
Masterarbeit

The function of TSC2 in
macrophages in regard to tissue

homeostasis and metabolism

Verfasserin

Monika Linke BSc

angestrebter akademischer Grad

Master of Science (MSc)

Wien, 2014

Studienkennzahl A 066 830

Studienrichtung Masterstudium Molekulare Mikrobiologie und Immunbiologie

Betreuer Univ.-Prof. Mag. Dr. Pavel Kovarik





Contents

1 Introduction 1
1.1 Macrophages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Origin and heterogeneity . . . . . . . . . . . . . . . . . . 1
1.1.2 Functions in immunity and homeostasis . . . . . . . . . . 2

1.2 The mTOR pathway . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.1 Rapamycin and mTOR . . . . . . . . . . . . . . . . . . . 3
1.2.2 mTORC1/2 components . . . . . . . . . . . . . . . . . . . 3
1.2.3 mTORC1 activation and function . . . . . . . . . . . . . . 4

1.3 Lysosomes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.1 Structure and function . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Routes to the lysosome . . . . . . . . . . . . . . . . . . . 7

2 Results 9
2.1 TSC2 deletion in BMDMs induces strong activation of mTORC1 9
2.2 Cellular morphology is profoundly altered in TSC2∆M BMDMs . 10
2.3 TSC2∆M BMDMs exhibit altered lysosomal and mitochondrial

function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 mTORC1 signaling alters endocytic and degradatory capacities

of BMDMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Conditional knock-out of TSC2 pertubes tissue structure and

function in vivo . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.6 mTORC1 inhibition reverses or prevents phenotype of TSC2∆M

mice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Discussion 21
3.1 Altered endo-lysosomal kinetics and mitochondria in TSC2∆M

BMDMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2 Mechanistic implications of mTORC1 in v-ATPase and TFEB

regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.3 mTORC1 signaling in macrophages and tissue homeostasis . . . 26
3.4 Conclusion and Outlook . . . . . . . . . . . . . . . . . . . . . . . 28



CONTENTS

4 Materials & methods 29
4.1 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1.1 Medium and solutions . . . . . . . . . . . . . . . . . . . . 29
4.1.2 Cell culture conditions . . . . . . . . . . . . . . . . . . . . 29
4.1.3 BM isolation and BMDM differentiation . . . . . . . . . . 30

4.2 Casy measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.3 Flow cytometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.4 Immunofluorescence . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.4.1 LDL degradation assay . . . . . . . . . . . . . . . . . . . 31
4.5 Western blot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.5.1 Buffers and solutions . . . . . . . . . . . . . . . . . . . . . 32
4.5.2 Whole cell lysate preparation . . . . . . . . . . . . . . . . 32
4.5.3 SDS page . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.5.4 Wet blotting . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.5.5 Antibody staining and detection . . . . . . . . . . . . . . 33

4.6 Histology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.6.1 Tissue preparation . . . . . . . . . . . . . . . . . . . . . . 34
4.6.2 H&E staining . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.7 Immunofluorescent staining . . . . . . . . . . . . . . . . . . . . . 35
4.8 Electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 35
4.9 qPCR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.9.1 RNA isolation . . . . . . . . . . . . . . . . . . . . . . . . 35
4.9.2 cDNA synthesis . . . . . . . . . . . . . . . . . . . . . . . . 36
4.9.3 qRT-PCR . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.10 In vivo treatment with everolimus . . . . . . . . . . . . . . . . . 37

Bibliography 39

A Abstract 53

B Zusammenfassung 55

C Curriculum Vitae 57

D Acknowledgments 59



1. Introduction

1.1 Macrophages

1.1.1 Origin and heterogeneity

First described due to their phagocytic nature by Eli Mechnitoff, macropha-
ges represent a heterogeneous subset of innate immune cells that participate
in a broad variety of biological processes. Already in 1925 Sabin et al. pro-
posed that monocytes are the precursor of macrophages1. A concept that was
later on termed the mononuclear phagocyte system and was officially accepted
to represent the origin of macrophages at a conference in 1969. Accordingly,
heamatopoietic progenitors gradually develop into monocytes, which after be-
ing released into the bloodstream seed into various tissues where they mature
as macrophages. These are then gradually replenished by bone marrow derived
monocytes2. However this linear model was in conflict with several phenomena,
for example local macrophage proliferation or the presence of fetal macrophages,
prior heamatopoiesis3. That the first macrophages lack a monocytic progenitor
and arise from the yolk sac was already suspected in the 1980’s and confirmed
by recent fate mapping studies and gene expression profiles. After vascularisa-
tion the fetal liver provides the niche for definitive hematopoiesis, which later
on shifts to the bone marrow4,5,6,7,8

The development and maintenance of macrophages are dependent on growth
factors such as macrophage-colony stimulating factor (M-CSF), granulocyte/
macrophage-colony stimulating factor (GM-CSF) or IL-349,10. Important in-
sights have been gained from the comparison of two mouse models, namely
CSF1op/op and CSFR1-/- mice (the gene encoding for M-CSF and its cognate
receptor respectively)11,12. Both mouse models show similar deficiencies, the
typical osteopetrotic (bone thickening) phenotype as well as the lack of the

majority of macrophage populations. However in CSFR1-/- an additional defi-
ciency of microglia and Langerhans cells was observed, indicating an alternative
ligand for macrophage-colony stimulating factor receptor (M-CSFR), which was
indeed identified as IL-3411,12,13,14,9,10. In contrast, decelopment of the popula-
tion of alveolar macrophages from fetal liver progenitors has been shown to be
GM-CSF dependent15.

Interestingly, prenatal yolk sac-derived macrophages seem to provide most of
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2 CHAPTER 1. INTRODUCTION

the tissue-resident macrophages (F4/80high), which are able to maintain them-
selves, while bone marrow-derived monocytes feed into F4/80low macrophage
and dentritic cell populations6,9,10. Monocytes are classically divided into cir-
culating (Ly6C–) and inflammatory (Ly6C+) monocytes16,17. Commonly used
macrophage markers include F4/80, CD11b (or MAC-1) and CD68, but in spe-
cific settings also CD11c (which is also a classical dendritic cell marker), MAC-2
(galectin-3) and many others, that are not only helpful, but often necessary to
identify specific subpopulations9. The observed heterogeneity of macrophage
populations is only partially explainable by separate origins; an important hall-
mark of macrophage biology is their high plasticity. Macrophage functionality
can be shaped by their niche, which led to the concept of M1 and M2 macro-
phages18. Although this represents a simplified view, it highlights the capacity
of macrophages to adapt their function according to environmental clues.

1.1.2 Functions in immunity and homeostasis

Macrophages are found in most tissues of the body and they are well known for
their role as immune sentinels. Prominent representatives are alveolar macro-
phages (lung), red pulp macrophages (spleen), microglia (brain) and kupffer
cells (liver), osteoclasts (bone), to give a few examples.

This broad distribution puts them in an excellent place to rapidly sense
mechanical insult or microbial stimuli. Macrophages express multiple of recep-
tors that recognize pathogen-associated molecular patterns (PAMPs) or danger-
associated molecular patterns (DAMPs)19,20. These are commonly known as
pattern recognition receptors (PRRs) and include toll-like receptors (TLRs), but
also nod-like receptors (NLRs) and rig-I-like receptors (RLRs). Furthermore
macrophages express a vast array of scavenger receptors, which are essential in
their role as phagocytes as they support phagocytosis and endocytosis19,21,22.
Upon tissue injury macrophages (and other tissue resident cells) launch influx of
neutrophils, monocytes (as a source of inflammatory macrophages) and leuko-
cytes into affected tissues. Microbial-activated inflammatory macrophages in
turn secrete high amounts pro-inflammatory cytokines, such as TNFα, IL-1,
promote oxidative processes and IL-12 and IL-23 production boosts TH1 and
TH17 mediated response. Additionally, anti-microbial molecules, such as nitrite
oxide are produced, thereby not only damaging the invading organism, but also
the host17,10.

The importance of macrophages in immunity in inflammation is well recog-
nized, however, they also play an important role in homeostatic settings. They
take part in the resolution of inflammation by facilitating phagocytosis of apop-
totic cells and debris, which suppresses inflammation in a self-antigen mediated
manner. Anti-inflammatory feedback mechanism also include the production of
IL-10, which promotes TReg expansion17,9,10. Macrophages are also implicated
in tissue patterning and branching morphogenesis, for example of the mam-
mary gland and pancreas10,23. Importantly, tissue remodelling also plays an
prominent role in maintenance of stem cell niches. For example CSF1op/op mice
display not only an osteopetrotic phenotype, but compromised hematopoiesis in
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the bone as they lack cavity sculpturing by osteoclasts10,23. Osteoclast shape
the bone niche, while bone marrow-resident macrophages (central macrophage)
provide the platform for erythropoiesis. Multiple pro-erythrocytes of various
stages have been found to “sit” on the central macrophage, that is said to have
nourishing functions, but also phagocytoses the expelled nucleus24,25. Addi-
tionally, red pulp macrophages of the spleen phagocytose aged erythrocytes and
facilitate haeme recycling26,25. Therefore, macrophages also are not only essen-
tial in the erythroid life-cycle but also for the maintenance of iron homeostasis
illustrating their role in metabolism and tissue integrity.

1.2 The mTOR pathway

1.2.1 Rapamycin and mTOR

Mechanistic (former mammalian) target of rapamycin (mTOR) is an evolu-
tionary conserved serine/threonine kinase, that forms the core of two signaling
platforms in the cell, called mTOR complex 1 (mTORC1) and mTOR complex
2 (mTORC2). Initially mTOR (or more specifically mTORC1) was identified to
be the target of the macrolide product rapamycin, whereas mTORC2 activity
is not directly blocked by rapalogues27,28,29,30.

Rapamycin was found to be a highly specific inhibitor and was introduced as
an immunosuppressant and further as a cancer treatment drug30. When bound
to FK506-binding protein of 12kDa (FKBP12) rapamycin suppresses kinase
activity by physical interaction with mTORC130,31. However this process was
found to be only partially effective, while ATP-competetive inhibitors (such as
torin) block both mTORC1 and mTORC2 activities30.

Importantly, both complexes are sensitive to phosphatidylinositol 3-kinase
(PI3K) activity and while mTORC2 functions upstream of Akt, mTORC1 re-
sides downstream of the PI3K-Akt-tuberous sclerosis complex (TSC) axis, which
might be viewed as the classical mTOR pathway.

1.2.2 mTORC1/2 components

mTORC1 and mTORC2 share not only the catalytic subunit mTOR, but also
mammalian lethal with sec-13 protein 8 (mLST8) which seems to be essen-
tial mainly for mTORC2 activity, the scaffolding tel two interacting protein
(Tti)/tel2 complex, as well as their common inhibitor DEP domain containing
mTOR- interacting protein (DEPTOR)32,33,34. In addition, mTORC1 com-
prises of regulatory-associated protein of mTOR (Raptor) and proline-rich akt
substrate of 40 kDa (PRAS40). Raptor, besides providing scaffolding and lo-
calizing properties for mTORC1, recruits and binds substrates, while associa-
tion with PRAS40 negatively regulates mTORC1 function31,35,36. Rapamycin-
insensitive companion of mTOR (Rictor) represents the mTORC2 counterpart
to mTORC1s Raptor, and its two other complex specific subunits — stress-
activated protein kinase-interacting protein (mSin1) and protein observed with
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rictor 1 and 2 (Protor1/2) — positively mediate mTORC2 function32,37,38.

1.2.3 mTORC1 activation and function

As mentioned above, both complexes are downstream of PI3K, which is sensitive
to a variety of stimuli, whereas in an immunologic setting it is important to men-
tion cytokine receptors, co-stimulatory molecules and TLRs39,40. The prototype
of PI3K activation, however, is by growth factors, such as insulin and insulin-like
growth factor (IGF), binding to their cognate cell surface receptor. Thereupon
insulin substrate receptor 1 (IRS1) is recruited to the plasma membrane-bound
receptor and activates PI3K. PI3K (or class IA PI3K; hereafter referred to as
PI3K) comprises of a catalytic p110 and a regulatory p85 subunit, and converts
phosphatidylinositol-4,5-biphosphate (PIP2) to PI-3,4,5-P (PIP3)27,41,39.

PIP3 acts as a second messenger, which not only recruits phosphoinositide-
dependant kinase 1 (PDK1) and Akt to the cell membrane, but also results
in the activation of mTORC242,43. PDK1 and mTORC2 phosphorylate Akt
at T308 and S473 respectively, to provide full activation of Akt43. Thereupon
Akt phosphorylates and inhibits TSC, the main negative regulator of mTORC1
signaling44.

TSC comprises of two essential subunits: hamartin (TSC1) and tuberin
(TSC2). While TSC1 is thought to mainly stabilize the complex, TSC2 func-
tions as a GTPase activating protein (GAP) for the small GTPase ras homolog
enriched in brain (Rheb), a potent activator of mTORC145,46. Additionally the
supressive function of TSC is also relieved due to other inputs, for example the
Ras-extracellular signal-regulated kinase (ERK) pathway and ribosomal S6 ki-
nase (RSK), or as recently shown in human monocytes p38α-MAPK activated
protein kinase 2 (MK2)-mediated phosphorylation47,48,49. However, phospho-
rylations not only releases the inhibitory function of TSC, as glycogen synthase
kinase 3β (GSK3), AMP-dependent protein kinase (AMPK) or Redd strengthen
the inhibitory function of TSC thereby50,51,52. Disruption of TSC thus ren-
ders its GAP activity on Rheb, which in its GTP–loaded state facilitates the
phosphorylation and activation of mTORC1. As TSC incorporates these vast
amount of inputs, (like growth factor, wnt and MAPK signaling, stress as well
as the cellular energy status) it might be viewed as the switchboard operator of
mTORC1 activity.

The functional output of mTORC1 signaling is often accessed by the phos-
phorylation levels of its best described downstream mediators eukaryotic trans-
lation initiation factor 4E (eIF-4E) binding protein 1 (4E-BP1) and riboso-
mal protein S6 kinase 1 (S6K1) (and/or its following target S6). Phospho-
rylated 4E-BP1 can no longer bind to eIF-4E, thus allowing it to participate
in cap-dependent mRNA translation while S6K1 promotes mRNA biogenesis
and translational initiation53. Of note, strong S6K1 activation supports the
activation of a negative feedback loop to IRS1. Accordingly S6K1 dependent
phosphorylation subjects IRS1 to proteasomal degradation, thereby blocking
the action of PI3K54,55.

However, the role of mTORC1 reaches far beyond protein synthesis. For
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example, lipid synthesis is initiated through the combined effort of activating
sterol regulatory element-binding proteins (SREBPs) and retaining their cog-
nate inhibitor Lipin1 in the cytoplasm56,57. Also yin-yang 1 (YY1) is a substrate
of mTORC1 and when phoshorylated, YY1 forms a complex with peroxisom-
proliferator-activated receptor coactivator-1α (PGC-1α) and promotes mito-
chondrial biogenesis58. Cellular energy status (ATP-AMP ratio) is monitored
via AMPK. While sufficient ATP renders AMPK inactive, rising cellular AMP
levels activate AMPK59,56,60. AMPK counteracts mTORC1 signaling on sev-
eral levels. It stabilizes the inhibitory function of TSC, can block mTORC1
signaling through phosphorylation of raptor and also promote autophagy initi-
ation directly60. Furthermore, mTORC1 activity is directly related to amino
acid availability. Interestingly amino acid stimulation induces the translocation
of the signaling complex to the lysosomal surface, where it subsequently can be
activated by Rheb61. Althought the direct sensor of amino acids is still elu-
sive, this mechanism requires the ras-related (Rag) GTPases, the pentameric
Ragulator complex and the vacuolar H+- ATPase (v-ATPase)61,62,63,64. Be-
sides promoting cell growth by the induction of anabolic processes, mTORC1
also supports net cell-mass accumulation by the suppression of autophagy, and
has recently been shown to modulate transcription factor EB (TFEB), a ”mas-
ter regulator” of lysosomal biogenesis. mTORC1 phosphorylation supresses
the ULK1/Atg13/FIP200 (unc-51-like kinase 1/autophagy-related gene 13/fo-
cal adhesion kinase family-interacting protein of 200kDa) complex, which plays
an important role in the initiation of autophagy65,66. TFEB promotes lyso-
somal and autophagy gene transcription, and phosphorylation by mTORC1
apparently promotes its retention in the cytoplasm67,68,69,70,71.

Collectively, the mTOR–pathway integrates both environmental cues, such
as growth factors and nutrient availability, as well as the cellular energy status
into cellular fate. These signals exert their effect on various levels of the path-
way and it is still questionable up to which extent one signal overrules another.
mTORC1 definitely plays a central role in orchestrating this vast amount of
extra- and intracellular signals and intriguingly, it does that in a cell-type spe-
cific manner. In the immune system for example, mTORC1 promotes the clonal
expansion of adaptive immune cells, while it inhibits pro-inflammatory innate
immune responses39,40.

1.3 Lysosomes

1.3.1 Structure and function

In the 1950ies Christian de Duve and his laboratory studied carbohydrate
metabolism and the action of insulin on the liver, by accessing subcellular frac-
tionation to examine enzyme localization and further enzyme activity72. As a
byproduct of their research they stumbled over a ’bizarre’ activity pattern of
acid phosphatase: In fresh homogenates the enzyme displayed activity latency,
which could be restored either by harsher homogenizing techniques or simply
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by storage of the fractions in the refrigerator for a couple of days73,72. Further
de Duve and his colleagues identified 5 hydrolases with acidic pH optima in
’membrane bound pockets’. As their functional targets were broadly varying,
they concluded that these granules represented a digestive compartment of the
cell, hence termed lysosomes (greek for ’digestive body’)74.

Today lysosomes are not only recognized for their role in cellular clearance
and recycling, but also for their function in cellular homeostasis, plasma mem-
brane repair, bone and tissue remodeling, cell signaling, immune response and
cell death75,76,77. Lysosomes can be identified by their most common mem-
brane proteins: lysosome-associated membrane protein 1 (LAMP1), lysosome-
associated membrane protein 2 (LAMP2), lysosomal integral membrane protein
2 (LIMP2) and CD63/lysosomal integral membrane protein 1 (LIMP1). They
are known to appear mainly as electron dense organelles of globular or tubular
shape and a commonly used visualizing technique includes staining with pH
sensitive dyes, or tracing of labeled substrates that target the lysosome76,77,78.

As already stated by de Duve, lysosomes degrade a multitude of struc-
turally diverse macromolecules and their monomeric constituents, provide valu-
able building blocks for the cell. These building blocks are then translocated
retrograde into the cytoplasm utilizing various transporters, or are targeted to
the cell surface for exocytosis78,79.

The major players of metabolite breakdown are over 50 lysosmal hydrolases
(or acid hydrolases) that are present within the lysosomal lumen, all essen-
tial to maintain the degratory capacity of cells75,78,77. A single lipidbilayer
provides the barrier between the highly acidic lumen (pH 4,5-5) and the cy-
toplasm. The lysosomal pH is obtained and maintained by the action of the
v-ATPase, a transmembrane multimeric complex that has a similar structure
as the the mitochondrial F-ATPase80,81,82. However the F-ATPase functions
mainly as an ATP-synthase coupled to the respiration chain, though it is able
to work in both directions (synthesize or hydrolyse ATP). In vivo the v-ATPase
seems to work only in the hydrolytic direction, whereas its main function is to
produce an acidic pH82. It utilizes metabolic energy to pump protons against
the electrochemical gradient, thereby acidifying the lysosomal interior83,81,82.
The v-ATPase is found along both the endocytic and exocytic compartments,
whereas the pH gradually drops on route to the lysosome81,82. Within the lyso-
some the acidic pH serves several functions: it not only favors the degradation
of macromolecules in general, but also induces structural changes of lysosomal
proteins, thus promoting enzyme activity76,82,84

The destructive potential of lysosomes raises the question how self-degrada-
tion of the lysosomal membrane as well as its hydrolases is prevented and lyso-
somal integrity maintained. Purified lysosomes are readily degraded following
ingestion by Kupffer cells, indicating that the inner leaflet of the membrane is
actively protected from degradation85. Images obtained with transmission elec-
tron microscopy show an electron translucent halo covering the inner perimeter
of the lysosome that is composed out of carbohydrate moieties86. Glycoproteins
are found to be more resistant to proteolysis in general and lysomal membrane
proteins are heavily glycosylated on their luminal domain87,88,89. Therefore,
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Granger et al. estimated that their high frequency within the lysomal mem-
brane is sufficient to form a continuous carbohydrate coat on its inner perime-
ter, also known as glycocalyx89. Although the glycocalyx lining is still often
referred to represent a protective coat of the inner lysosomal membran, Kundra
et al. showed that it indeed only prevents degradation of a subset of lysosomal
membrane proteins90. As a general inhibition of glycosilation leads to major
cellular abnormalities (the most obvious is the sorting process in golgi), they fed
cells with endoglycosidase H. Though cleavage of glycans results in rapid degra-
dation of LAMP1 and LAMP2, no changes in lysosomal integrity are observed
(curiously LIMP2 still seemed resistant to degradation)90.

The impact of dysfunctioning lysosomes is reflected in the occurrence of
over 50 lysosomal storage diseases (LSDs). LSDs are inherited diseases with
an approximate prevalence of 1 in 8000 births84,91. While the causes for LSDs
are heterogeneous — failure of enzyme function or delivery, defective traveling,
fusion, export or acidification – they result in storage material accumulation and
ultimately render lysosomes inoperative. Consequently, degradation of former
unaffected substrates is also compromised84,91,92,75. The heterogenity of LSDs
complicates therapeutic approaches, whereas the most common is the so called
enzyme replacement therapy. In this aspect it is of interest to find alternative
therapeutic approaches, whereas TFEB has been named as a possible target
multiple times84,91,92.

1.3.2 Routes to the lysosome

Substrates for degradation, but also lysosomal constituents, can reach the lyso-
some by various routes. External material is ingested by endocytic pathways,
while damaged or unnecessary cellular organelles and proteins are sequestered
by autophagy.

Endocytosis describes processes where extracellular material is subject to
membrane invagination, whereas a multitude of different mechanisms are de-
scribed in the literature93,94,95. Vesicles in the µm scale are established during
phagocytosis and macropinocytosis, while small invaginations of 100 to 200nm
in diameter are formed due to various mechanisms95. These small structures
are often referred to as the classical endocytic pathway, and the best described
mechanism by far is clathrin-mediated endocytosis. However other “coat” struc-
tures, such as caveolin or also uncoated vesicles are becoming increasingly rec-
ognized93,94,95.

Interestingly, specific uptake mechanisms seem to integrate the cellular en-
vironment into cell biological decisions. For example, low epidermal growth
factor (EGF) concentrations induce activated receptor internalization, mostly
by clathrin-mediated endocytosis. Subsequently, the receptor is recycled to the
plasma membrane, presumable to continue participating in signaling. On the
other hand, high EGF concentrations lead to receptor ubiquitilation, clathrin-
independent endocytosis and receptor degradation96,97. Another example cou-
ples low concentrations of platlet derived growth factor (PDGF) to clathrin-
mediated endocytosis and induction of cell migration. However, at high dosage
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of PDGF, its receptor is internalized via caveolin, subjected to degradation,
and a signaling program that supports cell proliferation is induced98. Thus be-
sides playing a very obvious role in cellular nutrition, endocytosis functions in
host immunity not only due to its cleansing nature, but in regulating certain
signaling circuitries.

Extracellular substrates are first targeted to early endosomes (EEs), then
routed via late late endosomes (LEs) to the lysosome. Receptor-bound cargo
either dissociates due to the slight acidic environment of the EE, or cargo and
receptor go down the same road. For example, the low-density lipoprotein recep-
tors (LDL-Rs) are re-targeted to the plasma membrane after cargo dissociation
to be recycled99. In general these compartments can be distinguished according
to their surface markers, their localization, as well as their appearance. EEs
are often identified via early endosome antigen 1 (EEA1) and ras-related in
brain 5 (Rab5), they are electron-light membrane compartments, of both tubu-
lar and spherical shape and are mostly found in close proximity to the cell
surface76,84,78,77. During the transition from EEs to LEs cargo concentrates in
progressively fewer and larger endosomes that move to the juxtanucleare region.
This process is accompanied by an increase of the small GTPase ras-related in
brain 7 (Rab7) and loss of Rab5100. Thus LEs are less electron translucent and
although they appear mostly as spheres, their interior is broadly varying. They
may be filled with membrane worles (membrane sheets) or small vacuoles (then
termed multi vesicular body (MVB)) and are identified for example via Rab7,
but also lysosomal markers. The most reliable markers for the differentiation of
LEs and lysosomes is however, that lysosomes lack mannose-6-phosphate recep-
tors (M6PRs). M6PRs binds to most soluble lysosomal enzymes in the trans-
Golgi network, which are subsequently released due to the acidic environment
in endosomes, whereafter the receptors are cycled back to the golgi76,84,78,77.
Alternative sorting mechanisms include sortilin and LIMP2, which have been
shown to be responsible for the delivery of distinct hydrolases101,102.

Importantly, the M6PR route might also lead to the cell surface and from
there on to the lysosome, which forms the basis for enzyme replacement therapy
in LSDs. Just like lysosomal hydrolases, lysosomal membrane proteins are either
transported via an extra- or intracellular route, but they are all delivered by the
LEs to the lysosome, which explains the similarity of their markers76,84,78,77.

The complexity of the endosomal pathway is enormous, as it can not be
considered to be a ’one-way street’. At each intermediate stage recycling events
are taking place and and cargo might be transmitted by vesicular carrier trans-
port or via tubular connections. Additionally, multiple fission and fusion events
take place, whereas the fusion may be permanent or short and transient. Luzio
et al. fittingly described the processes as a constant molecular and structural
remodeling, due to gradual membrane and content exchange76.



2. Results

2.1 TSC2 deletion in BMDMs induces strong
activation of mTORC1

To address the role of TSC2 in macrophage function, we crossed mice harbor-
ing loxP flanked TSC2103 (TSC2fl/fl) and mice that express the Cre recombi-

nase under the control of the lysosozym M (LysM) promoter104 (LysMcre/cre).

Their respective offspring (LysMcre/cre TSC2fl/fl), will hereafter be referred to
as TSC2∆M, as their macrophages (and granulocytes) should be condition-

ally depleted of TSC2. As controls TSC2fl/fl bone marrow derived macropha-
ges (BMDMs) or mice were used throughout the study.

To determine the functionality of the knock-out, bone marrow (BM) was
differentiated in vitro into BMDMs as outlined in the Materials & Methods.
Thereafter cells were cultivated o/n in starvation media. Thus BMDMs were not
only deprived of M-CSF (which promotes macrophage differentiation and pro-
liferation) but were also exposed to reduced serum concentration, to minimize
nutrient-mediated mTORC1 activation. Whole cell lysates, analyzed by western
blot, confirmed that TSC2 is efficiently knocked out in TSC2∆M BMDMs after
the differentiation process (Fig.1). As expected, the loss of TSC2 induced strong
activation of mTORC1, as even in the non-stimulated control its downstream
effectors S6 and 4E-BP1 were highly phosphorylated (hyperphosphorylation of
4E-BP1 can easily be seen due to its upward shift in the SDS-page, thus repre-
senting the highest detected band).

Interestingly, even with different TLR stimulants — LPS and Poly(I:C),
which represent ligands for TLR4 and TLR3, respectively — the floxed con-
trol never reached the basal phosphorylation level of S6 and 4E-BP1 observed
in TSC2 knock-outs. Also, a reduction of Akt phosphorylation was seen in
TSC2∆M BMDMs, both in the medium control as well as in the TLR stimu-
lated samples. This indicates the induction of the negative feedback-loop via
S6K1 – IRS154,55 and therefore represents an additional sign of constitutive
mTORC1 signaling.

In summary, TSC2∆M BMDMs efficiently depleted TSC2 during their differ-
entiation, displayed highly elevated mTORC1 activity and represent an excellent
tool to study the effects of mTORC1 signaling in murine macrophages.

9
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Figure 1: Differentiation induces loss of TSC2 in TSC2∆M BMDMs On
day 7 BMDMs were seeded in starvation medium o/n, stimulated 3h with either
100ng/ml LPS, 50µg/ml Poly(I:C), or were left unstimulated. Cellular lysates
were subjected to western blot and probed with the indicated antibodies.

2.2 Cellular morphology is profoundly altered

in TSC2∆M BMDMs

The phenotype of TSC2∆M macrophages was unusually round in comparison
to their floxed counterpart (Fig.2a). The lack of TSC2 enhanced the size of
BMDMs as shown by Casy measurement and flow cytometry (Fig.2b&c). Be-
sides an increased forward scatter, we also observed a pronounced upward shift
in the side scatter. As mTORC1 is known to be a master-regulator of cell
growth51,29,27 the increase in cell size might not be surprising, however the al-
tered side scatter suggested a more substantial change in cellular morphology.
Electron microscopy showed that the lack of TSC2 resulted in a multitude of
electrone dense organelles (Fig.2d). Additionally, similar dark tubular struc-
tures in close proximity of the nucleus were visible. The mentioned organelles
were also present in growing autophagic structures, but no closed autophagic
vacuole was observed in any of the examined pictures. An irregular mitochon-
drial structure was also observed in TSC2∆M BMDMs (Fig.2d). mTORC1 has
been reported to promote mitochondrial biogenesis58,56,60, however, the lack of
TSC2 seemingly introduced highly irregular features of the lamellae.

Thus TSC2 depletion not only increased cell size, but grossly changed macro-
phage phenotype to a round, highly granular state. Granules were observed as
electron dense organelles and the mentioned structures were apparently sub-
jected to autophagy, indicating that their cellular function was perturbed. Ad-
ditionally, an occasional altered mitochondrial structure, that was not observed
in TSC2fl/fl BMDMs, was a prominent feature in TSC2∆M BMDMs.
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Figure 2: Depletion of TSC2 alters cellular phenotype BMDMs were
seeded o/n in starvation medium A) on cell culture dishes and analyzed with
light microscopy (Brightfield) and D) on glass slides and subjected to trans-
mission electon microscopy. Red arrows indicate the mentioned electron dense
organelles while red stars mark both growing phagophores and electron dense
tubular structures (representative image of n=5; in different magnifications). In
B) and C) BMDMs were analyzed by flow cytometry and Casy measurement
after differenciation process (n=5 of 2 independent experiments, +SEM).
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2.3 TSC2∆M BMDMs exhibit altered lysosomal
and mitochondrial function

Electron dense organelles are usually referred to as lysosomes in the litera-
ture76,77,78. Thus BMDMs were stained for lysosomes with Lysotracker and
subjected to flow cytometry (Fig.3a). Surprisingly, less fluorescence signal
was measured in TSC2∆M BMDMs. Even though the precise action of this
lysotrophic dye is unknown, it is usually referred as a reflection of lysosmal
pH, consequently loss of TSC2 seemed to induce a malfunction in the acidi-
fication process. Additionally, the organelle marker LIMP2 was also reduced
due the conditional knock-out of TSC2 when analyzed by immunofluorescence
microscopy (Fig.3b). Western blot analysis confirmed this result, but the differ-
ences in normalized protein content were markedly less extensive (Fig.3c). This
might suggest that LIMP2 is distributed more broadly in TSC2∆M BMDMs,
thus producing a diffused picture in immunofluorescence.

Active mTORC1 is found on late endosomal/lysosomal surfaces and has also
been shown to modulate TFEB, the so-called master-regulator of lysosomal
biogenesis61,62,105,69,70. Western blotting showed a mobility shift of TFEB in
TSC2∆M BMDMs, that upon rapamycin treatment shifted to the position that
was observed in TSC2fl/fl BMDMs (Fig.3c). The faster running form of TFEB,
as seen in TSC2∆M BMDMs, should predominately be found in the nucleus, as
phosphatase treatment of lysates results in a lower running form of TFEB105,69.
In line with these findings, we observed upregulation of established TFEB target
genes, the h subunit of the v-ATPase and HEXA, while LIMP2 transcription
was comparable in TSC2∆M and TSC2fl/fl BMDMs (Fig.3d). Interestingly, basal
ERK phosphorylation was strongly reduced in TSC2∆M BMDMs, but was up-
regulated by rapamycin (Fig.3c). TFEB has also been shown to be a substrate
of ERK68, consequently modified mobility could also be due to lower or (upon
rapamycin treatment) higher ERK activity.

Mitochondrial morphology was altered in knock-out BMDMs. Therefore, we
accessed Mitotracker staining to investigate mitochondrial properties of BMDMs.
Flow cytometry analysis showed an enhanced fluorescent signal in TSC2∆M

BMDMs (Fig.3a). As mitochondrial metabolism of Mitotracker dye results in
a green fluorescence, it can be used as a direct link to mitochondrial function.
Additionally, a stronger signal for the β subunit of the mitochondrial F-ATPase
was obtained by immunofluorescence staining of TSC2∆M BMDMs (Fig.3b).
Therefore this data implicates enhanced mitochondrial activity and presence in
TSC2∆M BMDMs.

Taken together, these results suggest a profound shift in cellular metabolism
in the major anabolic and catabolic compartments of the cell. We found that
TSC2 deplention compromised lysosomal pH and marker expression while a
higher abundance of metabolic active mitochondria was observed. The later
might either be a coping mechanism of macrophages to provide energy despite
compromised lysosomes or a result of ineffective autophagic clearance. However,
mTORC1 signaling is also known to promote mitochondrial biogenesis58.
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Figure 3: TSC2∆M BMDMs show a shift in cellular metabolism BMDMs
were seeded o/n in starvation medium a) stained with Lysotracker and Mito-
tracker and analyzed by flow cytometry and b) stained for LIMP2 or the β
subunit of the mitochondrial F-ATPase (red), couterstained with DAPI and an-
alyzed with fluorescence-microscopy and c) were treated with rapamycin o/n or
were left untreated. Cellular lysates were subjected to western blot and probed
with the indicated antibodies and in d) were subjeted to qRT-PCR after 48h.

Data represents mean expression levels normalized to TSC2fl/fl BMDMs=1, n=7
from 3 independent experiments, +SEM.
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2.4 mTORC1 signaling alters endocytic and de-
gradatory capacities of BMDMs

Next we wanted to investigate the functional result of TSC2 depletion and
the role of mTORC1 signaling on lysosomal capacity of macrophages. As
low-density lipoprotein (LDL) is exclusively degraded in the lysosome99, flu-
orescent labeled LDL was used to monitor the flux of degradation in a time
course dependent manner. Thus, BMDMs seeded o/n in lipoprotein-free me-
dia were fed Alexa488-LDL, which was removed by excessive washing after 30’
(Fig.4a). Degradation and lysosomal acidification (Lysotracker) was monitored
by fluorescence-microscopy. To determine the effects of mTORC1 signaling,
BMDMs were treated with rapamycin o/n and further until the end of the time
course. As a negative control the properties of the weak base chloroquine (CQ)
were accessed. CQ raises the intracellular pH, thus impairs the degradation of
LDL in the lysosome106.

Remarkably, after 5h chase, TSC2∆M BMDMs contained nearly comparable
amounts of labeled LDL as when they were treated with CQ, while only rem-
nants of green staining were visible in TSC2fl/fl BMDMs (Fig.4a). As already
shown by flow cytometry, TSC2∆M BMDMs showed decreased Lysotracker
staining in comparison to floxed BMDMs. The observation that the uptake
of labeled LDL was strongly elevated in TSC2∆M BMDMs was surprising, as
under no condition we could see comparable green staining of TSC2fl/fl BMDMs.
Importantly, TSC2∆M BMDMs treated with rapamycin showed a comparible ki-
netics as the non-treated floxed control. This indicates that all these processes
— uptake, lysosomal pH and degradation capacity — are mTORC1 dependent.

To extend these results, a second assey was performed where the degradation
of DQ-BSA was monitored by flow cytometry, whereas degradation of the BOD-
IPY dye gives rise to fluorescent peptides. Surprisingly, although the amount
of uptake was also highly elevated, TSC2∆M BMDMs degraded DQ-BSA faster
than TSC2fl/fl BMDMs (Fig.4b). To be precise, TSC2∆M BMDMs dequenched
double the amount of DQ-BSA, and degraded the resulting fluorescent peptides
in the same time as TSC2fl/fl BMDMs. Although the cells were only pulsed for
15’, the strongest fluorescence was observed at 0’ chase, as seen before in THP-1
cells107. Thus dequenching was facilitated prior to or during uptake. Keeping in
mind that BSA is a protein, continuous acidification along the endocytic route
and the acquisition of diverse proteases of endocytic compartments, could be
sufficient to for proteolysis of BSA.

Therefore, these results could be interpreted in different ways: Either lipopro-
teins belong to a handful of non-degradable targets due to constitutive mTORC1
signaling while the degratory capacity is similar for other substrates such as
BSA. Or the bulk of BSA degradation is not facilitated in the lysosome, thus
giving no insight if the lysosome might be able to degrade BSA. Collectively,
these data shows that mTORC1 signaling promotes endocytic uptake of cargo
and counteracts degradation of LDL while it promotes degradation of BSA.
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Figure 4: TSC2∆M BMDMs show altered degradory capacity BMDMs
were seeded o/n a) in lipoproteinfree media and when indicated pre-treated
with 100nM rapamycin o/n. 50µM CQ was added 30’ prior pulsing the cells
with 50µg/ml Alexa488-LDL. CQ and rapamycin were included until the end
of the time course. BMDMs were fed Alexa488-LDL for 30’, the stimulus was
removed and degradation was chased for the indicated time points. Lysosomal
acidification was assessed with Lysotracker and in b) BMDMs were pulsed with
10µg/ml DQ-BSA for 15’, and dequenching/degradation was monitored by flow
cytometry (n=4 of 2 independent experiments, +SEM).
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2.5 Conditional knock-out of TSC2 pertubes tis-
sue structure and function in vivo

To examine the effects of LysM dependent TSC2 depletion in vivo, various tis-
sues were subjected to immunohistochemistry. In 10-12 weeks old mice clusters
of hypertrophic cells were observed in internal organs, such as the spleen and
the lung, in H&E stained sections, that were not found in control mice (Fig.5).
The alveolar structure was greatly pertubed in TSC2∆M mice and in the spleen
we observed a lack hemosiderin (yellow-brown patches), a sign of erythrophago-
cytosis. As removal of aged erythrocytes by the resident red pulp macrophages
is one of the major functions of the spleen26,108, this can be associated with a
decline of tissue function. At 6 months of age the internal phenotype was even
exuberated in TSC2∆M mice, accompanied by a strong swelling of paws and tails
(Fig.6a&b). Interestingly, this was not due to oedema formation but represented
a novel tissue, whereas the cells showed a similar phenotype to in vitro differ-
entiated TSC2∆M BMDMs. We could confirm that these hypertrophic cells
were macrophages, as they were not only positive for F4/80 but also for the
macrophage marker MAC-2 (Fig.6c). MAC-2 positive histiocytes also showed
a strong induction of p-S6, indicating constitutive active mTORC1 signaling
(Fig.6a). It should be remarked that MAC-2 is not a frequently used macro-
phage marker, however it proofed to be the most reliable detectable marker,
that always overlapped with p-S6.

Thus, conditional TSC2 depletion results in novel macrophage tissue forma-
tion in the skin and the appearance of hypertrophic macrophages in internal
organs, disturbing tissue structure and function. Notable most of these cells
were found in clusters near blood vessels, which could indicate either their de-
pendence on nutrient supply or secondary infiltration.

2.6 mTORC1 inhibition reverses or prevents phe-

notype of TSC2∆M mice

We also set out to explore the role of mTORC1 signaling on the internal pheno-
type of TSC2∆M mice. Therefore 4 TSC2∆M littermates, 7 weeks of age, were
treated orally with everolimus, while 2 received only the placebo. The treat-
ment was performed daily for 4 weeks, whereafter the organs were subjected to
immunohistochemistry. H&E stained sections showed that mTORC1 inhibition
drastically reduced the presence of hypertrophic macrophages (Fig.7). In the
lung the alveolar structure was restored and in the spleen there were again signs
of erythrophagocytosis, although hemosiderin presence was lower than observed
in TSC2fl/fl mice and found in clustered areas.

Therefore the presence of hypertrophic macrophages in various tissues is
indeed mTORC1 dependent. Additionally removal of senescent erythrocytes
in the spleen and a normal alveolar structure could be observed in everolimus
treated TSC2∆M mice (Fig.7).
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Figure 5: LysM-dependent TSC2 depletion results in hypertrophic cell
accumulation Tissues of 10-12 weeks old mice were fixed, embedded in paraffin
and sections were analyzed with H&E staining. Brown-yellowish patches in the
splenic red pulp indicate hemosiderin, a sign of erythrophagocytosis.
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Figure 6: LysM-dependent TSC2 depletion results in histiocyte accu-
mulation a) Lung and b) feet tissue of 6month old mice was fixed, embedded
in paraffin and analyzed by immunofluorescence microscopy, whereas in a) p-S6
(red) MAC-2 (green) and in b) MAC-2 (red) F4/80 (green) secondary ABs were
used, and counterstained withDAPI (blue). Additionally in b) a representa-
tive picture of TSC2∆M mice of 6 month is shown, whereas markedly swollen
feet/legs and tail were observed.
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Figure 7: Everolimus treatment reverses/prevents phenotype 7 week
old TSC2∆M mice were treated orally with everolimus (5mg/kg) for 4 weeks or
received only the placebo. Subsequently tissues were fixed, embedded in paraffin
and sections were analyzed by H&E staining.
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3. Discussion

The mTORC1 signaling pathway has been shown to be decisive in a variety
of immune cells, of both the adaptive and innate immune system39,109,110,40.
In monocytes and macrophages, there is a growing amount of publications
that focus on the role of mTOR in macrophage polarization, or the balance
of pro- and anti-inflammatory cytokine secretion111,112,113,49. In contrast, this
study shows that the TSC2-mTORC1 pathway modulates lysosomal capacity
of murine macrophages.

3.1 Altered endo-lysosomal kinetics and mito-

chondria in TSC2∆M BMDMs

LysM-dependent TSC2 depletion resulted not only in constitutive mTORC1
signaling but also grossly changed the phenotype of BMDMs. TSC2∆M cells ap-
peared highly granular, big and round in vitro. Although mTORC1 is considered
to be a master-regulator of growth51,29,27, the granularity pointed to a more sub-
stantial change of cellular morphology and functionality. Electron microscopy
showed a multitude of electron dense organelles in TSC2∆M BMDMs, which we
considered to be lysosomes according to their ultrastructure. Markedly, they
were also observed in growing autophagic structures, although mTORC1 sig-
naling is usually accepted to exert an inhibitory function on autophagy29,27,114.
This strongly hints to a malfunction of these electron dense organelles and it
has been shown only recently that also damaged lysosomes are subjected to
autophagy115.

There are further experiment necessary to explain this phenomena, how-
ever autophagy may occur also independent of mTOR signaling114. Addi-
tionally, no closed autophagic vacuole was seen in any of the examined cells.
Therefore autophagic progression seemed to be inhibited in TSC2∆M BMDMs.
Thus, although autophagy is obviously initiated to sequester hypothetical dam-
aged or malfunctioning organelles (despite constitutive mTORC1 signaling),
phagophore progression seems to be counteracted by TSC2 depletion.

Additionally, structures of tubular shape with similar electron dense appear-
ance seemed to be “growing” in the junxanuclear region of TSC2∆M BMDMs,
that could not be found in TSC2fl/fl macrophages. This resembled a maturation
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process, probably to replenish defective organelles.
The morphology of those electron dense organelles pointed to lysosomes and

there are several links of mTORC1 signaling to the lysosome. First, mTORC1 is
targeted to the late endosomal/lysosomal surface, by the Rag-GTPases, where
the active signaling process is thought to take place61,63. At the lysosome the
pentameric Ragulator complex, while interacting with the v-ATPase, functions
as a GEF for the Rags, thus promoting the amino acid dependent shuttling of
mTORC1 to the lysosome62,64. Additionally proton pumping of the v-ATPase
appears to be required for amino acid sensing of mTORC1, which curiously
seems to be independent of lysosomal acidification63.

Secondly, mTORC1 signaling regulates TFEB, which upon nuclear translo-
cation, upregulates an entire repertoire of lysosomal and autophagic genes67,68.
However, there are controversial results as to how mTORC1 is influencing
TFEB. While one group showed that mTORC1 promotes nuclear translocation
of TFEB105, other studies propose that mTORC1 signaling actually counter-
acts the nuclear accumulation of TFEB69,70. In the literature there are more
indications that point to the later view, however, the majority of the data is
obtained by overexpression of TFEB, which might disturb physiological condi-
tions. There are also indications that TFEB can105,71, or can not be modulated
with rapamycin, but only with ATP-competitive inhibitors of mTOR69,70. Re-
gardless, TFEB has been shown to be a mTORC1 target multiple times, and
maybe the identification of its phosphatase will elucidate its regulation in more
detail.

When we investigated the abundance of lysosomes in BMDMs, the lysosomal
marker LIMP2 as well as Lysotracker staining was reduced in TSC2∆M cells.
This indicated that there are actually less, or at least less functional lysosomes
present. We observed no decrease in LIMP2 mRNA levels in comparison to
TSC2fl/fl BMDMs and normalized protein comparison by western blot analysis
showed only a slight reduction of LIMP2 in TSC2∆M BMDMs. This stands
in contrast to data obtained by immunofluorescence, but in the aspect of the
multiply “newly” formed organelles, availible LIMP2 might be scattered, thus
giving the impression of the presence of less lysosomes. Additionally, changes
in LIMP2 translation and aberrant endo-lysosomal trafficking or fusion, should
be considered as a cause for the reduction of LIMP2 observed in immunofluo-
rescence.

The altered mobility shift of TFEB observed in TSC2∆M BMDMs was in-
deed reversible by o/n rapamycin treatment. Although there are conflicting
results regarding the nature of mTORC1-dependent regulation of TFEB, they
are in agreement that hyper-phosphorylated TFEB is retained in the cyto-
plasm105,69,71,70. Phosphatase treatment of lysates results in a lower running
form of TFEB105,69, hence, TFEB in TSC2∆M BMDMs should predominantly
be found in the nucleus. In agreement with this, we also observed an upregula-
tion of TFEB target genes HEXA and the h subunit of the v-ATPase67.

Although TSC2∆M BMDMs were seemingly perturbed in their catabolism,
they exhibited increased mitochondrial abundance and function. This was ac-
cessed by immunofluorescence of the β subunit of the mitochondrial F-ATPase
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and measuring Mitotracker by flow cytometry. When metabolized, Mitotracker
dye resulted in green fluorescence, which was elevated in TSC2∆M BMDMs,
as was F-ATPase-β staining. Although this is in line with the literature, in
combination with lysosomal malfunction, this could be a coping mechanism to
support cell growth/viability. The rational for examining mitochondria func-
tion, however, was their irregular shape observed in electron micrographs. Thus
it could also imply that mitochondrial turnover is limited due to TSC2 depend-
ing lysosomal dysfunction.

To determine if this complex cellular phenotype is indeed altering the de-
gradory capacity of macrophages, we challenging BMDMs to degrade either
LDL or DQ-BSA, which surprisingly lead to opposite outcomes. LDL removal
was clearly hampered in TSC2∆M BMDMs, while a higher amount of DQ-BSA
was processed in a comparable time frame as in TSC2fl/fl BMDMs. We accessed
LDL, as its degradation is completely dependent on the lysosome99. BMDMs
deprived of lipoproteins o/n were pulsed with Alexa488 labeled LDL for 30’ and
thereafter chased in fresh media. At various time points the cells were co-stained
with Lysotracker, to monitor lysosomal acidification during this process. How-
ever, even after 5h chase, TSC2∆M BMDMs seemed to be unable to degrade
LDL, as there fluorescent intensity was nearly comparable as when treated with
CQ (which raises the intracellular pH). Rapamycin treatment lead to a com-

parable LDL flux in TSC2∆M BMDMs as observed in TSC2fl/fl BMDMs, as
well as Lysotracker staining, which provides evidence that these processes are
mTORC1 dependent. Additionally, we also saw that the uptake capacity of LDL
is strongly elevated in TSC2∆M BMDMs. The most straightforward explanation
could have been that this is not mTORC1 but solely TSC2 mediated, as TSC2
has been shown to act as a GAP toward RAB5 and this small GTPase is playing
a key role in endocytosis and early endosome dynamics116,41. This however can
be ruled out, as also this process was reversible upon rapamycin treatment. Of
note, RAB5 activity is modulated by PI3K, thus early endosome kinetics might
be specifically modulated by the negative feedback loop to IRS1, induced due
to mTORC1 hyperactivation41. Regardless, this data implicates a fundamental
role of mTORC1 in endocytic uptake, lysosomal pH and degradation capacity
in macrophages.

To our surprise we found that although endocytic uptake was comparable
elevated towards DQ-BSA in TSC2∆M BMDMs, they were able to degrade DQ-
BSA faster than TSC2fl/fl BMDMs. The strongest fluorescence was observed at
0’, which was surprising, as the cells had been only pulsed for 15’. It should be
remarked that in this experimental setup, a reverse outcome was expected — not
a decrease in fluorescence but an increase. As, according to the manufacturer
DQ-BSA proteolysis results in dequenching of its conjugated dye BODIPY, and
the resulting peptides are strongly fluorescent. However although the cells were
only pulsed for 15’, the strongest fluorescence was observed at 0’ chase. Impor-
tantly this has been observed before in THP-1 cells107. Thus dequenching is
already facilitated within this 15’ either due to secreted proteases or those that
are already present in the EE. That secreted proteases are the key here might



24 CHAPTER 3. DISCUSSION

be surprising: the media was prepared in advance, DQ-BSA added prior cells
were washed, thereafter the pulsing media was immediately added to the cells.
It has been reported that macrophages are capable to renew at least half of their
plasma-membrane (up to 148%) in 30’117. Thus endosomal compartments are
secreted, which could mean that 15’ are enough to secrete an sufficient amount
of proteases. It is questionable, however, if the degradation of the resulting pep-
tides is limited to the lysosome,as there are other ways to break down proteins,
such as the proteasome. Also, endosomes on route to the lysosome constantly
aquire a lower pH and proteases76,77,82, which might be sufficient to break down
BSA in a pre-lysosomal compartment.

In summary, degradation kinetics of Alexa488-LDL were clearly perturbed
in TSC2∆M BMDMs, but rescued upon rapamycin treatment. Thus constitutive
mTORC1 signaling might either compromise lysosomal degradation of lipopro-
teins and similar targets in particular, while promoting the flux of other sub-
stances such as DQ-BSA, or the later is not specifically dependent the lysosome
for degradation. The data draws an interesting picture that raises the question
about the maturation capability of endosomes and endo-lysosomal fusion due to
TSC2 depletion. It, however, clearly indicates that mTORC1 hyperactivation
is counteracting lysosomal degradation of at least lipoproteins and maybe sim-
ilar targets. Selectively exclusion of specific substrate degradation (depending
on the genetic defect) is a hallmark of LSDs, although further accumulation of
these substances globally disturbes lysosomal capacity84,91,92. Therefor differen-
tial degradation kinetics actually highlight the comparable aspects of TSC2∆M

macrophages and LSDs.

3.2 Mechanistic implications of mTORC1 in v-
ATPase and TFEB regulation

How does constitutive mTORC1 signaling perturb lysosomal function? It is
tempting to hypothesize that cellular positioning of active mTORC1 on the
lysosome has a direct effect. However, both amino acid stimulation as well as
mTORC1 inhibition induce lysosomal clustering of mTORC1118,70,119. Since
activation and inhibition induce mTORC1 translocation to the lysosome, it
should be the action of the signaling complex that directly mediates lysosomal
capacity.

The reduction of Lysotracker staining in TSC2∆M BMDMs pointed to a
defect in lysosomal acidification. Importantly, this could be rescued by ra-
pamycin treatment, thus was mTORC1 mediated. The v-ATPase not only
acidifies cellular compartments, but also serves as an anchor for Ragulator and
active mTORC1 to late endo/lysosomal structures83,82,81,62,64. Additionally,
this multimeric complex undergoes subunit isotypes exchange upon endosomal
transition, and the V1 domain can dissociate from the membrane anchored V0
domain81. Subunit exchanges are crucial for normal cellular function, also of
other compartments of the cell beside the endo-lysosomal pathway. For example,
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a loss-of-function mutation of the human a2 isotype causes for aberrant protein
glycosylation in the golgi120. Interestingly, there are indications that the disso-
ciation/assembly process is at least under certain conditions regulated by PI3K
or the PI3K-mTOR pathway. Bone resorption of osteoclasts is disrupted upon
PI3K inhibition, as it prevents the re-location of the a3 subunit containing V1
domain to the plasma membrane121,122. This is apparently facilitated due to an
interaction of PI3K with F-actin, which promotes ruffled border formation122.
It was proposed that the glycolytic enzyme aldolase, acts as a glucose-sensor,
while interacting with subunits of the v-ATPase123. Upon glucose stimulation
it mediates reassembly of the v-ATPase, to promote acidification of intracellu-
lar compartments, which can also be mimicked by a constitutive active p110α
subunit and reversed by PI3K inhibition123,124. However, there are no follow-
up publications, if this process is also mTORC1 dependent, which is not only
activated by glucose but also promotes glucose uptake and glycolysis56,59.

As in all the experiments, long term (o/n in vitro, or 4 weeks in vivo) ra-
pamycin treatment was performed, indirect effects might rescue lysosomal func-
tion. Such as protein expression induced by TFEB, the master regulator of
lysosomal and autophagic genes. Curiously TFEB appeared to be less phospho-
rylated in TSC2∆M BMDMs in the steady-state, which is contradictory to the
bulk of mTORC1-TFEB publications. Thus TFEB should be targeted to the
nucleus, which we indirectly confirmed by qPCR, as we observed upregulated
transcription of TFEB targets, the H subunit of the v-ATPase as well as HEXA.
Additionally, the tubular structures in electron microscopy pictures also indi-
cated an active maturation process. The data draws a very complex picture,
as lysosomal genes are higher expressed upon TSC2 depletion, a process that
is probably TFEB dependent, but physiological conditions are not reached dur-
ing constitutive mTORC1 signaling. Enhanced TFEB transcriptional activity
and continous lysosomal maturation, probably to counteract storage, were also
observed in some storage diseases, although in others its activation has been
suggested as a therapeutic target84,92.

Interestingly, Yu et al. showed that lysosomal reformation from autolyso-
somes also seems to be an mTORC1 dependent process. Accordingly, degra-
dation of autolysosomal substrates induces mTORC1 reactivation, which there-
after promotes pinching of lysosomes in a clathrin dependent manner125,126

Thus, constantly activated mTORC1 might mimic a post-catabolic state to
counteract cell-mass decrease in a seemingly nutrient rich environment. It is no-
table that newly formed lysosomes still have to recover the physiological acidic
pH of lysosomes125.

The presence of TFEB at the lysosome is apparently also mediated by the
Rag GTPases in an amino acid dependent manner127. However, we neither know
about the available amino acid pool within TSC2∆M BMDMs, nor the prefer-
ential interaction partner of GTP loaded Rags, as mTORC1 could be favoured.
Thus the process of mTORC1 dependent phosphorylation of TFEB (to promote
its retention in the cytoplasm), might be abrogated upon sequestering cellular
locations of those two key players. Additionally, it should be mentioned that
in addition to the Rag GTPases, a second signaling event is mediating nutrient
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availability to mTORC1. Amino acid- or glucose-induced phosphatic acid pro-
duction by phospholipase D (PLD1) is mediated by vacuolar protein sorting 34
homologue (Vps34), and phosphatic acid is known to promote Rheb activity128.

Interestingly, the modulation of TFEB was first ascribed to the activity of
ERK. Accordingly, MAPK-inhibitors induced TFEB nuclear translocation, as
did ERK knock-down, while opposite effects were obtained by EGF treatment
or constitutive active MEK68. And in a new report, ERK phosphorylation
and activation has been shown to be spaciotemporal linked to autophagoso-
mal surfaces129. Autophagic progression seemed to be affected in TSC2∆M

BMDMs and we also found that basal ERK phosphorylation was abolished in
TSC2∆M BMDMs, which was rescued upon rapamycin treatment. Thus, nu-
clear translocation of TFEB in TSC2∆M BMDMs might be an ERK dependent
phenomena. The reliance of MEK-ERK function on autophagosomal structures
could explain the loss of ERK phosphorylation, due to defective autophago-
somal progression/closure. Phagophore initiation despite mTORC1 signaling,
might be a secondary effect due to constitutive mTORC1 signaling. In growth
factor absence, the p110β subunit of PI3K has been shown to dissociate from
its receptor to activate the lipid kinase Vps34 via RAB5 to promote phagophore
initiation130,131. And in our system the negative feedback loop via IRS1 is ac-
tivated, thus counteracting PI3K activation and possibly promotes autophagy
initiation.

But how fundamental is the role of TFEB in lysosomal function? Zhou et
al. actually showed that both starvation and catalytic inhibition of mTORC1
potently activates lysosomal acidification. And while the transcriptional efforts
of TFEB are required, the actual activation of the lysosome (or lysosomal acid-
ification) is dependent on auto-lysosomal fusion119. Of note, the machinery for
phagocytosis and endocytosis is similar for autophagy, although these pathways
function in parallel22.

3.3 mTORC1 signaling in macrophages and tis-
sue homeostasis

The in vivo phenotype observed in TSC2∆M mice hinted towards a lysoso-
mal disorder. Accumulation of hypertrophic cells in various tissues could be
already observed in 10-12 week old TSC2∆M mice, a feature that was inten-
sified at 6 month of age. No comparable phenotype could be seen in any of
the examined TSC2fl/fl tissues. A strong p-S6 signal was always correlating
with the macrophage-associated marker MAC-2, indicating a strong activation
mTORC1. These cells were mostly found in clusters, in close proximity to blood
vessels and their presence was clearly altering tissue function to the worse. Es-
pecially in the lung we could see a clear disturbance of the alveoli, which can
be associated with a reduction of available area for gas-exchange. Additionally,
alveolar macrophages sitting within the alveolar space could hardly be found.
Thus, either alveolar macrophages migrate towards the hypertrophic cells to
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remove them, but are unable to do so, or they are themselves affected by the
knock-out. Of note, alveolar macrophages expess high levels of MAC-29 and be-
long to the non-bone marrow derived tissue macrophages that have been shown
to replenish themselves6,15,8. GM-CSF-dependent alveolar macrophages are also
crucial for lung homeostasis15 132. Moreover, ineffective clearance of surfactant
by alveolar macrophages, induces pulmonary alveolar proteinosis (PAP). Sur-
factant is a mixture of proteins and lipids, that prevent alveoli from collapsing,
whereas surfactant proteins are central in pulmonary host defense. Surfactant is
constantly secreted by alveaolar type II cells and scavenged by alveolar macro-
phages. Thereby this protective coat is gradually renewed while being sampled
for microbes. This system is disturbed in PAP and lipid-laden alveolar macro-
phages accumulate in the lung132. The macrophage phenotype observed in PAP
is similar to TSC2 depleted macrophages and this notion is also supported by
their disturbed LDL degradation kinetics. In the spleen we observed a functional
alteration of a tissue-resident population. Red pulp macrophages are responsible
for the bulk removal of aged erythrocytes and play a prominent role in the recy-
cling of heme-derived iron26,108. This process is visible as hemosiderin deposits
— a yellowish brown granular pigment formed by breakdown of hemoglobin.
However, we could not find an indication of this process in young TSC2∆M

mice, as hemosiderin was completely absent in H&E stained sections.
To determine the role of mTORC1 in the accumulation of macrophages in

tissues, we treated TSC2∆M littermates, 7 weeks of age, orally with everolimus.
Meanwhile, others received the placebo, which as the rapaloge, was administered
once daily for 4 weeks. Importantly, everolimus-treated TSC2∆M mice showed
markedly reduced hypertrophic macrophages in internal organs. H&E stained
tissues also indicated that erythrocyte turn-over was elevated in treated mice.
We could again see hemosiderin staining in the spleen, although in more com-
pact structures and overall less compared to untreated TSC2fl/fl spleen. This
might reflect the areas that were more accessible to circulating drug supply.
Decrease in overall hemosiderin deposits might be due to long-term treatment
of mice, probably bulk removal of aged erythrocytes occurred earlier during
the treatment. As in the spleen, the structure of the lung was restored, or
the accumulation of hypertrophic macrophages was prevented upon everolimus
treatment. Thus we can conclude that clustering macrophages in tissues of mice
is an mTORC1 dependent phenomen.

There are prominent LSDs that affect primarily macrophages, such as Gau-
cher type I and Niemann-Pick disease, where an aberrant accumulation of hy-
pertrophic macrophages in tissues is observed133. Clearly the dependence of
phagocytes on their “digestive tract” makes them highly susceptible to LSDs.
Although the mTOR pathway is often referred to a signaling pathway that
promotes proliferation and cell survival, the exact mechanism of macrophage
accumulation in TSC2∆M mice remains elusive, which is also true for macro-
phage expansion in LSDs. An important puzzle-piece might be a recent finding
by Hsu et al., showing that lysosomal malfunction (induced by the deficiency of
a lysosomal nucleoside exporter) lead to macrophage expansion in vivo 134. The
main mechanism seemed to be constitutive signaling of colony stimulating factor
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receptor 1 (CSFR1), which upon activation promotes both macrophage differ-
entiation and proliferation9,10. Growth factor binding usually induces CSFR1
endocytosis and degradation, however perturbed lysosomal function lead to
stabilization of the receptor and therefore aberrant signaling and macrophage
expansion134. This concept of macrophage expansion could at least partially
explain macrophage accumulation in TSC2∆M mice. However, decreased apop-
tosis or enhanced infiltration/migration of monocytes/macrophage have to be
also taken into consideration.

3.4 Conclusion and Outlook

Collectively this thesis shows that LysM dependent TSC2 depletion results in a
metabolic shift in macrophages, whereas enhanced mitochondrial metablolism
is mirrored by compromised lysosomal function. Phenotype manifestation ob-
served in vitro as well as in vivo are comparable to features observed in LSDs.
Implying that a re-evaluation of mTORC1 activity for certain lysosomal dis-
orders might suggest alternative treatments, especially in the aspect of highly
specific available drugs to target the mTOR-pathway.

Additionally these observations raise several interesting questions regarding
mTORC1 signaling in in the course of an inflammatory process, as mTORC1 is
known to be activated in macrophages upon TLR engagement. Is TLR engage-
ment modulating lysosomal function in macrophages in vivo? One might argue
that it would be counterproductive to decrease lysosomal capacity during an
infection, on the other hand a less acidic pH seems to promote antigen presen-
tation to adaptive immune cells135,136, thus is actually promoting an adaptive
immune response. Are lysosomal alterations required to carry out certain effec-
tor functions and when is it necessary or even harmful to the body? Answering
this questions will probably provide alternative medical strategies in progres-
sive myeoloid diseases and enhance our understanding of macrophage biology
in various aspects of inflammation and tissue homeostasis.



4. Materials & methods

4.1 Cell culture

4.1.1 Medium and solutions

BMDM differentiation media

? DMEM 4.5g glucose/l (Gibco)
? 10% low endotoxin FBS (PAA)
? 2mM L-glutamine (PAA)
? 60mg/l penicillin(Sigma)
? 100mg/l streptomycin (Sigma)
? 50nM β-mercaptoethanol (Gibco)
? 10-20% L929 conditioned Media)

BMDM starvation media

? DMEM 4.5g glucose/l (Gibco)
? 2% low endotoxin FBS (PAA)
? 2mM L-glutamine (PAA)
? 60mg/l penicillin(Sigma)
? 100mg/l streptomycin (Sigma)
? 50nM β-mercaptoethanol (Gibco)

L929 expansion media

? DMEM 4.5g glucose/l (Gibco)
? 10% FBS (PAA)
? 2mM L-glutamine (PAA)

L929 starvation media
? DMEM 4.5g glucose/l (Gibco)
? 2mM L-glutamine (PAA)

Liporotein-free media
? DMEM 4.5g glucose/l (Gibco)
? 10% lipoprotein-free FBS (kindly

provided by Herbert Stangl)
? 2mM L-glutamine (PAA)
? 60mg/l penicillin(Sigma)
? 100mg/l streptomycin (Sigma)
? 50nM β-mercaptoethanol (Gibco)

10xRBC (red blood cell) lysis
buffer pH7.3
? 82,6g Ammonium Chloride
? 10g Potassium Bicarbonat
? 0,37g EDTA
? HCl to adjust pH
? fill up to 1l with dH2O
? sterile filter

4.1.2 Cell culture conditions

All procedures were performed under sterile conditions (MSc Advantage biolog-
ical safety cabinet, Thermo Scientific, Waltham, MA, USA) and cells were kept
at 37◦C, 5%CO2 and 80% humidity (Heraeus BBD 6220, Thermo Scientific).

29
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4.1.3 BM isolation and BMDM differentiation

Femurs and tibias were cleansed of excess tissue, sterilized in 70% EtOH and
placed into DMEM. BM was flushed out, using a syringe and a 0.9mm needle
and was either frozen, or seeded for differentiation immediately. For freezing
BM was treated for 3min with sterile filtered 1xRBC lysis buffer on ice and 2%
FBS supplemented PBS was used to stop lysis. Thereafter BM was frozen in
90%FBS and 10%DMSO and kept in liquid nitrogen tank until further usage.
Whole BM (2xfemur; 2xtibia) was seeded on five 10cm petri-dishes in 12ml
differentiation media. On day 4 floating cells were removed by 1xPBS washing,
as unlike other cells macrophages stick on the non-treated plastic dish. Adherent
cells were dislocated by gentle scraping with a rubber policeman (CytoOne) and
splitted 1:2. On day 7 cells were washed and macrophages were harvested as
above, counted and seeded for experiments in indicated media.

L929 conditioned media

L929 cells, which in culture produce M-CSF, were seeded on 15cm cell cul-
ture dishes in expansion medium. For 1L conditioned media, approximately
40 plates were needed. When 60% confluent, cells were washed twice with 1x
PBS and 30ml L929 starvation media was added. After 10-11 days supernatant
was harvested, sterile filtered and stored at -80◦C. Each batch was tested for
its efficiency to generate BMDMs in different concentrations (10-20%) before
further usage.

4.2 Casy measurement

Cell volume determination was performed using the CASY Cell Counter, Model
TTC (Schaerfe System). Cell were diluted in 10 ml of CASYton isotonic dilution
buffer and 0.4 ml of total volume were then measured in triplets.

4.3 Flow cytometry

For flow cytometry 3-4x105 cells/well were seeded in 12-well plates. For DQ-
BSA degradation, cells were pulsed for 15min with 10µg/ml DQ-BSA (Molec-
ular Probes), washed 3x with PBS and chased in fresh media until they were
subjected to flow cytometry. For accession of lysosomal acidification and mi-
tochondrial metabolism BMDM were treated for 30min with 60nM Lysotracker
or Mitotracker (both Molecular Probes) in starvation Media in the incubator.

Cells were placed on ice, were washed twice with PBS, dislocated by gentle
scraping in FACS buffer (2%BSA, 2mM EDTA/PBS) and data obtained with
BD FACSCalibur flow cytometer (BD) was analyzed using FlowJo (TreeStar).
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4.4 Immunofluorescence

BMDM (4-8x105 cells/well) were seeded in 4- or 8-well chamberslides in star-
vation media o/n. Cells were washed the next day and fixed with 4% PFA
for 10min on RT. All following steps were performed at RT unless otherwise
indicated. After 3x washing with PBS, excess PFA was quenched with 100nM
Glycine/PBS for 15min. Thereafter cells were washed for 30min with PBS and
permeabilized with 0.5% TritonX/PBS for 7min. Slides were washed trice with
PBS and than incubated with PBS for 30min. For blocking, slides were incu-
bated with 1% BSA/PBS for 60min whereafter the chambers were removed and
slides were rinsed well with PBS. After o/n incubation at 4◦C with the pri-
mary antibody in PBS, slides were rinsed with PBS and incubated 3x20min in
PBS. Secondary antibody was incubated for 60min, whereafter slides were rinsed
and incubated 2x20min in PBS. Nuclei were stained with DAPI (1:2000; Roth)
for 20min at RT. Slides were rinsed with PBS, mounted with VECTASHIELD
(Vector Laboratories) and sealed with nail polish. Cells were analyzed using a
Axiophot fluorescent microscope (Zeiss).

Specificity Label Species Dilution Company Catalog no

LIMP2 none rabbit 1:100 NovusBiol NB400-129
F-ATPase β none rabbit 1:250 Abcam MS503
Rabbit IgG Alexa 546 goat 1:10000 Invitrogen A1004

4.4.1 LDL degradation assay

4x105 cells were seeded in 8-well chamberslides (Sarstedt) in liporotein-free me-
dia. When indicated cells were pre-treated with 100nM rapamycin (Calbiochem)
after adherence, which was included until the end of the time course. The next
day they were pulsed with 50µg/ml LDL-Alexa488 for 30min, then cells were
washed trice with PBS and degradation was chased in lipoprotein-free media.
For lysosomal inhibition cells were pre-treated for 30min with 50µM/ml CQ
(Sigma) before LDL-pulse, which was also included until the end of the time
course. Lysotracker (Molecular Probes) was included at 60nM for 30min prior
fixing of cells. Therefore chambeslides were placed on ice, washed 3x with PBS
and fixed with 4% PFA for 30min at 4◦C. PFA was removed by washing trice
as above, chambers were removed and cells were counter-stained with DAPI
(1:2000) for 20min at RT. Slides were rinsed with PBS and mounted with VEC-
TASHIELD (Vector Laboratories) and sealed with nail polish.

Preparation of LDL-Alexa488

Human LDL (kindly provided by Herbert Stangl) was dissolved well in PBS
(1mg/440µl) and mixed with 50µl 1M NaHCO3. 100µg Alexa488 dye (Invitro-
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gen) was added and icubated at RT for 1h on the belly dancer. A Sephadex
column (Sephadex G-25; 0.7g in 7 ml PBS) was prepared to separate labeled
LDL from free labeling dye. As labeling dye was added in excess, the volume of
labeled LDL was used to estimate concentration of labeled LDL (usually c=1.3
- 1.5mg/ml), which was stored light protected at 4◦C.

4.5 Western blot

4.5.1 Buffers and solutions

Buffer A
? 20mM Hepes pH 7.9
? 0.4M NaCl
? 25% (v/v) Glycerin
? 1mM EDTA
? 0.5mM Na3VO4

? 0.5mM DTT

PIM
? 200µg/ml Leupeptin
? 200µg/ml Aprotinin
? 30µg/ml Benzomidinchloride
? 1mg/ml Trypsininhibitor
? 0.5mM Na3VO4

? 0.5mM DTT

Lysis buffer (1ml)
? 860µl Buffer A
? 20µl PIM
? 10µl 100mM PMSF
? 100µl 10x Prot. inh. (Roche)
? 10µl TritonX 100

10xTBS
? 1.5M NaCl
? 0.5M Tris pH7.4

4x SDS loading dye

? 200mM Tris pH6.8
? 1M DTT
? 8% (w/v) SDS
? 0.4% (w/v) Bromphenolblue
? 40% (v/v) Glycerol

10xRunning buffer

? 60.6g Tris
? 292g Glycine
? 100ml 20% (w/v) SDS
? dH2O up to 2l

Harlow buffer

? 29g Tris
? 145g Glycine
? 25ml 20% (w/v) SDS
? 1l MeOH
? dH2O up to 5l

1xTBST

? 100ml 10xTBS
? 1ml TritonX 100
? dH2O up to 1l

4.5.2 Whole cell lysate preparation

For western blot 2- 3x106 cells were seeded in 6-well plates in starvation me-
dia and after adherence pre-treated with 100nM rapamycin (Calbiochem) over
night (o/n), when indicated. LPS and Poly(I:C), used in final concentrations of
100ng/ml and 50µg/ml respectively, was purchased from Sigma.
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Cells were placed on ice and washed with ice cold PBS. Lysis buffer was
added and cells were scraped of with a rubber policeman. Lysates were trans-
ferred into clean eppendorf tube, incubated 10min on ice and frozen twice in
liquid N2 to complete lysis. Cellular debris was removed by 10min centrifu-
gation at 1600g, 4 and protein concentrations were measure with 1:5 dilution
of Bradford solution using a spectrophotometer. Concentrations were adjusted
with lysis buffer and mixed with 4xSDS loading dye, heated for 5min at 95◦C
and stored at -80◦C.

4.5.3 SDS page

Gel casting apparatus was assembled and well cleaned glass plates were filled
with resolving gel (7,5% to 12%AA) whereas the gel edge was smoothed with
isopropanol until polymerisation. Isopropanol was removed, Stacking gel added
and the comb inserted. The fully polymerized gel was placed into electrophore-
sis chamber which was filled up with 1x Running buffer. The comb was re-
moved and equal amounts of Lysates were loaded. As a marker, PageRuler TM
prestained protein ladder (Fermentas, Thermo Scientific) was loaded into one of
the slots. The SDS-PAGE was run at 70V until proteins started to seperate in
the Seperation gel and run at 110V until the running front nearly reached the
edge of the glass plates.

Stacking gel 7.5% 10% 12%

1.33ml 2.5ml 3.33ml 4ml 30% Acrylamide (AA) solution
2.5ml – – – 0.5M Tris-HCl pH6.8

– 2.5ml 2.5ml 2.5ml 1.5M Tris-HCl pH8.8
100µl 100µl 100µl 100µl 10% SDS

6.07ml 4.9ml 4.07ml 3.4ml dH2O
10µl 10µl 10µl 10µl THEMED

100µl 100µl 100µl 100µl 10% APS

4.5.4 Wet blotting

The gel was assembled into a sandwich (sponge, 2 filter papers, gel, nitrocellulose
membrane from peqlab, 2 filter papers, sponge) in a cassette, whereas each part
was soaked in Harlow buffer before assembly. The cassette and an ice block was
placed into Mini Trans-Blot Module (BIO-RAD) and the chamber was filled
with ice cold Harlow buffer. Proteins were transferred at RT for 1h, 350mA.

4.5.5 Antibody staining and detection

The membrane was blocked for 1h at RT in TBST containing 4% milkpowder
and washed 3x for 10min with TBST. The membrane was incubated with pri-
mary antibody (dissolved in TBST containing 5% BSA) o/n at 4◦C. The next
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day the membrane was washed trice as before and incubated with secondary
antibody in TBST containing 4% milkpowder. 6). The membrane was washed
again as before, was placed briefly in dH2O and was then incubated with well
mixed ECL detection reagent 1 and 2 (Thermo Scientific). Detection was carried
with a Kodak Medical X-ray Processor 2000 (Kodak), whereas various exposure
times were accessed and films were labeled and scanned.

Specificity Label Species Dilution Company Catalog no

TSC2 none rabbit 1:1000 Cell signaling 3612
p-Akt (S473) none rabbit 1:1000 Cell signaling 4060
p-S6 (S240/S244) none rabbit 1:3000 Cell signaling 2215
β-Tubulin none rabbit 1:5000 Cell signaling 2128
LIMP2 none rabbit 1:1000 NovusBiol NB400-129
TFEB none mouse 1:100 MyBiosource MBS120432
p-p44/42 none mouse 1:1000 Cell signaling 9106
p44/42 none rabbit 1:1000 Cell signaling 9102
GAPDH none rabbit 1:25000 Trevigen 2275-PC-100
rabbit IgG HRP goat 1:10000 Bethyl A120-101P
mouse IgG HRP goat 1:10000 Bethyl A90-116P

4.6 Histology

4.6.1 Tissue preparation

Mouse tissues were fixed with 4% PFA at 4◦C o/n, washed trice with 1xPBS and
cut into smaller segments if necessary. The dehydration process was performed
in four incubation steps (70% EtOH,90% EtOH, 100% EtOH and xylene; each
3x for 30min at RT) by a third party. Tissues were embedded in paraffin at 58◦C
using an automatic paraffin embedding system Histostar (Thermo Scientific).
Blocks were cut into 5µm thick sections using a rotary automatic microtome
(Thermo Scientific), mounted onto super-frost histological slides (Thermo Sci-
entific) and dried o/n at RT.

Slides were heated for 15min at 60◦C and after paraffin was dried assembled
into cassettes (Thermo Scientific). Thereafter tissues were re-hydrated by an
alcohol series — Xylene 10min, Xylene 10min, Isopropanol 5min, 96% EtOH
2min, 70% EtOH 2min, 50% EtOH 2min (all Thermo Scientific) and at least
5min in dH2O) — as a preparation for both H&E and immunofluorescent stain-
ing.

4.6.2 H&E staining

Slides were stained for 2min with hematoxylin (Sigma-Aldrich) and washed
under running tab water for 10 minutes. The above mentioned alcohol series
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was started in reverse order — 50% EtOH 2min, 70% EtOH 2min — whereafter
the slides were immersed in Eosin (Sigma-Aldrich) solution for 30sec - 1min and
excess staining was removed for 30sec in 70% EtOH. Dehydration was continued
with 96% EtOH for 2min and twice 5min Xylene, where after the slides were
mounted with xylene based mounting medium (Thermo Scientific). Tissues were
analyzed using a Axioskop microscope (Zeiss).

4.7 Immunofluorescent staining

Antigen retrieval was accessed by 20min autoclavation at 120◦C in Citrate buffer
(DAKO). Hereafter the slides were immobilized in disposable immunostaining
chambers (Thermo Scientific) in dH2O. After 3x washing with PBS, tissues
were permeabilized with 0.1% TritonX in PBS and washed 3x with PBS. After
blocking with 1% BSA in PBS for 20min primary antibodies and DAPI (1:1000;
Roth) in PBS were added and incubated o/n at 4◦C. The slides were washed
3x with PBS the next day and incubated with secondary antibodies, diluted in
PBS, for 60min at RT. Then the slides were washed 3x with PBS and mounted
with water base mounting medium (Thermo Scientific). Tissues were analyzed
using a Axiophot fluorescent microscope (Zeiss).

Specificity Label Species Dilution Company Catalog no

p-S6 none rabbit 1:1000 Cell signaling 2215
MAC-2 Alexa488 rat 1:1000 Biolegend 125410
rabbit IgG Alexa546 goat 1:10000 Invitrogen A-11004

4.8 Electron microscopy

For transmission electron microscopy (TEM) 2-4x105 were seeded on sterile
glass slides inserted in 12-well dishes, whereas the process of TEM was kindly
performed by Clemens Röhrl using a Zeiss EM900 transmission electron micro-
scope.

4.9 qPCR

4.9.1 RNA isolation

For qPCR 4-5x105 cells were seeded in 24-well plates in starvation media for
48h. BMDM were washed and resuspended in 500µl of Trizol (Ambion) and
stored at -80◦C until further usage. All further steps were performed on ice or
at 4◦C, otherwise specifically indicated. After 5min centrifugation at 13000rpm
the trizol phase was transferred to a tube containing 120µl of ddH2O and 100µl
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of chloroform, and incubated for 10min on room temperature; the cell debris
pellet was discarded. The solution was vortexed and centrifuged at 13000rpm
for 15min and the aqueous phase was transferred into a fresh tube. Each sample
was mixed with with 1µl Glycoblue (Ambion) and 280µl of cold isopropanol for
mRNA precipitation. After 30min incubation, followed by 30min of centrifuga-
tion at 13000rpm, the supernatant was dicarded and mRNA pellets were washed
2x with 1 ml of 75% EtOH. The pellets were resuspended in Nuclease-free H2O
and concentrations were measure using a spectrophotometer.

4.9.2 cDNA synthesis

The cDNA synthesis was performed using GoScriptTM Reverse Transcription
system (Promega, A5000). mRNA was adjusted to 300ng in 4µl, which was
mixed with 1µl of random Primers and heated for 5 minutes at 75◦C on a
thermocycler (Peqlab). The samples were put on ice and immediately mixed
with 15µl master mix. The program for the synthesis was set according to the
guideline of the kit: 5min at 25◦C; 60min at 42◦C; 15min at 70◦C and cooling
to 4◦C. The cDNA was diluted 1:11 in nuclease-free water and stored at -80◦C.

Master Mix per sample
? 7.3µl Nuclease-free H2O
? 4.0µl Goscript 5x reaction buffer
? 1.2µl MgCl2
? 1.0µl 1PCR nucleotide mix
? 0.5µl Recominant RNasin Ribonuclease inhibitor
? 1.0µl Goscript reverse transcriptase

4.9.3 qRT-PCR

qRT-PCR was carried out using GoTaq Probe master mix (Promega). Whereas
2µl of cDNA and 8µl of master mix was used in each reaction. Duplicates
were prepared on a 96-well plate (BIO- RAD), sealed with a transparent sealer
(BIO-RAD) and plated into a miniOpticonTM real-time PCR detection system
(BIO-RAD). The thermal cycle was set according to protocol: 2min at 95◦C
(polymerase activation),40 followed cycles including denaturation (15sec) and
annealing/extension (1min). The raw data was analyzed with BIO-RAD CFX
management program. The genes of interest include: LIMP2, HEXA, ATP6v1h.
The expression levels of mRNA were normalized to the expression of beta-actin
mRNA.

Master Mix per sample
? 5.00µl 2x MasterMix
? 0.02µl Forward- Primer
? 0.02µl Reverse- Primer
? 2.90µl Nuclease-free H2O
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4.10 In vivo treatment with everolimus

Mice were treated with 5mg/kg/day everolimus (Novartis pharma, AG) or with
a placebo. The provided placebo was prepared as everolimus. Treatment was
intragastrically administrated using a 30mm gavage needle (F.S.T).
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A. Abstract

Macrophages are professional phagocytes whose various immunologic effector-
functions are directed by multiple signaling cascades. Growth factors, nutrients
and also TLR-ligands activate the PI3K-TSC1/2-mTORC1 pathway. Thus,
the suppressive function of TSC1/2 is released, whereupon mTORC1 becomes
activated. This thesis is focused on the characterization of a mouse model
that harbors a conditional knock-out of TSC2 in macrophages and granulo-
cytes (TSC2∆M). We found enhanced mitochondrial metabolism in TSC2∆M

macrophages while their lysosomes were compromised. Constitutive mTORC1
signaling elevated endocytic uptake and lysosomal pH, and rendered TSC2∆M

macrophages unable to degrade the lysosomal substrate LDL. It has been shown
recently that active mTORC1 is spaciotemporally linked to the lysosome and
that it negatively regulates TFEB, which drives the expression of autophagic
and lysosomal genes. The lysosome degrades cellular organelles and molecules
into their building blocks, and consequently plays a fundamental role in ef-
ficient phagocyte functions. Interestingly, TFEB was transcriptional active
(non-phosphorylated) despite mTORC1 activity, suggesting the involvement of
another TFEB-regulating kinase. ERK, which has previously been shown to
target TFEB, was identified as a possible candidate. Accumulation of hyper-
trophic macrophages in various organs is a common feature of some lysosomal
storage diseases. TSC2∆M mice displayed a comparable phenotype, and we
also found signs of perturbed splenic erythro-phagocytosis. Treatment with
an mTORC1-specific inhibitor rescued and/or prevented these manifestations.
These findings highlight the role of mTORC1-signaling in macrophages on their
behavior/functions in vivo and their lysosomal and mitochondrial capacity and
represent a novel aspect of mTORC1-mediated macrophage modulation.
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B. Zusammenfassung

Makrophagen sind professionelle Phagozyten, deren immunologische Funktio-
nen von diversen Signalwegen reguliert werden. Neben Wachstumsfaktoren
und Nährstoffen aktivieren auch TLR-Liganden die PI3K-TSC1/2-mTORC1
Kaskade, wodurch die inhibitorische Wirkung von TSC1/2 aufgehoben und
mTORC1 aktiviert wird. Während dieser Masterarbeit wurde ein Mausmod-
ell mit einem Makrophagen- und Granolozyten-spezifischen TSC2 Knock-out
(TSC2∆M) charakterisiert. TSC2∆M Makrophagen zeigten verstärkten mito-
chondrialen Metabolismus, aber ihre Lysosomen waren nur beschränkt funk-
tionell. Anhaltende mTORC1 Aktivität verstärkte die endozytische Aufnahme
und erhöhte den lysosomalen pH. Weiters konnten TSC2∆M Makrophagen das
lysosomale Substrat LDL nicht abbauen. Es wurde erst kürzlich gezeigt, dass
mTORC1 den Transkriptionsfaktor TFEB negativ reguliert, welcher die Tran-
skription von lysosomalen und autophagischen Genen induziert. Lysosomen
verdauen zelluläre Organellen und Makromoleküle, weshalb diese Organellen
eine zentrale Rolle in der Funktion von phagozytierenden Zellen spielen. Zu un-
serer Überraschung war TFEB - trotz erhöhter mTORC1 Aktivität - in TSC2∆M

Makrophagen nicht phosphoryliert, was auf eine zusätzliche TFEB-regulierende
Kinase hinwies. ERK, welches schon als Regulator von TFEB beschrieben
ist, wurde als möglicher Kandidat identifiziert. In manchen lysosomalen Spe-
icherkrankheiten akkumulieren hypertrophische Makrophagen in diversen Or-
ganen. Dies war auch in TSC2∆M Mäusen zu beobachten, was besonders die
Alveolarstruktur der Lunge beeinträchtigte. Ausserdem war die Erythrozyten-
Phagozytose in der Milz von TSC2∆M Mäusen vermindert. Behandlung der
Mäuse mit einem mTORC1-Inhibitor normalisierte den Phänotyp. Diese Ergeb-
nisse zeigen, dass die Aktivität von mTORC1 in Makrophagen den mitochondri-
alen und lysososomalen Metabolismus und weiters dessen Verhalten/Funktion
in vivo beeinflusst und repräsentieren einen neuen Aspekt des mTOR-Pathway
in Makrophagen.
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