissue level. Group size: healthy control (n = 2), bladder cancer patients non-affected
tissue (n = 14), bladder cancer patients tumor tissue (n = 14 pairs + 9 single tumor
samples), chronic cystitis (n = 1). Statistical analysis was performed using GraphPad
Prism software with one-way ANOVA analysis and Holm-Sidak’s multiple comparison post-
test. Significance: ∗p < 0.05 (B) Representative pictures of paraffin sections from human
bladder biopsies of patients suffering from muscle invasive transitional cell carcinoma (TCC)
or chronic cystitis. Numbers of analyzed patient samples TCC (n = 6), cystitis (n = 1).
Inserts show translocated RelA and B in lymphocytes (white stars) and tumor cells or
urothelial cells at 40X magnification

NF-kB signaling is involved in several pathways such as cell cycle regulation, cell
survial and proliferation - all processes important in carcinogenesis. Therefore, we an-
alyzed expression of different genes downstream of the NF-kB signaling on RNA level
using the same samples as described previously (Fig. 6.31B). A20, a major inhibitor of
canonical NF-kB signaling was found to be the first gene significantly downregulated in
tumor samples compared to healthy control group despite the small size of control group.
Also the cell cycle progression marker CYCLIN D1 showed decreased transcript levels
in samples from bladder cancer patients which was more pronounced in tumor samples
compared to non-affected tissue. Transcript levels of the anti-apoptotic protein BCL-XL
were also reduced in cancer patient samples compared to healthy control tissue but no
difference was seen between unaffected and tumor tissue. The tumor marker SURVIVIN
showed only slightly increased expression in cancer samples but to a higher degree in
tumor tissue samples compared to unaffected tissue. Expression of all four transcripts
was completely absent in the chronic cystitis patient sample. Further analysis of prolif-
eration and cell survival in bladder cancer and cystitis samples was performed by IHC
staining for Ki67 - a proliferation marker - and cleaved caspase 3 - present in cells un-
dergoing apoptosis. All specimens, including the chronic cystitis patient sample, showed
high numbers of Ki67+ tumor or urothelial cells. In contrast, only a few cells positive
for cleaved caspase 3 could be found in all samples analyzed. Cleaved Caspase 3+ cells
were mainly inflammatory cells, as defined by their position in the submucosa or at the
tumor border. In summary, our data indicate a deregulation of NF-kB signaling as well
as proliferation of urothelial cells under chronic inflammatory conditions and in bladder
carcinogenesis.
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Figure 6.31: Analysis of inflammatory cells and cancer signaling pathways in human bladder
cancer samples: (A) + (C) Representative pictures of paraffin sections from human
bladder biopsies of patients suffering from muscle invasive transitional cell carcinoma (TCC)
or chronic cystitis. Numbers of analyzed patient samples TCC (n = 6), cystitis (n =
1). Samples shown are corresponding with samples shown in Fig. (B) Quantitative PCR
analysis of human bladder cancer, chronic cystitis and control tissue samples. Results
are shown as fold-change expression compared to control tissue level. Group size: healthy
control (n = 2), bladder cancer patients non-affected tissue (n = 14), bladder cancer patients
tumor tissue (n = 14 pairs + 9 single tumor samples), chronic cystitis (n = 1). Statistical
analysis was performed using GraphPad Prism software with one-way ANOVA analysis and
Holm-Sidak’s multiple comparison post-test. Significance: ∗p < 0.05.
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6.3.2 Generation of bladder specific LTa and LTb expressing
transgenic mice

To generate an in vivo model of chronic cystitis, a transgenic mouse overexpressing
LTa and LTb specifially in the bladder was created. Therefore, constructs were cloned
containing the cDNA sequence of either LTa or LTb and a promoter fragment driving
tissue-specific expression. Using the uroplakin-2 (UPII) 3.6 kb promoter fragment, a
bladder-specific Cre transgenic mouse was generated.441,442 The plasmid used for gener-
ation of this mouse strain mUPIIpro-pBluescript Cre PolyA, was a kind gift from Prof.
Xu-Rue Wu (Fig. 6.32A).

I First, the Cre recombinase coding sequence was excised from the plasmid using
EcoRI and MluI restriction enzymes.

II Next, PCR products of LT cDNA sequences with overhangs containing EcoRI (E)
and MluI (M) recognition sites were generated

III In addition to the EcoRI recognition sites, a Kozack consensus sequence (GC-
CGCC) was introduced directly in front of the LT cDNA sequences to further
increase translation of transcribed cDNA sequence later on (see primer description
Tab. 5.12). After digestion of PCR products with the respective restriction en-
zymes, the vector and PCR products were ligated to generate mUPIIpro-Bluescript
LTa/LTb PolyA (UPII-LTa/LTb) constructs. Cloning was performed together with
Camille Lowy. A detailed description of all steps can be found in her master’s the-
sis443.

Generated constructs were tested for functionality in vitro before being used for pronu-
clear microinjection experiments. Different cell lines of urothelial origin were screened
for expression of uroplakin-2 (Fig. 6.32B and C). Only cell lines expressing uroplakin-
2 would be capable of driving construct expression and therefore could be used for in
vitro tests. As there were no murine cell lines of urothelial origin reported to express
uroplakin-2, human cell lines were also tested. Indeed, we found that only HCV29 and
RT4 human cell lines were positive for upII RNA expression. However, when further
tested for protein expression, only RT4 cell line showed detectable expression of UPII
protein. As positive controls, murine bladder and kidney tissue were used and as a
negative control, the HeLa cell line and liver tissue. Unfortunately, the RT4 cell line
exhibited a low transfection rate with lipofection; however, a strong increase in LTa and
LTb transcript levels could still be detected in qPCR analysis.

Microinjection into the male pronucleus of C57BL6 fertilized oocytes was performed
using linearized fragments of the generated constructs. Optimal linearization strategies
were defined as shown in Fig. 6.33A. Digestions with BssHI/SpeI for UPII-LTa construct
or PvuI/SpeI for UPII-LTb construct respectively lead to optimal excision of the com-
plete expression cassette without too much leftover of the backbone plasmid vector. Of
each vector 100µg DNA were digested and separated on an agarose gel (Fig. 6.33B).
Bands of the respective sizes were excised from the gel, and the DNA was extracted.
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Figure 6.32: Generation of bladder-specific LTa and LTb transgenic mice: (A) Cloning strategy
for generation of transgenic expression cassettes. Elements used: UPII= 3.5 kb fragment
of the murine uroplakin-2 promotor region; LTa/b CDS = coding sequence of LTa/LTb;
mPIAAA= polyA signal from murine sperm protamin p1 gene; restriction enzyme recognition
sites: E=EcoRI, M=MluI. (B) Quantitative PCR analysis of uroplakin-2 RNA expression
in indicated cell lines and tissues. HeLa cell line served as a negative control, bladder and
kidney tissue as positive controls. Urothelial cell lines tested: human HT1197 (TCC), RT4
(papillary TCC), HCV29 (immortalized urothelial cells) murine MB49 (TCC). All values
referred to uroplakin-2 negative liver tissue. Data shown are of a single experiment. (C)
Western Blot analysis of Uroplakin-2 protein expression in cell lines and tissue tested in
(B). One representative blot of 3 independent experiments is shown. (D) Quantitative PCR
analysis of LTa and LTb RNA expression in RT4 cells transfected with UPII-LTa, UPII-LTb
or both constructs (UPII-LTab). Expression levels are normalized to untransfected sample.
Data shown are from a single experiment.
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The purity of DNA fragments was shown by agarose gel electrophoresis of eluted DNA
and NanoDrop measurement. A260/280 absorption level for both eluates showed opti-
mal values of around 1.9. In contrast, A260/230 showed lowered (optimal range 2.0-2.2)
values indicative of residual alcohol contamination from the DNA extraction procedure.
Regardless, the quality of DNA was in both cases good enough to be sent out for mi-
croinjections performed in the lab of Professor Thomas Rülicke (Institute of Laboratory
Animal Science, Veterinary University of Vienna).

Figure 6.33: Preparation of transgenic constructs for microinjection: (A) Digestion strategy
for excision of expression cassette from constructs. Expected fragment sizes and sizes of
specific fragment are indicated. (B) Agarose gel pictures of digested vectors before and after
excision of expression cassette fragments (left column). Pictures of control gel from purified
fragments (middle column). NanoDrop results from eluted fragments and absorption spectra
are shown (right column). Concentrations and RelAtive absorption values are listed below
spectra pictures.
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6.3.3 Generation of inducible tissue specific LTa and LTb expressing
transgenic mice

Using the Tet-ON system, mice were generated with the capability of inducing LTa
and LTb expression in a tissue-specific manner. Thereby, developmental side effects of
transgene expression could be avoided and it would be possible to turn off transgene
expression at defined time points. Also, by titrating the inducing agent - in the case
of the Tet-ON system tetracycline or doxycycline - dose dependency studies would be
possible.

The TET system is based on the fusion protein made out of the tetracycline repressor
(TetR) found in Escherichia coli bacteria and the activation domain of another protein,
VP16, found in the Herpes Simplex Virus. This modified tTA protein is able to bind
to DNA at specific TetO operator sequences and recruit transcription initiation factors
thereby inducing downstream gene expression. Binding to the socalled tetracycline-
response element (TRE element) can be inhibited (Tet-OFF) by addition of tetracycline
or its derivatives. By modification of the tTA fusion protein, the reverse tTA (rtTA)
protein was generated which in contrast can bind to TetO operator DNA sequences only
in the presence of tetracycline or its derivatives (Tet-ON) (Fig. 6.34A).444

Figure 6.34: Generation of inducible LTa and LTb expressing transgenic mice: (A) Mechanism
of reverse Tet transactivator binding to DNA. Binding of doxycycline (Doxy) induces steric
fixation of previously flexible subunits allowing binding of both alpha4 helices to bind TRE
element on DNA. Tet-responsive elements marked with red boxes. (B) Planned intercross-
ing of TRE-LTab double transgenic mice generated by microinjection with bladder-specific
rtTA transgenic mice. (C) Cloning strategy for generation of transgenic expression cas-
settes. Elements used: TRE= TRE element containing minimal CMV promoter; LTa/b
CDS = coding sequence of LTa/LTb; mPIAAA= polyA signal from murine sperm protamin
p1 gene; restriction enzyme recognition sites: B=BamHI
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The Tet-ON system was chosen, as there were transgenic mice (UPII-rtTA-M2) already
in existence expressing the rtTA protein under the bladder-specific UPII promoter.445

These mice use the Tet-ON advanced system which shows less background expression
and higher sensitivity to lower doxycycline dosages. In addition, expression of the ad-
vanced rtTA protein (rtTA-M2) should be more stable as its sequence was human codon
optimized.446 By intercrossing UPII-rtTA-M2 transgenic mice with mice expressing LTa
and LTb coding sequences under the regulation of a TRE element (Fig. 6.34B) mice
were generated expressing both cytokines in a bladder specific and doxycycline depen-
dent manner. As such mice were not available, a construct for microinjection was cloned
containing a suitable TRE element and the coding sequences of LTa and LTb. The TRE
containing vector as well as UPII-rtTA-M2 transgenic mice were kind gifts from Prof.
Xu-Rue Wu. Next, cloning was performed as described in Fig. 6.34C.

In brief:

I pBlu2SKP TRE vector was cut using BamHI restriction enzyme for insertion of
LT coding sequences.

II Next, PCR products of LT cDNA sequences with overhangs containing BamHI
(B) recognition sites were generated. In addition to the BamHI recognition sites,
a Kozack consensus sequence (GCCGCC) was introduced directly in front of the
LT cDNA sequences to further increase translation of transcribed cDNA sequence
later on (see also primer description Tab. 5.12).

III After digestion of PCR products with respective restriction enzymes, the vector
and PCR products were ligated to generate pBlu2SKP TRE-LTa/b (TRE-LTa/b).
Cloning was performed together with Camille Lowy. A detailed description of all
steps is described in her master’s thesis.443

In-vitro studies were performed using a HeLa cell line stably expressing the rtTA pro-
tein to prove functionality of constructs. A detailed description of assay establishment
and establishment of treatments for induction of LT expression can be found in the mas-
ter’s thesis of Camille Lowy.443

Cells were transfected with either TRE-LTa or TRE-LTb or both constructs in the
same amount as used for single transfection and treated with or without doxycycline.
Expression was measured using quantitative PCR analysis (Fig. 6.35A). In all cases,
strong induction of both transcripts - up to 1600-fold expression of untransfected sam-
ples - could be achieved by addition of doxycycline. Also, in transfected but not induced
cells, expression of transcripts was detectable but at much lower levels - about 10% of
induced level. For both transcripts, single transfection led to stronger expression. Pro-
tein expression from transcripts was proven using an LTa-specific ELISA (Fig. 6.35B).
Samples of LTa- and LTab-transfected cells showed expression in protein lysates and
cell culture supernatants again under both induced and non-induced conditions. Ex-
pression levels of non-induced cells were comparable with RNA levels at around 10%
of induced level. No expression could be detected for LTb-transfected cells due to the
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Figure 6.35: Expression verification of TRE-LTa and TRE-LTb constructs using rtTA-
expressing HeLa cells: (A) Quantitatve PCR analysis of LTa and LTb RNA expres-
sion 48h after transfection in HeLa rtTA cell line. Treatment conditions are indicated as
follows: UT= untreated; LTa= TRE-LTa transfected; LTb= TRE-LTb transfected; Dox =
24h treatment with 3µg/ml doxycycline. Data shown from one single experiment (B) LTa
ELISA using protein lysates (n = 5) or supernatants (n = 2) of transfected HeLa rtTA
cells. Treatment conditions as indicated. (C) Surface staining of LTa1b2 expression using
FACS analysis. Treatment conditions as indicated. Shown are representative results of n=3
experiments. Samples: unstain= no staining at all; 2nd = staining with secondary antibody
only; LTab = specific staining.
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specificity of the ELISA. To also verify expression of LTb, a FACS surface staining of
LTab heterotrimer was performed in double-transfected cells with or without doxycycline
induction (Fig. 6.35C). Positively stained cells were found in both conditions with and
without doxycycline but not in untransfected or control stained cells. Again, treatment
with doxycycline lead to a 10-fold increase in positively staining cells compared to trans-
fected but untreated cells. Therefore, it could be shown that the constructs generated
were able to induce mRNA and protein expression of LTa and LTb in a doxycycline-
dependent manner.

Figure 6.36: Preparation of transgenic constructs for microinjection: (A) Digestion strategy
for excision of expression cassette from constructs. Expected fragment sizes and sizes of
specific fragments are indicated. (B) Agarose gel pictures of digested vectors before and after
excision of expression cassette fragments (left column). Pictures of control gel from purified
fragments (middle column). NanoDrop results from eluted fragments and absorption spectra
are shown (right column). Concentration and relative absorption values are listed below
spectra pictures.
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Also, TRE constructs had to be linearized before microinjection. Optimal results were
reached using XhoI/SpeI double digest for both constructs, as shown in Fig. 6.36A. As for
the UPII-LTa and UPII-LTb constructs, 100µg of each construct were digested, separated
on an agarose gel and expression cassettes were excised and purified. Purified TRE LT
expression cassettes also showed clear bands in the agarose gel and optimal spectra in
NanoDrop with an even weaker decrease in A260/230 absorption level than the UPII
constructs (Fig. 6.36B). Purified DNA was also sent off for microinjection performed in
the lab of Professor Thomas Rülicke (Institute of Laboratory Animal Science, Veterinary
University of Vienna).

6.3.4 Microinjection of UPII-LTa and UPII-LTb vectors resulted in
generation of transgenic offsprings

Microinjection of genetic material into pronuclei of fertilized oocytes is a commonly used
technique for creation of transgenic animals especially mouse strains. Successful injec-
tion transfers the genetic material - in this case linearized DNA fragments - into the
nucleus of the sperm inside the oocyte during pronuclear phase - meaning male and
female nuclei are still separated. Therefore, a micromanipulator is used to fix fertilized
oocytes and a microinjector containing DNA material in solution is used to inject into
the male nucleus (Fig. 6.37). Several oocytes are then implanted into pseudopregnant
female mice. Normal efficiency should be around 10-40% of mice born from these im-
planted oocytes containing the injected construct.

Figure 6.37: Demonstration of a pronuclear injection of DNA: (A) Both pronuclei of C57BL/6
sperm and oocyte (arrows) are visible after fertilization. (B) The male pronucleus is pre-
ferred for microinjection because of its size and position. (C)Shortly before fusion size of
male and femal nucleus increases and both move towards center of the oocyte (arrows). (D)
After fusion no separated nuclei are further visible and the oocyte enters normal cell cycle.
Courtesy of T.Rülicke.447
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Once born, transgenic founders have to be further bred to validate that the transgene
is germline transmitted and transmission follows a Mendelian ratio. Regular transmis-
sion ratio is crucial to avoid generation of lines with several integration sites resulting
in scattered transmission with unequal expression of the transgene between transgenic
offsprings of the same litter.

Microinjections were performed either with a combination of UPII-LTa and UPII-LTb
constructs in a 1:1 ratio or with a combination of TRE-LTa and TRE-LTb constructs.
Tail clips of weaned offsprings were used for PCR-based genotyping. Establishment of
genotyping PCR protocols are described in detail in the master’s thesis of Camille Lowy.
Fig. 6.38A shows an example of genotyping results of both microinjection procedures with
separate PCRs for LTa and LTb constructs respectively. In total, 88 living offsprings were
generated for the TRE-LTa/b microinjection and 43 for the UPII-LTa/b microinjection
procedure. Six living transgenic offsprings for the TRE-LTa/b construct were generated
(Fig. 6.38B). Unfortunately, all of them were TRE-LTb single transgenic. In addition,
two dead born offsprings were found to be transgenic. Both of them appeared to be single
transgenic one for TRE-LTa the other again for TRE-LTb. No double transgenic animals
were received at all. Generated TRE-LTb transgenic offsprings all showed successful
germline transmission with regular transmission. Due to the lack of TRE-LTa transgenic
animals, no further work could be done with those animals therefore lines had to be
eliminated.
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Figure 6.38: Transgenic mouse strains obtained from microinjection: (A) Representative gel
pictures of genotyping PCRs. Specific targets as indicated. Numbers represent single off-
springs. Controls: B6= C57BL/6 tail lysate; Ta= TRE-LTa plasmid; Tb= TRE-LTb plas-
mid; Ua= UPII-LTa plasmid; Ub= UPII-LTb plasmid (B) Scheme of obtained transgenic
offsprings. Regular germline transmitting founders indicated in black. In grey founders
which did not breed. (C) Quantitative PCR analysis of bladder tissue for LTa and LTb
RNA expression. Expression levels shown as fold-change compared to wildtype (wt) litter-
mates. n = 5 (wt), n = 6 (line 15) and n = 16 (line 43).
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Microinjection of the UPII constructs resulted in 4 transgenic offsprings comprising
two UPII-LTa single transgenic animals (number 32, 43), one UPII-LTb single transgenic
animal (number 37) and one double transgenic animal (number 15). Founders 15 and
43 showed nice breeding efficiency and germline transmission in a regular manner. In
contrast, founder animal 32 - a female - did not give birth to any offspring. Therefore,
an oocyte explantation with subsequent in-vitro fertilization was attempted. Unfortu-
nately, after dissection reproductive organs appeared to be malformed causing sterility of
this animal. Also, founder animal 37 - in this case a male - did not father any offspring.
Extraction of sperm and subsequent in vitro fertilization of female C57BL/6 oocytes was
successfully performed and the first transgenic offsprings were generated indicative of
successful transgene transmission in the germline. Unfortunately these offsprings again
showed breeding incapability and recovery of the line by repeated in vitro fertilization
is currently ongoing. Therefore, analysis of transgene expression in transgenic lines was
focused on the offspring from number 15 and 43 (Fig. 6.38C). Quantitative PCR analysis
revealed expression of LTa RNA in offspring from line 43 at intermediate levels. Unfor-
tunately, offspring from line 15 appeared to be double transgenic but without expressing
any LT. Thus, no further work could be done with these animals and the line had to be
eliminated.

As RNA analyses used up all of the bladder tissue no further histological analysis
could be performed with the samples. It was then decided to collect as many animals as
possible for aging, as expression levels of transgene in line 43 was only at intermediate
levels. Therefore only 3 transgenic and 2 control littermates were used for early time
point analysis at 2 month of age. Results are shown in Fig. 6.39 HE stainings revealed in
one out of 3 transgenic mice infiltration of lymphocytes next to a bigger vessel (#1 white
arrow) Immune cell analysis unfortunately did not work as the infiltrate was too small
and disappeared in subsequent cuts. Interestingly the Ki67-stained slide still included
the infiltrate (#1 red arrow) showing activation of those cells, as they stained positive
for this proliferation marker. This was the only observation made so far. Comparison
of HE staining with control animals did not reveal any obvious changes in urothelial
structure. There was no detectable increased influx of immune cells analyzed by CD3
staining for T-cells, B220 staining for B-cells or F4/80 staining for macrophages at this
time point. Also proliferation analyzed by Ki67 positivity of urothelial cells was com-
parable in between control and transgenic animals. No obvious ongoing tissue damage
could be observed at this early time point - neither in HE nor in Cleaved Caspase 3
staining.

In summary, a LTa bladder-specific transgenic mouse line was successfully generated
showing intermediate transgene expression level. At early time points no significant signs
of tissue inflammation could be detected but analysis of aged animals is still lacking.
In addition, we could confirm expression of the LTbR and its ligands, as well as the
activation of LTbR mediated signaling in urothelial tumors of human patients, as well
as urothelial cells from chronic cystitis patients. Together with current data from the
literature these data clearly indicate a role of LTbR mediated inflammation in bladder
carcinogenesis.268,270,426Therefore, further investigations in LT transgenic mice will be
necessary to understand the exact molecular mechanisms.



122

Figure 6.39: First histological characterization of UPII-LTa#43 transgenic mice: Represen-
tative pictures of paraffin sections from all three transgenic mice analyzed so far and one
control animal (n = 2 in total) at the age of 2 months. Stainings are indicated at the left
side.



7 Discussion

7.1 The LT system is involved in chronic kidney disease
pathology

The presence of TLOs in CKD patients indicated activation of the LT system during
CKD development. However, no study existed so far characterizing the presence of LT
ligands in CKD and analyzing their potential role during pathology development in-
dependent of TLO formation. In this study we detected increased RNA expression of
the LTbR ligands LTb and LIGHT in CKD patient samples of two different etiologies
(Lupus nephritis and IgA nephropathy). We did not find significant increase in LTa
transcript but as LTa itself does not bind to the LTbR this does not exclude increased
LTbR activation in CKD. Probably low level expression of LTa still suffices to produce
LTa1b2 heterotrimer capable to activate LTbR and further downstream signaling. Ex-
pression of LTb protein could be detected either on infiltrating immune cells as well as
on TECs and PECs. Using different cell lines TNFa was found to be the inducer of LTa
and LTb expression in TEC and PEC. TNFa is an important mediator in CKD as its
serum levels are associated with increased mortality in ESKD and TNFa inhibitors had
beneficial effects in experimental kidney injury.304,448Furthermore TNFa is capable to
induce LTb expression in T-cells in a NF-kB dependent manner.449–451 Costimulation of
TECs with TNFa and IFNg further increased LTa and LTb expression. It could already
be shown that both cytokines act cooperatively in the regulation of different other cy-
tokines and genes by the interaction of STAT1 with NF-kB heterodimers.452–457 Why
this effect is specific to TECs but not to PECs was not further elucidated, but it might
rely on different IFNg receptor levels in between the different cell types.

Expression of the LTbR in human kidney was detected in TECs, PECs and mesangial
cells. This was not surprising as the LTbR is quite ubiquitously expressed.27 Decreased
mRNA levels found in the tubular compartment of lupus nephritis samples might be
explainable by infiltration of LTbR negative lymphocytes in this tissue compartment.
In contrast, in IgA nephropathy an increase in LTbR mRNA expression in the glomeru-
lar compartment was found. This might be due to a higher number of crescents in IgA
nephropathy patients, as crescents showed strong expression of LTbR independent of
the underlying etiology.

Activation of canonical NF-kB signaling in CKD was already shown in different stud-
ies. Interestingly, in those studies nuclear localization of p50:p65 heterodimers was found
in TECs, glomerular endothelial cells, mesangial cells, podocytes and crescentic lesions
- so pretty much similar to the expression pattern of the LTbR.458–463 In addition non-
canonical NF-kB activation was found in TECs in diabetic nephropathy patients.462

Kidney cells thus express the LTbR and possess a fully functional NF-kB signaling sys-
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tem. Therefore they should be capable of responding towards LTbR stimulation. Indeed
we found strong expression of the CCL2 and CCL5 chemokines - both known target
genes of the LTbR - by TECs and PECs after LTbR agonization.

LTbR stimulation induces expression of those chemokines from several other cell types
e.g. synoviocytes, hepatocytes and as shown in our muscle study also in myoblasts.44,464

Expression kinetics of CCL2 and CCL5 varied in between TECs and PECs. This might
be due to a cell-type dependent sensitivity of the gene promoters reflecting different
settings of induced and constitutively active transcription factors. This effect has been
shown before for the expression of CCL5 in macrophages vs. endothelial cells.465

Expression of LT and the LTbR could be detected in the same cell types. Thereby
a new kidney intrinsic autocrine feed forward loop might be provided supporting or
maintaining chronic inflammation. Blocking LT signaling in the kidney therefore should
ameliorate inflammation in chronic kidney disease and as a result improve pathology.
We were able to further strengthen this hypothesis in a murine model of lupus nephritis
where application of a soluble LTbR decoy receptor increased renal function. However,
renal pathology in this model has been referred to the function of tubulointerstitial
monocytes or DCs. As explained LTbR signaling is expressed on DCs and monocytes
and heavily involved in DC maturation and function.179–183,244,466 Therefore effects of
the treatment on local DCs and monocytes cannot be excluded and further studies will
be performed in other CKD models. Another question is the ligand responsible for
activation of this feed forward loop in vivo, as both LTb and LIGHT are capable to
activate the LTbR and both are increased in CDK patient samples. Nevertheless, the
lymphotoxin system is involved in renal pathology probably via several mechanisms and
receptor-ligand interactions therefore providing a potential new target in CKD therapy.

As an interesting finding also parietal epithelial (PEC) cells were capable to react
towards LTbR stimulation by chemokine expression. PECs line the outer side of the
Bowman’s capsule, a basement membrane lining the urinary space or Bowman’s space
around the glomerulum. Activated PEC cells are the major component of crescents a
multilayered accumulation of additional cells in the Bowman’s space.467–469 They fill
the space in between the glomerulum and its membrane thereby prevents draining of
the primary urine leading to degeneration of the associated nephron. Kidney failure
results if this process affects sufficient numbers of nephrons.470 The signaling pathways
leading to PEC activation are not yet fully understood but intervention with PEC ac-
tivation would be a major step in prevention of ESKD. We could show high expression
of LTbR on PECs and crescents in human patient samples. Significant increase in
LTb histology scores were found in pauci-immune crescentic glomerulonephritis indica-
tive for the enhanced presence of the LT system in crescent pathology. Involvement of
LTbR downstream signaling in the activation of PECs and in their subsequent forced
proliferation might be possible via the activation of NF-kB signaling: As shown for
skeletal myoblasts but also several other cell types canonical NF-kB signaling directly
induces cyclin D1 transcription thereby promoting progression into the S-phase of the
cell cycle.107,377,378,471–473 Furthermore activated PECs produce an excess of extracel-
lular matrix (ECM) components leading to glomerulosclerosis. LTbR stimulation was
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already shown to induce collagen secretion in fibroblast cells therefore it could also be
responsible for the excessive production of ECM components in activated PECs.474 Ex-
pression of the surface marker CD44 differentiates activated PECs from resting ones.
CD44 can also be found in activated T-cells. Interestingly, transgenic overexpression of
LTab specifically in T-cells induces a CD44high phenotype.475 Furthermore expression
of CD44 and also modulation of its isoforms can be induced by cytokines in humans.
Therefore CD44 upregulation in activated PECs could be a result of LTbR stimulation.

Expression patterns of the LT ligands and the LTbR received from this study indicated
interesting possibilities of involvement in CKD pathology. Human data and data from
an in-vivo model treated with LTbR-decoy proved our initial hypothesis that the LT
system might be involved in the inflammatory CKD pathology. Still the exact structure
of the LT driven autocrine feed forward loop and its contribution to CKD has to be
proven in further models. Our data further indicate that LTbR induced signaling not
only supports maintenance of chronic kidney inflammation but might also be involved in
tissue remodeling processes more precise in crescent formation or promotion. Also this
hypothesis will be subject of further investigations.

7.2 The LT system is involved in IIM pathology and
Related with degenerative pathology found in IBM

For a better understanding of the differences in inflammatory responses within IIM, we
first started with the analysis of human patient material: We characterized inflammatory
profiles of the different IIM subtypes and compared the activation of the LT system in
between them. Expression of LTb and LIGHT was found in all 3 entities both on RNA
and protein level. But RNA expression levels did not reach significance neither when
comparing the 3 entities among each other nor when comparing with the control group.
This was true for nearly all inflammatory markers analyzed. This might be caused by
the high variance in group size in between the different entities and the fact that the
results of the patients received showed strong variance influencing statistical analysis
in a negative way. Therefore, further samples will be collected to increase group size
especially in control and PM group. Strong variance seen inside the same entity might
be related to the fact that patients were sampled by diagnosis but not by age, gender
or disease stage. Unfortunately this cannot be circumvented as patient material is rare
and precious.

IHC stainings performed in this study to analyze protein expression of LTb did not
reveal any nuclear or membranous staining in myofibers neither in patient nor in control
biopsies. This is in clear contradiction to the study of Creus et al. who showed nuclear
LTb expression in myofibers under homoeostatic conditions whereas in IIM patients LTb
was translocated to the membrane. A reason for this discrepancy might be the differ-
ent staining methods (IF vs IHC) and antibodies used, still the question remains which
results to trust. Therefore, an IF protocol using our antibody will be established and
a LTb IF will be performed on paraffin and cryosections as done by Creus et al.376 At
the same time it should be noted that LTb is a protein that was merely described to be
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expressed on the cell membrane, thus nuclear protein deposits seem to be unlikely. LTa
expression could be analyzed only on RNA level as there are currently no specific anti-
bodies available. Results revealed significant upregulation in PM patient samples. This
is not surprising as PM patients show infiltration of the skeletal muscle with activated,
autoreactive CD8+T-cells capable of producing high levels of LT. Soluble LTa3 was al-
ready found to be produced by lymphocytes of DM and PM patients when co-incubated
with muscle tissue. Supernatants of lymphocytes isolated from PM patients were shown
to directly damage healthy muscle fibers in-vitro and this effect was attributed to the LT
produced. Therefore, LTa3 produced by infiltrating lymphocytes might further support
skeletal muscle tissue damage in PM and DM patients.374

When further analyzed for activation of downstream signaling, nuclear translocation of
Rel-B revealed non-canonical NF-kB activation in inflammatory infiltrates of all three en-
tities. The cells stained in this study probably include inflammatory monocytes and DCs
recruited to the tissue as they express the LTbR in contrast to lymphocytes which are
negative for LTbR expression.244 Interestingly, single myofiber nuclei appeared positive
in IBM samples. It was shown by other groups that LTbR expression appears on regen-
erating developmental myosin heavy chain (dMHC) expressing muscle fibers.376Thus,
single Rel-B positive myofibers in IBM patients could represent LTbR upregulating, re-
generating myofibers. To proof this triple staining of Rel-B, LTbR and dMHC has to
be performed. In addition expression of the known LTbR target gene CCL-17 could
be found in all 3 entities with strongest increase on RNA level in IBM indicating a
stronger non-canonical activation. When examining localization of CCL-17 expression,
we not only found positive inflammatory cells but also myofibers in all three entities.
This seemed to be strange as there was no activation of the non-canonical NF-kB signal-
ing pathway in myofibers of PM and DM found. LT is not the only stimulus inducing
CCL-17 expression: It was already shown that TNFa and IL-4 are capable to induce
CCL-17 in monocytes and DCs and at least TNFa is present in all three IIM entities.476

Further known LTbR target chemokines found to be expressed in all 3 entities have
been CCL-19 and CCL-20. Both recruit lymphocytes and DCs into secondary lymph
organs. They already have been shown to be expressed in IIM diseases especially in
PM and might be responsible for the TLO formation observed by others.375,477,478 The
monocyte-chemotatic protein (MCP) -1 or CCL-2 was found to be strongest induced
in PM samples. CCL-2 was shown to be essential for skeletal muscle repair in models
of acute skeletal muscle injury.479,480 As PM is dominated by a strong cytotoxic au-
toimmune response against muscle fibers we suspected strongest tissue damage in these
patients explaining increased CCL-2 expression levels.

Human sample analysis revealed a strong common inflammatory response in all three
entities. But still differences were seen in the cytokine and chemokine profile of the
different entities especially in their individual expression levels but also in their way of
induction. This further indicates that there are different qualities of inflammation exist-
ing in between IIM subtypes. Observing Rel-B nuclear translocation only in myofibers
of IBM patient samples was of greatest interest for us, as it represents specific activation
of the non-canoncical NF-kB signaling in myofibers of this IIM entity. These data might
indicate a Rel-Ation of the non-canoncial NF-kB signaling with the IBM specific degen-
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erative processes in myofibers and further encouraged us to generate a chronic myositis
model based on the tissue specific overexpression of LTs. Thereby we hoped to recapit-
ulate a similar inflammatory profile as found in IIM patients with specific activation of
the non-canoncial NF-kB signaling in myofibers.

Pronuclear injection of transgenic constructs resulted in 8 offsprings which had inte-
grated our transgenic construct into their genome as confirmed by PCR from tail biopsy
material. Unfortunately one of the founder animals did not give rise to transgenic off-
springs although genotyping results being several times successfully confirmed. This was
probably due to a genetic mosaic in the founder animal: The time point of integration is
important for the distribution of the transgene over the cells of the transgenic founder.
Full hemizygous founders are only reached if the integration happens directly after DNA
injection. Later integration into single blastomeres will lead to genetic mosaic in be-
tween different cells in the founder.447 As a result germ cells can be excluded from the
genetic modification. In rare cases also negative effects of the transgenic DNA on haploid
germ cells were described.481,482 Another founder did give rise to transgenic offsprings
but with unusual frequency significantly higher than 50%. This might be the result of
several integration events.483 By spreading of the multiple transgenic loci in the F1 gen-
eration the offsprings differ in their genetic modification and thereby in the transgene
expression level. This excludes comparability of the different transgenic animals. In case
of the co-injection of different transgenes segregation sometimes can be monitored by
the different distribution on offsprings resulting in single and double transgenic ones.
Such a case allows the separate breeding of single transgenic F1 founders to establish
stable lines later used for establishment of double transgenic lines by intercrossing.484

This is quite rare as usually the integration of several copies occurs in a concatemeric
structure with up to 100 copies.483 In case of our respective founder no segregation
of the HLTa and HLTb transgenes could be observed. Therefore in detail analysis of
the respective integration sites would have been necessary to generate stable lines out
of it. As we had several founder with germline transmission we decided to focus on those.

Analysis of the transgene expression levels is necessary as there are substantial dif-
ferences in quality and quantity of the transgene expression in between lines generated
with the same constructs. Each transgenic founder therefore reflects a single geneti-
cally unique strain. Transgene expression depends on several factors most prominent
the number of copies integrated and the position in the genome where integration took
place. Both can influence the expression levels in between different founder lines sev-
erly.483 Analysis of expression level and also of the transgene expression pattern should
always be performed earliest in F1 generation due to different reasons483: First of all
founders might have a mosaic of the genetic modification and only F1 founders have an
even distribution over all cells of their body. Second, long transgenic concatemeres have
been shown to underlie structural changes (deletions, amplifications...) during first pas-
sages through the germline.485 We found strong expression of our transgenes in all lines
derived from the different founders. Interestingly expression pattern differed in between
the lines as we found in some lines unspecific expression in tissues other than skeletal
muscle probable related to different integration sites. Changes in tissue expression pat-
tern were already described for the HSA promoter: The first described Cre-transgenic
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line generated using the HSA promoter fragment also used by us showed highly specific
expression in the limb skeletal musculature and in interspersed cells of the heart.428 In
2012, McCarthy et al. published the generation of an inducible Cre-line using the same
promotor fragment fused to the MerCreMer (MCM) sequence. Generated transgenic
line showed inducible Cre-expression not only in the limb skeletal musculatur but in
further skeletal muscles, including the diaphragm, extraocular muscle, masseter, tongue
and esophagus.486

Proof of transgene translation was performed by analysis of LTbR target gene expres-
sion.387,487 Interestingly we found increased target gene expression levels compared to
wildtype animals in the heart tissue of all three lines although only line #22 showed
significant transgene expression there. This might be indicative of possible systemic
effects e.g. by increased serum levels of soluble LTa in transgenic animals or possible
shedding of LTab and release into the serum. To proof this hypothesis serum levels will
be analyzed by LTa3 /LTa1b2ELISA.

Further analysis of transgenic line#19 (further termed as HLT) revealed the devel-
opment of a strong myositis in transgenic animals. Characteristic features of all three
IIM subtypes were found e.g. perivascular inflammation and signs of TLO formation
as found in DM patients or inflammatory invasion of single fibers as found in PM and
IBM.318,320,322,337,338,340,341,375 We also found expression of LTbR in skeletal muscle fibers
of mice independent of their genotype. This is opposite to a study on human IIM pa-
tient sample showing expression of LTbR only in regenerating fibers as characterized by
the expression of embryonal myosin isoform.376 We did not find a general activation of
LTbR downstream signaling in transgenic mice as evaluated by nuclear Rel-A and Rel-B
translocation. Rel-B translocation was a rather rare event comparable to the expression
of LTbR in human IIM samples.376 So it might be possible that in mice activation of
ubiquitously expressed LTbR in the skeletal muscle is regulated downstream of the re-
ceptor. Whereas in humans it might be regulated by translocation of the receptor from
the nucleus to the myofiber membrane under inflammatory conditions as postulated
by Creus et al.376The complete absence of Rel-A nuclear translocation in transgenic
mice seemed surprising to us. Remembering how canonical and non-canoncial NF-kB is
activated by the LTbR and its high expression levels of LTa1b2 in transgenic mice, we hy-
pothesized that the LTbR expressed in skeletal muscle fibers might be rapidly clustered
and again internalized or even already on the way to the membrane bound by LTa1b2

thereby retained inside the cytosol.71 To further investigate our hypothesis, in vitro ex-
periments with isolated myofibers from transgenic would have to be performed using
confocal microscopy technique and time lapse studies. Still we would expect canonical
NF-kB activation by LTa3 via the TNFR-axis but so far we do not know how much LTa3
is produced compared to LTa1b2 in transgenic skeletal muscle. Therefore supernatants
of primary myoblast cultures or myofiber isolates will be analyzed in ELISA assay.

Endothelial cells (ECs) were found to have an active non-canonical NF-kB signaling in
transgenic mice compared to wildtype mice. Stimulation of ECs with LTa was already
shown to upregulate adhesion molecules important for the leukocyte recruitment but
also LTbR mediated signaling can induce chemokine production and adhesion molecule
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expression by human umbilical vein endothelial cells.488–490 Activation of ECs and sub-
sequent expression of chemokines and adhesion molecules might be the initial trigger
of lymphocyte infiltration into the skeletal muscle in HLT transgenic animals. Further-
more, ECs in skeletal muscle of DM patients due to their autoimmune vasculitis show
pathological changes e.g. tubuloreticular inclusions.491 So far we could not further focus
on this particular question but if LTbR mediated signaling is involved in the pathology
of DM vasculitis we should be able to find a similar phenotype in our transgenic mice.

RNA expression analysis revealed increase of a variety of cytokines and chemokines in
inflamed HLT muscle tissue also found in human IIM patients.429 Compared to our hu-
man expression data we found mediators in our transgenic mice commonly upregulated
in all three IIM entities like LIGHT, CCL-19 or TNFa. In addition we were able to de-
tect BAFF, TWEAK, TRAIL, TGFb and CCL-2, which we have found predominantly
in PM samples. Same holds true for CCL-17 and IL-1b both found to be expressed
more prominent in IBM or IBM and PM respectively. Therefore, also the cytokine and
chemokine profile in our transgenic mice reflects the human pathology with no specific
pattern for one of the three entities. Expression of IL-1b in our mouse model draws
our interest as it was shown to be highly upregulated in IBM. Furthermore, myofibers
themselves are capable to produce it and it colocalized with Amyloid Precursor Protein
(APP) and promotes the production of APP and amyloid deposits.492 Aggregates found
in HLTab transgenic mice are therefore currently investigated for APP expression and
deposition. A small pilot study using the IL-1R inhibitor “anakinra” for treatment of
IBM patients however failed to improve pathology for so far unknown reason.493 If HLT
mice reveal to be positive for APP deposits they might be a suitable in vivo model to
study the influence of IL-1b blockade on protein aggregation thereby maybe receiving
an explanation for the failure of the anakinra treatment.

Obeservation of the cytokine expression profile over time revealed not a constant ex-
pression of all targets comparable to the level of transgene expression. In contrast,
there seemed to be specific groups of genes induction of which is negatively influenced
over time. The influx of inflammatory cell increases over time in the skeletal muscle
of transgenic mice. Therefore, a reduced number of inflammatory cells cannot explain
the reduction of cytokine expression especially as this effect refers only to specific genes
and not to an overall decrease over time. Also feedback inhibitory mechanisms target-
ing the whole upstream signaling like the induction of Cyclin D, A20 or IkBs in the
canonical NF-kB pathway or the IKKa mediated feedback phophorylation of NIK and
its subsequent proteolysis can be excluded.117,118,120,122,125,494–496 Mechanisms acting on
the level of Rel transcription factor DNA binding and transactivatory functions would
be a possibility as for example the induced proteolysis of promoter-bound Rel-A.110–113

The recruitment of chromatin remodeling complexes was shown to be important for
Rel-B/p52 mediated induction of gene-specific transcription under LT stimulation.497

Notably this is reminding of the selective, negative proinflammatory gene regulation un-
der constant or repetitive stimulation of cells (especially monocytes and macrophages)
with lipopolysaccharide (LPS) a mechanism known as ”LPS tolerance”.498 Distinct pat-
terns of chromatin modifications were shown to regulate pro-inflammatory (tolerizable)
gene inhibition and anti-microbial (non-tolerizable) gene expression under repetitive or
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longlasting LPS stimulation leading to protection from septic shock combined with the
lasting protection against microbial infections.499 Maybe similar effects occur down-
stream of the LTbR signaling and influence gene expression under chronic inflammatory
conditions.

Although several cytokines being reported to be expressed by myofibers the in-vitro
model we used did only show upregulation of CCL-2 expression upon LTbR agoniza-
tion.429 As there are studies showing further cytokines produced by C2C12 derived
myotubes in response to different inflammatory stimuli, LT alone probably is not able to
induce a strong cytokine response by myofibers.500,501 Costimulation experiments could
be performed using LTbR agonistic antibody ACH6 in combination with different cy-
tokines e.g. TNFa, IFNg or IL-1b to further proof this hypothesis. To exclude a defect
in the artificial cell line system being responsible for the poor responsiveness towards
LTbR agonization, primary myocyte or even myofiber cultures could be used instead
of the C2C12 cell line derived myotubes. Interestingly CCL-2 is induced in myofibers
after acute injury to induce a regenerative response.479,480,502 It might be that LT does
not directly induce CCL-2 but by induction of cellular stress similar to an acute injury
signal leading to a secondary upregulation of CCL-2.

LT induced myocyte stress and ongoing regenerative processes could also induce major
histocompatibiliy complex class (MHC) I upregulation in myofibers of HLT transgenic
mice as was found in different studies.503–505 In vitro studies indicated further on the
induction of MHCI on myofibers by IFNg which is known to be present in IIM mus-
cle.429,430,432–435,506 Expression of MHCI on muscle fibers of IIM patients is related to
disease initiation as well as maintenance of the damaging autoimmune response against
the muscle fibers.507 Several studies already revealed its function in T-cell cytotoxicity
against muscle cells.437,508,509 MHCI molecules normally are expressed on myoblasts and
downregulated upon fusion and differentiation into mature myofibers. Local inflamma-
tory responses induce MHCI expression in regenerating fibers characterized by embryonic
myosin heavy chain expression. Presence of MHCI furthermore decreased muscle fiber
differentiation in an in vivo model and as IFNg was shown to suppress skeletal muscle
regeneration in vivo as well as muscle cell proliferation and differentiation in vitro this
might be related.

Transgenic MHCI overexpression in skeletal muscle led to the clinical, biochemical,
histological, and immunological features of a human myositis. The disease was inflam-
matory, limited to skeletal muscles, self-sustaining and often accompanied by autoanti-
bodies.510 Furthermore, MHCI transgenic mice developed muscle atrophy and an intrin-
sic decrease in force-generation capacity.511 In 2013, it was shown by backcrossing on
RAG2−/− mice lacking T- and B-cells, that pathology seen in this model is not related
to the capacity of MHCI class molecules to stimulate CD8+ T-cell responses but rather
relied on the induction of the unfolded protein response (UPR).512 MHCI transgenic
mice exhibited cytoplasmic accumulations of MHCI molecules. Interestingly this could
be also found in our solely LT transgenic mice at 10 month timepoint. Intracellular
MHCI localization in human patients was already described by different studies but of-
ten not further considered.513–517 Fréret et al. found that the degree of accumulation
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correlated with activation of the UPR in human patient samples as well as in MHCI
transgenic mice.512 Notably, like in HLT transgenic mice those animals induced ex-
pression of beta2-microglobuline - a chaperone responsible for MHCI stabilization until
peptide loading has taken place - and the ER chaperone BIP. In contrary to our model
they further showed strong activation of the ATF6 and IRE-1 mediated UPR latter one
being even suppressed in our model as seen by downregulation of XBP-1 transcripts.
Still we found indications for a PERK mediated UPR response in our mice and also
Chop expression is induced as found in the MHCI overexpressing ones. Differences in
UPR activation might be related to the levels of MHCI induction in both models - HLT
transgenic mice have a 2- to 4-fold increase on RNA transcript level wheras transgenic
overexpression will induce much higher levels. Comparison of the beta2-microglobuline
transcript levels revealed a 2- to 4-fold increase in HLT transgenic mice compared to a
10- to 15-fold increase in MHCI transgenic RAG2−/− mice. Overexpression of MHCI in
addition induced autophagy in skeletal muscle tissue as was found in our LT transgenic
mice. Activation even occurred in a similar pattern when mice were already diseased.
Interestingly, in contrast to our model they did not show a decrease at higher disease
scores (=later time points). Hence, induction of MHC-I in myofibers due to inflam-
mation or tissue injury is able to exert additional pathogenic effects independent of its
immune stimulatory function. LT transgenic mice show strong similarities with MHCI
overexpressing mice but still weaker manifestation indicating a common muscle intrinsic
response towards disturbance of the proteostasis and intracellular protein aggregation.
Inflammation induced MHCI expression might contribute to this in IIM but it will not
be the only impact of chronic inflammation.

LT transgenic mice displayed decreased muscle mass development but no obvious my-
opathy as the muscle weight stayed constant over time. The HSA promoter is highly
active already at 9 d.p.c in the somites were the myotomes develop from.428 Therefore,
NF-kB signaling will be turned on in HLT transgenic mice already in earliest muscle
progenitors. It was already shown that hyperactive NF-kB signaling in Pax7+ muscle
progenitor cells induced significant decline in total muscle mass and fiber size similar to
what is found in LT transgenic animals.518 Furthermore, by directly suppressing tran-
scription of the myogenic factor MyoD canonical NF-kB signaling blocks differentiation
of satellite cells into myoblasts and further into myocyte. In addition by inducing cell
cycle progression it also helps to maintain the stem cell reservoir.82,377–382 Therefore, hy-
peractivation of NF-kB in progenitor cells leads to an increase in Pax7+ satellite cells.518

In contrast to these data, in HLT transgenic mice a decrease in Pax7 RNA transcripts
was observed indicating a loss of satellite cells. Increased levels of the transcription
factor myogenin supported the idea of an increase in differentiation of progenitor cells
as this factor is upregulated during early and late differentiation of myoblast.519 At this
stage MyoD is already downregulated and myogenin together with the transcription fac-
tor MRF4 induces the expression of terminal differentiation genes involved in fusion of
myocytes and myotube formation.519 MyoD downregulation found in HLT transgenic
mice therefore might not be related to NF-kB dependent transcriptional regulation but
rather be a sign of progression in differentiation of the satellite cell compartment. Differ-
entiation of satellite cells in adult tissue in HLT transgenic mice indicates the existence
of an ongoing regeneration process due to inflammatory tissue damage.519 TIMP3 was
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recently shown to regulate adult myogenesis by inhibition of TACE mediated TNFa
shedding. It is constantly expressed in adult skeletal muscle and its downregulation
after tissue injury activates myogenesis from satellite cell pool.520 Therefore, its down-
regulation at later timepoints confirms our initial hypothesis of muscle regeneration in
HLT transgenic animals. Early upregulation of TIMP3 might be a protective reaction of
the muscle to avoid depletion of the satellite cell pool due to the continuous stimulation
of differentiation. Satellite cells normally are capable to undergo asymmetric divisions
meaning they give rise to a full progenitor cell for self- maintenance and a more com-
mitted myogenic progeny at the same time.521–523 Decreasing levels of Pax7 in muscle
tissue of LT transgenic animals indicate that chronic inflammation somehow negatively
influences this process leading to satellite cell depletion. To further prove this quantita-
tive analysis of muscle fiber satellite cell content would have to be done.

Skeletal muscle is composed of different types of muscle fibers with different properties.
In general 4 types are differentiated characterized by the expression of different myosin
heavy chain proteins (MHCs). Type I fibers, also called slow twitch fibers, are rich in mi-
tochondria, highly vascularized, fatigue resistant and utilize oxidative metabolism. The
characteristic MHC expressed by this fiber type is MyH7. Type II fibers or fast twitch
fibers metabolize mainly glucose and fatigue rapidly. There are three subtypes existing
depending on the respective MHC expression and its phenotypical difference towards
type I fibers: Type IIa fibers express MyH2 and are more intermediate in metabolism
and mitochondrial phenotype, type IIX fibers express MyH1 and are pure fast twitch
fibers and type IIB fibers express MyH4 and are very fast twitch fibers.524–526 Fiber
type composition of different muscles varies and in adult animals composition can easily
undergo conversion due to exercise or neuronal activity.525 Fiber type composition is
not as strict as described and there is a spectrum existing containing pure or hybrid
MHC composition but still type I and type II can be differentiated especially via there
different metabolism.526 We found a shift in HLT transgenic M. soleus fiber composition
towards oxidative, mitochondria-rich Myh7 expressing type I fibers. This fitted very well
with a recent in vitro study depicting the role of IKKa mediated non-canonical NF-kB
signaling in skeletal muscle mitochondrial biogenesis. It was found that non-canonical
NF-kB signaling induces mitochondrial biogenesis and is further activated after myoblast
fusion in skeletal muscle development.413 Therefore, chronic LT signaling might induce
a shift towards oxidative type I fibers in skeletal muscle, containing large numbers of
mitochondria. Interestingly, IBM patients have in common mitochondrial abnormalities
including diminished respiratory chain function, abnormal proliferation and accumula-
tion of mitochondria.527–530 There are indications that those changes are related to the
disease pathology.528 Furthermore, a lack of cytochrome c oxidase (COX), an enzyme of
the respiratory chain, can be detected in IHC of IBM muscle samples and these COX
negative fibers are the most consistent abnormal feature in IBM muscle in between dif-
ferent patients.527 The etiology of those changes is so far unknown but our data and
findings from other autoimmune diseases point towards inflammatory processes. Differ-
ent changes were found in skeletal muscle of LT induced myositis mice being it defects in
development, chronic tissue regeneration or metabolic changes. Finally, we could show
that function of skeletal muscle is significantly impaired by LT induced chronic inflam-
mation further strengthen the role of inflammatory processes in IIM pathology.
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Spontaneous development of protein aggregation by induction of a chronic inflamma-
tion in the skeletal muscle was the most striking feature found in our transgenic mice as
for the first time a model recapitulates inflammatory and degenerative processes. Ex-
isting models either induce muscle inflammation or show protein aggregation with only
minor inflammation.531 Therefore, HLT transgenic mice so far are the first model indi-
cating a causative role of inflammation in degenerative processes of IIM and especially
IBM. Protein aggregation was accompanied by an induction of the autophagy system.
As in human IBM patients levels of Beclin-1 and ATG5 were significantly increased in
LT transgenic mice.532 Comparable to our mouse model muscle specific transgenic mice
overexpressing the TNF superfamily member TWEAK develop skeletal muscle atro-
phy.533 In vitro stimulation of C2C12 myotubes with TWEAK induced Beclin-1, LC3B
and ATG5 expression in a NF-kB signaling dependent pathway.534 We also tried to in-
duce expression of autophagy related genes in C2C12 myotubes by LTbR agonization
but we could not observe any changes even after 7 days of stimulation (data not shown).

Interestingly, in mice expression levels decreased again after 10 month maybe as a
result of exhaustion due to continuous protein aggregation. In humans an overload
of the autophagy system interfering with intracellular organelle dynamics has been al-
ready discussed as a reason for the impaired resolution of protein aggregates in IBM
patients.535,536 Increased synthesis and maturation of autophagosomes could be the rea-
son for the vacuolar degeneration found in IBM. Decreased activity of the lysosomal
enzymes cathepsin B and D was detected in IBM muscle fibers.537 As these enzymes
are needed for the resolution of autophagosomes this triggers a compensatory increase
in autophagy and also increased expression of cathepsin B and D. Increased macroau-
tophagy was also found in PM patients but in contrast to IBM those patients showed
increased cathepsin B and D levels and corRel-Ating enzyme activity. It seems that
inflamed muscle tissue has a need or induces increased protein degradation without any
pathological consequence as long as the lysosomal resolution of formed autophagosomes
is not affected.537Several studies already showed direct connections in between the NF-
kB signaling cascades and autophagy influencing each other both in a negative and also
positive way.538 Therefore, chronic inflammation could induce autophagy directly via
the NF-kB signaling pathway.

Three major causes of decreases cathepsin enzyme activity are described so far: A
main cause could be the increase of the lysosomal pH value, but also cellular oxidative
stress leading to protein modifications and the induction of endogenous inhibitors by
activated signaling pathways. Strikingly ER stress - as found in IBM patients as well
as in our transgenic mice - can impair acidification of the lysosomes thereby inhibiting
autophagosome resolution.537,539 All IIM entities were shown to have increased levels
of UPR related genes and chaperones.537,539–542 Upregulation of MHCI molecules con-
tributes significantly to ER stress as for example demonstrated by the co-localization
of the ER marker calreticulin with internal MHCI molecules in human myositis sam-
ples.540,543 Skeletal muscle ER has an intimate contact with mitochondria forming
mitochondria-associated ER membranes (MAMs). This areas are important for the
cellular homoeostasis by regulating calcium exchange and protein transport in between
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both organelles.544 Oxidative stress in mitochondria and its interaction with the ER was
shown to contribute to the pathology of neurodegenerative diseases and mitochondrial
defects are common in IIM patients especially in IBM.545,546 In some myopathic diseases
and also in some cases of polymyositis tubular aggregates in the muscle fibers develop
as a result of ER stress due to disturbance of the intra-sarcoplasmic calcium homoeosta-
sis.547–550 Similar tubular aggregates were present in EM pictures of our transgenic mice
(data not shown) further supporting the existence of ER stress in transgenic mice.

Besides of the ER chaperone GRP78 we found increased expression of the HSP90a
chaperone. HSP90 overexpression can be found in several pathological conditions also in
IIM.551,552 It was shown to be involved in the induction of autophagy by TLR stimula-
tion in macrophages but also by the engagement of an ATP-gated ion channel in skeletal
muscle.553,554 Furthermore, inhibition of HSP90 reduced expression of inflammatory cy-
tokines in artherosclerosis.555 Another chaperone HSP27 was significantly downregulated
in transgenic muscle tissue. HSP27 functions as an inhibitor of NF-kB mediated activa-
tion of the proteasomal degradation system in a model of disuse fiber atrophy.411 HSP27
directly associates with the IKKb molecule thereby inhibiting downstream phosphory-
lation of IkBa.411,556 Furthermore, downregulation of HSP27 has been associated with
further atrophy inducing conditions.557,558

Induction of chronic inflammation in skeletal muscle tissue induced a similar pathol-
ogy both histologically as well as on molecular level still a strong myopathic phenotype
was absent. Therefore we wanted to further increase the stress level in our inflamed
muscle tissue. Autophagy plays a decisive role in vacuolar degeneration of IBM and suc-
cessful clearence of autophagosomes can overcome inflammation induced disturbance of
proteostasis as seen in PM compared to IBM samples. Therefore we genetically ablated
autophagy in LT transgenic mice. Genetic ablation of autophagy in skeletal muscle has
been already described by Masiero et al. using ATG7 instead of ATG5 floxed mice and
a Cre deleter strain under the myosin light chain kinase promoter.559 Unexpected we
observed differences in phenotypes: ATG7−/−mice developed muscle atrophy and de-
generative changes like centrally located nuclei and vacuolization. This was consistent
with histological results of ATG5−/−mice except of the described vacuolization which
did not appear in neither of both ATG5−/−strains we generated. More interesting differ-
ences could be observed on molecular level. ATG7−/−mice showed increased expression
of Atrogin-1 and MuRF1 both E3 ubiquitin ligases responsible for proteasomal protein
degradation. Furthermore, they also saw upregulation of UPR related genes. In con-
trast we found further downregulation of Atrogin-1 as well as of UPR related genes by
deletion of ATG5. Recent data reveal more and more autophagy independent func-
tions for ATG5 as for example in apoptosis or in chromosome alignment and segregation
during mitosis.560,561 In the latter case nuclear translocation of ATG5 is necessary and
this might indicate further influences of ATG5 possible also on transcription. Using the
ATG5 knockout model we therefore have to keep in mind that effects observed might be
related to processes further than defective autophagy.

Coming back to our model of autophagy deficiency under inflammatory stress we
found a further increased loss in body and muscle weight compared to single transgenic
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controls. By backcrossing of LT transgenic mice on autophagy deficient mice we were
able to induce an active myopathic disease with chronic loss of muscle mass over time.
This is reflected by a further impairment in muscle function even compared to single
transgenic animals already shown to have decreased muscle function. Characteristic fea-
tures of ongoing regenerative processes like fibrosis and fat deposition could be found
in double transgenic lines comparable to human patients.334,562 HE staining finally re-
vealed the presence of vacuolar degeneration in double transgenic animals as found in
IBM patients.334 As ATG5 is involved in early autophagosome formation vacuoles found
in double transgenic animals cannot be a result of autophagosome accumulation. Ei-
ther they are a result of a different process induced in the absence of autophagy or
they might result from a defective autophagosome formation process. In 2009 Nishida
et al. described an alternative pathway of autophagosome formation independent of
ATG5 and ATG7 but rather depending on Rab9 induced fusion of isolation membranes
with vesicles derived from the trans-Golgi and late endosomes.563 So called alterna-
tive macroautophagy was detected in several embryonic tissues and it was shown to
be involved in clearing mitochondria during erythroid maturation. This process might
generate the basis for vacuolar degeneration in double transgenic mice. Furthermore
this could explain the observation of abberrant concentric membranous structures found
by EM analysis in ATG7−/−mice and similarly in our ATG5−/−and double transgenic
animals (data not shown).

Double transgenic mice revealed a constant LT transgene expression level therefore
inflammatory stimulation should be comparable to single LT transgenic animals. No-
tably, cytokine and chemokine profiles of single and double transgenic animals at least
of the Ckmm-Cre backcrossings differed in several factors significantly: Double trans-
genic mice expressed significant higher levels of the LTbR ligand LIGHT. This could
further explain the increase in LTbR target chemokine expression of CCL17, CCL19,
and CXCL13 which are all three significantly increased in double transgenic. Increased
LIGHT expression might be a result of muscle fiber derived expression: in vitro studies
with dysferlin-deficient myoblasts showed upregulation of NF-kB signaling and among
other target genes increased production of LIGHT.564 Enhancement of NFkB activa-
tion in double transgenic mice might be achieved by depletion of A20 as observed on
transcription level. In addition Kanayama et al. described a mechanism by which p62
an autophagic adaptor protein, captures A20 to sequester it in the autophagosome.565

Double transgenic animals develop p62 positive inclusions therefore, in addition to its
transcriptional repression A20 protein might be captured in cytosolic inclusions of my-
ofibers leading to further deregulation of NF-kB signaling. Most prominent increase
was found in IFNg expression. Independent of its function in MHCI expression and
MHCI mediated ER stress induction IFNg was already shown to have direct detrimental
effects on skeletal muscle regeneration: It inhibited proliferation and differentiation of
muscle cells in vitro as well es attenuating muscle regeneration in vivo.430,431,507,566 Fur-
thermore by induction of MHCI it could in addition further stress myofibers inducing
muscle damage and in parallel repressing regeneration. But still data on MHCI expres-
sion in double transgenic animals are missing. Pronounced muscle damage in double
transgenic mice furthermore is reflected by the increase in CCL2 expression. Autophagy
deficiency alone already is capable to induce certain cytokines in skeletal muscle as seen
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for TWEAK, TRAIL, IL1b, TGFb and the chemokines CXCL10 and CCL20. The induc-
tion of TGFb in any ATG5 deficient background but not in LT only transgenic animals
might be a reason for the observed fibrosis in double transgenic animals and also to a
lesser extent in ATG5−/−animals. TGFb is a strong inducer of fibrosis in vivo and it
was shown to induce fibrosis in skeletal muscle when injected into the tissue.562 Further
expression of TGFb is induced after external application in an autocrine loop.567,568

TGFb induces the differentiation of myoblast into myofibroblastic cells further driving
fibrosis.569,570Blocking of TGFb signaling by a number of therapeutic agents has been
shown to inhibit fibrosis and improve muscle regeneration in several experimental and
animal models. However, so far no agents have yet been capable to reduce fibrosis once
formed.571–575 Ablation of autophagy in inflamed muscle tissue further promotes inflam-
matory response and in addition contributes further factors that increase inflammatory
tissue damage and remodeling.

Vacuoles found in double transgenic animals revealed high similarity to “rimmed vac-
uoles” usually found in IBM patients. Furthermore those vacuoles contained ubiquitin
positive material and stained positive for p62 at the vacuolar membranes. Notably we
also found TDP43, a RNA binding protein numerously described to be found in cyto-
plasmic inclusions of IBM patients. TDP43 translocation into the cytoplasm as found
in IBM muscle indicates widespread changes in RNA metabolism. Furthermore, TDP43
has not been the only RNA-binding protein mislocalized during IBM pathology reflect-
ing overall changes in RNA metabolism.576 RNA expression data of double transgenic
mice therefore should be analyzed carefully and protein data should be generated before
drawing final conclusion.

Induction of UPR related gene transcripts was abolished by autophagy ablation al-
though further increase in cytoplasmic aggregates was observed. This might be related to
a disturbed RNA metabolism or an effect of adaption due to chronicity of the stimulus.577

Also expression of chaperones was affected by ablation of ATG5 especially HSP10 and
HSP60 transcripts disappeared both chaperones located to the mitochondria. HSP60
together with HSP10 is implicated in the mitochondrial protein import. It is involved
in the correct folding of imported proteins and may prevent misfolding and promote the
refolding and proper assembly of unfolded polypeptides generated under stress condi-
tions in the mitochondrial matrix.578,579 In addition HSP60 is involved in the proper
replication and transmission of mitochondrial (mt) DNA.580 A massive loss of both pro-
teins should lead to mitochondrial dysfunction and probably also to mtDNA damage
as found in IBM patients. EM pictures (data not shown) of double transgenic mice
already indicated defects in mitochondria but still protein data on HSP60 and HSP10
content in double transgenic muscle tissue is lacking. Further studies will be performed
with isolated mitochondria from all different genotypes. Interestingly HSP27, a nega-
tive regulator of NF-kB signaling is increased under ATG5 deficient conditions. It was
shown to be induced under cellular stress conditions probably provided by autophagy
ablation.411 In conclusion, ablation of autophagy had severe effects on the expression of
several genes besides inflammatory mediators thereby further aggravating phenotype of
transgenic mice.
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By ablation of autophagy in an inflamed skeletal muscle we were able to generate a
model of IBM, therefore providing in vivo data assigning a causative role of inflammation
in IBM pathology.

7.3 Bladder specific LT transgenic mice as a model of
chronic cystitis

Analysis of human biopsy samples revealed increased expression of all LT ligands as
well as the LTbR. Immunohistochemistry identified infiltrating lymphocytes as a major
source still we could not manage to perform LTbR staining to identify responsive cells.
But we found more pronounced expression of the LTbR in tumor tissue compared to non-
affected tissue from tumor patients. In 2014, a study with over hundred tissue samples
revealed expression of the LTbR and activation of its downstream signaling specifically
in bladder cancer cells.426 Furthermore, expression levels increased in high grade tumors
and a significant corRel-Ation of Rel-B and p52 protein expression with the tumor grade,
clinical stage and lymph node metastasis profile was found. Expression of Rel-B and
p52 were directly correlated with the LTbR expression level clearly indicating a role of
LTbR mediated non-canonical NF-kB signaling in the development of bladder cancer.

A specific increase of expression in non-affected tissue of tumor patients was found for
RANKL and TGFb both cytokines being associated with tumor metastasis. RANKL
was shown to be expressed by regulatory T-cells surrounding tumor tissue in breast
cancer581. It activates the non-canoncial NF-kB signaling especially IKKa shown to be
necessary for the self-renewal of mammary cancer progenitor cells.581 Administration
of RANKL in an in vivo model of breast cancer sufficed to induce pulmonary metas-
tasis.581 Therefore RANKL may excert tumor promoting functions in bladder cancer.
Also TGFb was shown in vitro to promote tumor cell invasiveness and epidemiologic
studies revealed the association of specific variants with an increased risk for bladder
cancer development.582,583

Activation of LTbR downstream signaling revealed specific activation of the non-
canonical NF-kB pathways in bladder cancer cells whereas Rel-A nuclear translocation
was only found in infiltrating inflammatory cells. This is in contrary with the results
of Shen et al., but might be related to technical issues as they directly stained phos-
phorylated Rel-A whereas in our case a total Rel-A antibody was used and analyzed for
nuclear staining.426 To be absolutely sure about the lack of canonical signaling in our
patient samples a phospho Rel-A stain should be performed in addition. Interestingly
we also found non-canonical NF-kB signaling activated in tissue samples from a cystitis
patient. This further indicates a tumor driving role of chronic inflammation in bladder
cancer. Supporting this in a study analyzing expression profiles of A20 and p53 in be-
tween bladder cancer and chronic cystitis patients 12 out of 46 (26.1%) cystitis patients
were diagnosed with bladder cancer.584

The EGF-EGFR signaling pathway is a known driver of bladder cancer progression and
recurrence reflected by the high percentage of phospho-STAT3 positive tumors.585–587
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STAT3 signaling was found to be active in all samples except one tumor. It medi-
ates MMP-1 induction via EGF thereby promoting bladder cancer metastasis and it
is a known driver of cell survival and growth.585 Cyclin D1 is one of the STAT3 in-
duced activators of cell cycle progression but it can be also induced by NF-kB signal-
ing.107,377,378,471–473,585 Notably, although both pathways are highly activated in tumor
samples and the cystitis sample we found a strong decrease in Cyclin D1 transcript levels.
Same holds true for the antiapoptotic protein Bcl-xL. In contrast Survivin expression
was increased especially in tumor tissue as reported also from others.588 Most strikingly,
A20 expression was highly suppressed in all cancer and also cystitis samples indicating
a deregulation in NF-kB feedback inhibition. However, downregulation of A20 seems to
be contradictory to data from literature revealing a positive corRel-Ation of A20 wih
the tumorigenesis of bladder polypoid disorders.584 Furthermore they showed direct in-
teraction of A20 with the tumor suppressor p53 leading to its suppression. Inactivating
mutations of p53 can be found in about 50% of the invasive urothelial carcinomas.589

Although revealing a pattern of low proliferative potential due to deceased Cyclin D1
staining for the proliferation marker Ki67 revealed high numbers of tumor and urothe-
lial cells being positive. Molecular results of LTbR mediated signaling in the urothelium
could not further be clarified therefore an in-vivo model of chronic LT induced bladder
inflammation was generated.

We decided to generate two different models either with a constitutive overexpres-
sion of LT or with a doxycycline inducible expression system due following considera-
tions442,445: First the UPII promoter is already early active during embryogenesis and
early expression of LT might lead to embryonic lethality.441 Second by using an inducible
system we would be capable to play with the transgene expression dose and more im-
portant we would be able to switch off transgene expression again. In vitro analysis of
constructs generated for microinjection resulted in promising data. Unfortunately mi-
croinjection failed to result in generation of any LTa inducible founder. A reason might
have been the slight leakeness of the constructs leading to constant low level expression
and probably embryonic lethality via LTa driven TNFR signaling. This was further sup-
ported by the fact that also microinjection of the constitutive constructs resulted in only
a few transgenic founder lines. Even more confusing we found most of them being sin-
gle transgenics although integrated constructs normally consist of several copies of each
construct. Due to the physical incapability to breed we lost a further founder therefore
finally ending up with three transgenic founders two of which were single transgenic
and one at least double transgenic. Unfortunately only the LTa single transgenic line
expressed significant levels of transgenic transcripts. In the double transgenic line no
expression was detectable at all, although presence of the transgene in genomic DNA
was proven several times. An explanation for this might provided by “position effects”
related to the random integration of the transgene into the genome. Integration therefore
might have taken place for example in heterochromatic areas or next to an endogenous
locus with active transcription suppressing transgene transcription via interference.483

Still expression of LTa alone can suffice to induce inflammation via activation of the
TNFRs and indeed we found signs of inflammatory cell infiltration already at the age
of 2 month in one UPII-LTa transgenic animal. This is quite promising as the trans-
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gene expression level of the UPII-LTa animals is compared to HLT transgenic animals
extremely low. But already published liver specific LT transgenic mice showed similarly
low expression levels and still developed nice inflammation over time.44 Furthermore,
by intercrossing with UPII-LTb single transgenic mice activation of the LTbR will be
achieved thereby inducing chemokine expression and forced inflammatory cell recruit-
ment. In summary we were able to characterize a LT mediated inflammatory signature
in human bladder cancer patients associated with signs of deregulated NFkB signaling
and proliferation. Similar findings were made in a single cystitis patient. Furthermore a
mouse model of chronic bladder inflammation could be established and will be further
investigated in regards of cancer development and bladder cancer metastasis. To inves-
tigate the molecular mechanism underlying LTbR mediated bladder cancer promotion
intercrossing of single transgenic UPII-LTa and UPII-LTb lines will be performed to
generate a model of chronic LTbR stimulation in the urothelium.
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Table 10.1: Table of abbrevations

a alpha

AGE advanced glycosylation endproduct

AIRE autoimmune regulator

ATF Cyclic AMP-dependent transcription fac-
tor

ATG Autophagy gene

b beta

BAFF B-cell activating factor

BAFFR BAFF receptor

BCG Bacillus Calmette-Guérin

bTrCP beta-transducin repeat containing protein

CCL chemokine (C-C motif) ligand

CD Cluster of differentiation

CDK cyclin dependent kinase

cGN crescentic glomerulonephritis

Chop C/EBP homologous protein

c-IAP cellular inhibitor of apoptosis

CKD chronic kidney disease

CO2 carbon dioxide

COMMD COMM domain-containing protein

CXCL chemokine (C-X-C motif) ligand

CYLD Cylindromatosis (turban tumor syn-
drome)

DapB dihydrodipicolinate reductase

DC dendritic cell

DcR Decoy receptor

DM Dermatomyositis

DNA deoxyribonucleic acid

E.coli Escherichia coli

e/d-MHC embryonic/developmental myosin heavy
chain

EAE experimental autoimmune encephalitis

EDTA Ethylenediaminetetraacetic acid

EGTA ethylene glycol tetraacetic acid

ELISA enzyme-linked immunosorbent assay

ER endoplasmatic reticulum
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Ero-1 ER oxidoreductin

ESKD endstage kidney disease

FADD Fas-Associated protein with Death Do-
main

FasL Fas ligand

FDC follicular dendritic cell

g Gamma

GADD growth arrest and DNA damage-inducible
protein

GFR glomerular filtration rate

GITRL glucocorticoid-induced TNF-related lig-
and

Grp glucose regulated protein

GvHD Graft versus host disease

HE hematoxylin-eosin

HPRT Hypoxanthin-Guanin-
Phosphoribosyltransferase

HSP heat shock protein

HVEM herpes virus entry mediator

IBM inclusion body myositis

ICAM Intercellular Adhesion Molecule

IFN Interferon

IHC Immunohistochemistry

IIM idiopathic inflammatory myopathy

IkB nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor

IKK inhibitor of nuclear factor kappa-B kinase

IL Interleukin

ILC

iNOS inducible nitric oxide synthase

ISH in situ hybridization

IVIG intravenous immunoglobuline

Jnk c-Jun N-terminal kinases

KCl potassium chloride

KH2PO4 Monopotassium phosphate

LIGHT homologous to lymphotoxin, exhibits in-
ducible expression and competes with
HSV glycoprotein D for binding to her-
pesvirus entry mediator, a receptor ex-
pressed on T lymphocytes

LN lymph node

LP lamina propria

LPS Lipopolysaccharide

LT Lymphotoxin
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LTbR lymphotoxin beta receptor

MAdCAM mucosal vascular addressin cell adhesion
molecule

MAPK Mitogen-activated protein kinases

MEKK Mitogen-activated protein kinase kinase
kinase

MHC major histocompatibility complex

MHC myosin heavy chain

MLB muscle lysis buffer

MOPS 3-(N-morpholino)propanesulfonic acid

mTOR mammalian target of rapamycin

MuRF-1 muscle RING-finger protein-1

MyH myosin heavy chain

Na2CO3 Sodium carbonate

Na2HPO4 Disodium phosphate

NaCl Sodium chloride

NaHCO3 Sodium bicarbonate

NEMO NF-kappa-B essential modulator

NFAT Nuclear factor of activated T-cells

NF-kB nuclear factor kappa-light-chain-enhancer
of activated B cells

NIK NF-kB inducing kinase

NK natural killer cell

NKT natural killer T-cell

Nrf Nuclear Respiratory Factor

PBS phosphate buffered saline

PCR polymerase chain reaction

PEC parietal epithelial cell

PFA Paraformaldehyde

PG Prostaglandine

PGC peroxisome proliferator-activated recep-
tor gamma coactivator

PM Polymyositis

PMA phorbol 12-myristate 13-acetate

PP2Cb Serine/threonine-protein phosphatase 2A
catalytic subunit beta isoform

PPAR peroxisome proliferator-activated recep-
tor

PPIB Peptidyl-prolyl cis-trans isomerase B

PRC Pgc-1-related coactivator

RANKL Receptor Activator of NF-kB Ligand

RHD rel-homology domain

RIP Receptor-interacting serine/threonine-
protein kinase
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RNA ribonucleic acid

SDS Sodium dodecyl sulfate

SOCS suppressor of cytokine signaling

SR sarcoplasmic reticulum

STAT Signal Transducers and Activators of
Transcription

Tab Mitogen-activated protein kinase kinase
kinase 7-interacting protein

TAD transactivation domain

TAE tris-acetate-EDTA buffer

Tak-1 TGFb-activated-kinase 1

TBST Mixture of Tris-Buffered Saline and
Tween 20.

TEC tubular epithelial cell

(m)TEC medullary thymic epithelial cell

TGF transforming growth factor

TIM TRAF interaction motif

TIMP Tissue inhibitor of metalloproteinases

TLO tertiary lymphoid organ

TLR toll like receptor

TNF tumor necrosis factor

TNFR tumor necrosis factor receptor

TRA tissue restrictes self antigen

TRADD Tumor necrosis factor receptor type 1-
associated DEATH domain protein

TRAF TNF receptor associated factors

TRAIL TNF-related apoptosis-inducing ligand

TRIS tris-hydroxymethyl-aminomethane

TROY

TWEAK TNF-related weak inducer of apoptosis

UPII uroplakin-2

VCAM vascular cell adhesion molecule

XBP-1 box binding protein 1
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Zeit in München, die ohne Deine Unterstützung bei der Wohnungssuche nie so schön
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