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ABSTRACT

Skeletal muscle is a dynamic tissue with high plasticity which maintains its functionality by
regulating the balance between protein degradation and protein synthesis. In response to
injury and other pathological conditions like inflammation and sepsis, a loss in muscle mass
(muscle atrophy) and function (metabolic homeostasis, contractility) occurs. Critically ill septic
patients often develop intensive care unit-acquired weakness (ICUAW), characterized by
muscle weakness and atrophy as well as insulin resistance. Sepsis and inflammation are major
risk factors for ICUAW. However, the pathogenesis of this syndrome is poorly understood but
a disturbed glucose homeostasis and an enhanced inflammation are implicated. Previous RNA
sequencing and quantitative real-time polymerase chain reaction (QRT-PCR) analyses of
RNAs isolated from human M. vastus lateralis of critically ill patients and muscles from septic
mice revealed an increased expression of the protein tyrosine phosphatases protein tyrosine
phosphatase 1 B (PTP1B/PTPN1) and t-cell protein tyrosine phosphatase (TCPTP/PTPN2).
In parallel a decreased expression of insulin receptor substrate (IRS) 1 and reduced insulin
receptor (INSR) phosphorylation indicative for insulin resistance was observed. Because
PTP1B and TCPTP are nodal enzymes in insulin and cytokine signaling in skeletal muscle and
immune cells these data suggested their involvement in inflammation-mediated insulin
resistance and skeletal muscle atrophy. | hypothesized that PTP1B and TCPTP are major
regulators of insulin signaling and inflammation via dephosphorylation of cytokine receptor
associated proteins in skeletal muscle. To investigate the mechanism responsible for Ptpnl
and Ptpn2 upregulation during inflammation | treated C2C12 myocytes with the inflammatory
cytokine interleukin 6 (IL-6). IL-6 increased the expression of Ptpnl and Ptpn2. Using small
interfering RNA (SiRNA) and chemical inhibitors, | found that this effect was mediated by the
transmembrane IL-6 receptor glycoprotein 130 (Gp130) and the downstream kinases Janus
kinase 2 (JAK2) and Signal transducer and activator of transcription 3 (STAT3). IL-6 facilitates
its pro- and anti-inflammatory effects through the transcription factor STAT3, which gets
tyrosine phosphorylated, translocates into the nucleus and modulates the expression of IL-6
responsive genes, such as suppressor of cytokine signaling 3 (Socs3). Overexpression of
PTP1B and TCPTP attenuated IL-6 mediated STAT3 tyrosine phosphorylation and Socs3
gene expression. Overexpression of PTP1B but not TCPTP inhibited insulin mediated
phosphorylation of the insulin receptor beta chain and its downstream targets IRS1, Akt
(protein kinase B), and Akt substrate of 160 kDa (AS160) in C2C12 myocytes. To investigate
the role of PTP1B and TCPTP in skeletal muscle in vivo, | generated male and female mice
devoid of Ptpnl (Ptpnl cKO), Ptpn2 (Ptpn2 cKO) and Ptpnl+Ptpn2 (DKO) in myocytes. |
subjected these mice to polymicrobial sepsis for 24 hours or 96 hours employing cecal ligation
and puncture surgery (CLP). Sham treated male and female KO and wildtype (WT) mice

served as controls. Septic DKO mice showed a higher mortality compared to their sham
Il
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operated littermates and septic WT mice. Morphological and histological analyses showed a
higher muscle mass loss and more muscle atrophy, tissue leucocyte infiltration and leucocyte
marker gene expression in muscle of septic DKO mice. This was accompanied by an increased
pro-inflammatory cytokine signature with increased amounts of interleukin 1 beta (IL-1p/Il1b),
tumor necrosis factor alpha (TNFa/Tnfa), interferon gamma (IFNy/Ifng) and IL-6/116 in skeletal
muscle and serum of septic DKO mice. Chemokines that are chemo attractants for immune
cells, like C-C-motif ligand 2 and 5 (Ccl2, Ccl5) and C-X-C motif ligands 9 and 10 (Cxcl9,
Cxcl10) were upregulated on gene expression level in muscle tissue as well as in serum of
septic DKO mice compared to septic WT mice. Additionally, | observed an increased NLR
family pyrin domain containing 3 (NLRP3) -inflammasome activation in muscle of septic DKO
mice. Inflammasomes are multiprotein complexes which facilitate innate immune responses
after infection by activation of caspases which cleave and mediate the release pro-
inflammatory cytokines like IL-13 and interleukin 18 (IL-18). In addition, using global
proteomics analyses | observed a significantly dysregulated interferon y 1FNy) response in TA
muscle of septic DKO mice shown by increased IFN stimulated gene (ISG) expression,
increased abundancy of interferon regulatory factor 1 (IRF1) transcription factor as well as
increased IFN-dependent chemokine expression. Utilizing murine myocytes in vitro and
treating them with IFNy, | reproduced the phenotype seen in mice. These data are indicative
for a myocyte specific phenotype. | could also activate the NLRP3 inflammasome in primary
myocytes from mice that were differentiated into myotubes. In these cells | show that the
release of IL-13 a nd GS kpdidentan PTP1B and TCPTP; further validating the results
seen in TA muscle of septic mice. In summary, deficiency of PTP1B and TCPTP caused a
hyperinflammatory systemic and skeletal muscle phenotype which was caused by a
dysregul at ed | FNy and NL RP 3o infegtior. d&untheansom®,mie resp
pronounces the role of skeletal muscle as a highly immunomodulatory organ, which is crucial
in maintaining whole body proteo- and homeostasis. Therefore, inhibition of PTPs should be

carefully evaluated in a clinical setting.



Dissertation Bjorn Brinschwitz Zusammenfassung

ZUSAMMENFASSUNG

Der Skelettmuskel ist ein dynamisches Gewebe mit hoher Plastizitat, dass seine Funktionalitét
durch die Regulierung des Gleichgewichts zwischen Proteinabbau und Proteinsynthese
aufrechterhalt. Infolge von Verletzungen und anderen pathologischen Zustanden wie
Entziindungen und Sepsis kommt es zu einem Verlust an Muskelmasse (Muskelatrophie) und
Funktion (metabolische Homdostase, Kontraktilitét). Kritisch kranke septische Patienten
entwickeln haufig eine intensivmedizinisch erworbene Muskelschwéache (ICUAW), die durch
Muskelschwache, Atrophie sowie Insulinresistenz gekennzeichnet ist. Sepsis und
Entzindungen sind bedeutende Risikofaktoren fur ICUAW. Die Pathogenese dieses
Syndroms ist jedoch nur unzureichend verstanden, wobei eine gestorte Glukosehomdostase
und verstarkte Entziindungen eine Rolle spielen. RNA-Sequenzierungen und quantitative
Echtzeit-PCR-Analysen (qRT-PCR) von RNAs, die aus dem humanen M. vastus lateralis
kritisch kranker Patienten und den Muskeln septischer Mause isoliert wurden, zeigten eine
erhdhte Expression der Protein-Tyrosin-Phosphatasen Protein-Tyrosin-Phosphatase 1B
(PTP1B/PTPN1) und T-Zell-Protein-Tyrosin-Phosphatase (TCPTP/PTPNZ2). Parallel dazu
wurde eine verringerte Expression des Insulinrezeptorsubstrats (IRS) 1 und eine reduzierte
Insulinrezeptorphosphorylierung beobachtet, was auf eine Insulinresistenz hindeutet. Da
PTP1B und TCPTP zentrale Enzyme in der Insulin- und Zytokin-Signalliibertragung in
Skelettmuskel- und Immunzellen sind, deuten diese Daten auf ihre Beteiligung an der durch
Entzindung vermittelten Insulinresistenz und Muskelatrophie hin. Ich stellte die Hypothese
auf, dass PTP1B und TCPTP wichtige Regulatoren der Insulin Signaltransduktion und
Inflammation durch die Dephosphorylierung von zytokinrezeptorassoziierten Proteinen im
Skelettmuskel sind. Um den Mechanismus zu untersuchen, der fir die Hochregulierung von
Ptpnl und Ptpn2 wahrend einer Entziindung verantwortlich ist, behandelte ich C2C12-
Myoblasten mit dem pro-inflammatorischen Zytokin Interleukin 6 (IL-6). IL-6 erhohte die
Expression von Ptpnl und Ptpn2. Mithilfe von small interfering RNA (siRNA) und chemischen
Inhibitoren stellte ich fest, dass dieser Effekt durch den transmembranen IL-6-Rezeptor
Glycoprotein 130 (Gp130) und die nachgelagerten Kinasen Janus-Kinase 2 (JAK2) und Signal
Transducer and Activator of Transcription 3 (STAT3) vermittelt wurde. IL-6 vermittelt seine pro-
und anti-inflammatorischen Effekte Uber den Transkriptionsfaktor STAT3, der tyrosin-
phosphoryliert wird, in den Zellkern transloziert und die Expression von IL-6-abh&ngigen
Genen wie Suppressor of Cytokine Signaling 3 (Socs3) moduliert. Die Uberexpression von
PTP1B und TCPTP reduzierte die IL-6-vermittelte STAT3-Tyrosinphosphorylierung und die
Socs3-Genexpression. Die Uberexpression von PTP1B, jedoch nicht von TCPTP, hemmte die
Insulin-vermittelte Phosphorylierung der Insulinrezeptor-Beta-Kette und ihrer nachgelagerten
Zielmolekule IRS1, Akt (Proteinkinase B) und Akt-Substrat von 160 kDa (AS160) in C2C12-

Myoblasten. Um die Rolle von PTP1B und TCPTP im Skelettmuskel in vivo zu untersuchen,

\Y,



Dissertation Bjorn Brinschwitz Zusammenfassung

generierte ich mannliche und weibliche Mause, die kein Ptpnl (Ptpnl cKO), Ptpn2 (Ptpn2
cKO) oder sowohl Ptpnl als auch Ptpn2 (DKO) in Myozyten exprimierten. Diese Mause
unterzog ich einer polymikrobiellen Sepsis fir 48 Stunden durch Zakalligation und Punktion
(CLP). Scheinoperierte mannliche und weibliche KO- und Wildtyp (WT)-Mause dienten als
Kontrollgruppen. Septische DKO-Mause zeigten eine hdhere Mortalitat im Vergleich zu ihren
scheinoperierten Wurfgeschwistern und septischen WT-Mausen. Morphologische und
histologische Analysen zeigten einen grol3eren Verlust an Muskelmasse, mehr
Muskelatrophie, Gewebeinfiltration durch Leukozyten sowie eine erhdhte Expression von
Leukozyten-Marker Genen in den Muskeln septischer DKO-Mause. Dies wurde von einer
verstarkten pro-inflammatorischen Zytokinsignatur begleitet, mit erhdhten Mengen an
Interleukin 1 Beta (IL-1 B3/ I |1 1b) , Tumor nekr olsfe)f ladferanrGammap ha (T
(I f)rund IL-6/116 im Skelettmuskel und Serum der septischen DKO-Mause. Chemokine, die
als Chemoattraktoren fur Immunzellen wirken, wie C-C-Motiv-Ligand 2 und 5 (Ccl2, Ccl5) und
C-X-C-Motiv-Liganden 9 und 10 (Cxcl9, Cxcl10), waren auf Genexpressionsebene in
Muskelgeweben sowie im Serum septischer DKO-Mause hochreguliert. Zudem beobachtete
ich eine verstarkte Aktivierung des NLR-Familien-Pyrindomanen-enthaltenden 3 (NLRP3) -
Inflammasoms in den Muskeln septischer DKO-Méause. Inflammasome sind
Multiproteinkomplexe, die nach Infektionen angeborene Immunreaktionen durch die
Aktivierung von Caspasen erleichtern, welche die Freisetzung pro-inflammatorischer Zytokine
wielL-1 3 und | nt e l8) geurittelm DutcB globdleLProteomik-Analysen stellte ich
auBerdem eine signifikant dysregulierte Interferon-Gamma-( | F-Wntwort in den TA-Muskeln
septischer DKO-Mause fest, gekennzeichnet durch eine erhdhte Expression von IFN-
stimulierten Genen (ISG), eine erhdhte Menge des Transkriptionsfaktors Interferon-Regulator-
Faktor 1 (IRF1) sowie eine verstarkte IFN-abhdngige Chemokinexpression. Durch
Experimente an murinen Myozyteninviround der en Behandlung mit | FNy
den bei den Mausen beobachteten Phénotyp. Diese Daten deuten auf einen
myozytenspezifischen Phanotyp hin. Ich konnte ebenfalls das NLRP3-Inflammasom in
priméren, zu Myotuben differenzierten, Myozyten aktivieren. In diesen Zellen zeigte ich, dass
die Freisetzung von IL-1 3 nduGSDMD von PTP1B und TCPTP abhangt, was die Ergebnisse
aus den TA-Muskeln septischer Mause weiter bestatigte. Zusammenfassend fihrte ein Mangel
an PTP1B wund TCPTP zu einem hyperinflammatorischen systemischen und
skelettmuskul aren Phéanotyp, d end NLRB3-Ifllimmasbmm-e  dy s r
Antwort auf Infektionen verursacht wurde. Daher sollte die Hemmung von PTPs in einem
klinischen Kontext sorgfaltig evaluiert werden. Dariiber hinaus unterstreichen diese
Ergebnisse die Rolle des Skelettmuskels als ein hoch immunmodulatorisches Organ, das fiir

die Aufrechterhaltung der gesamten Proteo- und Homdostase entscheidend ist.
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1 INTRODUCTION

1.1 Skeletal muscle

Skeletal muscle, a fundamental component of the human musculoskeletal system, is essential
for voluntary movement and force generation. Comprising approximately 40% of an average
adult's body mass?, skeletal muscles are characterized by their striated appearance in high
resolution electron microscopy (EM), which results from the organized arrangement of
contractile proteins within muscle fibers2. These muscles are attached to bones via tendons
and are controlled by the somatic nervous system, allowing for precise and conscious

regulation of muscle activity.
1.1.1 Structure and Physiology

Skeletal muscle is composed of several integrated tissues, including muscle fibers (or
myofibers), nerve fibers, satellite cells, blood vessels, and connective tissues. The most
abundant component of skeletal muscle is the multinucleated myofibers, which are organized
into bundles (Figure 1 A). Each myofiber is encased by a plasma membrane called the
sarcolemma and contains numerous myofibrils. These myofibrils are made up of thick (myosin)
and thin (actin) filaments, structurally assembled in a repeating unit called the sarcomere, the
smallest functional unit of a myofiber, defined by the region between two Z-lines (or Z-discs).
A single sarcomere includes a darker A band composed of thick filaments and two lighter |
bands composed of thin filaments (Figure 1 B). This arrangement of bands gives skeletal

muscle its striated appearance and can only be seen in EM.

Thick filaments consist of myosin protein complexes, each comprising two myosin heavy chain
(MyHC) and four myasin light chain (MyLC) molecules. The MyHC protein includes a tail, a
flexible hinge region, and a globular head with binding sites for actin and adenosine
triphosphate (ATP). The MyLC protein attaches to the hinge region of the MyHC protein and
has a regulatory role. Thin filaments are composed of two intertwined actin chains, associated
with regulatory proteins tropomyosin and troponin. Each globular actin monomer has a binding
site for myosin (Figure 2). The interaction between the myosin head and actin, known as cross-

bridge formation, is a crucial ATP-consuming process that generates muscle contraction®#,
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Figure 1: The composition of skeletal muscles.

(A) The anatomy of skeletal muscles. The major component of skeletal muscle is
multinucleated muscle fibers which are organized into bundles. Blood vessels, motor neurons,
satellite cells and connective tissues are the other components of skeletal muscle. (B) The
organization of myofibers and myofibrils. Myofibers are assembled with a great number of
organized structural proteins called myofibrils. Adapted from Biga et al.
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Figure 2: The structure of sarcomere.

The sarcomere is the region from one Z-line to the next Z-line. It is composed of thick filaments
containing myosin (purple) and thin filaments containing actin (green). The dark striated A band
is composed of thick filaments, which are anchored at the middle of the sarcomere (M-line)
The lighter | band contains thin filaments and are anchored at the Z-discs. The thin filaments

extend into the A band and overlap with thick filaments. Adapted from Biga et al®.

Skeletal muscle fibers can be categorized into different types based on their contractile and
metabolic properties, which determine their function and endurance. The primary types are
Type | (slow-twitch) and Type |l (fast-twitch) fibers, with Type Il further subdivided into Type
lla and Type IIb (or lIx in humans) fibers?.

Type | fibers, also known as slow-twitch fibers, are characterized by their high oxidative
capacity, abundant mitochondria, and extensive capillary networks. These fibers contain a high
concentration of myoglobin, giving them a reddish appearance. Type | fibers are highly
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resistant to fatigue and are primarily utilized during prolonged, low intensity movements. They
generate less force but sustain contractions for extended periods.

Type Il fibers are fast-twitch fibers, which can be further classified into Type Ila and Type llb
fibers: Type lla fibers exhibit both oxidative and glycolytic capabilities. They have a moderate
number of mitochondria and myoglobin, allowing them to sustain longer bursts of activity
compared to Type llb fibers. These fibers are fatigue-resistant but less so than Type | fibers.
Type lIb fibers (Type lIx in humans) are primarily glycolytic, containing fewer mitochondria and
myoglobin, resulting in a paler appearance. They generate the highest force and fastest
contractions among the fiber types but fatigue rapidly. Type llb fibers are recruited for short,

explosive movements?®,
1.1.1.1 Skeletal muscle insulin signaling

Skeletal muscle plays a pivotal role in glucose homeostasis and insulin signaling, critical
processes for maintaining metabolic health. Insulin signaling in skeletal muscle involves a
complex cascade of events that facilitate glucose uptake, glycogen synthesis, and protein
synthesis, contributing to overall energy balance and metabolic function®. Upon insulin (INS)
binding to the insulin receptor (INSR) on the muscle cell membrane, the INSR undergoes
autophosphorylation on tyrosine residues, activating its intrinsic tyrosine kinase activity (Figure
3). This leads to the phosphorylation of insulin receptor substrates (IRS), primarily IRS-1, which
interacts with various downstream signaling molecules such as phosphoinositide 3-kinase
(PI3K), Src homology region 2 domain-containing phosphatase-2 (SHP-2) and Growth factor
receptor-bound protein 2 (Grb). One of the key signaling pathways activated by IRS-1 is the
PI3K/Akt pathway (Figure 3). Activated PI3K catalyzes the production of phosphatidylinositol
(3,4,5)-trisphosphate (PIP3), a lipid second messenger that recruits and activates Akt (protein
kinase B). Akt then mediates several metabolic effects, including the translocation of glucose
transporter type 4 (GLUT4) to the cell membrane (possibly via the Akt substrate of 160 kDa
(AS160) protein), facilitating glucose uptake into the muscle cell. Additionally, Akt
phosphorylates and inhibits glycogen synthase kinase-3 (GSK-3), leading to the activation of
glycogen synthase and promoting glycogen synthesis’®. Insulin signaling also influences
protein synthesis through the mammalian target of rapamycin (mTOR) pathway. Akt activates
mTOR (Figure 3), which in turn phosphorylates and activates ribosomal protein S6 kinase
(S6K) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1), enhancing protein

translation and muscle hypertrophy®1°.

Dysregulation of insulin signaling in skeletal muscle is a hallmark of insulin resistance, a key
feature of type 2 diabetes mellitus (T2DM) and also occurring in critically ill patients'**2, Insulin
resistance in skeletal muscle impairs glucose uptake and glycogen synthesis, contributing to

hyperglycemia and metabolic dysfunction. Contributing factors include defects in INSR

4
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signaling, reduced PI3K/Akt activity, chronic inflammation, and lipid accumulation within
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Figure 3: The skeletal muscle insulin pathway.

Extracellular insulin binds to the membrane bound insulin receptor (INSR) which causes
tyrosine kinase activation of the kinase domain which will autophosphorylate tyrosine residues
on the non-kinase domains. Tyrosine phosphorylation will create binding sites for Src
Homology 2) SH2 domains or PTPs. The INSR will not bind downstream targets directly but
via recruitment of adapter proteins call Insulin receptor substrates (IRS), mainly INSR
substrate 1 (IRS1) and 2 in skeletal muscle. IRS1 can activate the PI3K/Akt pathway by
phosphorylation of PI3K. Akt/PKB activation facilitates AS160 activation and thereby GLUT4
translocation from cytoplasmic vesicles to integrated transporters within the cell membrane.
GLUT4 mediates glucose uptake into the cell. Transcription factor Foxol controls atrophy gene
(Trim63, Fbxo32) expression and is repressed by Akt activity. mTORC1 signaling is dependent
on Akt activity and promotes increased translation and therefore protein synthesis upon insulin

binding. (Created with BioRender.com)
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1.2 Sepsis

1.2.1 Definition

I n the most Becemnnsermewpwsidef i ni t i odhreatesirgprgan
dysfunction that is caused by a dysregulated host response to infection®®. Previously sepsis

was defined as a systemic inflammatory response syndrome (SIRS) caused by an infection®,
1.2.2 Immunopathology and therapeutic targets

Sepsis was thought to be a major inflammatory event in response to infection that caused
organ dysfunction. Research of the last years revealed that excessive inflammation is just one
factor of the septic pathology and immunosuppression and failure to return to body
homeostasis after curation of the infection are to be considered additionally. Despite advanced
understanding of sepsis pathology, the development of multiple therapeutics (e.g. monoclonal
antibodies (mAB) against TNF, IL-1, lipopolysaccharide (LPS), platelet-activating factor (PAF))
did not improve survival of critically ill patients although most approaches showed a signal for

clinical benefit.1718

Infection causes pathogens to enter the body and activate the innate immune system.
Pathogen sensing cells can recognize pathogen-associated molecular patterns (PAMPS) via
the pattern recognition receptors (PRRs) and facilitate elimination of the pathogens?!®. When
the immune system fails, and the pathogens escape immune response it can dysregulate the
host response (Figure 4). That results in excessive inflammation and immunosuppression as
well as the release of damage-associated molecular patterns (DAMPSs). This mechanism will
enhance the vicious cycle of immune cell activation and upholds the inflammatory process that
eventually causes organ dysfunction.?>2! The main process of facilitating inflammatory
response is the activation of the nuclear factor kappa-light-chain-enhancer of activated B cells
(NFkB) pathway which will subsequently induce the expression of pro-inflammatory cytokines
like tumor necrosis factor alpha (TNFa), interleukin 1 beta (IL-13) and interleukin 18 (IL-18).%
The strong and sustained inflammatory response is thought to be the main mediator of early
onset organ failure especially in the cardiovascular system. Elevation of systemic or tissue pro-
inflammatory cytokines is the primary reaction to dysregulation of the host response.
Additionally the complement system gets activated®®25, the coagulation system and
endothelial cell activation?®-2 as well as the endothelial dysfunction?* contribute to the septic
pathology by allowing for leucocyte tissue infiltration, reduction in barrier function, hypotension

and increased cardiovascular risks (Figure 4).

Today' s standard tfdcusges pny elimination of e sause by timed
administration of targeted antibiotics and interventional measures for source control. Intensive

care treatments are used to prevent individual organ failure like vasopressors, mechanical

6
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ventilation etc. Generally starting treatment as early as possible is recommended, blood
cultures prior to antibiotics and/or broad-spectrum antibiotics are implied, administration of i.v.
fluids, application of vasopressors and measurements of lactate levels are fundamentals of
sepsis treatment.3! Septic patients often develop insulin resistance which can be treated by
intensified insulin therapy to break through the resistance.?>3* More recently some
immunotherapy treatments have evolved including immune checkpoint inhibition e.g. by
Programmed Cell Death Protein-1 (PD1) / Programmed Cell Death Ligand-1 (PD-L1) antibody.
Steroids are recommended in septic shock patients (hydrocortisone) but are to be discussed
as a continuous sepsis treatment.*>2! In summary, most of the current therapeutic options are
limited and restricted to infection and immune response control. Specific treatments to prevent
acute and chronic organ damage are not available yet. Therefore, research to understand the

molecular mechanisms of sepsis induced organ damage and failure is needed.
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Figure 4: Duality of septic immune reaction.

Sepsis causes a duality of adaptive and innate immune response. Early onset sepsis causes
excessive inflammation, reduced barrier function, pro-coagulation and leucocyte activation.
With progression of sepsis a strong immune system suppression occurs as a compensatory
effect. T cells shift towards a Tu2 polarization and CD 4" T cells dominate the CD8". The goal

is to restore body homeostasis. Adapted from v.d. Poll et.al %

1.2.3 Skeletal muscle in sepsis

Skeletal muscle atrophy, which is defined as a decrease in muscle mass that leads to
weakness, is one of the complications of sepsis that prolongs the duration of intensive care
unit (ICU) treatment and worsens long-term patient outcomes.*35 In general, skeletal muscle
atrophy is regarded as the result of an imbalance between myofibrillar protein synthesis and
degradation.>®® The main degradation pathways in muscle are the Ubiquitin proteasome
system (UPS), autophagy and the calcium-dependent calpain pathway. The UPS-mediated
proteolysis plays a dominant role in skeletal muscle atrophy and ICUAW.3"-3 Muscle RING
(really interesting new gene) finger protein 1 (MuRF1) and atrophy gene-1 (Atrogin-1), two
UPS enzymes that are highly increased during skeletal muscle atrophy play a crucial role in

muscle protein degradation. Both enzymes are critical E3 ubiquitin ligases that mediate
8
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ubiquitination and subsequent UPS-dependent degradation of muscular proteins.4043
Importantly, inflammatory cytokines increase MuRF1 and atrogin-1 mRNA expression and

protein contents implicating a function of inflammation and sepsis in muscle atrophy.*4-46

In addition to protein degradation, reduced muscle protein synthesis is a prominent cause of
muscle atrophy in sepsis and ICUAW.124748 A decreased synthesis that was paralleled by a
reduced gene expression was described for type | and type Ila MyHCs in tibialis anterior (TA)
muscle of critically ill patients. The INS/IGF-1/AKT pathway is dominantly involved in muscle
anabolism and glucose regulation (see 1.1.1.1). Activation of AKT leads to hypertrophy of cells
and muscles and prevents atrophy in vitro and in vivo.***° The AKT/IGF-1 axis can inhibit
expression of the E3 ligases MuRF1 and atrogin-1 via the transcription factor FoxO1. Septic
patients often develop insulin resistance which may lead to an inhibited INS/IGF-1 signaling.
This effect results in a lower degree of AKT phosphorylation (see 1.1.1.1), that increases
FoxO1 nuclear translocation and E3 ligase expression. AKT is therefore important for

maintaining muscle proteostasis.
1.3 Intensive care unit (ICU)-acquired weakness (ICUAW)
1.3.1 Definition

Critically ill patients often develop neuromuscular complications during critical illness and ICU
treatment, which is called ICU-acquired weakness (ICUAW). It is accompanied by a significant
loss of muscle mass, impaired function and leads to an increased morbidity and mortality.*!
The exact prevalence of ICUAW is uncertain because the definitions and diagnostic criteria
vary widely. In general, at least 25%-31% of ICU patients who are mechanically ventilated for
more than 7 days develop ICUAW.>2-°¢ The prevalence of ICUAW for septic patients or patients
with systemic inflammatory syndrome can reach from 50% up to 100%.°°® Up to 70% of
elderly ICU patients may have muscle atrophy complications, as the skeletal muscle is an
important organ for immune function and glucose and protein metabolism, those patients have

a significantly higher mortality.5°

ICUAW is a neuromuscular syndrome. Based on clinical, electrophysiological and histological
criteria, it can be classified as critical-illness myopathy (CIM), critical illness polyneuropathy
(CIP) and critical illness polyneuromyopathy (CIPNM) by which patients develop both
myopathy and neuropathy.®® Myopathy occurs earlier and more frequently whereas
polyneuropathy occurs later and less frequently. Importantly, polyneuropathy is associated

with longer ICU stay, therefore it becomes critical to diagnose different types of ICUAW.51:61.62
1.3.2 Risk factors

The precise mechanisms driving muscle atrophy in critically ill patients remain largely elusive.

It is proposed that various risk factors, such as sepsis, multiple organ failure (MOF), prolonged

9
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immobilization, hyperglycemia, and the administration of corticosteroids and neuromuscular

blocking agents, contribute to the development of ICUAW (Figure 5).53

During sepsis, an increase in complement factors (C3a and C5a) and inflammatory cytokines,
including IL-6, IL-1 BIFNy, TNF, and the acute phase protein serum amyloid Al (SAA1), can
be measured in serum and skeletal muscle of both humans and mice.*>1:6485 Although the
release of inflammatory cytokines is a critical component of the innate and adaptive immune
response, they also trigger secondary effects in various organs, including skeletal muscle,
leading to tissue damage and dysfunction associated with ICUAW.>* Among these effects,
cytokines such as TNF, IFNy, andIL-1 3 ar e known to activate
degradation of muscle proteins.®® Sepsis further exacerbates muscle degradation by activating
the transcr i pt which incfeasesttherexprdssianBof TRIM63 (the gene that
encodes MuRF1) that in turn increases muscle protein degradation.®” Concurrently, sepsis
impairs the synthesis of sarcoplasmic and myofibrillar proteins, particularly those comprising
fast-twitch fibers.®® Moreover, cytokines like IL-1 3 ar e i mpl i cated in
translation initiation, further hindering protein synthesis.®® As a result, the disruption of the
balance between protein degradation and synthesis during sepsis contributes to muscle
atrophy observed in ICUAW (Figure 5).

10
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Figure 5: Definition of ICUAW.

Organ failure, immobilization, hyperglycemia, pharmacological drugs like cortico-and
glucocorticosteroids as well as neuromuscular blockers are risk factors of ICUAW. Sepsis is a
systemic inflammatory condition that can lead to organ failure, enhanced inflammatory factor
circulation like IL.6, IL-16 and TNF and insulin resistance. Those risk factors contribute to
selective myosin loss, type Il fiber atrophy and increased protein degradation while decreasing
protein synthesis. Consequently, this causes a significant loss of muscle mass in ICUAW.
Adapted from Schefold et al.,2010.%*

1.3.3 Interferons

Interferons (IFN) are a subfamily of cytokines that mainly act as immunomodulatory proteins
in response to infection or tissue injury.” The IFN family is composed of type |, type Il and type
[l IFN. Generally, type | and 1l INF regulate and activate immune response and
inflammation.”*="* The sole type Il IFN is called IFN gamma (IFNy) and is primarily secreted by
different leucocytes like cytotoxic T-cells, NK cells, Th4 cells and others and can be induced
by IL-12.° IFNs have been implicated in the dysregulation of immune responses in
autoimmune diseases and in regulation of immune responsiveness and tissue integrity under
homeostatic and pathological conditions.”®’2 They possess a key role in anti-tumor immunity
(immunosurveillance) and immune-checkpoint-antagonist-therapy, although with an unknown
role.”? During infection the production and secretion of IFNs is increased leading to a higher

expression of target genes, typically canonical IFN-stimulated genes (ISGSs) in infected tissues

11
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as well as in circulating blood cells. The pattern of the target gene expression is defined as an
IFN signature. ISGs are genes transcriptionally activated by IFNs and typically downstream of
STAT family proteins. The presence of an IFN signature is considered as a strong diagnostic

proxy for autoimmune diseases.”® ">

Type | IFNs and IFN-y s i g n a | spetific rcall sugfdice receptors that activate tyrosine
kinases JAK and STATs’"’® to activate ISGs gene expression. Specifically, | FNy s
through the [(FRWN{FBUYecgptwhi ch i s compromis
| FNy R2 s™°hhatraie ubsquitouslye x pr es s ed. Bi nldA Mygfivaies the
canonical JAK- STAT pathway; especially, tyrosine phosphorylation of tyrosine kinases JAK1
and JAK2 leads to their activation and subsequent phosphorylation of the transcription factor
STAT1 (Figure 6). Upon phosphorylation STAT1 translocates into the nucleus, binds to
conserved | FNy gamnnmaiintedeton-activatienisite,e@EAS) within the promoter
regions of ISG and directly induces their transcription.”07576
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Figure 6:Interferon gamma canonical sighaling pathway
Il FNo i s pr oddike yrdphdeyes, includiagtgeup 1 innate lymphoid cells (ILC1s),
and by adaptive lymphocytes, including T helper 1 (Tul) cells and cytotoxic T lymphocytes

(CTLs) , in response to cytokine and antigen

rapid and transient Janus kinase (JAK)i signal transducer and activator of transcription (STAT)
signalling and interferon-stimul at e d gene (1 SG) i nducti on.
response evolves by impacting the expression and function of various enzymes and regulators
of metabolism, chromatin and transcription to induce a reprogrammed cellular state that is
characterized not only by its gene expression profile but also by altered responsiveness to
environmental challenges. GAS, IFNo acti vati on site; | FNo R,

regulatory factor; TCR, T cell receptor. Adapted from lvashkiv, 20182

1.3.4 Inflammasomes

Inflammasomes are multiprotein complexes that assemble in response to a wide range of

microbial and endogenous acute phase/ danger signals to mediate inflammation and cell death

via pyroptosis (Figure 7). Inflammasomes cause the maturation of the inactive pro-forms of IL-
13
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1B (pro-IL-1B) and IL-18 (pro-IL-18), which are key cytokines for innate and adaptive immune
responses, and their subsequent secretion.?8! Inflammasomes are often activated by different
nucleotide-binding oligomerization domain-like receptors (NLRs), nhamed after their sensors,
CARD domain and PYD domains-containing protein 1 (NLRP1), NLR family pyrin domain
containing 3 (NLRP3), NLR family CARD domain-containing protein 4 (NLRC4) and baculoviral
IAP repeat-containing protein 1 (NAIP), absent in melanoma 2 (AIM2) and pyrin
inflammasomes (Figure 7).82 In response to endogenous and exogenous danger and cell
damage signals PAMPs (e.g. peptidoglycan, viral RNA, fungal) and DAMPs (e.g. ATPs, uric
acid, crystals) a subset of sensors (NLRs, ALRs and Pyrin) cause the recruitment of zymogene
protease, caspase-1l via the ASC adaptor or directly via CARD and/or PYD domains.
Inflammasome activation is initiated by downstream signaling of PRRs, which transcriptionally
upregulate the expression of inflammasome components and immature pro-inflammatory
cytokines, this is referred to as priming, allowing cells to respond adequately to the activation
signaling. The second step following priming is activation, inflammasome assembly is induced
by microbial (PAMP) or endogenous (DAMP) danger signals to process the immature
cytokines which got elevated in the priming step.8% Caspase-1 recruitment into the
inflammasome complex causes conversion of pro-caspase-1 into bioactive caspase-1 by
proximity-induced self-cleavage (Figure 7).878° Active caspase-1 facilitates the maturation of
pro-IL-1(3 and pro-IL18 to their active, secreted forms as part of the canonical inflammasome
pathway.8%88 Activation of caspase-1 also mediates the cleavage of Gasdermin-D (GSDMD),
which is a substrate of caspases including murine caspase-1 and -11 and human caspase-1,
-4and-5 and facilitates regulated | ytic celath
from f ev &% Abmentibried caspgses can cleave pro-GSDMD between its inhibitory
C-terminal domain and its N-terminal domain. The N-terminal domain can oligomerize to form
pores within the cell/plasma membrane. These GSDMD pores in turn mediate the release of
IL-1 family proteins, IL-18 and other cell danger and damage signal molecules (Figure 7).90-92
Initiation and regulation of inflammasome priming and activation could therefore be crucial in
the context of a systemic and tissue specific inflammatory phenotype which might contribute
to the pathology of sepsis and sepsis-caused end-organ damage such as ICUAW.
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Figure 7:Canonical and noncanonical inflammasome pathway

Canonical inflammasome assembles downstream of cytosolic PRRs to control the activation
of caspase-1 and ultimately the maturation of pro-IL-1 b a n L-1® as avell as induction of
pyroptosis by mediating the cleavage of GSDMD. The noncanonical inflammasome is mainly
activated by cytosolic LPS and results in oligomerization of caspase-11/4/5. Activation of both
paths independently results in activation of GSDMD-N, which then forms cytosolic pores
leading to pyroptosis and release of active forms of IL-1 b nddL-18. Domain: CC, coiled-coiled;
B-Box, B-box region; B30.2 Pyrin C-terminal B30.2 domain. Adapted from Ghait et.al.?*

1.3.4.1 The NLRP3 inflammasome

One of the best characterized inflammasomes is the NLRP3 inflammasome, that is named
after the sensor protein NLRP3. NLRP3 together with the adaptor ASC and the effector
caspase-1 form the NLRP3 inflammasome .8! Like any of the other inflammasome a diverse
range of stimuli including PAPMs, DAMPs,(see above) as well as environmental factors (UV
radiation, silica) and physical structures (particles, crystals) can activate the NLRP3
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inflammasome.88793-%5 A mono-factorial trigger for sensing of the NLRP3 inflammasome is
highly unlikely given the vast range of substances which can activate multiple cellular signals,
but instead sensing of commonly induced intracellular signals could be utilized. NLRP3
activation putatively involves second messengers and cellular signaling events that are
commonly triggered by sensing of characteristic elements of pathogenic presents.887.93.%
Cytoplasmic ion concentration changes can sufficiently recruit and activate NLRP3
inflammasome components.?*97% Potassium (K*) which utilizes the purinergic P2X7 receptor
has consistently been shown to modulate the NLRP3 inflammasome. The activation of
inflammasomes can occur independently of P2X7 receptors by inflammasome activators or
specific pathogens, so K* concentration changes are able to activate the inflammasome but
are not required.8487.9395.9 The NLRP3 inflammasome assembly and activation is dependent
on multiple post-transcriptional and translational modifications e.g. phosphorylation of the
adapter protein ASC, with a tight regulation by multiple upstream regulators.8286.100-102

Tyrosine phosphorylation at different residues of the NLRP3 inflammation was shown to
prevent excessive inflammasome activation (Figure 8).1% The treatment with a tyrosine kinase
inhibitor, prevented DAMP- and PAMP-induced activation of caspase-11%, while treatment with
pan-tyrosine phosphatase inhibitors was sufficient to induce ASC-specks, caspase-1-
activation and pyroptosis.®® Several tyrosine phosphorylation sites have been identified to
regulate NLRP3 activity and stability, each of which with slightly different outcomes.1%:107
NLRP3 activating stimuli promoted dephosphorylation of NLRP3 at Tyr861 in a PTPN22-
dependent manner, which was crucial to allow efficient and sustained NLRP3-mediated

inflammasome activity (Figure 8). Upon loss of PTPN22, this NLRP3-stablizing effect was

abrogated resulting in reduced IL-1 B secretion and inefficient

culminating in increased intestinal inflammation.193.108
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Figure 8: Specific tyrosine phosphatases are involved in controlling inflammasome
activation.

PTPN22 regulates NLRP3 activation via direct dephosphorylation. Phosphorylated NLRP3 is
recruited to autophagosomes for degradation, preventing excessive inflammasome activation.
PAMP or DAMP stimulation promotes PTPN22 mediated NLRP3 dephosphorylation at Tyr861,
leading to its activation. Subsequent assembly of the NLRP3 inflammasome complex results
in activation of caspase-1 and consequent production of IL-1 b  a r18 andl ibflammatory cell
death. PTPN2 negatively regulates inflammasome assembly via modulation of JINK and Pyk2
activity, inhibiting ASC Speck formation, and subsequent Caspase-1 activation. Upon
inflammasome induction, tyrosine phosphatase SHP2 is recruited to mitochondria where it
prevents mitochondrial damage via direct dephosphorylation of ANT-1 at Tyrl91. This
prevents a feed-forward amplifying loop of NLRP3 activation. Nuclear PTP-S2
dephosphorylates tumor suppressor gene p53 and thereby promotes its stability. Elevated
levels of p53 promote pro-caspase-1 expression and accumulation, leading to elevated
caspase-1 activation and subsequent IL-1 b /-18 &ctivation and inflammasome-associated cell

death. Adapted from Spalinger et.al.'®®

Loss of PTPN2/TCPTP results in elevated ASC tyrosine phosphorylation and subsequent
ASC-multimer formation, as well as enhanced caspase-1 processing/activation and

subsequent increased maturation and release of IL-1 B a nX8. TheLregulation of ASC
17
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activity is not mediated via direct interaction of TCPTP with ASC but rather via
dephosphorylation of tyrosine residues of the upstream kinases JNK and Syk that causes ASC

phosphorylation (Figure 8).109:110
1.4 Protein tyrosine phosphatases

Protein phosphorylation is an essential posttranslational modification process for cell
physiology and signal transduction.'*-114 Protein phosphorylation is a reversible modification,
controlled within a balanced system of protein kinases and protein phosphatases. A change in
protein phosphorylation can result as a change in activity of either class of modifying enzymes.
In humans, and most eukaryotes, about one third of the proteome is phosphorylated on serine,
threonine or tyrosine residues.'*®> Phosphorylation mostly occurs on serine/threonine but less
so on tyrosine residues. Although only 2 % of the whole proteome is tyrosine
phosphorylated!?®, it is a key modification for numerous cellular processes responsible for
normal cell physiology.1"-122 The significant role of tyrosine phosphorylation is highlighted by
many human diseases (see 1.4.3) which are caused by changed functions of either protein
tyrosine kinases (PTKs) or protein tyrosine phosphatases (PTPs).11"120 Previous research
predominantly focused on protein tyrosine kinases, and phosphatases were thought to be
merely* housekeepi ng” bread gupstmaesspeuificity.iHowever, current evidence
suggests that PTPs are tightly regulated and highly specific for certain substrates which are

involved in multiple pathways depending on tissue expression or pathophysiology.*712°
1.4.1 Phosphatase superfamily

PTPs are the largest family of phosphatases and consist of/are defined by an active site
signature motif C(X)sR. The catalytic mechanism is mostly enabled by a nucleophilic cysteine
residue of the signature motif (see 1.4.2). Human PTP genes can be classified into three major
families based on their PTP domain sequence (Figure 9). Class | PTPs are the largest
subfamily with 100 known genes while class Il only consists of 1 gene and class Ill of 3
genes.'” Since this work is focused on members of the class | family it will be described in

greater detail.

Class | PTPs as the biggest subfamily of PTPs can be further divided into the classical
phosphotyrosine specific PTP (pTyr PTP) and the dual specificity protein phosphatases (DSP).
The pTyr PTP subgroup (37 genes) can be further divided into transmembrane receptor-like
PTPs (RPTPs) and the intracellular nonreceptor-like PTPs (NRPTPs).117:120123124 The DSP
subfamily (63 genes) has a high diversity in terms of substrate specificity. Briefly this family
includes pThr/pTyr-specific mitogen-activated protein (MAP) kinase phosphatases (MKPs),
the pThr/pTyr — mRNA specific atypical DSP, the pSer specific Slingshots, the pTyr specific
phosphatases of regenerating liver (PRLs), and the Phosphatase and Tensin homologs

(PTEN) (Figure 9).117125.126
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By contrast, the class Il PTP family is only represented by a pTyr-specific low molecular weight
PTP (LMPTP)?" that seems to be related to bacterial reductases and therefore evolutionary
older compared to class | PTPs.'?*The class Ill PTPs includes pThr/pTyr-specific cell division

cycle 25 (CDC25) phosphatases which are also related to bacterial enzymes.'?3

Phosphatase families Examples of members
1. PPM family PP2C
2. FCP family FCP
3. PPP family PP1, PP2A, calcineurin, PP5
4. HAD family (Asp-based) Eya, CTD, cronophin
5. Class I Cys-based PTPs
5.1. Classical PTPs
5.1.1. Transmembrane PTPs PTPa, CD45, CD148, IA-2, GLEPP1
5.1.2. NRPTPs PTP1B, TCPTP, SHPI, LYP, MEG2
5.2. DSPs or VH1-like PTPs
5.2.1. MKPs MKPI1-5, MKP7, PACI
5.2.2. Atypical DSPs VHR, PIR, Laforin, VHZ, STYX
5.2.3. Slingshots SSH1, SSH2, SSH3
524. PRLs PRL-1, PRL-2, PRL-3
52.5. CDCl4s CDC14A, KAP, PTP9Q22
5.2.6. PTENSs PTEN, TPIP, tensin, Clten
5.2.7. Myotubularins MTM1, MTMR1—15
6. Class II Cys-based PTPs CDC25A, CDC25B, CDC25C
7. Class III Cys-based PTPs LMPTP

Figure 9: The human phosphatase families.

Phosphatase family organization by family, subfamily and examples for each group. PTP1B
and TCPTP belong to the class | Cys-based PTPs, Classical PTPs and non-receptor type
PTPs (NRPTPs). Adapted from Myotubularins, & MTM (2017)*2.

1.4.2 Mechanism of action

Since my studies focused on the class | pTyr NRPTPs (PTP1B and TCPTP) the following
sections describe main functions and structures of this PTP class and subfamily; for detailed

descriptions of the other PTP classes see Tautz et.al.}?*

The mechanism of PTP catalysis (Figure 10) was investigated by site-directed mutagenesist?®-
131 in combination with structural analytics.'®?-13> All the PTPs share a catalytic mechanism
which is based on a nucleophilic cysteine that creates a thiophosphate intermediate during
catalysis due to its low pKa value (Figure 10). The intermediate reaction is stabilized by
arginine and hydrolysis is carried out by a catalytic aspartate. The chemically ordered uni-bi
two-step reaction is facilitated by several highly conserved loops that form the active site

(Figure 10). The first step of the reaction is facilitated by the P-loop which contains the
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catalytically active cysteine residue 215 (PTP1B) and is also contained in TCPTP. It initiates
the breaking of the phosphorus-oxygen bond by a nucleophilic attack on the phosphorus atom.
The catalytic aspartate of the WPD-loop (Asp181/Asp182) acts as a general acid, donating a
proton to the OH-leaving group. The result is the formation of a phosphocysteine intermediate
(not shown) and the release of the dephosphorylated substrate. The second, rate limiting step
is defined by the hydrolysis of the thiophosphate intermediate with the assistance of the
catalytic aspartate in the WPD-loop. It now acts as a general base to abstract a proton from a
water molecule thus facilitating the hydrolysis and creating a free phosphate. Mutations of the
catalytic cysteine are catalytically inactive while mutations in aspartate still have residual
activity butc amr’etl ease the bound substrate which
st udfes”

Substrate
,O-. o .0 0 (0}
H s, M H- . i 4
il M. - — T P=-
(') 0 H-g P|
0ZP=0:, OH
! e Phosphate

OH

P-Loop P-Loop

Figure 10: Protein tyrosine phosphatases i mechanism of dephosphorylation.

The catalytic active cysteine initiates the breaking of the phosphorus-oxygen bond by a
nucleophilic attack on the phosphorus atom of the substrate. The catalytic aspartate acts as
an acid, donating a proton to the OH-leaving group. A phosphocysteine intermediate is formed
(not depicted) and the dephosphorylated substrate is released. The thiophosphate gets

hydrolyzed by the catalytic aspartate and free phosphate is created. Adapted from Tautz et.al
124

1.4.3 PTPs in Human Disease

Disruption of the dynamic balance between protein tyrosine phosphorylation and
dephosphorylation of signaling pathways is known to be the root of many human diseases like
cancer, cardiovascular, immunological, neurological and metabolic diseases. 120:125.137-140 wg||
known examples from cancer research are the loss of PTEN that is associated with many
malignancies like breast and prostate cancer'*! and similarly the loss of SHP1 that occurs in

lymphomas.'*? The loss of PTPs and therefore their molecular role as tumor suppressors can
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lead to increased tumor growth and progression. Likewise a hyperactivation of PTPs in a
growing number of cancer cells, can lead to hyperactivated (cell growth) pathways and cell
functions.?*® A well-known oncogene is SHP2 (PTPN11) which was found in many gain-of-
function mutations in different forms of leukemia. 44145 PTP1B, which is a crucial negative
regulator of insulin and leptin signaling, was also found to be a positive regulator of ErB2
(HER2/neu) induced signals that enhances tumorigenesis in breast tissue and tumor cell
metastasis. 146148 Several PTPs like lymphoid phosphatase (LYP) and hematopoietic protein
tyrosine phosphatase (HePTP) were found to be overexpressed in different immunological
diseases like acute myeloid leukemia, chronic lymphocytic leukemia, type | diabetes and
several autoimmune diseases. 128149152 The brain specific striatal-enriched protein tyrosine
phosphatase (STEP) modulates signaling molecules involved in neuroplasticity and neural
function, has been implicat e d in neur ol ogi cal di diseasel
schizophrenia, HuhThe grgving numker oflhurman diseases in which a
change in PTP function or protein abundance occurs elicit growing interest in novel
therapeutics to target specific PTPs or PTP regulators. In the following PTP1B and TCPTP will

be highlighted as crucial targets for inflammatory and metabolic pathologies.
1.4.4 Protein tyrosine phosphatase 1 B

Protein Tyrosine Phosphatase 1B (PTP1B) , encoded by the PTPN1 gene, is a NRPTP that
has emerged as a key regulator in several crucial cellular processes, particularly in metabolic
signaling pathways.*® Since its discovery, PTP1B has been widely studied for its role in
negatively regulating the insulin and leptin signaling pathways!®, positioning it as a pivotal
enzyme in metabolic disorders, such as T2D and obesity. Structurally, PTP1B is a 50 kDa
protein composed of a catalytic domain, a proline-rich region, and a C-terminal segment that
anchors it to the cytoplasmic face of the endoplasmic reticulum (ER). This subcellular
localization is crucial for its access to substrates involved in insulin and leptin signaling since
most of the substrates like the insulin receptor (INSR) beta chain, IRS-1 or AS-160 are located
and post-translationally modified at the ER or the cytoplasm.131551%¢ Through this enzymatic
activity, PTP1B negatively regulates the INSR and IRS, as well as the leptin receptor pathway
by dephosphorylating their activated/tyrosine phosphorylated forms. As such, its
overexpression or hyperactivation is associated with impaired insulin signaling and subsequent

insulin resistance (Figure 11).

The involvement of PTP1B in metabolic diseases has sparked interest in the development of
small-molecule inhibitors targeting this enzyme. These inhibitors are being explored as
potential therapeutic agents for the treatment of T2D and obesity. However, despite promising
preclinical data, the development of clinically viable PTP1B inhibitors has proven challenging

due to issues with specificity, bioavailability, and off-target effects, especially by also targeting
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the highly homologous TCPTP. This ongoing challenge underscores the complexity of

designing effective therapeutic interventions targeting PTP1B.

Beyond its role in metabolic regulation, PTP1B has also been implicated in cancer and
inflammation. Recent studies have identified its involvement in various oncogenic pathways
(Figure 11), where it modulates signaling cascades such as those mediated by the epidermal
growth factor receptor (EGFR)*®’ and the Src family kinases. These findings suggest that
PTP1B is not merely a metabolic regulator but also a versatile factor in broader cellular
processes. In the context of inflammation and sepsis, PTP1B dephosphorylates key
components of signaling pathways involved in immune response modulating its activity (Figure
11). PTP1B negatively regulates JAK2 by dephosphorylation at tandem pTyr 1007/1008
residues, which impacts signaling through cytokine receptors®®’ (like the IFNyR) , such as the
Interleukin-18 (e.g. IL-6, IL-4) and TNF-receptors.’>® PTP1B also dephosphorylates signaling
molecules of the TLR-pathways, including adaptor proteins like MyD88.1%° |t also
dephosphorylates upstream kinases, such as lkappaB kinase (IkB), thereby indirectly
modul ating the activati on of?®fhatBeguatimmenetell as Sr c

activation and cytokine production.®?
1.4.4.1 PTP1B in skeletal muscle

PTP1B plays a critical role in the regulation of skeletal muscle function, particularly in the
context of insulin signaling and metabolic homeostasis.®® Skeletal muscle is a major site for
glucose uptake, and effective insulin signaling is crucial for maintaining glucose balance in the
body. Insulin resistance in skeletal muscle impairs glucose uptake, contributing to
hyperglycemia and metabolic dysfunction.’®4%¢ PTP1B is increased in insulin-resistant states
e.g. sepsis and inflammation,*®” leading to enhanced dephosphorylation of the INSR and IRS
proteins, resulting in diminished activation of the PI3K and Akt pathways. These signaling
pathways are essential for the translocation of GLUT4 to the plasma membrane, where it
facilitates the glucose uptake. PTP1B also influences skeletal muscle energy metabolism by
modulating mitochondrial function.'® Mitochondria are central to energy production and
metabolic flexibility in muscle tissue. Studies have shown that PTP1B can negatively impact
mitochondrial biogenesis and function by altering signaling pathways such as those mediated
by peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1 o170
PGC-1a is a master regulator of mi tochondri al bi
insulin signaling and other metabolic cues.'”® In summary, PTP1B acts as a major metabolic
regulator, primarily targeting insulin signaling and therefore glucose homeostasis as well as
protein synthesis and degradation in muscle cells. The effects of PTP1B on muscle

inflammation are not well understood.

22



Dissertation Bjorn Brinschwitz Introduction

1.4.5 T-cell Protein tyrosine phosphatase

T-cell Protein Tyrosine Phosphatase (TCPTP), encoded by the PTPN2 gene,'’*172 is a critical
NRPTP that regulates a broad range of cellular processes. Initially discovered for its role in T-
cell signaling, TCPTP is now recognized as a key modulator of multiple signaling pathways
across diverse cell types, including immune cells, epithelial cells, and hepatocytes.'’2173 In
human cells, TCPTP exists as two alternate splice variants , TC45 and TC48, that differ in their
C-terminal region.'’3174 The shorter isoform, TC45, localizes primarily to the nucleus but can
shuttle to the cytoplasm under certain conditions!”>77, enabling it to target substrates in
different cellular compartments.1’417817 |n contrast, TC48 is predominantly localized to the
ER,"® where it exerts regulatory effects on signaling cascades associated with ER stress and
metabolic regulation. TCPTP dephosphorylates key components of the JAK-STAT pathway,
including JAK (JAK1, JAK3)!° and STAT proteins (STAT1, STAT3, STAT5, STAT6)81-184
thereby modulating responses to pro-inflammatory cytokines like IFNs and IL-6 (Figure 11).
This regulatory function is crucial not only in immune homeostasis but also in preventing
chronic inflammation and autoimmune disorders. Given these roles, loss-of-function mutations
or dysregulation of TCPTP have been implicated in various autoimmune diseases, such as
type 1 diabetes?®®, Cr o h n’ 888dadnd reearsaid arthritis, as well as certain cancer

forms 188-191

Recent research uncovered a role of TCPTP in metabolic control, particularly in insulin
signaling and energy homeostasis in non-muscle cells.1%>1% |n hepatocytes and adipocytes,
TCPTP dephosphorylates the INSR and IRS, acting as a negative regulator of insulin
signaling.’®® Dysregulation of TCPTP in metabolic tissues has been associated with insulin
resistance, obesity, and T2D. Furthermore, TCPTP's involvement
of intestinal epithelial barriers and its regulation of immune responses underscore its
importance in the gut-liver axis and related metabolic diseases.!%° However, the widespread
expression and functional diversity of TCPTP across tissues present challenges in developing

specific inhibitors or modulators with minimal off-target effects.197-1%
1.45.1 TCPTP in skeletal muscle

TCPTP and its role in skeletal muscle under physiological or pathophysiological conditions is
not well understood. The genetic ablation of PTPN2 does not alter insulin signaling, insulin
sensitivity or glucose uptake in skeletal muscle in vivo.'®* It was not upregulated in T2D animal
models (contrary to PTP1B) and did not influence insulin resistance. TCPTP is implicated in
the development of inflammatory diseases and as an oncogene?®® but there is currently no
data on its overexpression or deficiency in skeletal muscle. TCPTP is known to be a major
regulator of cytokine signaling by dephosphorylating STAT1, STAT3 and STAT5a/5b. Mice
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deficient of TCPTP die within 3-5 weeks due to systemic inflammation and defects in

hematopoiesis and immune function. 8°
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Figure 11: Downstream substrates of PTP1B and TC-PTP.

PTP1B (blue) and TCPTP (red) have been shown to negatively regulate signaling molecules
belonging to the cytokine receptor pathways. Upon ligand binding, IL-2R (blue), IL-6R or
LeptinR (green), IFNoR (yellow) and others associated JAKs get activated. Those JAK proteins
mediate phosphorylation of tyrosine residues and recruitment of STATs. Phosphorylated
STATSs dissociate from the receptor and translocate into the nucleus. PTP1B dephosphorylates
JAK2, TYK2 and STAT5. The 45-kDa isoform of TCPTP can dephosphorylate JAK1, JAKS,
STAT1, STAT3 and STAT5. Adapted from Bourdeau et.al.”®*

1.5 Aim of the study

Sepsis-induced systemic inflammation is a major contributor to muscle atrophy and insulin
resistance in critically ill patients, increasing their risk of Intensive Care Unit-Acquired
Weakness (ICUAW), morbidity, and mortality. Elevated levels of proinflammatory cytokines,
including IL-6, IL-1 3 , TNFa, and | FNy, di srupt muscl e
wasting. Protein tyrosine phosphatases PTP1B and TCPTP are key regulators of inflammatory

signaling in various tissues, yet their roles in skeletal muscle inflammation and sepsis-induced
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atrophy remain poorly understood. Given that PTP1B also modulates insulin signaling, its

involvement in muscle insulin resistance during sepsis is of particular interest.

In my work, | tested the hypothesis that PTP1B and TCPTP contribute to sepsis-induced
skeletal muscle atrophy by regulating cytokine receptor signaling in myocytes through
modulation of the JAK/STAT pathway as well as insulin resistance through regulation of INSR

signaling.

To test this hypothesis, | first performed qRT-PCR and Western blot analysis of RNA and
protein, respectively, isolated from skeletal muscle biopsy specimens from critically ill human
patients. | observed an increased mMRNA expression and protein contents of PTP1B and
TCPTP along with a decrease in INSR and IRS-1 protein levels in skeletal muscle, indicating
insulin resistance in muscle of critically ill patients. | observed a similar increase in
PTP1B/Ptpnl and TCPTP/Ptpn2 expression in skeletal muscle of mice subjected to cecal
ligation and puncture (CLP) surgery, a model of polymicrobial sepsis. These results implicated
arole of PTP1B and TCPTP sepsis-induced skeletal muscle atrophy.

| further aimed to explore the underlying mechanisms and conducted functional studies in
primary mouse myocytes and C2C12 cells using cytokine treatments and gain- (e.g. retroviral
overexpression of PTPs) and loss-of-function (e.g. siRNA transfection, Cre-mediated deletion
of PTPs in conditional knockout myocytes) approaches. To explore the role of PTP1B and
TCPTP in vivo, | subjected conditional myocyte-specific Ptpnl cKO, Ptpn2 cKO and
Ptpnl//Ptpn2 double KO (DKO) knockout (KO) mice to CLP surgery and analyzed their
survival, changes in muscle mass and morphology, cytokine and chemokine levels in serum
and muscle, and performed pathway analyses in skeletal muscle tissue. Sham operated

littermates served as controls.

The overall aim of my experiments was to characterize the role of PTP1B and TCPTP in
regulation of cytokine signaling and progression of inflammation during sepsis in myocytes in
vitro and skeletal muscle in mice in vivo. | attempted to elucidate the role of PTPs in

inflammation-induced skeletal muscle atrophy.
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Materials and Methods

2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Reagents

Table 1: Reagents and chemicals

Name

Provider

(Roti®-Histofix, 4%)

4',6-Diamidino-2-phenylindol (DAPI)

Acetone
Acrylamide 30%

Agarose

Albumin Fraktion V (Bovine Serum Albumin)

Ammoniumpersulfate (APS)

AnFLAG M2 Affinity

Chloroform

Clarity™ Western ECL-Substrate

cOmpl™t € BXTrAe e

Cycl ohexi mi de

Diethylpyrocarbonat (DEPC)-treated water

Di met hyl sul foxide

Di potassium
Dithiothreitol (DTT)

Ethanol

Protease

( DMS 0)

Gel

PPRAsphat e

FastStart Universal SYBR Green Master (ROX)

Fluorescence Mounting Medium

Gene Rul-leadd&NA

HPLC-Water
I Bl DI mount i
Isofluran CP®

|l sopropanol

ng

(1 kb)

me di

um

(

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, St. Louis, MO, USA

Merck Chemicals GmbH, Darmstadt,
Germany

Agilent Technologies, Inc, Santa Clara,
USA

Agilent Technologies, Inc, Santa Clara,
USA

Bio-Rad Laboratories, Hercules, CA,
USA

Si gma AStdr iLcohui s, L
Roth, Karlsruhe, Germany

Bio-Rad Laboratories, Hercules, CA,
USA

Ro c hLed,r rGeerhmany
Sigma Al drich, Ger

Life Technologies Corporation,
Carlsbad, CA, USA

Sigma Al drich, Ger
Car | Kadstuhe,Ger many

Thermo Fisher Scientific, Waltham,
MA, USA

Carl Roth, Karlsruhe, DE

Roche Diagnostik GmbH, Mannheim,
DE

Dako, Carpinteria, CA, USA

Car | HWadstuhe, Ger many
J.T. Baker, Deventer, NL

| BI DI cel | in focu
CP-Pharma, Burgdorf, DE

Car | Kadstuhe,Ger many
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Collagenase type Il Worthington Biochemical Corporation.
Lakewood, USA

Laemmli sample buffer (2x) Bio-Rad Laboratories, Hercules, CA,
USA

Laemmli sample buffer (4x) Bio-Rad Laboratories, Hercules, CA,
USA

LBMedi um (Lennox) Car | Kuadstuhe,Ger many

Lend™Concentrator Clontteadblmr at ori es,

Li popolysacchaEsdleei(cilodli Mer Dla,r ms tGadtmany
O0111: B4)

Monopotassium PR sphat eCar |l Kadstuhe,Ger many

Noni d&Q @NP Sigma Aldrich, Ger
NoHIF New England Biol ab
Pancreatine Sigma-Aldrich, St. Louis, MO, USA
Penicillin/ StreptomycirPAA Laboratories,
PhosSTOP Sigma Al drich, Ger
Pol ybrene 10 mg/ ml Santa, CCAz USA
Precision Plus Protein™ Dual Color Standard Bio-Rad Laboratories GmbH,
Munchen, DE
ProLong® Gold antifade Life Technologi es
Random Primer Life Technologies Corporation,
Carlsbad, CA, USA
Recombi nanitntnowusediRBL n Peprbftewal t ham, Uus
Recombi nanTtNFmoau speh a Peprbtftewal t ham, Uus
Recombi nant mots d6l)itnt erPeprbtewal t ham, Uus
RNase Out Ribonuclease Inhibitor Life Technologies Corporation,
Carlsbad, CA, USA
Skim mil k powder Car | IKadstuhe,Ger many
Sodium chloride (NacCl) Car |l Idstuhe,Ger many
Sodium deoxyl chol at e Sigma Aldrich, Ger
Sodium dodecyl sulfate (SDS) Carl Roth, Karlsruhe, DE

Super Opti mal broeprestNew Engl and Biol ab
(SOC) medi um

SuperScript ® Il Reverse Transkriptase Life Technologies Corporation,
Carlsbad, CA, USA

Super SignalPLWe&he rRiilcomi Ther mo Fi sherwalSth

Substrate USA
T4 DNA | igase New Engl and Biolab
Tetramethylethylendiamin (TEMED) Sigma-Aldrich, St. Louis, MO, USA
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Thiourea Sigma-Aldrich, St. Louis, MO, USA
Tissue-Tek® O.C.T.™ Sakura Finetek, Tokyo, JP
Tissue-Tek® Paraffin Sakura Finetek, Tokyo, JP
Tris-(hydroxymethyl)-aminomethan (TRIS) Carl Roth, Karlsruhe, DE

2.1.1.1 Commercial Kits

Table 2: Commercial Kits

Name Provider

Nucl eoSpin® Gel -upsnd PCFMACHERBEBXGEL, Ger ma
Q5® Diitreected Mutagenes New Engl and Biol ab
Il nvitrogenTM, SThen

Super Script |1 Reverse Us A
Fast Start Universall R8XfMerck, Ger many
Nucl eoBond® Xtra Maxi MACHERNXGEL, Ger ma

Protein Synthesis AssayAbcam, UK

LEGENDplex™  Proinflammatory = Chemokine
mouse panel

TGX SFmee FastCast A c r y BIO-RAD, Hercules, CA, USA
TGX SFEFméeae Fast Cast Acr yBIO-RAD, Hercules, CA, USA

Biolegend, San Diego, CA, USA

2.1.2 Vectors and expression plasmids

Table 3: Vectors and expression plasmids

Name Source

pcDNABLAG Modi fied fr -&MmecAf)c DN
pcDNA-FLAG-Ptpn2-TC45 Self-made
pcDNA-FLAG-Ptpn2-TC48 Self-made
pCMV-Entry-Cre-Flag-Myc Addgene

pCMV-Ptpnl-Flag Vector Builder, Chicago, USA
pCMV-Ptpn2-Flag Vector Builder, Chicago, USA
p MP 71 1R EGF P Published in Li et al?®

p MPAIREGF HF L ABYy€r e Self-made
pMP7ZIREGFF LABt pnil Self-made

p MPAIREGF HF L ABt p-B181A Self-made

p MPA1IREGF HF L A-Bt p-m245 Self-made
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Name Source
p MPAIREGF HF L ABt pme24B182A Self-made
p MPAIREGF HF L A-Bt p-m24 8 Self-made

p MPAIREGF HF L A-Bt p-me24B182A Self-made

2.1.3 Primers

Table 4: Primers for cDNA expression plasmid generation

Primer Name Oligonucl eoti dR3&krqu:
pcDNABLAG Modi fied fr -oMycA)CDNASI
Forward:
TAAGAATGCGGCCGCATGTCGGCAACC
pcDNA-FLAG-Ptpn2-TC45 Reverse:
CGGAATTCGGTGTCTGTCAATCTTGGCC
T
Forward:
ATAAGAATGCGGCCGCATGTCGGCAA
pcDNA-FLAG-Ptpn2-TC48 Reverse:

CGGAATTCGTGAAAAAGCAGTGTCCAGC

pCMV-Entry-Cre-Flag-Myc Fa. Addgene

Table 5: Primers for retroviral expression plasmid generation

Primer Name Oligonucl eoti dR3&krqu:

p MPAIREGF HF L Ay €r e FW:AACTGCAGATGTCCAATTTACTGACC

Rev:CGGAATTCTTAAACCTTATCGTCGT
CAT

p MPAIREGF HF L ABt pnl FW:CGGAATTCTCAGTGAAAACACACCC
GGT

Rev:ATAAGAATGCGGCCGCATGGACTAC
AAAGA

p MPAIREGF FF L A-Bt p-D181 A FW:CTACACCACATGGCCTGCCTTTGGA
GTCCCCGA

Rev:TCGGGGACTCCAAAGGCAGGCCAT
GTGGTGTAG

p MPAIREGF FF L A-Bt p-m&45 FW:ATAAGAATGCGGCCGCATGGACTAC
AAAGA

Rev:CGGAATTCTTAGGTGTCTGTCAATC
TTGGC
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Primer Name

Oligonucl eoti dA3&rqgu:

p MP7ZI1IREGF FF L A-Bt p-m245
D182A

p MPZ1REGF FF L A-Bt p-mZ48

|IREGF AF L A-Bt p-h 248

MP
182A

7
2

(ke

FW:CATTATACCACCTGGCCAGCTTTTG
GGGTTCCAGAGTC

Rev:GACTCTGGAACCCCAAAAGCTGGC
CAGGTGGTATAATG

FW:ATAAGAATGCGGCCGCATGGACTAC
AAAGA

Rev:CGGAATTCTTAGTGAAAAAGCAGTG
TCCAG

FW:CATTATACCACCTGGCCAGCTTTTG
GGGTTCCAGAGTC

Rev:GACTCTGGAACCCCAAAAGCTGGC
CAGGTGGTATAATG

Table 6: Primers for site-directed mutagenis

Primer Name

Ol igonucl eoti dAR3 &k

p MPZ1REGF HF L A-Bt p-B181A

p MPZAI1REGF FF L A-Bt p-me4B5182A

FW:CTACACCACATGGCCTGCCTTT
GGAGTCCCCGA

Rev:TCGGGGACTCCAAAGGCAGGC
CATGTGGTGTAG

FW:CATTATACCACCTGGCCAGCTT
TTGGGGTTCCAGAGTC

Rev:GACTCTGGAACCCCAAAAGCT
GGCCAGGTGGTATAATG

FW:CATTATACCACCTGGCCAGCTT
TTGGGGTTCCAGAGTC

p MPAIREGF HF L A-Bt p-m24B182A

Rev:GACTCTGGAACCCCAAAAGCT
GGCCAGGTGGTATAATG

Table 7: gRT-PCR primer sequences

Primer/gen Name

Ol igonucl eoti d809e

CCL2_-FW
CCL2_-RV
CCL5_-FW
CCL5_-RV

CCL9_-FW
CCL9_-RV
CCR2 _FW
CCR2 RV

TCCCTTCCTACCAGCCTGT
GAGCAGGAAAACAGGAATGC

GGGGGTAGGATTGACAGGAT
ACACACCACAAGGGCTTAGG

TGGAGTCCAAGATGCTAATGG
GCGAGGCTGGTTACCACA
GCCAAGACTGTCCGGAATGA
TGGAAGATCACCCGGGACTT
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Primer/gen Name Oligonucl eoti d&8d69e

Cdllc_FW TCCACTATTTGTCTGATCCGTACT
Cdllc_ RV AGTAGTATAGTAATGCCTGCGGCTA
Cd68__FW CATTTATTATCGCGGCCCTA
Cd68__ RV TGGGTTGTTTGATCCTGTTTC
Cxcl10_FW CCACAGCCCACTTCCAGA
Cxcl10_RV CCAAGAGAGTCGCTTTGTGA
CXCL12_-FW GCACAAGATAGACCGGATCG
CXCL12_-RV CTTCAAAGGTGGTCCCAGAG
Cxcl9_FW CTGAGACCCTCGGGGAAC
Cxclo_RV AAACGTCAGTTCACAGGGAAG
CXCR4_-FW CGCATCAAGGAGCTCACC
CXCR4_-RV CTGCAGCCGCAGTAGGTT
F4/80__FW AAAAGTCAACCTCTGAAGAGCAG
F4/80__RV GCGTAGCAAGATGCGTGAT
Fbxo32 FW AGCCGGTGCTCTCCTACTG
Fbx032 RV CGTCGCACATGGTGTCTAGT
Gapdh FW CGGGCTGAGGAATGTTCA
Gapdh RV CCAAGTTCAGGGACATACCC
Gbp2-_FW ACTGGTGGAACGGAGACAAG
Gbp2-_RV CCTCTGTGAAGTCGTCTCTGG
Gbp5-_FW CCCTGAGCATTGCAGAATC
Gbp5-_RV TCTTCTCCAGCATTTGCCTTA
Gbp7-_FW TTGTTGTAGAGCGAGCTGGA
Gbp7-_RV TTCAAAGAAGGCCACAAAGC
IFIT1--FW GCTCAAAAGCCAACCCCTAT
IFIT1--RV GGTGTGGCCTGCAGTGATA
IFIT2-_FW TGGGCTCTTTGGAATTTACAC
IFIT2-_RV TTGGTTGTAGGCAGCATTGA
IFIT3-_FW AGTGAGGACCGGCTACTGTG
IFIT3-_RV GATCAAACGCTTGCGAATCT
ling __FW CTAGCAGAAACAAACCGGGC
ling __RV CCGGCTGCGTATTCTACGTT
IIGP1_FW GTCGGGTTTCCAGCAGAT
IIGP1_RV GGCATTGATAACCCCAATGT
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Primer/gen Name

Oligonucl eoti d&8d69e

IL-18_-FW
IL-18_-RV

l11b forward

l11b reverse

116 forward

I16 reverse
Insr--FW

Insr--RV

IRF1_FW

IRF1_RV
IRGM1-_FW
IRGM1-_RV
Irs1-FW

Irs1-RV

Myh2 forward

Myh2 reverse
PTPN1-FW
PTPN1-RV
PTPN2-FW
PTPN2-RV
Slc2a4-FW
Slc2a4-RV
SOCS3_SYBR_For
SOCS3_SYBR_Rev
TNFa_-FW
TNFa_-RV

Trim63 forward
Trim63 reverse
ZBP1- FW

ZBP1- RV

CCAAACTCCATGAAGCTTCATAGG
GATGATGTGAGGCCATGTGCG
TGTAAACACCCCAGCGAAGAA
CTGAGTTGCCATTTCCTTGGA
CTCACCCTTCTTCATCCCACTCTTA
ACATGGTTCTGGCTTCCAGACAT
GCCAGCCTCTCCTGATTTTAGTGT
GGGAACACAAAAGACCTCTTCTGG
TGAAAGGGCCAAACAGAGAG
GTAAATCACACGGCGCTCTT
CAAAGGATGATTCGGCTCAG
AAGCTGAATATATGCCTGCTTTTC
CGAGGCTCTGGATTCACTTC
CAACCAGCCAGCTTTATTCC
TCACTGCGCTCGTTCTGAT
CGATCGAAAGTATGAGGGATG
AAGGGAGCAAAGAGGAACAG
GCCCTCGCACATACTTTAGAG
CTGTCCTGTTCGGCTTCCT
CCACATACGGCTTCTCTTCG
CATTGCGTTTCGGTTTTCCC
GAAGGAGCAGTAGGAGTTGAAG
TCCCAATTCCATTATCCTCGC
CATCAGTACCCGCATCCATG
ATGGTGAAGGTCGGTGTGA
AATCTCCACTTTGCCACTGC
GAGTGACTGGTGGGAAGAATATG
GCTGCTTGCACATTTGTGTT
GAGCTGGGAATGCTGATCC
CTTGAGGATGGTGCCTTTGT
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Table 8: Primers for genotyping

Primer Name

Oligonucl eoti dA3&rqgu:

PTPNZ1_1B Flox 1
PTPNZ1_1B Flox 2
PTPN2_TTKO19f
PTPN2_TTKO21r
CRE_A
CRE_B

TGCTCACTCACCCTGCTACAA
GAAATGGCTCACTCCTAC
CAGATGCCTTTAAATCCAGC
GTTATAGGGTCTTACTATCTG
AGGTTCGTTCACTCATGGA
TCGACCAGTTTAGTTACCC

2.1.4 Antibodies

Table 9: Primary antibodies used for Western Blot and immunofluorescence

Name of Antibody Host species Cat.No.. Provider Dilution
Cell Sign
anAkt Rabbit 9272 Technol og 1:1000
USA
Cell Sign
Anti-AS160 Rabbit 2670S Technol og 1:1000
USA
Anti-Caspase 1 Rabbit abl179515 Abcam, UK 1:1000
Anti-Caspase 8 Rabbit 13423-1-  Proteintech 1:1000
AP Europe
Cell Sign
Anti-CD11c Rabbit 97585S Technol og 1:1000
USA
Cell Sign
?E'EZED[T";D;( Rabbit 2368 Technol og 1:1000
9 USA
Anti-F4/80 mouse T-2004 BMA Biomedicals 1:1000
anGAPDH Mo us e MAP37«<Mi Il |l iporel: 100
Anti-GSDMD Rabbit ab219800 Abcam, UK 1:1000
Anti-GSDME Rabbit ab215191 Abcam, UK 1:1000
Anti-IL-1 B mouse Qi"m' R&D Systems 1:1000
CeBlgnali
Anti-IRS1 Rabbit 2382S Technol og 1:1000
USA
Cel | Sign
anti-l R Rabbit 3025 Technol og 1:1000

USA
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Name of Antibody Host species Cat.No.. Provider Dilution
Anti-Myh3 rabbit PAD415H  Cloud-Clone 1:1000
uol Corp.
Anti-Neutrophile 4/7 rat ab53457 Abcam, UK 1:1000
. CeBlgnal.i
Anti-phospho . :
IRB(TyrllSO/ERabblt 3024 Technol og 1:1000
USA
. Cel | Sign
Anti-phospho . :
IRB(TyrllSO/ERabblt 44-806G Technol og 1:1000
USA
. Cel | Sign
Anti-phospho . ,
IRB(TyrllSO/ERabblt 3024 Technol og 1:1000
USA
CebBlgnali
anphosko ( SeRabbit 4060 Technol og 1:1000
USA
Cell Sign
Anti-phospho-AS160 Rabbit 4288S Technol og 1:1000
USA
Cel | Sign
Anti-phospho-IRS1 Rabbit PA1-1054 Technol og 1:1000
USA
. Cel | Sign
Anti-phospho- : :
STAT3(Tyr705) Rabbit 9145S Technol og 1:1000
USA
Anti-PTP1B+TCPTP Rabbit ab129070 Abcam, UK 1:1000
Cell Sign
Anti-STAT3 Rabbit 12640S Technol og 1:1000
USA
Table 10: Secondary antibodies for Western Blot and immunofluorescence
Name of Antibody Host species Cat.No. Provider Dilution
Cell Si
anmouse-HR®PG Hor se 7076 Technol 1:10000
USA
Cell Si
ant abbi-dRP gG Hor se 7076 Technol 1:10000
USA
anmousAd exa® Life .
Fluor 488 Goat A-11001 Technologies 1:500
anmousAd exa® Life .
Fluor 555 Goat A-21422 Technologies 1:500
ant abAl ¢ xa® Life .
Fluor 488 Goat A-11008 Technologies 1:500
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Name of Antibody Host species Cat.No. Provider Dilution
ant abAl ¢ xa® Life .
Fluor 555 Goat A-21428 Technologies 1:500
ant at -HRPG Goat A-21247 L€ 1:500

Technologies

2.1.5 Buffers and Media

Table 11: Cell culture medium and buffer compositions

Medium or buffer

Composition

1x Running buffer WB

1x Transfer buffer WB

5% BSA

4x Laemmli sample buffer

Triton® X-100

Urea-Thiourea

C2C12 cell growth

C2Cl2dc éffler enetdii artn

Pl at iEn  #El)atge blwt h
medi um

25 mM Tris,

192 mM Glycin
0,1 % (w/v) SDS,
pH = 8,3

200 ml Ethanol,
200 ml 5x BioRad™ Transfer Buffer,
1,6 | Aqua dest.

1,5 g Albumin-Fraction V in 50 ml dH,O

5 ml Glycerol (87 %),
Mercaptoethanol 7,5 ml,
SDS 3 g,

Bromphenol blue 23 ug,
4xsample buffer 37,5 ml

0,1 % solution: 10 pL Triton X-100 in 1 mL PBS

8 M Urea,
2 M Thiourea,
Ad dH-O

500 mlI DMEM
10% (v/v) F

(4.5 g/l gl
BS

mMg ILut ami ne

0 U/ ml penicillin

.1 mg/ml streptomycin
0

o

2

1

0

50 mi DMEM (4.5 g/l gl t
2% (v/v) FBS

2 mMglLut ami ne

100 U/ ml penicillin

0.1 mg/ ml streptomycin
500 ml DMEM (4.5 g/l gl
10% (v/v) FBS

2 mMglLut ami ne

100 U/ ml penicillin

0.1 mg/ml streptomycin
1 gy ml puromycin

10g pml bl asticidin
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Medium or buffer

Composition

Phosphate buffer 6.5 mMWOKH
93.5 MHROK
150 mM NacCl
Phosphate Iysis b1lx Phosphate buffer
1x cOpmPEBT-Aree Protease
0.5% (v/v)oOTriton X
Ra diimmupnroeci pitati 50 mM-HICrli,s pH 7. 4
(RI'PA) prot diunfex 150 mM NaCcCl
1% (v/-«40 NP
0.1% SDS
1 mBMDALlx Phosphate buffe
1x cOmPEBTRree Protease
1x Phos™TOP
TABuffer 40 mM-HTCrl i s
1 mM EDTA
0.1% (w/agiadacetic
Tr-gbycine (10x) 25 mM-bTarsies
192 mM glycine
Runni ng( $ DA GEH) 1x TWrliyxcine in dH2O0
10% (w/v) SDS
TBS 20 mM-bTarsies
150 mM NacCl
0.1% (v/®30 Tween
2.1.6 Animals
Table 12: Animals for experimental purposes
Species Strain Provider
Mice C57BL6/N Ptpn1'o®ex® T Tiganis, Monash University, Victoria,
Australia®®®
Mice C57BL6/N T. Tiganis, Monash University, Victoria,
Ptpn1+2!oxF/lox? Australia
Mice C57BL6/N Ptpn2'oFlox® T Tiganis, Monash University, Victoria,
Australia®®*
Mice C57BL6/N Ptpnl1'o®ox® T Tiganis, Monash University, Victoria,
MCK-Cre Australia?®?
Mice C57BL6/N T. Tiganis, Monash University, Victoria,
Ptpn 1+2onP/onP; MCK-Cre Australia
Mice C57BL6/N Ptpn2'®1ox® T Tiganis, Monash University, Victoria,
MCK-Cre Australiat®
Mice C57BL6/N Janvier Labs, Le Genest-Saint-Isle, FR
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2.1.7 Instruments

Table 13: Instruments

Name Provider

Agarose gel chamMBeo Bl LSERVA Electrophore

Bacteria I ncubator IKA, Staufen im Breisgau, Germany
BeadBlaster™ 24 Microtube Homogenizer Benchmark Scientific, Inc., USA
Cell counting chamber (Carl QRenrtany

Bio-Rad Laboratories, Hercules, CA,

- :
ChemiDoc™ XRS+ Imaging System USA

Thermo Fisher Scientific, Waltham,
MA, USA

Exploris 480 mass spectrometer Thermo Scientific, Bremen, DE

CryoStar™ NX50 Kryostat + Mikrotom

Heraeus™ Brutschrank Thermo Fisher Scientific, Waltham,

MA, USA
. Thermo Fisher Scientific, Waltham
™ ' ’
HeraSafe™ Sterilwerkbank MA, USA
Infinite M200 Pro Tecan, Mannedorf, Schweiz, CH
Isofluranverdampfer (Vapor 19.3) Dragerwerk, Lubeck, DE
Keyence BZ-8000X Flourescence Microscope Keyence

Kompaktes Fluoreszenz-Mikroskop (BZ-9000) Keyence, Osaka, JP
Micro Star 17R VWR, Darmstadt, DE
Mi croPul ser ElectroporeBi-Rad Laboratories

Mini-PROETAN® Tetra electrophoresis system Bio-Rad Laboratories, Hercules, CA,

USA

NanoDrop 2000 spectrophotometer Thermo  Fischer  Scientific Inc.,
Waltham, MA, USA

PCR Workstation Pro VWR, Darmstadt, DE

Pipettes Eppendorf, Ger many

PowerPac 200/300 (HC, Basic) LBjié)'—A\Rad Laboratories, Hercules, CA,

Prazisionswaage Acculab Atilon Sartorius, Gottingen, DE

ProFlex PCR System Life Technologies Corporation,
Carlsbad, CA, USA

QuantStudio™ 3 Real-Time PCR System Thermo  Fischer  Scientific  Inc.,

Waltham, MA, USA

STP 120 spin tissue processor Thermo Fisher Scientific, Waltham,

MA, USA
Thermocycler Eppendorf AG, Hamburg, DE
Thermomixer comfort Eppendorf, Hamburg, DE
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Name

Provider

Trans-Blot® SD Semi-Dry Transfer Cell

Bio-Rad Laboratories, Hercules, CA,
USA

2.1.8 Software and web applications

Table 14: Software and web applications

Name

Provider

GraphPad Prism 8.3.0

ImageJ

ImageLab™ 6.0.1
MaxQuant 1.5.3.8
Microsoft® Office 2016

QuantStudio™ Design & Analysis

NCBlI sequence alignmen

NEBasechanger

NEBi oCal cul ator for Li
SnapGene Viewer 6.0. 2

Uni Prot protein sequen

BZ8000xAnalyzer

t

(@]

c

GraphPad Software, La Jolla, CA, USA
LOCI, Madison, WI, USA

Bio-Rad Laboratories, Hercules, CA,
USA

Cox Group, MPI of Biochemistry,
Martinsried, DE

Microsoft Corporation, Redmond, WA,
USA

Thermo  Fischer  Scientific  Inc.,
Waltham, MA, USA

https://blast.nchbhi
http:// nebasechang

https:// nebiocalcu
on

https:// www. snapge

https:// www. unipro
ZEN 2012

Keyence, Japan

2.2 Methods

2.2.1 Animal experiments

All animal experiments were performed in accordance with the guidelines defined by University

Medicine Greifswald and University Greifswald, and in compliance with the Guide for the Care

and Use of Laboratory Animals published by the US National Institutes of Health (NIH

Publication No. 85-23, revised 1985). Animal trials were approved by the Landesamt fur

Landwirtschaft, Lebensmittelsicherheit und Fischerei (LALLF, Mecklenburg-Vorpommern,

Germany; permit number 7221.3-1-058/21). All experiments and breeding were conducted in

consideration of the 3R principles and the German Law on the Protection of Animals.

Transgenic mice were kindly provided by Dr. Tony Tiganis (Monash University, Australia).

Wild-type C57BL6/N mice were purchased from Janvier Labs, Le Genest-Saint-Isle, France.

Mice were housed on a 12-hour light/dark cycle at 22°C with 45-55% humidity. Animals had
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ad libitum access to food and water. Analgesia was induced by administering 10 mg/mL
tramadol in the drinking water, starting at least 2 hours prior to surgery and continuously
maintained until sacrification. Additionally, edible tramadol-hydrogels were provided in each
housing cage.

Cecal ligation and puncture (CLP) surgery (Figure 12), a polymicrobial sepsis model, was
performed on 12-16-week-old male and female Pt p'®’1°7' PPt P A2 PtPp' RAP/ T oxP
Pt p'e2?/(@F1 named wildtype (WT) that wemd@tpndd ff or
LoxPIUGip p{ qxRIYexBMREcDK QP t p'RMPIMCCREPt po K QP t p' RQPh! MCRE
(Pt p a R Onice, as well as on C57BL6/N WT mice. Anesthesia was induced with 4% (v/v)
isoflurane and maintained at 2% (v/v) isoflurane. Mice were positioned on a heating pad at 37
°C during surgery to prevent hypothermia. CLP surgery: mice underwent a midline laparotomy,
during which the cecum was located, exteriorized, and ligated distal to the ileocecal valve using
5-0 polyethylene terephthalate sutures (Ethicon, USA). A 22-gauge needle was used to
puncture the ligated cecum, allowing fecal material to be extruded. The cecum was
repositioned into the abdominal cavity and the peritoneum as well as the skin were closed
using 5-0 sutures (Ethicon, USA). Mice received subcutaneous fluid resuscitation with 0,9%
(m/v) sterile sodium chloride solution. Sham operated mice in which the same operation
without ligation and puncture of the cecum was performed to control for effects of the surgery
and fluid resuscitation. Mice were sacrificed 48 or 96-hours post-surgery, and organs (heart,
lung, liver, spleen, diaphragm), skeletal muscles (lower limb muscles: tibialis anterior (TA),
soleus (Sol), gastrocnemius and plantaris (GP), extensor digitorum longus (EDL)), and blood
were collected. The tibia was isolated, and length measured using a caliper, to normalize
muscle weights. Body weights were measured prior to surgery and at the experimental
endpoint. TA muscle was used for Western Blot, proteomics, gRT-PCR, histology and weight
analysis. GP, EDL and SOL muscle were used for weight measurements. Organs were used
for weight measurement to confirm or detect effects of the genotype or surgery on the whole
organism. Animal numbers per group were calculated by an institutional statistician (Dr. Stefan
Gross, University Medicine Greifswald) and were based on expected mean values, standard
deviation and effect sizes and their differences between genotypes. Expected mortality was
also an included factor. The number of animals for each trial is indicated in Results.

The Gp130/1l6st knockout mice were used and published in Zanders et al.?** Frozen TA tissue

was used to isolate RNA and analyze gene expression via qRT-PCR within this work.

To study inflammation-induced muscle atrophy in vivo, the cecal ligation and puncture (CLP)
surgery is used to induce polymicrobial sepsis in mice. CLP surgery generates an
intraabdominal infection with mixed bacteria, mainly gram-negative, and thus provides an
inflammatory and LPS source. It was shown that after CLP surgery, the inflammatory cytokines

and atrophy markers Trim63/MuRF1 and F-box protein Fbxo32/atrogin-1 are elevated in
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muscle of septic mice*’, which equates to observations in muscle of human ICUAW patients.*®
Therefore, the CLP sepsis mouse model is considered as the gold standard for sepsis studies,
excluding the research topic of mono-microbial contributions and progressions of sepsis like
Streptococcus pneumoniae (S. pneumoniae) or Staphylococcus aureus (S. aureus) or the
impact of the cell wall component of gram-negative bacteria LPS.2% To elucidate the role of
protein tyrosine phosphatases during sepsis, we reasoned that the CLP model would be most
suitable. This model was consequently used in three different mouse lines that lack Ptpnl,
Ptpn2 or Ptpnl and Ptpn2 in myocytes.

Caecal ligation and puncture (CLP)

Caecal ¢
ligation

Caecal puncture

Figure 12: Schematic picture of cecal ligation and puncture (CLP) surgery.

Mice received general anesthesia using a face mask and isoflurane. Midline laparotomy,
exteriorization of the caecum, ligation of the caecum (c) distal to the ileocaecal valve (a) and
puncture of the ligated caecum (b). Fecal material was manually extruded from the caecum
before it was relocated into the abdominal cavity. The peritoneum and skin were closed

afterwards. Adapted from Buras et al.,2005%%.

2.2.1.1 The Cre/loxP system 1 to create conditional knockout mice

The Cre-loxP system is commonly used to generate genetically engineered transgenic mice.
The Cre recombinase is a 38-kDa DNA recombinase, originally found in bacteriophage P1.2°6-
208 1t recognizes specific DNA fragments called locus of x-over; P1 (loxP) sites.?%*219 The cre
recombinase mediates site specific inversion, translocation or deletion of DNA between two
loxP sites. The loxP site is a 34 bp sequence consisting of two 13 bp inverted and palindromic
repeats and an 8 bp core sequence.?%21° The mouse strains used within this work all utilize
cre-mediated DNA recombination. Cre recombinase recognizes two loxP sites that have been

introduced within a gene of interest and then excises the genetic regions between them
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(usually an exon that is important for gene function or expression) and thereby deactivates this
gene. To generate conditional transgenic mice, two strains need to be generated. The Cre-
driver strain which contains Cre recombinase expression dependent on a promoter that
specifically targets cells/tissues of interest and a loxP flanked (floxed) DNA/Allel containing
strain. Breeding of the Cre-driver and floxed strain creates a conditional knockout mouse. The
Ptpnl and Ptpn2 conditional knockout (cKO) mice were generated by Dr. Tony Tiganis
(Monasch University, Australia)!®*2°® and kindly provided to us. The Cre-driver strain is
controlled by the muscle creatine kinase (MCK) promoter to ensure skeletal muscle specific
Cre-recombinase expression and was crossed with the respective Ptpnl and Ptpn2 floxed
strains (see Appendix 8). The Ptpnl//Ptpn2 conditional double-knockout (cDKO) strain was
generated by cross breeding the respective floxed Ptpnl/Ptpn2 and Cre driver strains. Efficacy
of Ptpnl and/or Ptpn2 inactivation in muscle and myocytes was proven by Western blot
analyses.

The Gp130/Il6st mice were generated and used by Zanders et al. 2°* Briefly, skeletal muscle
specific knockout mice were generated by breeding a mouse strain expressing Cre-
recombinase under the control of the PAX7 promoter, a crucial transcription factor of skeletal
muscle satellite cells. This approach assures a deletion of lI6st within the entire myocyte
lineage. The heart/cardiomyocyte specific knockout was generated by a Cre-driver strain
expressing Cre recombinase under the control of the a myosin heavy chain (aMHC; MYH6)
promoter that is exclusively active in cardiomyocytes. The Cre-containing strains were crossed

with floxed ll6st strains. Deletion of II6st in the heart was proven at mRNA and protein level.
2.2.1.2 Genotyping

The genotype was determined using polymerase chain reaction (PCR) of DNA that has been
extracted from ear marks that were taken from 1-3-week-old mice by the Zentrale Service- und
Forschungseinrichtung fir Versuchtiere (ZSFV, University Greifswald, Germany).
Confirmation of the genotype was also performed on DNA isolated from tail biopsies of all
animals at the experimental endpoint, by the same method. Tissue was digested in proteinase
K (10pg/mL) for 12-16 h at 55 °C in a heating block with gentle agitation (550 rpm). The
samples were centrifuged for 5 min at 12000 rpm. 1 pL supernatant was used for amplification
of genomic regions of interest by PCR (Table 15&16 and Table 17&18) using gene specific
primers (Table 8). Amplified PCR products were subjected to agarose gel electrophoresis
together with a molecular weight marker. The genotypes were determined by either absence
or presence of a DNA band at the correct size (for Cre genotype) or by size differences of the
given DNA (bigger fragment- floxed, smaller fragment- wildtype or both fragments-

floxed/wildtype) band.

42



Dissertation Bjorn Brinschwitz Materials and Methods

Table 15: PCR reaction for Ptpn1/Ptpn2 genotyping

Reagent Volume / one reaction in puL

H-0 19,55

Buffer C 2,5

dNTP’s 0,5
MgCl, 1
PTPN1_1B_Flox1/PTPN2_TTKO_ 19f 0,1
PTPN1_1B_Flox2/PTPN2_TTKO_ 21r 0,1

Roboklon™ Taq 0,25
DNA 1

Table 16: PCR reaction for MCK-CRE genotyping

Reagent Volume / one reaction in puL

H.0 20,15
Buffer C 2,5
dNTP’s 0,5
MgCl, 0,5

MCK CreA 0,05

MCK Cre B 0,05

Roboklon™ Taq 0,25
DNA 1

Table 17: PCR cycler settings for Ptpnl1/Ptpn2 genotyping

Temperature in °C Time Cycles
95 2 min 1
95 20s 35
62 30s 35
72 60 s 35
72 10 min 1
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Table 18: PCR cycler settings for MCK-CRE genotyping

Temperature in °C Time Cycles
95 5 min 1
94 30s 40
62 30s 40
72 30s 40
72 10 min 1

2.2.1.3 Measurements of Myocyte Cross-sectional area (MCSA)

Myocyte cross-sectional area (MCSA) was measured using H&E stained TA muscle sections.
MIRA VISION®, an Al based browser Software?'! was used to asses MCSAs and the number
of fibers with centralized nuclei in entire sections. H&E stained muscle sections were imaged
using a Keyence BZ-8000X microscope in brightfield mode and 10x resolution to image the
entire section. Non-compressed images were uploaded to the MIRA VISION® server and
regions of interest (ROI) were defined. Regions that did not allow suitable fiber detection and
measurements were annotated and excluded. Such areas were characterized by artefacts and
technical issues, predominant vessels with perivascular tissue, stretched fibers due to
sectioning, and damaged fibers. The minimum fiber diameter was set to 20 pm with a circularity
index of 0.15-0.95 which prevents obliquely cut myofibers. All images were imaged in a blinded

fashion and manually post-corrected for errors and outliers.
2.2.2 Human skeletal muscle sampling

Skeletal muscle biopsy samples were already acquired and described in Wollersheim et al 4’
The institutional review board of the Charite” approved the study and written informed consent
was obtained from legal proxy or from the study subject (Charite” EA2/061/06). This study
included critically ill human patients at high risk of developing ICUAW. Accordingly, critically ill,
mechanically ventilated ICU patients with a SOFA score of at least 8 on three consecutive
days within the first 5 days after ICU admission were included in this study. The Sequential
Organ Failure Assessment (SOFA) score is a scoring system that assesses the performance
of several organ systems in the body (neurologic, blood, liver, kidney, and blood
pressure/hemodynamics) and predicts ICU mortality based on laboratory results and clinical
data. A SOFA score of 8 is indicative for a high disease severity. Not included were patients
less than 18 years of age, a pretreatment longer than 7 days, a body mass index greater than
35 kg/m2, pre-existing neuromuscular diseases, insulin-dependent diabetes mellitus, and
moribund patients. ICU patients received treatment according to standard operating
procedures including goal-directed sedation treatment and sepsis guidelines. Open muscle

biopsy performed by a study-independent surgeon from the vastus lateralis was performed at
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median day 5 from 29 ICU patients. Of these 29 patients 22 remained in the ICU at least to
median day 15 when a second biopsy specimen from the vastus lateralis was obtained. Five
age- and gender-matched patients undergoing elective orthopedic surgery, but otherwise
healthy, permitted a biopsy from the vastus lateralis at the time point of elective surgery; this
biopsy was assumed to be representative of muscular integrity just before the onset of critical
illness. The study was registered at http://www.controlled-trials.com as ISRCTN77569430.
Western Blots were performed for 5-day ICU patients. Due to limited sample amounts of 15-
day ICU patients, analyses could not be performed.

2.2.3 Cell culture, transfection and transduction
2.2.3.1 C2C12cell culture

C2C12 cells, an immortalized mouse muscle cell line, were obtained from ATCC (American
Type Culture Collection) and cultured in growth medium (GM): Dulbeccos Modified Eagle
Medium (DMEM) containing 4.5 g/L glucose, pyruvate, 10% FCS, and 1% penicillin-
streptomycin at 37 °C in a 5% CO_ atmosphere. Once the cells reached 80% confluency, they
were subcultured at a 1:10 ratio. For subculturing, cells in 75 cm2 flasks were washed once
with PBS and incubated with 1.5 mL of Trypsin-EDTA at 37 °C for 5 min. Subsequently, 8 mL
of GM was added to inactivate the trypsin enzyme activity. The cells were then centrifuged at
500 x g for 5 min at room temperature. To induce differentiation of mononuclear myoblasts into
multinuclear myotubes, 1.5 x 10° C2C12 cells were seeded into six-well plates and grown in
GM to 90% confluency. Upon reaching 90% confluency, GM was changed to differentiation
medium (DM): DMEM containing 2% FCS and 1% penicillin-streptomycin for 5 days, with

medium replenishment every 24 h.
2.2.3.1.1 siRNA transfection of C2C12 cells

Short interfering RNA (siRNA) was used to transiently knock down Ptpnl or Ptpn2 in C2C12
cells. Commercial pools of four different sSiRNAs, each targeting a different region of the open
reading frames (ORF) or five prime untranslated region (5' UTR) of Ptpnl or Ptpn2 as well as
a scrambled siRNA control pool, were purchased from Horizon Life Science, USA. The siRNA
complex or scrambled control pool was resuspended in sterile double-distilled H.O and
transfected into C2C12 cells using Lipofectamine RNAIMAX (Invitrogen, USA) according to the
manufacturer's instructions. Briefly, 1.5 x 10° C2C12 cells were seeded into six-well plates.
After 24 h, 30 nM ON-TARGETplus SMARTpool siRNA for Ptpnl or Ptpn2 was mixed with 4.8
pL Lipofectamine RNAIMAX and added to the GM without antibiotics. The next day, the
medium was changed to DM. Cells were treated and harvested 24-48 h post siRNA

transfection for RNA analysis and 72-96 h post-transfection for protein analysis.
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2.2.3.1.2 Retroviral transduction of C2C12 cells

A total v932Cl1.25 cxell0s weravesdepeédtiest ansli GMcubat e
was then by})MEak edont ai ning 6 Hug/ mL ©polybrene,
suspension medium was added to each well. The pl
g for 90 min. Following centrifugatiomGGMthkekemed:i
cells were ihCuwiat led>®®BtQ@7h. Differentiation was
as desceibeForLlnal |l eKxp€dPmertbs were differentiaf
5 days.

2.2.3.1.3 Cytokine and insulin treatment

Recombinant mouse slIL-6 R a #6 ffukion protein, IL-6 , TNF®B, lalnd human recom
insulin were either reconstituted in the manufacturer-recommended solvent (vehicle) or

shipped as a defined solution (insulin). Cytokines and insulin were diluted to their respective

final concentrations in DM prior to their addition to the cells. A total of 1.5 x 10° C2C12 cells

were seeded into six-well plates and either transduced, transfected, or left untreated before
differentiation, which was carried out for 5 days. On the fifth day of differentiation, the cells

were washed once with PBS and then incubated with DM supplemented with eithersiL-6 Ra # | L

6 fusion protein (25 ng/mL), IL-6 ( 50 ng/ mL) , TNF@R (3® mgag/ ml), ol
(100 nM) for the specified time points, depending on the experimental setting. Control cells

were treated with the respective vehicle for the same duration.
2.2.3.2 Plat-E cell culture and retrovirus production
2.2.3.2.1 Culture of Plat-E cells

Platinum E cells are an immortalized retroviral packaging cell line based on 293T cells. It is
primarily used to generate stable high yields of retroviral structure proteins.?? Plat-E cells were
cultured in 75 cm? flasks with GM described in Table 11 at 37 °C in an incubator sustaining
5% CO, atmosphere. If cells reached 90% confluency they were subcultured at 1:6 ratios. The

process of subculturing was the same as described in 2.2.2.1 for C2C12 cells.
2.2.3.2.2 Cryopreservation and resuscitation of Plat-E cells

Cells were harvested from the cell cul ture fl ask

guantification using the eienplr ocvoeudi)R,li-&ltgcxe IhllaGnbwe r ¢

suspendedLdfntoelll nfreezing medium (Table 10) in
pl aced -toolaegpreryofreezing container filled with
dropped at approximately 1 °C per mi nut e. The

plced 8 &C freezer for at | east 48 h. After t he
with Iiquid nitrogé@hafwongl ofhgceét m ssbsr ageompl i s
the vial in water bath at 3dm°Chéemimequiatdehiyt adye
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content of the vial watf aheonttrahns flUeiflripad meidtoh al (
GM Cel |l pell et was obtained after centrifugatio
mLofGMand transferred into a cell culture flask
i ncubator at 37 °C with 95% humidity and 5% CO2.

2.2.3.2.3 Transfection of Plat-E cells

To generate retroviral structure proteins containing plasmid of interest, Plat-E cells were

transfected with a retroviral expression plasmid pMP71-IRES-GFP and the constructs which

express Ptpnl, Ptpn2 (and isoforms Table 5) or the respective mutants (Ptpnl D181A, TC45
D182A, TC48 D182A).2x 9P0l -&t cel | s wer e s?eddd ciun taur7?5 fdms k.
seeding transfection pwas!l ypetrH I dredi)lGpgpal g s.4n8 d
Briefly 48 pL PEI was mixed with . Z20epimi gt upé awm
added -EGMRI ahout &Arfttielri ®t4t rhaonusrfse cotfi on t he medi um
and fGMwiht hout antibiotics was added. Expressi ol

checked using a fluorescence microscope at 488 n
2.2.3.2.4 Retroviral protein production and harvest

Forty-eight hours after transfection, retroviral structural proteins are secreted into the cell
culture medium. The GM was collected, filtered through a 0.45 um polyethylene syringe filter,
and concentrated using the Lenti-X concentrator according to the manufacturer's protocol.
Briefly, the concentrator solution was added at a 3:1 ratio, the mixture was incubated at 4°C
for at least 30 min, and then centrifuged at 1500 x g for 45 min at 4 °C. The resulting viral pellet
was resuspended in DMEM and stored at -80 °C. The efficacy of retrovirus transduction of
C2C12 cells was determined by flow cytometry (FACS) or by using serial dilutions of the virus

suspension followed by direct fluorescence microscopy.
2.2.3.3 Primary mouse myoblast cell isolation and culture

Primary mouse myoblasts were isolated from either C57BI6/N mice or transgenic WT, cKO,
and cDKO (see 2.1.6 & 2.2.1) mice. Hind limb muscles (TA, GP, EDL, SOL) were isolated and
stored in ice-cold PBS until digestion. The tissue was cut into small pieces and suspended in
DMEM. The minced tissue was centrifuged at 500 x g for 5 min at room temperature. The
digestion buffer was then added at a ratio of 10 mL per 1 g of tissue. The muscle suspension
was incubated at 37°C for 60 min on a cell culture shaker. Following incubation, the suspension
was centrifuged at 100 x g for 10 min at room temperature, the supernatant was removed, and
the tissue pellet was resuspended in 5 mL horse serum/DMEM. The tissue suspension was
filtered through a 40 um cell strainer and centrifuged again at 1000 x g for 10 minutes at room
temperature. The cells were resuspended in 10 mL DMEM and plated onto a 100 mmz2 Petri

dish, then incubated at 37°C for 24 h. The supernatant was collected and centrifuged at 1000
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x g for 10 minutes at room temperature. The cell pellet was resuspended in 1 mL GM, and the
cell number was calculated using an improved Neubauer chamber. Two hours prior to seeding,
the appropriate number of cell culture plates were pre-coated by adding Geltrex® in DMEM
into each well for 1 h at 37 °C. Cells were seeded at a density of 20,000 cells/cmz? in the
necessary cell culture plates. Myoblasts were grown in GM for 48 h to reach 80-90%
confluency. Transduction or transfection of primary myoblasts was performed 48 h after
plating, as described in sections 2.2.2.1.1 and 2.2.2.1.2. To induce differentiation, the medium
was changed to DM for 24-48 h.

2.2.3.3.1 Inflammasome activation

To investigate the NLRP3-inflammasome pathway, primary myoblasts were isolated (2.2.2.3),
transduced with retroviral expression plasmids (Table 3) 72 h post isolation and then
differentiated into myotubes for 24-48 h. To prime the NLRP3 inflammasome cells were treated
with 1 pg/uL LPS for 3 h in DM at 37 °C. Afterwards medium was changed to OptiMEM™
containing 20 UM nigericin to activate the NLRP3 inflammasome and cells were incubated at
37 °C for 3 h. Supernatants were collected and subjected to phenol/chloroform protein
extraction (see 2.2.5.1). Cells were lysed with RIPA buffer and stored at -80 °C until further

analyses.

2.2.4 Molecular cloning and nucleic acid isolation
2.2.4.1 Generation of cDNA expression plasmids
2.2.4.1.1 Polymerase chain reaction (PCR)

The coding sequences (CDS) of Ptpnl, Ptpn2 isoform 45 kDa (TC45), and Ptpn2 isoform 48
kDa (TC48) were PCR amplified from a cDNA library generated by reverse transcription of
RNA isolated from the mouse myoblast cell line C2C12. The expression plasmid encoding
Myc-FLAG tagged Cre recombinase was purchased from Addgene, USA. For the PCR
reactions, 100-200 ng of cDNA was used as a template. Briefly, the reaction mixture contained
cDNA, 200 uM dNTP mix, 50 nmol forward and reverse primers, 1 U Phusion Hot Start Flex
DNA Polymerase, and 1X Phusion HF reaction buffer, with dH20 added to a final volume of
50 pL. PCR was performed using a thermocycler with the settings shown in Table 19. PCR
amplicons were mixed with DNA loading dye, separated on a 1% agarose gel stained with
MidoriGreen at 120 V in TAE buffer, and visualized using a UV transilluminator. Products of
verified lengths were purified using the NucleoSpin® Gel and PCR Clean-up kit according to
the manufacturer's instructions. DNA concentrations were measured using a NanoDrop®
spectrophotometer (ND-2000).
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Table 19: PCR reaction program

Step Temperature in °C Time Cycles
Initial Denaturation 98 3 min 1
Denaturation 98 30s 35
Annealing 55 30s
Elongation 72 15-30 s per kb
Final Extension 72 10 min 1

2.2.4.1.2 Restriction digestion and DNA ligation

PCR products and cDNA expression plasmid pcDNA 3.1-FLAG containing an N-terminal
FLAG-tag were digested according to the multiple cloning site (MCS) of the plasmid provided
by manufacturer, using the restriction Enzymes Notl and EcoRI at 37 °C for 1 h. 1 U/ug of
enzyme was used for PCR products and 3 U/ug for vectors. Subsequently digested plasmid
and insert were mixed in a molar ratio of 1:3, calculated by NEBi o Cal cul at or f or Li
were | igatUeodf uTs4di nMNAL | i gase in ATR asteC bavdremri gchotr

prior to transformation.
2.2.4.1.3 Transformation of E. coli

50 uL of electrocompetent Escherichia coli (E. coli) XL-1 blue (Stratagene, San Diego, USA)
cells were thawed on ice and mixed with 1 uyL of ligation reaction in a pulsar cuvette.
Electroporation was performed using an ECM399 electroporation system. Cells were
recovered in 300 pL pre-warmed SOC medium followed by inoculation at 37 °C, 200 rpm for 1
h. Cell suspension was plated onto LB-agar plates containing ampicillin (100 pg/mL) and were
incubated overnight at 37 °C. Single colonies were picked the next day and inoculated in 2 mL

LB medium containing (100 pg/mL) at 37 °C, 200 rpm overnight for plasmid isolation.
2.2.4.1.4 Isolation of plasmid DNA

2 mL of overnight cultures were transferred into 2 mL reaction tubes and centrifuged at 13000
rpm, for 5 min and plasmid isolation was performed using NucleoBond® Kits according to
manufactures protocol. Isolation of small cultures usually yields 10-20 pg plasmid DNA.
Plasmids isolated from single colonies were digested by Notl and EcoRI for 1 h at 37 °C and
separated on a 1% agarose gel at 120 V in TAE buffer. Clones which showed a correct band
size for insert and vector were sequenced by Eur of i ns MWG Oper on, Ebershb
Positlwemres without any mutations asdaker péat mie
i solationae8mdd hemdeakmni.ef2y0f mbvernight cultures w
at 8000 °xX @dor 415 mi n. Pel |l et s wer e resuspendec

Nucl eoBond® Xtr a Ma X i Kit according t o manuf a
49



Dissertation Bjorn Brinschwitz Materials and Methods

precipitated by adding 400 pL of isopropanol an
The resulting pellet was washed once with room t
4500 Rcgfo4 5 min. The foomlt preiée sdtolMuaside mielde at
dHO amsd or e20° &£t DNA concentration was measured u
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2.2.4.2 Generation of retroviral expressing plasmids

To generate plasmids which can be transfected into retroviral packaging cells (2.2.3.2.3) the
pcDNA expression plasmids pcDNA-PTPN1-FLAG, pcDNA-PTPN2-TC45-FLAG, pcDNA-
PTPN2-TC48-FLAG and pCMV-Myc-FLAG-Cre were used as a PCR template and amplified
using primers containing Notl- and EcoRI-restriction sites. Digested coding sequences were
cloned into pMP71-IRES_GFP following the same procedures of digestion, ligation,
transformation, plasmid isolation and sequencing as described in 2.2.4.1.1-2.2.4.14.

2.2.4.3 Site directed mutagenesis

The Ptpnl, Ptpn2-TC45 and Ptpn2-TC48 mutations were generated by using the
QuikChange® |l Site-Directed Mutagenesis Kit and the pMP71-IRES-GFP-FLAG-PTPNL1,
PMP71-IRES-GFP-FLAG-PTPN2-TC45 and PMP71-IRES-GFP-FLAG-PTPN2-TC48
expression plasmids as templates. Primers used to enable mutagenises were designed with
onlinetool NEBasechange thasphbsticubei dPrpsbdaeé abBhedid
(D181A)Y haegdartic acid at position BRt8@2n2& of oalmni |
pl as miakles5) lut ant strabDdhsydngkesi on, tBdmuef dr metl il ¢

and colonywerregeandsiromed according to the manufact
2.2.5 Protein based assays
2.2.5.1 Protein extraction

Cultured cells were washed with ice-cold PBS and then lysed using different amounts of RIPA
buffer, depending on the scale and size of seeded amounts of cells and well-plate, to extract
proteins and break down the cell structure. Cells were collected using a cell scraper and
transferred into 1.5 mL tubes. Complete cell lysis was performed by incubation of the cell/RIPA-
buffer mixture on ice for 20-30 min with occasional vortexing. Afterward, the lysates were
centrifuged at 12000 x g, 4 °C for 10 min to precipitate corpuscular components, the

supernatant was transferred to a new 1.5 mL tube and stored at -80 °C until further analyses.

Muscle tissue was snap frozen in liquid nitrogen and stored at -80 °C. To break down tissue
and extract protein, smaller muscle pieces were homogenized in RIPA buffer using a ceramic
bead tissue shredder by 2 cycles of 20 s with 4 m/s interrupted by 1 min cool down between

each cycle. Lysates were incubated on ice for 20 min and centrifuged at 12000 x g for 10 min.
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Protein concentration was measured using the BCA method. A standard curve was generated
by using a 2 mg/mL BSA solution, and samples were diluted 1:10 in dH20. The addition of
bicinchoninic acid and CuSO4 x 5H20 mixture causes a reduction of Cu (ll) to Cu (I) at 37 °C,
followed by a chelate complex formation with bicinchoninic acid, which absorbs light at 562
nm. Absorption was measured using a photo spectrometer, and protein concentrations were

calculated based on a standard curve (Table 20).

Table 20: BCA standard curve

BSA stock [uL] (2 mg/mL) dH20 [uL] Final concentration [ug/uL]
2 48 0,8
4 46 1,6
6 44 2,4
8 42 3,2
10 40 4.0
12 38 4.8
14 36 5,6
16 34 6,4
18 32 7,2
20 30 8,0

A phenol/chloroform method was applied to extract proteins from cell culture supernatants.
Supernatants were centrifuged at 10000 x g for 5 min at 4 °C. 1 volume of methanol and 0.25
volumes of chloroform were added, and the tubes were vortexed. The mixture was centrifuged
at 8000 x g for 10 min resulting in multiple layers with a thin white interphase containing
proteins. The supernatant was discarded and the resulting protein layer resuspended in 1 mL
methanol, transferred to a new 1.5 mL tube and centrifuged at 10000 x g for 5 min. Pellets
were dried at 50 °C for 2 min, resuspended in 1X Leammli buffer containing -mercaptoethanol

and incubated at 95 °C for 5 min.
2.25.2 Western Blot

Protein lysates were separated by 10-12% resolving gels, depending on the target protein size,
using a discontinuous sodium dodecyl sulfate gel electrophoresis (SDS-PAGE) to separate
proteins based on their molecular weight. The separation was performed by loading the lysates
into pockets of a TGX Stain-Free FastCast Acrylamide gel. A Mini-PROTEAN Tetra Vertical
Electrophoresis Cell was filled with SDS-PAGE running buffer (Table 11) and run at 90-120 V
for 1-1.5 h. Proteins were then transferred onto nitrocellulose membranes using a Mini Trans-

Blot SemiDry® Electrophoretic Transfer cell. The transfer procedure was performed in transfer
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buffer for 15 min at 15 V. Subsequently, the membranes were blocked for 1 h at room
temperature in either 5% BSA/TBS-T or 5% Milk/TBS-T according to manufactures
recommendations and then incubated with primary antibodies with gentle agitation at 4 °C
overnight. Afterwards, the membranes were washed three times with TBS-T for 5 min each.
Subsequently, they were incubated with an HRP-conjugated secondary antibody for 1 h at
room temperature. Chemiluminescence was induced by Western ECL or SuperSignal™ West
Pico Chemiluminescent Substrate for 1 minute and signals were detected using a ChemiDoc®
chemiluminometer.

Densitometric quantification of Western blot signals was performed by Image Lab software.
Bands at expected sizes were measured and background values from the same gel were
subtracted. GAPDH was used as a stable expressed housekeeping protein, if not otherwise
stated.

2.2.5.3 Immunoprecipitation

C2C12 cells were transduced with expression plasmid pMP71-IRES-GFP-PTPN1-D181A-
FLAG, pMP71-IRES-GFP-PTPN2-TC45-D182A-FLAG or pMP71-IRES-GFP-PTPN2-D182A-
TC48-FLAG. 1 x 10° C2C12 cells were seeded in six well plates and cultured for 24 h.
Transduction was performed as described above (2.2.3.1.2). Twenty-four hours after
transduction cells were differentiated into myotubes for 5 days. pMP71-IRES-GFP was used
as a vector control. Cells were either treated with 10 uL dH-0 or 25 ng/mL sIL6Ra/IL-6 for 15
min. Cells were washed with ice cold PBS and resuspended in 200 uL phosphate lysis buffer.
Lysates were scraped off, transferred to a pre-cooled 1.5 mL tube and incubated on ice for 20
min. Cell debris was removed by centrifugation at 12000 x g, 4 °C for 15 min. The supernatant
was incubated with 30 pL of Anti-FLAG M2 Affinity Gel beads in a rotator at 15 RPM, 4 °C
overnight. The next day the FLAG affinity gel was pelleted by centrifugation at 4000 x g, 4 °C
for 5 min. The pellet was washed twice with PBS and precipitated proteins bound to the FLAG
affinity beads were eluted by adding 30 pL 1X Leammli buffer and boiling at 95 °C for 5 min.
The eluate was briefly centrifuged, and supernatant was collected, 3 uyL B-mer capt oet hano
was added and boiled again aptr exi p°iQG aftersefvemienm.r e

at20 °C or directly wused in Western blot analysi:
2.2.5.4 Protein Synthesis Assay

1.2 x 10* C2C12 cells were seeded on a p-Slide 8 Well IBIDI coverslip and transduced with

retroviruses containing expression sequences for Ptpnl, Ptpn2-TC45 or Ptpn2-TC48, 24 h

after. Cells were differentiated for 5 days, and protein synthesis was visualized using the
ProtSyinnt hesi s Assay Kit red (Abcam, UK) foll owin
were washed with PBS ®&®MdonhaubBiadagaOugrydiny cnienw pr ot ¢
| abel for GBCermweasreaa t th@& al e di swiilt(hl OO enhM»wdaogre rt h at
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2.2.5.5 Multiplex serum analyses

Animals subjected to either CLP or sham surgery (2.2.1) were sacrificed 48 h after, and blood
was collected by direct puncture of the left ventricle. Serum was isolated by incubation of blood
for 30 min at room temperature to allow sufficient clotting and centrifugation at 2000 x g for 10

min twice. Each time supernatant was collected and transferred to a new tube.

Serum chemokines and cytokines were measured using a FACS based LEGENDplex™
Mouse Proinflammatory Chemokine or Mouse Inflammation Panel (13 plex) kit (BIOLEGEND,
US) following ma n u f a c inafructons. Biefly, 50 uL serum was diluted in a 1:2 ratio with
assay buffer to reduce matrix effects. A standard curve was created by serial dilutions of a
mixed reference substance with known concentrations of chemokines and cytokines
respectively. 25 pL sample, 25 yL assay buffer and 25 pL antibody-coupled beads were added
to each well. Samples were measured in duplicates. The plate was sealed and incubated for
2 h at room temperature under moderate agitation (800 RPM). The plate was then centrifuged
at 250 x g for 5 min. The supernatant was removed, and the beads were washed once with
200 pL wash buffer and centrifuged again at 250 x g. The resulting supernatant was also
removed and 25 pL of detection antibody solution was added for 1 h at room temperature on
a plate shaker at 800 RPM. Directly afterwards 25 pL Streptavidin, R-Phycoerthrin-conjugate
was added to each well and the plate was incubated for 30 min at room temperature and with
agitation at 800 RPM. The supernatant was removed, and beads were washed with 200 pL of
wash buffer, centrifuged at 250 x g, 5 min and resuspended in 150 pL wash buffer. Bead
suspensions were measured on a flow cytometer (MACSQuant X). Results were analyzed by
LEGENDplex™ Data Anaylsis Software.

2.2.5.6 Proteomics i mass spectrometric analysis

For sample preparation, we used four pg of protein per sample (3-4 bioreplicates per

condition). For nucleic acid fragmentation we added 0.625 U benzonase before reduction (2.5

mM DTT ultrapure, Invitrogen, for 15 min at 37 °C) and alkylation (10 mM iodacetamide, Sigma

Aldrich, for 30 min at 37 °C). Protein digestion and purification of peptides was performed with

a bead-based protocol (Blankenburg et al., 2019).%*2 Proteins were digested with a protein to

enzyme ratio 1:25 with a trypsin/LysC mix (Promega, Madison, WI, USA) over night at 37 °C.
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Desalted peptides were analysed by LC-ESI tandem mass spectrometry on a TimsTOF Pro2
mass spectrometer (Bruker, Bremen, Germany) in data independent analysis mode
(Supplementary Table X). Peptide and protein identification were carried out using a directDIA
algorithm with an Uniprot database limited to murine entries (04/2022) implemented in
Spectronaut (v. 18.7, Biognosys, Schlieren, Switzerland). We extracted quantitative data by
Spectronaut based on MS2 peak areas. Missing values were parsed using an iRT profiling
strategy (minimum Q-value row selection = 0.01). Only non-identified precursors were parsed
with a Q-value > 0.01. lon values were parsed when at least 50% of the samples contained
high quality measured values. Peptides were assigned to protein groups and protein inference
was resolved by the automatic workflow implemented in Spectronaut. We considered only
proteins with at least two quantified peptides for further analyses. Protein intensities were
calculated as MaxLFQ values. Data has been median normalized on ion level before statistical
analysis was carried out on peptide level after exclusion of peptides with oxidized methionine
using the algorithm ROPECA (Suomi& Elo, 2017).2** Binary differences were identified by
application of a reproducibility-optimized test statistic (using the ROTS package). Multiple test
correction was performed according to Benjamini-Hochberg. Variance within the data set was
visualized by principal component analyses and differences in the protein pattern by Volcano
plots. Sample measurements and initial data collection was carried out by Dr. Elke Hammer
and Prof. Dr. Uwe Vdlker (Interfakultdres Institut fur Genetik und Funktionelle

Genomforschung, University Greifswald, Germany).
2.2.5.7 Proximity Extension Assay

Blood was drawn from mice of CLP trials and separated into serum and plasma by
centrifugation of whole blood samples for 10 min at 2000 x g. Serum samples were frozen at -
80 °C until further usage. 25 pL serum per well was pipetted into a round 96 well plate. For
each condition a sample size of at least 6 mice was used. The sample plate was sealed and
frozen at -80 °C. The proximity extension assay (PEA) assay was carried out by SciLifeLab
Affinity Proteomics, Stockholm, Sweden. Data analysis and statistical analyses were
performed by Mo n i k a foPthepgrodp of Prof. Dr. med. Kai Kappert, Charité University

Medicine Berlin, Berlin, Germany.

Briefly, in PEA, matched pairs of oligonucleotide-labeled antibodies will bind to their target
antigens in a pairwise manner. Upon antibody binding, the matched oligonucleotides are
brought into close proximity and with the use of a DNA polymerase, a PCR target sequence is
created, amplified, detected, and quantified. This downstream process is usually carried out
by gPCR.
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2.2.6 RNA based assays
2.2.6.1 RNA isolation

RNA isolation of cells and muscle tissue was performed using TRIzol® reagent according to
the manufacturer's protocol. Briefly, 1 mL of TRIzol® was added to each well to lyse the cells,
followed by incubation at room temperature for 2 min. The lysate was then transferred to a 1.5
mL tube and 200 pL of chloroform was added. The lysate was mixed by shaking at 2000 RPM
for 3 min and incubated at room temperature for 2 min. Subsequently, the lysate was
centrifuged at 12000 x g, 4 °C for 15 min. The upper agueous phase containing RNA was
transferred to a new 1 mL tube without disturbing the other layers that contain NA and protein.
Then, 500 yL of isopropanol was added to the aqueous phase to precipitate RNA and
incubated for at least 1 hour on ice. Afterward, the samples were centrifuged at 12000 x g, 4°C
for 30 min. The resulting pellet was washed twice with 700 pL of 70% (v/v) ethanol and
centrifuged at 7,500 x g, 4 °C for 5 min after each washing step. The RNA pellet was air-dried
for 10-15 min and dissolved in 30-50 pL of RNAase-free water. The concentration of RNA was
measured using Nanodrop (ND-2000) by absorption at 260 nm and either stored at -80 °C or

used for further analysis.

To extract RNA from muscle or organ tissue, half of a skeletal muscle was placed in a tube
with ceramic beads and 1 mL of TRIzol®. The tissue was homogenized using a BeadBlaster™
Microtube homogenizer (Sud-Laborbedarf Gauting, Gauting, Germany) for 2 cycles of 20
seconds at a speed of 4 m/s. The cycles were interrupted by a 1-minute cooling period at room
temperature to prevent overheating of the samples. The suspensions were then incubated on

ice for 20 min and the procedure was continued as described above.
2.2.6.2 cDNA synthesis

500 ng — 1 pg of RNA was used as a template in a reaction for cONA synthesis (Table 21).
Reverse transcription was used to generate complementary DNA. The reaction was performed
in a PCR thermocycler following the procedure depicted in Table 22. cDNA was used for gRT-
PCR analysis and was stored at -20 °C for long term storage.
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Table 21: Reaction mixture of one cDNA synthesis reaction.

Reagent Volume / one reaction in puL

RNA in nuclease free water 10
Random Primers
dNTPs

Firs-strand buffer
DTT

RNaseOUT inhibitor

SuperScript Il Reverse
Transcriptase

B PN DM R R

Table 22: cDNA synthesis cycler sequence

Step Temperature in °C Time

Primer annealing 25 12 min
DNA polymerization 42 50 min

Enzyme inactivation 70 15 min

2.2.6.3 (RT-PCR

Gene expression was analyzed by quantitative real-time polymerase chain reaction (QRT-

PCR). 2-10 ng of cDNA, specific primers (Table 7)and SYBR Gr een PCR Master |
combi ned acTaer28.i nggRCtRo r eacti ons were performed u
thermocycler followin@Gablée2de program depicted in

The relative expression levels of genes, based on the corresponding RNA abundance, were
calculated based on a cDNA standard curve with predefined dilutions. Standard curves were
generated by a pool of all synthesized cDNA samples assuming. The mixture was diluted from
25 ng/uL to 0,032 ng/pL in a serial dilution of 1:2. Gene expression was normalized to
expression levels of the housekeeping gene Gapdh, if not otherwise stated. Data calculation

was done using the QuantStudio 3 software as well es Microsoft Excel 2016.

Table 23: gRT-PCR master mix composition

Reagent Volume / one reaction in pL

SYBR Green PCR Master Mix 10
Forward Primer (5 pmol/L)
Reverse Primer (5 pmol/L)
cDNA (2 ng/pL)

oo N PP

Nuclease free water
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Table 24: gRT-PCR cycler settings

Step Temperature in °C Time Cycles
Initial Denaturation 98 10 min 1
Denaturation 98 15s 40
Annealing and Elongation 60 10 min
Melt Curve 0.3 °Cincrement to 95 °C 1

2.2.7 Immunofluorescence

C2C12 cells were plated onto py-Slide 8 Well IBIDI slides. Cells were cultivated, differentiated
and either treated with indicated cytokines or were transduced prior to differentiation. Before
staining cells were washed with PBS once and fixed with 4 % paraformaldehyde for 10 min at
room temperature. Fixed cells were permeabilized by 0.2% Triton X-100 in PBS for 5 min
followed by blocking in 5% BSA in PBS-T for 1 h at room temperature. Afterwards cells were
incubated with respective primary antibodies (Table 8) in 3% BSA, 4°C overnight. The next
day cells were washed three times with PBS-T for 5 min each followed by incubation with
secondary antibodies conjugated with Alexa Flour (Table 9) for 1 h at room temperature
protected from light. 4 ' -dignidino-2-phenylindole (DAPI) was used for nuclear staining.
Samples were washed again once with PBS-T, mounted with IBIDI Mounting Medium, dried
and kept at 4 °C.

Fluorescence staining of TA muscle samples was realized by cutting 6 um sections using a
cryostat and placed on object glasses. The tissue was fixed in -20 °C methanol for 10 min and
permeabilized in 0.2% Triton® X-100 for 15 min. Afterwards the procedure was performed the

same as described for immunofluorescence staining of cells.
2.2.8 Statistics

Al l experiments were performed independently wit
| east t wo t echni cSHatistical epalyses and elata repsesentation were

performed using GraphPad Prism 8.3 software (GraphPad Software, Inc.). Statistical

comparison was performed using a two tailed student t-test, two-tailed Mann-Whitney U

test, and Kruskal-Wallis test and are detailed in the figure legends. Onevay anal ysi s
variance (ANOVA) fohobowedsbywdskeyepomor ecompart
i ndependent groups with onl ywagne NfOVYAt avra.s Riere dt w
factor had only two categories and there was no
no f uprotdhtiee t ersé g warsd dpvhad ue from t he -wnamay NnANOVY ARCt
was usedofl migamsdi cant interaction between the f

had more than twwayaANNQVWA I el | dwahdo cb yt eTsutk ewwas us
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For Kaeliam curve calamuk atté o@os )Matndosmtl Devaai bsedf t |
statistical test were provided for eachDatexperim
were presented as Mean + standard deviation. For all tests P<0.05 was considered

significant or ns as not significant. The following description was used in the figure legends:

*P <0.05, *P < 0.01, **P < 0.001, ****P < 0.0001.
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3 RESULTS

3.1 PTP1B and TCPTP are upregulated in inflammation and sepsis

3.1.1 Expression of PTPN1/PTP1B and PTPN2/TCPTP is increased in skeletal

muscle of critically ill patients and septic mice

To investigate mechanisms involved in ICUAW, the polymicrobial sepsis model cecal ligation
and puncture (CLP) was employed (Figure 12). We and other research groups have shown
the suitability of this method to investigate inflammation-induced skeletal muscle atrophy. 45292
To identify novel possible regulators of inflammation-induced skeletal muscle atrophy a RNA
sequencing (RNAseq) data set was reanalyzed (from our group J. Fielitz)?**. C57BI/6N mice
were subjected to CLP or sham surgery and sacrificed 24 h or 96 h post-surgery. RNA isolated
from the TA muscle was analyzed by next-generation bulk RNAseq and gRT-PCR (Figure 13
C). The RNAseq data set was searched for differential expressions of PTPs that might be
involved in inflammation and insulin resistance. Besides well-known markers for inflammation
like Trim63, Fbxo32, Fbxo30/MuSAl, II6/IL-6 or Saal/SAAl we also found a significant
upregulation of Ptpnl and Ptpn2 in TA after 24 h and 96 h of sepsis (Ptpnl: 24 h: 2-fold; 96 h
1.3-fold; Ptpn2 24 & 96 h: 3-fold, p<0.05) compared to sham operated controls (Figure 13 C).
To validate these findings gRT-PCR was performed using cDNA from TA muscle of sham (24
h n=4; 96 h n=4) or CLP (24 h n=4; 96 h n=4) mice. Ptpnl was significantly upregulated after
24 h (~2.5-fold) and 96 h (~3-fold) in TA of septic mice compared to respective sham controls
(data normalized to WT sham control). Ptpn2 was significantly upregulated after 24 h (~3-fold)
and 96 h (~5-fold) in TA of septic mice compared to respective sham controls (data normalized
to WT sham control, Figure 13 C).

Septic patients often suffer from insulin resistance which can still be in place after ICU
discharge and be present in ICUAW patients. PTP were shown to be involved in INSR
signaling.?®* To investigate whether PTPN1 and PTPN2 are also increased in muscle of
critically il human ICU patients, we investigated their expression in RNA samples isolated from
Musculus vastus lateralis from critically ill patients 5 days (n=5) and 15 days after ICU
admission (n=5) as well as healthy controls (n=5) (Figure 13 A). Gene expression analyses
revealed upregulation of Ptpnl (4~fold 5 d and 15 d) and Ptpn2 (~2-fold 5 d and 15 d) in M.
vastus lateralis of critically ill patients compared to healthy controls (Figure 13 A). Western Blot
analyses of proteins isolated from the same muscles showed elevated PTP1B (2.5-fold 5 d
patients, n=6) and TCPTP (~12-fold 5 d patients n=6) protein contents compared to healthy
controls (n=3). (Figure 13 B)
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Figure 13: Expression of PTP1B and TCPTP in critically ill patients and septic mice.

(A) Biopsies of M. vastus lateralis of critically ill patients were collected 5 d (n=5) and 15 d
(n=5) after ICU admission. Isolated RNA was subjected to gRT-PCR and (B) proteins were
used for WB analysis (n=3 controls, n=6 ICU) for PTP and INSR, IRS-1 expression. Bands
were measured densitometric and results shown in (B) bottom. Data shown as Mean + SD.
and normalized to healthy controls and analyzed with a two tailed students t-test. *P < 0.05,
*p < 0.01, **P < 0.001 and ****P < 0.0001. (C) C57BI/6N mice underwent CLP or sham
surgery (n=4) and were subjected to RNAseq (n=3) and gRT-PCR (n=4) analysis. Data shown
as Mean £ SD, Data is shown as fold change (fc) mean + SD compared to sham controls (bold
dotted line at fc=1). Two tailed students t-test was used to calculate statistical significance. *P

< 0.05, **P < 0.01, ns-not significant.
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3.1.2 Expression of Ptpnl and Ptpn2 is induced by proinflammatory cytokines

Pro-inflammatory cytokines like | 46 , -1 & nd dWNE€r e previously shown
muscle atrophy and be increased systemically an
investigate if those cytokineRBt mat®tipwv2Cl2\Ca®@ i5n
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Figure 14: Ptpnl and Ptpn2 expression is induced by inflammatory cytokines.

C2C12 cells were differentiated into myotubes for 5 days and treated with either PBS (controls,
bold dotted line fc=1) (A) sIL6RUIL-6 (25 ng/mL), (B) IL-16 (100 ng/mL) or (C) TNFU (10

ng/mL) addition for indicated time points. gqRT-PCR was used to assess gene expression of

Ptpnl, Ptpn2 and Socs3. Data shown as fold change Mean + SD, *p<0.05, **p<0.01,

***p<0.001, **p<0.0001 and normalized to Gapdh and respective PBS control for each

individual time point (n=3). Two-tailed students t-test was used (each time point compared to

respective control).
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Figure 15: IL-6 induces Ptpnl and Ptpn2 gene expression in neonatal ventricular
cardiomyocytes.

NRVCM were isolated from 1i 3-day old Wistar rats and were treated with sILBRUIL-6 (25
ng/mL) or solvent control (PBS) for 2 h (n=3). gqRT-PCR was used to determine gene
expression of Ptpnl, Ptpn2 and Socs3. Data shown as fold change Mean + SD, Two-tailed
students t-test, **p<0.001 and normalized to Gapdh.

3.2 Induction of Ptpnl and Ptpn2 gene expression is partially dependent
on the IL-6/IL6R/Gp130 signaling pathway

3.2.1 Sepsis-induced Ptpnl and Ptpn2 expression is reduced in heart and

skeletal muscle specific 116st/Gp130 knockout mice

| showed that IL-6 induces Ptpnl and Ptpn2 gene expression in myocytes in vitro. IL-6 signals
through its IL6Ra and a transmembrane adapter protein called Gp130 (glycoprotein of 130
kDa). To investigate whether IL-6 increases the Ptpnl and Ptpn2 gene expression through
binding to the Gp130 receptor in skeletal muscle, RNA was isolated from TA muscle of septic
(CLP) and sham control lI6st®oP (\WT mice; sham: n=5; CLP: n=9) as well as [16st/oxP/loxP; Pax7-
CRE KO mice (skKO; sham: n=6; CLP: n=12) that lack the Gp130 protein in the entire myocyte
lineage. QRT-PCR revealed an increased Ptpnl and Ptpn2 expression in TA muscle (~2.5-
fold, p<0.05; ~3.5-fold p<0.05) of septic WT but not lI6st skkO mice (Figure 16 A). To
investigate if Gp130 also contributes to sepsis-induced Ptpnl and Ptpn2 expression in the
heart after 24 h, | used RNA isolated from the left ventricle of CLP and sham operated
[16st*P1oPWT mice (sham: n=6; CLP: n=8) as well as ||6st'oF/1oxP: aMHC-CRE KO mice (sham: n=6;
CLP: n=6) that lack the Gp130 protein in cardiomyocytes (Il6st hKO). QRT-PCR showed an
increased Ptpnl and Ptpn2 expression in the heart (~1.8-fold, p<0.01; ~3.8-fold p<0.01) of
septic WT but not 116st hKO mice (Figure 16 B).
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Figure 16: Deletion of l16st/Gp130 regulates septic Ptpnl and Ptpn2 gene expression

heart and skeletal muscle.

12_16_Week_0|d ”65t loxP/loxP and ”65t loxP/loxP;MCK cre and ”65t loxP/loxP and ”63t loxP/loxP;U MH C fﬁiée,
respectively, were subjected to either CLP (n=8-15) or sham (n=6) surgery and sacrificed 24
h (A) or 96 h (B) after. QRT-PCR was used to quantify Ptpnl and Ptpn2 in TA muscle (A) and
left ventricle (B). Data shown as fold change Median £ SD, One-way ANOVA followed by
Tukey's post-hoc test was used, *p<0.05, **p<0.01, and normalized to Gapdh.

3.2.2 Inhibition of IL6BR/Gp130 downstream effectors JAK1 and STAT3 alleviated
IL-6 dependent gene expression of Ptpnl and Ptpn2

The IL-6 receptor acts through ligand (IL-6) binding and association with Gp130. Once IL-6
binds to its receptor, receptor dependent kinases are recruited. The initial kinase is JAK1 which

gets auto phosphorylated that activates its kinase activity. This will in turn phosphorylate the
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transcription factor STAT3 at distinct tyrosine residues. Once phosphorylated STAT3
translocates from cytoplasm into the nucleus to bind the promoter region of specific genes,
one of those genes is Socs3. Socs3 was used as a readout foract i vati6omighalL

transducti on

C2C12 myotubes (5d differentiated) were pretreated with a specific inhibitor for JAK1 (AG490,

10 uM) or STAT3 (C188-9, 20 uM) for 1 h, followed by additionof | L&RB( 25 n § bmL R
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Figure 17: IL-6 dependent Ptpnl and Ptpn2 expression is regulated by the JAK2-STAT3
pathway.

C2C12 cells were differentiated for 5 days and treated with AG490 (20 uM) or C188-9 (20 uM)
for 1 h prior to sILBRUIL-6 (25 ng/mL) addition for 2 h. Gene expression was analyzed via
gRT-PCR for Ptpnl, Pptn2 and Socs3 (n=3). (A) inhibition of JAK2 by addition of AG490
inhibited IL-6 dependent Ptpnl, Ptpn2 and Socs3 gene induction. (B) inhibition of STAT3 by
addition of C188-9 inhibited IL-6 dependent Ptpnl, Ptpn2 and Socs3 gene induction(n=3). Data
shown as fold change Mean  SD, One-way ANOVA followed by Tukey's post-hoc test was
used, *p<0.05, *p<0.01, **p<0.001, and normalized to Gapdh.

3.2.3 Overexpression of PTP1B and TCPTP ameliorated IL-6-dependent STAT3

phosphorylation and Socs3 gene expression

To investigate the effects of an increased Ptpnl and Ptpn2 expression and therefor higher
protein amounts, the respective PTPs were overexpressed in C2C12 myoblasts via retroviral
transduction of FLAG-tagged Ptpnl or Ptpn2 isoforms TC45 and TC48 (pMP71-IRES-GFP-
FLAG-Ptpnl1/2, denoted as PTP1B, TC-45 or TC-48). Cells transduced with retrovirus
expressing pMP71-IRES-GFP (GFP) were used as control. To take into consideration that

transduction itself might influence post-translational modifications of proteins or disturb cell
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homeostasis, non-transduced cells only treated with the retrovirus uptake enhancer polybrene
were used as an additional control (WT). Differentiation of myoblasts into myotubes was
initiated 24 h post transduction, the timepoint at which medium change concluded was defined
as differentiation day 0. On day 5 of differentiation myotube formation was confirmed by
observation of multinucleated, elongated and confluently developed tubes via microscopy and
afterwards cells were treated with 25 ng/ mL|1 L &@R¥6 of 15 mi n. Cell s were

protein and RNA analyses and piemrhwmaonfelduor escent s

gRT-PCR analyses of RNA isolated from 5 day differentiated C2C12 cells showed that Ptpn1,
Ptpn2-45 and Ptpn2-48 were strongly expressed by retroviral transduction (Ptpnl: ~145-fold;
Ptpn2-45: ~150-fold; Ptpn2-48: ~70-fold, p<0.01; Figure 18) after 5 days. To observe changes
in differentiation efficacy in PTP transduced cells, live cell imaging was performed via
fluorescence microscopy based on the high expression of GFP. There was no morphological
difference observed between different retroviral transduction groups and control cells (see
Appendix 3).

QRT-PCR analyses further showed significantly increased Socs3 gene expression (Figure 19)
after15minofl L&RH i n t he (GF2. ddprdddupP 01l) compreattedoGREN
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Figure 18: Validation of successful Ptpnl and Ptpn2 overexpression.

C2C12 cells were transduced with a retroviral expression plasmid coding for a bicistronic GFP
and Ptpnl or Ptpn2 (isoforms 45 (TC45) and 48 (TC48) kDa). Cells were differentiated for 5
days into myotubes, and gene expression was analyzed via gqRT-PCR (n=3). * indicates
overexpression of the respective protein. Data shown as foldchange Mean + SD, One-way
ANOVA followed by Tukey's post-hoc test was used, **p<0.001, and normalized to Gapdh.
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Figure 19: Overexpression of PTP1B and TCPTP reduced IL-6 dependent Socs3
expression.

C2C12 cells were transduced with a retroviral expression plasmid coding for a bicistronic GFP
and Ptpnl or Ptpn2 (isoforms 45 (TC45) and 48 (TC48) kDa). Cells were differentiated for 5
days into myotubes, treated with sSILBRUIL-6 (25 ng/mL) and gene expression of Socs3 was
analyzed via qRT-PCR (n=3). Data shown as fold change Mean + SD, Two-tailed students t-

test, “p<0.01, ***p<0.0001, ns = not significant, and normalized to Gapdh.

Socs3 is a target gene of STAT3 which is downstream of the IL-6 receptor which relies on the

transcription factor STAT3 to be tyrosine phosphorylated at tyrosine residue 705 and

translocates into the nucleus to affect STAT3 dependent gene expression. Western Blot

analyses of protein isolated from GFP-transduced C2C12 cells revealed that 1 5 nof n

| L&RBH tr eaxtamesretd an tymsine ®aphasphorylation of STAT3 (~ 4-6 o,l d
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Figure 20: Overexpression of PTP1B and TCPTP ameliorated IL-6 dependent STAT3
phosphorylation.

C2C12 cells were transduced with a retroviral expression plasmid coding for a bicistronic GFP
and Ptpnl or Ptpn2 (isoforms 45 (TC45) and 48 (TC48) kDa). Cells were differentiated for 5
days into myotubes, treated with sILBRUIL-6 (25 ng/mL) and lysates were analyzed for STAT3
tyrosine 705 phosphorylation (pY705) via Western blot (n=3-6) (A). Data shown as Mean *
SD, One-way ANOVA followed by Tukey's post-hoc test was used, *p<0.05, *p<0.05,
***n<0.001, and Western blot signals shown in (A) of pY705 STAT3 were normalized to total
STAT3 and plotted in (B+C).

3.3 Overexpression of PTP1B in muscle cells impairs insulin signaling

3.3.1 Overexpression of PTP1B but not TCPTP impairs insulin mediated insulin

receptor signaling

PTP1B was identified as a negative regulator of the INSR signaling.?*® Different studies
showed that dephosphorylation occurs at auto phosphorylated tyrosine residues at the insulin
receptor beta (IRB) chain.?!® In vitro substrate trapping experiments showed that the IR chain
is a substrate of TCPTP.1%2 To investigate whether an overexpression of PTP1B and TCPTP
impairs insulin mediated INSR phosphorylation and downstream signaling, C2C12 cells were
transduced with the respective plasmids mentioned in 3.2.3. Myoblasts were differentiated into
myotubes for 5 days and treated with 100 nM insulin for 10 min. Cells were harvested and
proteins were isolated for Western Blot. Insulin treatment of GFP transduced control cells
sufficiently activated INSR signaling shown by an ~150-fold (p<0.001) increase in INSR
tyrosine phosphorylation at tandem tyrosine residues 1135 and 1136 as well as at tyrosine

residue 1146 (~5-fold, p<0.01) (Figure 22, Figure 21). Those residues are early response
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points of the IR chain to gain its full tyrosine kinase activity. Cells overexpressing either one
of the TCPTP isoforms (TC45 & TC48) did not show a reduction in insulin stimulated tyrosine
phosphorylation at tyrosine 1135/1136 or 1146 compared to GFP controls (Figure 21, Figure
22). In PTP1B overexpressing cells insulin-stimulated INSR tyrosine phosphorylation at
tyrosine 1135/1136 (~80-fold, p<0.01) as well as at tyrosine 1146 (~2.3-fold, p<0.01) was
significantly reduced compared to GFP controls. Tyrosine kinase active INSR will recruit IRS1
and phosphorylate it at different serine residues, most importantly serine 307 and serine 636.
Insulin treatment significantly increased IRS1 serine 307 phosphorylation in GFP controls
(~2.5-fold, p<0.01) as well as in TCPTP expressing groups (TC45: ~2.3-fold, p<0.01, TC48:
~2.2-fold, p<0.01). Overexpression of both TCPTP isoforms) did not reduce INSR dependent
IRS1 phosphorylation at serine 307. Myotubes transduced with PTP1B expression plasmid
showed reduced IRS1 serine phosphorylation in response to insulin treatment and compared
to GFP controls (~1.3-fold p<0.01). Phosphorylated IRS1 will recruit PI3K which is a
serine/threonine kinase that phosphorylates Akt (protein kinase B/PKB) at threonine 308 and
serine 473. Since phosphorylation at serine 473 will mediate full Akt kinase activity this
phosphorylation site was investigated. Western Blots showed increased Akt serine 473
phosphorylation after insulin treatment in the GFP control group (~3.5-fold, p<0.01) as well as
in the TCPTP isoform expressing cells (TC45: ~3.5-fold, p<0.01; TC48: ~3.8-fold, p<0.01,
Figure 21 & 22). PTP1B overexpression led to a reduced activation of Akt by decreasing its
insulin-mediated serine 473 phosphorylation (~1.6-fold, p<0.01) compared to GFP controls.
Akt is a highly active protein kinase with a high number of downstream targets, within the
context of insulin signaling its main target to be phosphorylated is Akt substrate of 160 kDa
(AS160) at distinct serine residues, most importantly serine 588. AS160 will enable the glucose
transporter GLUT4 to shuttle from the cytoplasm into the cell membrane, which results in
increased glucose uptake into the cell. Insulin treatment increased AS160 serine 588
phosphorylation by ~3-fold (p<0.01) in GFP control cells (Figure 21 & 22). Cells overexpressing
PTP1B did not show a significant response of AS160 serine 588 phosphorylation to insulin
treatment compared to vehicle treated PTP1B overexpressing cells (~1.1-fold, not significant)
and therefore a significant reduction in phosphorylation compared to insulin treated GFP
controls (~3-fold vs.~1.1-fold, p<0.05, Figure 21, Figure 22).

In summary | could show that PTP1B but not TCPTP was able to impair the insulin signaling
pathway at multiple steps by reducing phosphorylation of the IRB chain tyrosine residues as
well as the downstream effectors IRS-1, AKT and AS160.
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Figure 21: Overexpression of PTP1B but not TCPTP impairs the INS signaling
pathway.

C2C12 cells were transduced with a retroviral expression plasmid coding for a bicistronic GFP
and Ptpnl or Ptpn2 (isoforms 45 and 48 kDa). Cells were differentiated for 5 days into
myotubes, treated with insulin (100 nM) for 5 min. Western Blot analyzes was carried out for
different pTyr sites of the insulin receptor beta (IRB) chain (pY1146, pY1136/36), IRS1
(pSer307), Akt (pSerd473), and AS160 (pSer588). FLAG i protein tag and GAPDH were used
as transduction and loading controls. Representative Western Blots of at least n=3

independent experiments.
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Figure 22: Overexpression of PTP1B but not TCPTP impairs the INS signaling
pathway.

C2C12 cells were transduced with a retroviral expression plasmid coding for a bicistronic GFP
and Ptpnl or Ptpn2 (isoforms 45 and 48 kDa). Cells were differentiated for 5 days into
myotubes, treated with insulin (100 nM) for 5 min(n=3). Western Blot analyzes was carried out
for different pTyr sites of the insulin receptor beta (IRR) chain (pY 1146, pY1136/36), IRS1
(pSer307), Akt (pSerd73), and AS160 (pSer588). FLAG i protein tag and GAPDH were used
as transduction and loading controls. Data shown as Mean + SD, Two-way ANOVA followed
by Tukey's post-hoc test was used *p<0.05, **p<0.01, ns=not significant and normalized to
total protein (IR, IRS1, AKT, AS160).
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3.3.2 Overexpression of PTP1B but not TCPTP impairs insulin-induced protein

synthesis

To investigate whether overexpression of PTP1B or TCPTP would decrease insulin mediated
protein synthesis C2C12 cells were transduced with corresponding plasmids (see 2.2.4.2).
Cells were differentiated into myotubes for 5 days and then labelled with O-propargyl-
puromycin. After treatment with 100nM insulin for 30 min visualization by fluorescence
microscopy was performed (see 2.2.5.4). Insulin treatment increased immunofluorescence in
GFP control cells. This increase could not be seen in the PTP1B overexpressing cells; while it
was detectable in TCPTP transfected cells (Figure 23 and Appendix 2).

Cycloheximide Control Insulin

GFP

PTP1B

Figure 23: Overexpression of PTP1B reduces INS-induced protein synthesis.

C2C12 cells were transduced with a retroviral expression plasmid coding for GFP and
Ptpn1l/PTP1B respectively. Cells were differentiated into myotubes for 5 days, treated with
insulin (100 nM) or cycloheximide for 30 min and labeled for nascent protein synthesis (OP-

puromycin). Cells were fixed and visualized with a fluorescence microscope. Scale bar 50 pM.
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3.4 Impact of myocyte-specific deletion of PTP1B/Ptpnl and/or
TCPTP/Ptpn2 on skeletal muscle in a polymicrobial sepsis mouse

model

To translate the in vitro data into a more complex biological system, conditional knockout
mouse models were generated. The floxed Ptpnl and Ptpn2 mice were kindly provided by Dr.
Tony Tiganis from Monash University, Australia.'®#2° All mice were backcrossed into a
C57BI6/N genetic background for more than 8 generations..

Sepsis was induced by cecal ligation and puncture (CLP) surgery to induce polymicrobial
sepsis (Figure 12). Animals were divided into four groups based on their genotype (WT Ptpn
loxPloxP and KO Ptpn 'oxPloxP MCK-CREY and the received treatment (sham control or CLP sepsis).
Surgery was performed on both male and female mice (Figure 24). While investigating the
general phenotype of the applied mouse models a confirmatory Immunoblot for the successful
deletion of PTP1B and TCPTP was carried out in TA muscle lysate of double knockout mice.

Ptpn1l xPfloxF, MCK-CRE Prpn1l xP/loxP prnz\ xPiloxk, MCK-CRE Ptpnzl xPlaxP prn1”2| xPlloxFloxPiloxP MCK-CRE prn1+2I XPfloxP
(Pipn1cKO)  (Pipn1 WT)  (Pipn2 cKO) (Ptpn2 WT) (Pfon1i/2 cDKO) (Pton1/i2 \WT)

l | l
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Figure 24: Experimental design of the conducted animal studies.

12-16-week-old Ptpnl, Ptpn2 or Ptpnl+2 PP and Ptpnl, Ptpn2 or Ptpnl+2 'oxP/oxP: MCK cre
mice were subjected to either CLP or sham surgery and sacrificed 48 h after. Hind limb
muscles TA, EDL, GP, SOL were taken and TA, GP muscles were analyzed for gene
expression (qRT-PCR), histology (IHC, HE) and protein content (Western Blot, PLA,
Proteomics). Serum was taken and PEA measurements were conducted. (Created with
BioRender.com)
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3.4.1 Survival of septic mice was impacted by respective genotype

Prior to surgery mice were randomly grouped into sham or CLP treatment groups and surgery
was performed accordingly. The mice were observed every hour for a minimum of 24 h up to
48 h and their health status was assed using a predefined scoring chart that was established
with the institute’s veterinar i a.reathBDme.poir of
animals which were euthanized after reaching the humane endpoint defined by a health score
greater than 9 was documented over the course of the 48-h experiment. Survival analyses
were performed for each of the three individual knockout strain experiments. As expected, CLP
caused a mortality rate of approximately 50% in WT animals (Ptpn1l WT, Ptpn2 WT and Ptpnl
WT/Ptpn2 WT) across all three separate experimental trials while none of the sham treated
animals died (Figure 25). Conditional myocyte-specific deletion of Ptpnl (Ptpnl cKO) had not
effect on CLP mortality (Figure 25 A). Conditional myocyte-specific deletion of Ptpn2 (Ptpn2
cKO) increased the mortality during sepsis (55% vs. 45%, p<0.05) (Figure 25 B). The
conditional myocyte-specific deletion of both Ptpnl and Ptpn2 (cDKO) increased the mortality
even more compared to Ptpnl WT/Ptpn2 WT animals (~50% vs.~30%, p<0.01) (Figure 25 C).
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Figure 25: Septic Ptpn2 and Ptpn1+2 knockout mice show a lower chance of survival.

12-16-week-old Ptpnl, Ptpn2 or Ptpnl+2 """ gnd Ptpnl, Ptpn2 or Ptpn1+2 'oxPoxPiMCk cre
mice were subjected to either CLP or sham surgery and sacrificed 48 h after. Pre-surgery:
Ptpnl trial (WT sham n=8, WT CLP n=31, cKO sham n=8, cKO CLP n=31), Ptpn2 trial (WT
sham n=8, WT CLP n=34, cKO sham n=8, cKO CLP n=36), Ptpn1+2 trial (WT sham n=10, WT
CLP n=61, cKO sham n=10, cKO CLP n=71. Post-surgery: Ptpn1 trial (WT sham n=8, WT CLP
n=13, cKO sham n=8, cKO CLP n=13), Ptpn2 trial (WT sham n=8,WT CLP n=19, cKO sham
n=8, cKO CLP n=15), Ptpn1+2 trial (WT sham n=10,WT CLP n=35, cKO sham n=10, cKO CLP
n=27) Mice were observed hourly for 48 h and Kaplan-Maier curves were created to visualize
survival. Mean + SD, Log-rank (Mantel-Cox) test, *p<0.05, **p<0.01, ns=not significant.

#1<0.01 comparing WT sham and WT CLP groups.
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3.4.2 Muscle atrophy and damage was augmented in septic cDKO mice

Tibialis anterior muscle mass was significantly reduced following CLP surgery (Figure 26 A).
Myocyte-specific deletion of Ptpnl or Ptpn2 did not affect the muscle weight loss compared to
their septic WT controls (Figure 26 A). Deletion of both, Ptpnl and Ptpn2 did result in a higher
muscle mass loss compared to their respective WT controls during sepsis. The muscle weights
of GP muscle decreased in CLP mice independent of their genotype (Figure 26 B). The muscle
weights of the two collected muscles (EDL, SOL) were also reduced following 48 h of sepsis
but were either not significantly changed or did not show differences between groups (see

Appendix).
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Figure 26: Septic Ptpn1+2 knockout mice show aggravated muscle mass loss.
12-16-week-old Ptpn1, Ptpn2 or Ptpn1+2'"** and Ptpn1, Ptpn2 or Ptpnl+2'@/FloxPMcKere mice
were subjected to either CLP or sham surgery and sacrificed 48 h after. Muscles were isolated,
weighed and the muscle weight was normalized to tibia length. Ptpnl cKO (WT sham n=8 WT
CLP n=10, cKO sham n=6, cKO CLP n=16), Ptpn2 cKO (WT sham n=6,WT CLP n=12, cKO
sham n=6, cKO CLP n=8), Ptpn1+2 cdKO (WT sham n=10,WT CLP n=7, cKO sham n=10,
cKO CLP n=6) or wildtype (WT) mice Data shown as Mean + SD, One-way ANOVA followed
by Tukey's post-hoc test was used *p<0.05, ns=not significant.
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Figure 27: Septic Ptpnl+2 knockout mice showed centralized nuclei and increased
Myh3 expression.

12-16-week-old Ptpn1+2 """ gnd Ptpni+2 'oPoxP MCKere mice were subjected to either CLP
or sham surgery and sacrificed 48 h after. TA muscles were isolated, snap frozen and cutted
in 8 um sections. (A) TA muscle HE staining (B) TA muscle Myh3 staining (green), DAPI (blue)
and laminin (white). Data shown as 10x FOV representative pictures. Scale bar 100 um.
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Figure 28: Septic Ptpnl+2 knockout mice showed enhanced macrophage infiltration
shown by F4/80 staining.

12-16-week-old Ptpn1+2 'P1o® gnd Ptpni+2 'oPloxP MCKere mice were subjected to either CLP
or sham surgery and sacrificed 48 h after. TA muscles were isolated, snap frozen and cutted
in 8 um sections. A marker for pro-inflammatory macrophages (F4/80, green) and laminin (red)

was stained. Scale bar 100 pm.
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Figure 29: Quantification of Myosin3 and F4/80 positive cells

12-16-week-old Ptpn1+2P"™P gand Ptpnl+2/0xPloxPi MCK e mica were subjected to either CLP
or sham surgery and sacrificed 48 h after. TA muscles were isolated, snap frozen and cutted
in 8 um sections.200 myocytes per animal was counted and Myh3* and F4/80" cells were
determined. n=3, Data shown as Mean + SD, One-way ANOVA followed by Tukeys post-hoc

test was used. *p<0.05.
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To validate that the difference in muscle mass is due to muscle atrophy and not non-lean mass
loss (water, fat), histological cross-sections of cryoembedded TA muscle tissue was cut to 8
um thick sections and stained with Hematoxylin and eosin (H&E). Myocyte cross-sectional
area (MCSA) was measured using a semi-automated Al based online tool. H&E staining
revealed centralized nuclei in TA myocytes of septic cDKO mice (Figure 27 A), which could
not be seen in the respective muscles of septic Ptpnl cKO or Ptpn2 cKO mice (see Appendix
7). Centralized nuclei in muscle are interpreted as a sign for regeneration.?”?1® To investigate
this assumption, | stained histological TA cross sections of WT and cDKO mice with antibodies
against embryonic myosin heavy chain 3 (Myh3) that is an early marker for muscular
regeneration. The Myh3 staining revealed increased myocyte regeneration in TA of septic
cDKO mice, shown by a higher number of Myh3 positive myocytes compared to their septic
WT controls (Figure 27 B & Figure 29). To identify the identity of the immune cells that were
observed in TA of septic cDKO mice | performed IHC with the F4/80 antibody that recognizes
pro-inflammatory and tissue macrophages.?*® The F4/80 staining revealed a higher infiltration
of pro-inflammatory macrophages in TA of septic cDKO mice as compared to all other mouse
lines (Figure 28 & 29).

MCSAs of TA muscles were determined using the MIRA VISION™ Al software (see 2.2.1.3).
Genetic deletion of Ptpnl and Ptpn2 had no effect on sepsis-induced MCSA reduction (Figure
30 A). CLP induced sepsis significantly induced fiber atrophy seen by reduced mean fiber area
(Figure 30 B&D) and a left-ward shift of the frequency-distribution histogram (Figure 30 B),
indicating a higher number of smaller fibers (Figure 30 B). Knockout of Ptpn1//2 resulted in a
further reduction in mean MCSA following sepsis compared to septic WT controls (Figure 30
C,D,E, F).
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Figure 30: Myocyte cross-sectional area (MCSA) of septic Ptpn1+2 cDKO TA muscles is

reduced compared to septic WT mice.

12-16-week-old Ptpnl, Ptpn2 (not shown) or Ptpn1+2 "*%" and Ptpn1, Ptpn2 (not shown) or

Ptpn1+2 'o/PloxP MCKere mice were subjected to either CLP or sham surgery and sacrificed 48 h

after. TA muscles were isolated, snap frozen and 8 UM thick sections were cut. H&E staining

was performed and imaged using a Keyence BZ-800X microscope. Images were analyzed for

MCSAs with the MIRA VISION® Al tool for fiber analysis. Results are shown as frequency-

distribution diagrams. For each treatment and genotype group 6 animals were analyzed
(Fibers: WT sham=8435, WT CLP=7467, cDKO sham=8093, cDKO CLP=6817). Data shown
as Mean = SD, One-way ANOVA followed by Tukey's post-hoc test was used, ~'p<0.001,

****p<0.0001, ns=not significant.
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3.4.3 Elevation of pro-inflammatory cytokines was observed in muscle and
serum of septic WT mice and augmented in PTP1B/TCPTP cDKO mice

| next investigated pro-inflammatory markers in muscle tissue of all mouse lines via gqRT-PCR.
| specifically focused on Il1b, 116, and | f.n 2

lI1b expression was significantly increased in septic WT animals compared to their sham
controls (~2-log2 fold, p<0.001, Figure 31 A). The deletion of Ptpnl did not alter this response
(~1.8-log2 fold, p<0.001). In contrast, the knockout of Ptpn2 led to increased Il1b expression
compared to their WT controls (~2.4-log2 fold vs. ~1.9-log2 fold, p<0.05). The combined
deletion of Ptpnl and Ptpn2 further elevated ll1b expression (~3.6-log2 fold, p<0.05). Thus,
sepsis caused an increase in Il1b expression in muscle tissue, which was exacerbated due to
myocyte-specific deletion of Ptpn2 and Ptpnl+Ptpn2. Additionally, we found significantly

increased IL-13 serum levels in septic cDKO mice compared to septic WT mice (Figure 32 B)

[16 expression was increased in muscle of septic WT animals (~1.9-log2 fold, p<0.001 in the
Ptpn1 trial; ~1.6-log2 fold, p=0.06 in the Ptpn1+2 trial, Figure 31 B). Deletion of Ptpnl resulted
in blunted 116 expression compared to septic WT animals (~0.9-log2 fold vs. 1.9-log2 fold,
p<0.01). Deletion of Ptpn2 or the combined deletion of Ptpnl and Ptpn2 did not significantly
alter 116 expression in TA muscle during sepsis (Figure 31 B). Additionally, we found
significantly increased IL-6 serum levels in septic cDKO mice compared to septic WT mice
(Figure 32 A).

In the Ptpnl trial, Ifng MRNA was not detectable in TA muscle 48 h post-CLP surgery.
However, in the Ptpn2 and Ptpnl1+2 KO trials, Ifng detection was possible due to higher global
abundance (Figure 31 C). There was no increased Ifng expression in TA of septic WT animals
compared to WT sham controls. Septic mice lacking Ptpn2 exhibited higher Ifng expression
(~2-log2 fold, p<0.05) compared to their septic WT controls. The combined deletion of Ptpnl
and Ptpn2 caused highly elevated Ifng mRNA levels after 48 h of sepsis (~8.7-log2 fold,
p<0.0001) compared to septic WT mice and their sham controls (Figure 31 C).

In summary, deletion of Ptpnl did not alter muscle 111b expression and blunted I16 expression.
Deletion of Ptpn2 caused higher Il1b expression, a trend towards increased 16, and
significantly higher Ifng expression in muscle of septic mice. The combined deletion of Ptpnl
and Ptpn2 did not alter 116 expression but resulted in elevated Il1b levels and exceptionally

high Ifng expression.
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Figure 31: Septic Ptpn2 cKO and Ptpn1+2 cDKO mice show elevated proinflammatory
tissue cytokine gene expression.
12-16-week-old Ptpnl, Ptpn2 or Ptpnl1+2 PP and Ptpnl, Ptpn2 or Ptpnl+2 'oxPfloxP MCK cre
mice were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48 h after.
TA muscle gene expression for lI1b (A), 116 (B) and Ifng (C) was analyzed by gRT-PCR. Data
shown as Mean + SD, One-way ANOVA followed by Tukey's post-hoc test was used *p<0.05,
**p<0.01, **p<0.001, ***p<0.0001 and normalized to Gapdh.
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Figure 32: Septic Ptpn1+2 cDKO mice show elevated proinflammatory cytokine levels

in serum.

12-16-week-old Ptpnil, Ptpn2 or Ptpn1+2 ' gnd Ptpnl, Ptpn2 or Ptpnl+2 'oxPfloxP MCK cre
mice were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48 h after.
Serum protein expression for IL-6 (A), IL-1b (B) and TNF (C) was analyzed by qRT-PCR. Data

shown as Mean + SD, One-way ANOVA followed by Tukey's post-hoc test was used *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001
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3.4.4 Infiltration of leucocytes into muscle tissue was enhanced in septic Ptpn2
cKO and Ptpn1+2 cDKO mice

Sepsis and systemic inflammation highly activate the innate and adaptive immune response,
especially in a polymicrobial sepsis model like CLP. Immune cells get recruited to locations of
infections or to lytic/apoptotic tissue which need to be cleared. Also, muscle tissue
regeneration is accompanied by activation of tissue residing macrophages to facilitate cell
repair. While investigating the general phenotype of the applied mouse models a confirmatory
Immunoblot for the successful deletion of PTP1B and TCPTP was carried out in TA muscle
lysate of double knockout mice. What was found is a deletion of PTP1B and TCPTP in sham
cKO controls but interestingly there was a relatively high signal for both PTPs detectable in TA
of septic cDKO mice (Figure 33). To exclude contaminations or human error in the immunoblot
the genotype was confirmed by genotyping PCR to confirm presents of the cre recombinase
which indeed was positive for those animals. A possible explanation is that the PTP1B and
TCPTP protein signals within TA tissue do not originate from muscle cells but other non-muscle
cells which are more abundant in septic cDKO animals than septic WT mice. So, we checked
TA tissue for MRNA expression of different leucocyte populations like dendritic cells (Cd11C),
inflammatory macrophages (F4/80) and a more general monocyte/macrophage marker CD68
(Figure 35).

Pton1//2 WT Ptpn1//2 cDKO
Sham CLP Sham CLP__ (kpa]
PTP1B D e — D w— w— oy ...'55
TCPTP ™ = we - o v - e 45

GAPDH .....-..-.-—|‘36

Figure 33: Septic Ptpn1+2 cDKO mice show elevated protein levels for PTP1B and
TCPTP.
12-16-week-old Ptpn1, Ptpn2 or Ptpn1//2°*"F and Ptpn1, Ptpn2 or Ptpnl//2'o®/oxPiMCKere mjce

were subjected to either CLP (n=3) or sham (n=3) surgery and sacrificed 48 h after. TA muscle

protein content was analyzed by Western Blot. GAPDH was used as loading control.

Although those markers are partially redundant leukocyte cell surface proteins, they were used

to demonstrate a broad range of cell surface marker expression within a non-leucocyte tissue.

In murine tissues Cd11c can be expressed by a subset of dendritic cells. Since | did not further
characterize those cells by i s oliattnétsknown avimoth

distinct subset of dendritic cells are expressed. Since there is only an upregulation of ltgax in
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TA of septic mice which have a deletion of Ptpnl and Ptpn2 (~4-log2 fold, p<0.001; Figure 35
A) and not in any other septic cohort (neither WT mice nor Ptpnl cKO or Ptpn2 cKO) one could
assume a progression of monocyte derived DCs (mo-DCs) which are so called inflammatory
dendritic cells. Those gene expression data were also confirmed by immunoblotting (Figure
34). F4/80 (Adgrel) is a unique mouse tissue macrophage marker which is co-expressed on
other leucocytes although to a lesser extent. Elevation of Adgrel expression (Figure 35 B) or
F4/80* cells usually occur due to activation of tissue macrophages or by infiltration of
monocytes which will convert to tissue macrophages. A trend wise to significant increase could
be observed in septic WT mice (Ptpn2 trial: ~1.8-log2 fold p<0.05; Figure 35 B). In septic cDKO
mice and Ptpn2 cKO mice the TA muscle tissue expression was significantly increased
compared to their respective septic WT group, while there was no change in expression in
Ptpnl cKO mice. Cd68 is a marker for monocytes and tissue macrophages and is often used
to detect inflammatory activation of immune cells in tissues. Sepsis caused a robust induction
of Cd68 gene expression in TA muscle of septic WT mice across all three trials (~2 -log2 fold,
p<0.05; Figure 35 C). In Ptpn1 cKO mice there was a significant reduction in Cd68 expression
(p<0.05) compared to their respective WT CLP controls while the deletion of Ptpn2 and
Ptpnl+Ptpn2 further increased its gene expression (Ptpn2: ~2.5-log2 fold, p<0.05; Ptpnl/2
~3.8-log2 fold, p<0.01).

In summary, CLP caused an upregulation of the tissue macrophage/monocyte markers F4/80
and CD68 in skeletal muscle which was further elevated in Ptpn2 cKO and Ptpn1+Ptpn2 cDKO
mice.Those results could also be confirmed by i mmu|]

sections (Figure 28).
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Figure 34: Septic Ptpn1+2 cDKO mice show increased muscle leucocyte markers.
12-16-week-old Ptpnl, Ptpn2 or Ptpnl1+2 PP and Ptpnl, Ptpn2 or Ptpnl+2 'oxPfloxP MCK cre
mice were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48 h after.
Western Blot was performed for leucocyte markers Cd11lc and Ly-6b.2. Data shown as Mean
+ SD, One-way ANOVA followed by Tukey's post-hoc test was used, **p<0.01, ***p<0.001,
and normalized to GAPDH.
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Figure 35: Leucocyte marker gene expression is increased in TA of septic Ptpn2 cKO
and Ptpn1+2 cDKO mice.

12-16-week-old Ptpn1, Ptpn2 or Ptpn1+2'>""** and Ptpn1, Ptpn2 or Ptpn1+2/0PloxPiMCKere mjce
were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48 h after. TA
muscle gene expression for Itgax (A), Adgrel (B) and Cd68 (C) was analyzed by qRT-PCR.
Data shown as Mean + SD, One-way ANOVA followed by Tukey's post-hoc test was used
*p<0.05, **p<0.01, **p<0.001, and normalized to Gapdh.
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3.4.5 Chemokine tissue expression and serum concentrations were altered in

septic knockout mice

Chemokines or chemotactic cytokines are a large family of small, secreted proteins that govern
the process of cell migration via their G protein-coupled receptors. Since highly elevated levels
of leucocyte markers could be observed in TA of septic animals | investigated for a subset of
chemokines if this was accompanied by increased tissue gene expression and serum

concentrations.

The chemokine CCL2 (MCP-1) is known to be released by myocytes and is therefore
considered a myokine, but also leucocytes like macrophages and dendritic cells. It serves to
recruit leucocytes to a site of tissue injury or infection.?2%221 CCL2 primarily attracts monocytes
and basophiles but not neutrophils. CCL5 (RANTES) and CCL9 (MIP-1y) belong to the same

chemokine family as CCL2 and attract T-cells, macrophages, monocytes, and dendritic cells.

Indeed, elevated gene expression was found in septic WT mice for Ccl2 (Ptpn1 trial: ~1.8-log2
fold p<0.05) and trend wise for Ccl5 and Ccl9 (Figure 36). A deletion of Ptpn2 and Ptpn1+Ptpn2
caused a higher tissue expression of Ccl2 compared to their respective septic WT controls
(Figure 36 A), while only the Ptpn2 cKO animals showed increased Ccl9 expression (~3-log2
fold, p<0.05, Figure 36 C) and only the Ptpn1+Ptpn2 cDKO - mice showed elevated Ccl5 levels
(~2-log2 fold, p<0.05, Figure 36 B).

In summary, the deletion of Ptpnl did not affect the sepsis-mediated increase of any of the
three chemokines investigated. In contrast, deletion of Ptpn2 and Ptpnl+Ptpn2 caused an
increased expression of Ccl2 and Ccl9 (Ptpn2) as well as Ccl2 and Ccl5 (Ptpnl1+2) during

sepsis.

Since chemokines are secreted proteins the significance of tissue gene expression is limited.
Once transcribed and translated these chemokines should also be detectable in serum. Using
a multiplex assay (see 2.2.5.5), 13 chemokines were simultaneously quantitated in serum
sample. Results showed increased chemokine expression in septic WT mice compared to their
respective sham treated controls (Figure 37). Mice with a deletion of Pptn2 or Ptpn1+2 showed
higher concentrations of serum chemokines compared to septic WT mice and to their
respective sham controls (Figure 37 B & C). A similar pattern of upregulated chemokines could
be found between Ptpn2 cKO and cDKO mice, with higher concentrations of the chemokines
CCL2, CCL3 and CXCL1 (Figure 37 B). Notably in cDKO mice CXCL9, a highly IFNy
dependent chemokine was highly elevated (Figure 37 C) which is matching the tissue gene
expression data of IFNy Figure 31). In summary, the gene expression of Ccl2 and Ccl5 was
increased in serum of Ptpn2 cKO and cDKO mice but remained unchanged in serum of Ptpnl
cKO mice (Figure 37 A). Skeletal muscle is a highly secretively active tissue so elevated
chemokine levels were expected. Sepsis itself was able to increase serum concentrations of
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chemokines while mice with a Ptpn2 or combined deletion had significantly increased serum

concentrations of certain chemokines.
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Figure 36: Septic Ptpn2 cKO and Ptpn1+2 cDKO mice show an elevated muscle
chemokine gene expression.

12-16-week-old Ptpnil, Ptpn2 or Ptpn1+2 ' gnd Ptpnl, Ptpn2 or Ptpnl+2 'oxP/loxP MCK cre
mice were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48 h after.
TA muscle gene expression for Ccl2 (A), Ccl5 (B) and Ccl9 (C) was analyzed by gRT-PCR.
Data shown as Mean + SD, One-way ANOVA followed by Tukey's post-hoc test was used

*p<0.05, **p<0.01, and normalized to Gapdh.
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Figure 37: Septic Ptpn2 cKO and Ptpn1+2 cDKO mice show elevated serum chemokine
concentrations.
12-16-week-old Ptpni, Ptpn2 or Ptpn1+2 ' and (A) Ptpn1, (B) Ptpn2 or (C) Ptpn1+2 'oxPoxP
MCKere mice were subjected to either CLP (n=4-10) or sham (n=4-6) surgery and sacrificed 48
h after. Blood was collected and separated into serum. Multiplex FACS-based analyses were
carried out (n=6 per group).
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3.4.6 Global proteome profiling of proteins from muscle of septic Ptpnl+2
cDKO micer eveal ed dysregul ated | FNo2 an

sepsis

To investigate whether the combined deletion of Ptpnl and Ptpn2 in skeletal muscle led to a
changed global muscle proteome, proteins isolated from TA muscle of Ptpnl+2 WT and
Ptpnl+2 cDKO sham and CLP (48 h) mice were subjected to mass-spectrometry analysis.
Thus, resulted in four comparison groups, comparing WT sham (n=3) and WT CLP (n=4) with
cDKO sham (n=4) and cDKO CLP (n=4) mice.

Mass-spectrometry identified 36,681 peptides which could be attributed to one unique protein
or protein group (Figure 38 A). Those proteins were filtered by a False Discovery Rate (FDR)
< 1% and at least >1 peptide corresponding to one protein, which resulted in 2,909 proteins
which were used for comparison analysis and principal component analysis (PCA). For further
analysis of differentially abundant proteins, only proteins which reached intensity threshold in
at least three replicates were selected. The PCA showed a clustering of the different treatment
and genotype groups (Figure 38 B). While WT CLP was partially overlapping with cDKO sham,
the cDKO CLP group shifted significantly, indicating a differentially regulated proteome. For
further analysis the data set was filtered by an p-value <0.05 and a fold change of at least 1.5
(Figure 39).
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Figure 38: MS proteome analysis and principal component analysis of proteins
isolated from TA of Ptpn1+2 WT and cDKO mice 48 h after CLP or sham surgery.

(A) Peptide and protein identification by mass spectrometry. (B) Principal component analyses
(PCA) based on 2,909 proteins identified across all four treatment and genotype groups (WT
sham (n=3), WT CLP (n=4), cKO sham (n=4), cKO CLP (n=4).
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Figure 39: Global proteome analysis.

Proteins were isolated from Tibialis anterior muscles of Sham and CLP operated Ptpn1//2 WT
and Ptpn1//2 cDKO mice 48 h after surgery and submitted to MS-based proteome profiling.
(A) Volcano blots comparing the differentially regulated proteins in the cDKO sham and WT
sham groups as a log2 ratio of cDKO sham /WT sham. Blue dots indicating significantly (fold
change >1.3 and p<0.05) downregulation, red dots indicate significantly upregulation of
proteins caused by genetic deletion of Ptpnl and Ptpn2. Grey dots show not significantly
changed proteins. (B) Volcano blots comparing the differentially regulated proteins in the cDKO
CLP and WT CLP groups as a log2 ratio of cDKO CLP / WT CLP. Blue dots indicating
significantly (fold change >1.3 and p<0.05) downregulation, red dots indicate significantly
upregulation of proteins caused by CLP surgery and deletion of Ptpnl and Ptpn2. Grey dots

show not significantly changed proteins.

An enrichment analysis of the differentially abundant proteins (DRP) by Ingenuity pathway
Analysis® (IPA) showed enriched proteins which were attributed to a specific canonical cell
pathway. By consideration of an up- or downregulation of those proteins, a predicted activity
of the specific pathway was calculated (Figure 40). A Z-score above 2 indicates an activation
and a score below -2 an inhibition of the pathway. This analysis showed an activation of
translational pathways, cachexia pathways, ubiquitination, interleukin and interferon signaling
as well as cell death pathways in the cDKO CLP/WT CLP comparison indicating a stronger
inflammatory cell response in TA muscle septic cDKO mice compared to septic WT mice.
Within the same comparison glucose and lipid metabolism, anti-inflammatory IL-10 signaling

and extracellular matrix organization were inhibited, indicating either a metabolic shift or
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mitochondrial dysfunction and impaired energy homeostasis in TA muscle of septic cDKO mice
compared to septic WT mice. Little to no differences were observed between sham treated
cDKO and WT mice, in pathway activation besides a stronger eukaryotic translation activation

and inhibited interferon alpha/beta and ubiquitination pathways in cDKO mice.

c ical path cDKO_sham/ | cbko_cLP/ | wT_cLP/ [cDKo_cLP/
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Figure 40: Canonical signaling pathways activated or inhibited in TA muscle of septic
cDKO mice compared to septic WT mice versus the respective sham treated controls.

Results of an IPA analysis of cellular canonical pathways based on global proteome data and
group comparisons (cDKO sham/WT sham, cDKO CLP/cDKO sham, WT CLP/WT sham,
cDKO CLP/WT CLP). Data was sorted by decreasing z-score values of cDKO CLP/ WT CLP
comparison. A Z-score >2 indicates an activated pathway, a Z-score <-2 an inhibition. Data

was filtered for a p value <0.05.

IPA analysis of potential upstream regulators can predict target proteins which are upstream

of a subset of regulated proteins which were found either more or less abundant (Figure 41).

For example, a significant amount of ISGs (Irf1, Ifit, Irgm1, ligp1) corresponding proteins (IRF1,

IFIT1, IFIT2, IFIT3, IRGM1, 1IGP1) were found upregulated in cDKO CLP samples compared
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to WT CLP samples, therefore a potential upstream regulatoris IFNy a n d .linddééd; allp
type | and type Il IFN as well as their corresponding receptors and downstream effectors (e.g.
STAT1) were identified as potential activated upstream regulators shown by a Z-score above
2. Additionally, multiple pro-inflammatory cytokines, such as IL-1B, IL-1a ,IL-6, and TGF1
were predicted to be upregulated (Figure 41). Proteome changes attributed to genotype (cDKO
sham/WT sham) predicted an upregulated IFNy signaling, MAPK1 and IKBKG signaling.
These data indicate a potential low grade pro-inflammatory phenotype solely by genetic
ablation of PTP1B and TCPTP.

In summary, these data suggest that PTP1B and TCPTP negatively regulate muscle
inflammation in sepsis and so by deletion of both PTPs the inflammatory response is
hyperactive especially the IFN and interleukin response, which is matching tissue gene
expression data.
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Figure 41: Predicted upstream regulators that are activated in TA of septic cDKO mice.
Results of an IPA analysis, predicting upstream regulators in each group comparison. Data
was sorted by decreasing Z-score values of the cDKO CLP/ WT CLP comparison. A Z-score

>2 indicates an upregulation of an upstream regulator, a Z-score <-2 an inhibition. Data was

filtered for a p value <0,05.
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Figure 42: Predicted upstream regulators that are inhibited in TA of septic cDKO mice.
Results of an IPA analysis, predicting upstream regulators in each group comparison. Data
was sorted by decreasing Z-score values of the dKO CLP/ WT CLP comparison. A Z-score >2

indicates an upregulation of an upstream regulator, a Z-score <-2 an inhibition. Data was
filtered for a p value <0,05.
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Figure 43: Analysis of differentially regulated signaling pathways.

Results of a global proteome analysis of Ptpnl+2 cDKO CLP trials. Canonical pathway
analysis was carried out and highly upregulated pathways were further analyzed for protein
family regulations. (A) IFN alpha/beta signaling (B) IFN gamma signaling (C) Pyroptosis
Signaling Pathway (D) Interleukin-1 family signaling. Shaded proteins are not significantly
regulated (p>0.05). Data shown as log?2 ratio fold change, visualized as a heatmap reaching
from log2 -1 to log2 6.
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3.5 PTP1B and TCPTP regulate basal and IFN2 induced gene expression

351 1 FN2 response was sevanuscleypfsaepticscbkkOgmideat ed i

IFNy is the only member of the type Il class of IFN and is mostly attributed to the innate and
adaptive immune system. It is mostly secreted by leukocytes but also skeletal myocytes. IFNy
activates the JAK-STAT pathway through the IFNy receptor 1 and 2. As a soluble cytokine the
main functions are immunomodulatory e.g. induction of 1gG isotype switch in B cells, MHC I
expression on antigen presenting cells, activation and recruitment of macrophages. IFNy
causes a wide range of gene expression, but most proteins expressed by type Il IFN mediated
signaling are attributed to promoting inflammatory immune response especially in the early

onset of an infection or injury.

Proteins isolated from TA of mice from the cDKO trial were subjected to proteomics analyses
(kindly carried out by Dr. Elke Hammer and colleagues; Center of functional genomics,
University and University Medicine Greifswald). A global protein profiling was achieved, and

group comparison analyses was performed.

Data was filtered for a fold change of at least 1.3 and an adjusted p value < 0.05. The top 30
upregulated proteins were analyzed and checked for clustering. Top upregulated proteins in
septic Ptpn1+2 cDKO mice compared to septic WT mice showed a cluster for type Il IFN
response (Figure 44) and key components of the NLRP3 inflammasome. The most
upregulated protein was Guanylate-Binding Protein 7 (GBP7) which belongs to the superfamily
of guanylate-binding proteins which are mainly type Il IFN responsive. The key functions of
GPB7 are not yet sufficiently evaluated. However, GBP2 and GBP5 have been shown to
promote NLRP3 inflammasome assembly.®®??2 The key transcription factor of the IFNy
signaling, STAT1, a major transcription factor of the type Il IFN receptor signaling was also
significantly increased in muscle of septic cDKO mice. Interferon Regulatory Factor 1 (IRF1),
another transcription factor which is solely activated by IFN signaling was also highly

upregulated in muscle of septic cDKO mice (Figure 45 A, B).

In summary, septic cDKO mice showed a significantly dysregulated IFNy response in muscle
as indicated by an increase in type Il IFN related proteins after 48 h of sepsis. While those
proteins’ main function is antiviral and i
infection a prolonged IFNy response will cause a major inflammatory response which might

lead to tissue damage.
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Figure44:1 FNo2 si gn at and eompoaent eftthe NLRP3 inflammasome are

increased in muscle of septic Ptpn1+2 cDKO mice.
12-16 Week Old Ptpn1+2onP/I0xP loxP/loxP (WT), and Ptpn1+2 loxP/loxP//loxP/loxP; MCK cre (CDKO) mice
were subjected to either CLP (n=4) or sham (n=4) surgery and sacrificed 48 h after. M. tibialis

anterior muscles were subjected to targeted proteomics analyses. Data was filtered for a fold

change of at least 1.3 and an adjusted p value < 0.05. Data is shown as log2 ratios of group

comparisons of the top 14 upregulated proteins (cDKO CLP vs. cDKO sham and WT CLP vs.

WT sham). For individual comparisons see appendix.
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Figure 45: IRF1 expression is increased in muscle of septic Ptpn1+2 cDKO mice show.
12-16-week-old Ptpni +2l0xP/loxP//loxP/loxP (WT), and Ptpn1+2 loxP/loxP//loxP/loxP; MCK cre (cDKO) mice

were subjected to either CLP (n=3) or sham (n=3) surgery and sacrificed 48 h after. Protein

levels of M. tibialis anterior were analyzed by Western Blot for IRF1 (interferon regulatory factor

1) and GAPDH as loading control. Data shown as Mean SD, One-way ANOVA followed by

Tukey's post-hoc test was used, ***p<0.001, ns=not significant. Knockdown of Ptpnl and

Ptpn2 aggravated STAT1 phosphorylationand | FNo dependent gtdaselineexpr es s
and in response to | F Nroprimary myotubes.

To investigate whether the increased type Il IFN response, observed by upregulation of IFN
signature proteins could be attributed to myocytes, in vitro experiments utilizing primary
myoblasts isolated from their respective conditionally targeted mice (Ptpn1'oP/1ox?  ppn2loxP/ioxP
and Ptpnl1'o®oxP/ptpn2!o®PoPy strains (Figure 46). Myoblasts were differentiated into
multinucleated myotubes and transduced with a lentivirus encoding GFP described here as
Ptpnl WT, Ptpn2 WT or Ptpnl//Ptpn2 WT cells, which were used as controls. A Cre-
recombinase expressing lentivirus was used in these cells to delete Ptpn1, Ptpn2 or both genes
resulting in Ptpnl KD, Ptpn2 KD or Ptpnl//Ptpn2 DKD cells. After lentivirus transduction cells
were incubated for 48 h to assure full expression of Cre recombinase and deletion of the
respective genes. Cells were then treated with IFNy for 24 h and the expression of those genes
that were differentially regulated at protein level (refer to 3.5.1) was analyzed (Figure 47).

IFNy increased the expression of Irfl, Gbp2, Gbp5, and Gbp7 in primary WT myocytes
transduced with control virus (GFP) (Figure 47). In Ptpnl KD cells, IFNy treatment caused a
similar increase in Irfl, Gbp2, and Gbp5 expression compared to Ptpnl WT cells, whereas
Gpb7 expression was significantly increased (p<0.05). In Ptpn2 KD cells the expression of Irfl,
Gbp2, Gbp5 and Gbp7 was already increased at baseline and was even higher in response to
IFNy treatment compared to their respective controls. Likewise, the expression of Gbp2, Gbp5,
Gbp7, and Irfl was already increased at baseline and was even more induced due to IFNy

treatment in Ptpn1//Ptpn2 DKD cells (Figure 47).
101



Dissertation Bjorn Brinschwitz Results

To further elucidate why the knockdown of Ptpn2 or a combined deletion of Ptpnl and Ptpn2
led to increased gene expression, STAT1 tyrosine 701 phosphorylation was analyzed via
Western Blot analysis (Figure 48). As expected, when WT cells were treated with IFNy for 45
min STAT1 tyrosine 701 phosphorylation was increased. The knockdown of Ptpnl, Ptpn2 or
Ptpnl+2 was accompanied by a further increase in IFNy-induced STAT1 tyrosine 701
phosphorylation (Figure 48).

In summary, deletion of Ptpn2 or Ptpnl and Ptpn2 enhanced IFNy-induced STAT1 tyrosine
701 phosphorylation. The enhanced nuclear translocation and activity of STAT1 was
accompanied by an increased ISG gene expression in Ptpn2 KD and Ptpnl1//Ptpn2 DKD cells
but not in Ptpnl KD cells despite their enhanced STAT1 phosphorylation.

Isolation of Digestionof  Preplating  Seeding of Retroviral Transduction Differentiation Treatment  Harvest
skeletal muscle  muscle tissue myoblasts (GFP/CRE) 24-48 h
p e @ m - §
C = - TA Sols - - ®o -

Figure 46: Principle of primary mouse myoblast isolation and experimental setup.
Ptpn1'oP1oxP - prpn2!oxPoxP o pipn1//2'oxPhexk loxPioxP mice were used to isolate hind limb muscles
(TA, SOL, EDL, GP). Muscles were broken up, digested in multiple steps and pre-plated for
24 h to increase myocyte purity of the cell suspension. Cells were seeded into Geltrex™ coated
cell culture plates (see Methods 2.2.2.3). Cells were retrovirally transduced 72 h after isolation
for 24 h with a GFP or CRE expression plasmid. Myocytes were differentiated into myotubes
for 24-48 h and stimulated with indicated agents. (Created with BioRender.com)
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Figure47:PTPs regul ate basal and | FNo dependent gene
Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of either

Ptpn1'oFoxP = ptpn2loxPioxP g ptpn+2/0xPloxPlloxPloxP  mjce - transduced with a retroviral

expression plasmid coding for GFP or GFP-cre, differentiated into myotubes and treated with

IFNo (100 ng/mL) or vehicle (PBS) for 24 h. Gene expression of indicated genes belonging to

the fAinterferon signat-RORET3-6)vdaa showmdsWMeamd SDyi a gqRT
One-way ANOVA followed by Tukey's post-hoc test was used, *p<0.05, **p<0.01, **p<0.001,

***n<0.0001 and normalized to Gapdh.
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Figure48: Knockdown of Ptpnil, Pt pn2 arddper@eénpSTATL2 i ncr «
tyrosine phosphorylation.

Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of Ptpn1l, Ptpn2,

Ptpn1+2 'oFlloxP loxPloxP mice  transduced with a cre or GFP coding lentivirus and differentiated

into myotubes and treated with IFN92 for 2 hours. Western Blots for indicated targets were

performed (n=3), pTyr701 was used for pSTAT1 Blots. Data shown as Mean + SD, One-way

ANOVA followed by Tukey's post-hoc test was used, *p<0.05, **p<0.01, **p<0.0001. pSTAT1

was normalized to total STAT1 protein.

3.5.2 | F Nrmnduced chemokine gene expression and release is regulated by
PTP1B and TCPTP in myocytes

Since IFNy is a highly immunomodulatory cytokine which acts on recruitment of leucocytes to

the site of infection or inflammation and septic KO mice had elevated serum and tissue

chemokine and leucocyte marker expression, primary muscle cells were analyzed for

chemokine gene expression and their supernatant for changes in the amounts of secreted

chemokines. Myoblasts from floxed Ptpnl, Ptpn2 and Ptpnl//Ptpn2 mice transduced with

either GFP or CRE retrovirus were used (Figure 46). IFNy induced the expression of Ccl2,
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Ccl5, Cxcl9 (MIG-1), and Cxcl10 (IP-10) in WT cells. Ptpnl KD cells showed no significant
differences in the expression of these genes compared to INFy treated WT cells. Ptpn2 KD
and Ptpnl//Ptpn2 DKD cells showed an increased gene expression of all chemokines at
baseline and even stronger after IFNy treatment (Figure 49).

Multiplex analyses of the supernatant of either WT or KD cells that have been treated with
IFNy or vehicle were analyzed. Since the aim was to compare elevated chemokine levels to
those who were stronger expressed within the tissue/cells, the data for CCL2, CCL5, CXCL9

and CXCL10 protein contents are shown in Figure 50 (for whole multiplex data set see

Appendix).
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Figure49:PTPs regul ate basal and | FNo> dependent

Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of either Ptpnl
IoxPlloxP - Pt 2IoxPloxP o ptpn1+2 'oxPloxPilloxPlloxP mice  transduced with a retroviral expression
plasmid coding for GFP or GFP-cre, differentiated into myotubes and treated with IFN2 (100
ng/mL) or vehicle (PBS) for 24 h. Gene expression of indicated chemokines was analyzed via
gRT-PCR (n=3-6). Data shown as Mean + SD, One-way ANOVA followed by Tukey's post-hoc
test was used, *p<0.05, **p<0.01, *p<0.001, ***p<0.0001 and normalized to Gapdh.
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Figure 50: PTP1B and TCPTP regulate basal and IFNy dependent chemokine

secretion.

Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of either
Ptpn1'o®1oxP = ptpn2loxPloxP qr  ptpn1+2 oxPlexP loxPloxP mjce - transduced with a retroviral
expression plasmid coding for GFP or GFP-cre, differentiated into myotubes and treated with
IFN9 (100 ng/mL) or vehicle (PBS) for 24 h. Concentration of chemokines was analyzed in the
supernatant of cells (n=3). Data shown as Mean + SD, One-way ANOVA followed by Tukey's
post-hoc test was used, *p<0.05, **p<0.01, *p<0.001, ***p<0.0001 and normalized to Gapdh.

3.6 PTP1B and TCPTP regulate NLRP3 inflammasome activation

3.6.1 NLRP3 inflammasome activation was aggravated in muscle of septic
cDKO mice

Inflammasomes are multiprotein complexes that mediate maturation and secretion of IL-1f3
and IL-18 and an inflammatory form of cell death (pyroptosis) in the context of the innate and

adaptive immune responses.

Based on my findings presented here (e.g. inflammatory phenotype in muscle, increased

serum chemokine and cytokine levels as well as proteome changes for IFNy and NLRP3

inflammasome components), further analyses focused on the NLRP3 inflammasome. | found

that muscle of septic cDKO mice contain higher amounts of the NLRP3 protein compared to
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septic WT controls (Figure 51 A & B). Oligomerized NLRP3 recruits ASC (see 1.3.4) which
recruits caspase 1 and enables proximity-induced self-cleavage and activation. | observed
increased caspase 1 levels in TA of septic cDKO mice compared to septic WT controls (Figure
51 A & B). Activated caspase 1 cleaves pro-IL-13 and GSDMD (at the N-terminus) resulting
in IL-13 and cleaved GSDMD fragments. | found increased levels of GSDMD full length and
p30 (N-terminus) cleaved fragments in TA of septic cDKO mice but not in septic WT controls
(Figure 51 A & B). As shown above (3.4.3) we found elevated serum levels of IL-13 which
indicate higher release and/or cell death. Additionally, components of non-pyroptotic cell death
pathways caspase 8 and GSDME were found to be upregulated in septic cDKO mice but less
so in septic WT mice (Figure 51 A & B). Whether those increased amounts of inflammasome
components can be attributed to myocyte activation of the NLRP3 inflammasome or from
activated infiltrated leucocytes could not be answered at this point (see 3.6). There were no
differences detectable in Ptpnl cKO and Ptpn2 cKO mice.
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Figure 51: The NLRP3 inflammasome is strongly activated in muscle of septic Ptpnl
and Ptpn2 cDKO mice.
12-16-week-old Ptpn1+2'>P1P gnd ptpn1+2/0xPloxP: MCK cre mice were subjected to either CLP
(n=4-10) or sham (n=4-8) surgery and sacrificed 48 h after. TA muscle lysate was used to
perform Western Blot for NLRP3 inflammasome components (A). Data shown as Mean + SD,
One-way ANOVA followed by Tukey's post-hoc test was used, *p<0.05, **p<0.01, ***p<0.001,
and normalized to GAPDH (B).
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3.6.2 NLRP3 assembly could be shown in primary myotubes

Isolated primary mouse myoblasts were differentiated into myotubes and treated with LPS to
prime and Nigericin or ATP to activate the NLRP3 inflammasome (Figure 52). Since NLRP3
inflammasome activation causes a release of IL-13 a n-d8 tHradugh GSDMD pores in the
cell membrane, the supernatant was collected, containing proteins precipitated, and analyzed
by Western Blot. Indeed, NLRP3 inflammasome activation with Nigericin and ATP caused an
increase insecreted IL-1 3 (pl17) and cl| eave dupGmmiaM Figuep3)0) i n t
The myotube lysates showed increased levelsof pro-IL-1 3 af t er pr i(Fogure®2). wi t h L
This experiment showed that myocytes can activate the NLRP3 inflammasome in response to
stress signals and toreleaseIL-1 3 vi a GSDMD pores, thus putativel
tissue and systemic inflammation and may be an additional mechanism of self-inflicted muscle

atrophy and immune response modulation.
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Figure 52: Primary mouse myotubes show LPS dependent activation of the NLRP3
inflammasome.

Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of C57BL6/N
mice, differentiated into myotubes and treated with LPS (100 ng/mL) for 3 h and/or with
Nigericin (20 uM) or ATP for 3 h. Western Blots were performed (n=3).
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To investigate whether a knockdown of Ptpnl and Ptpn2 has an effect on NLRP3
inflammasome activation, primary mouse myoblasts from Ptpn1+2/oxP/loxPllloxPlloxP \yare jsolated,
retrovirally transduced with either GFP or cre-recombinase, and differentiated resulting in WT
and DKD myotubes (Figure 46 & Figure 53 A). The knockdown of PTP1B and TCPTP (Figure
53 A) was successfully shown by Western Blot. NLRP3 inflammasome priming and activation
was achieved by LPS and Nigericin treatment, respectively. Figure 53 B shows that priming
and activation of the NLRP3 inflammasome resulted in increased p17 IL-13 protein contents
in the supernatant of WT cells, which was more pronounced in Ptpn1//Ptpn2 DKD cells.

Spalinger et.al'®® showed in intestinal endothelial cells that ablation of Ptpn2 could increase
ASC phosphorylation and therefore a higher activation of the NLRP3 inflammasome. The
stress induced c-Jun N-terminal kinase 1 (JNK1) mediates phosphorylation of ASC. Indeed
Figure 53 C shows that activation but not priming of the NLRP3 inflammasome increases JNK1
p46 and p55 Thr/Tyr phosphorylation and therefore increases its activity. The knockdown of
Ptpnl and Ptpn2 led to an increased JNK1 phosphorylation after NLRP3 inflammasome
activation. JNK1 is therefore more active in PTP deficient cells and could possibly facilitate a
greater activation of the NLRP3 inflammasome by increased ASC phosphorylation and

therefore more IL-13 secretion.
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Figure 53: PTP1B and TCPTP deficiency enhances NLRP3 inflammasome dependent
IL-1b secretion and JNK1 phosphoryl ati on.
Primary myoblasts were isolated from hind limb muscles (TA, EDL, GP, SOL) of Ptpn1+2
loxPlloxP loxPloxP mjce, transduced with a CRE or GFP coding lentivirus (A) and differentiated into
myotubes and treated with LPS (100 ng/mL) for 3 h and/or with Nigericin (20 uM) or ATP (100
uM) for 3 h (C). Cell culture supernatant was collected and protein precipitation performed.
Western Blots for indicated targets were performed (n=3) and protein amount was plotted by
densitometric values (B). Data shown as Mean + SD, Two-way ANOVA followed by Tukey's

post-hoc test was used, *p<0.05, ***p<0.001.
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4 DISCUSSION

Critically ill patients and patients with sepsis or consequently ICUAW often develop muscle
atrophy which results from a decreased synthesis and an increased degradation of muscle
proteins. RNAseq and gRT-PCR analysis of RNA isolated from M. vastus lateralis biopsy
specimens from critically ill human patients admitted to the ICU showed increased levels of
PTPN1 and PTPN2. Western Blot analysis of proteins isolated from the same tissues showed
increased PTP1B and TCPTP protein levels and decreased amounts of IRS1 and INSR,
indicative for muscle insulin resistance. PTP1B is a known negative regulator of the INSR, and
TCPTP is involved in non-muscle cell insulin homeostasis. Additionally, PTP1B and, especially
TCPTP, are known to be major negative regulators of cytokine receptor signaling. Given that
sepsis and inflammation are accompanied by increased levels of pro-inflammatory cytokines
like IL-6,IL-1 B, TNFa or | FNy. Both PTPs regul at e

JAK2 and STAT3 and STATL1. | propose that PTP1B and TCPTP are major regulators of a
sepsis-mediated inflammatory phenotype in skeletal muscle which may also affect skeletal
muscle insulin signalling and possibly survival of the organism. This work characterized the
impact of PTP1B and TCPTP and their non-redundant functions in regulation of sepsis and
inflammation in skeletal muscle. My data also strengthen the notion that skeletal muscle acts
as a secretive immunomodulatory organ. The data presented in this work provide insights in
different pathways which get regulated/dysregulated by PTPs and how they influence muscle
atrophy, serum levels of cytokines and chemokines and an inflammatory phenotype in skeletal

muscle and ultimately survival.
4.1 Upregulation of Ptpnl and Ptpn2 in inflammation and sepsis

Sepsis and inflammation are tightly intervened and compose a potential lethal pathology.
Besides systemic effects, like increased leukocytes, cytokines and complement factors, those
factors cause tissue damage in one or multiple organs and lead to tissue damage and often
organ failure and death.'® Skeletal muscle damage occurs during and after sepsis and can
cause a polyneuropathy-myopathy called ICUAW.5! To study sepsis and ICUAW in a mouse
model, CLP surgery can be applied to induce peritonitis followed by polymicrobial sepsis
mediating skeletal muscle atrophy. Key regulators which were found to drive human sepsis
and muscle atrophy progression like E3 ubiquitin ligases, pro-inflammatory cytokines (IL-6,
IL1-B, TNF, IFNy) and leukocytes can be induced by CLP in mice. Therefore CLP surgery was

employed within this work.%2%

PTP1B and TCPTP were found to be essential regulators of metabolic and inflammatory
signaling. They were found to be transcriptionally and translationally upregulated in human

skeletal muscles of critically ill patients, which were not necessarily septic, and in skeletal
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muscle of mice which underwent CLP surgery. Implicating either a potential need for negative
regulation of enhanced pathways or as a side effect of inflammation itself which might
dysregulate the function of PTPs and therefore could negatively impact cell signaling in skeletal
muscle. The role of PTP1B and/or TCPTP in skeletal muscle was not yet characterized. PTP1B
deletion could improve cardiac dysfunction caused by sepsis in mice. PTP1B was also shown
to be a major regulator of the insulin pathway in multiple tissues.?'>222 TCPTP was evaluated
in skeletal muscle solely to investigate its impact in insulin sensitivity, glucose metabolism and
insulin signaling but not regarding inflammation. Although TCPTP is known to be a major
regulator of inflammation in the immune system.*%1°1 A germ line deletion of TCPTP protein
leads to systemic inflammation with leukocytosis and infiltration in multiple tissues and
ultimately to death after 5-6 weeks in mice.??* Since inflammatory cytokines have been shown
to be elevated in skeletal muscle during sepsis®*°, | tested whether a subset of those cytokines
(IL-6, IL-13, TNFa) could increase Ptpnl/PTP1B and Ptpn2/TCPTP expression in myocytes.
In this work, | utilized a murine myoblast cell line (C2C12), which can form multinucleated
myotubes and express muscle proteins. C2C12 cells are also metabolically sensitive to insulin.
Ptpnl and Ptpn2 gene expression was increased in response to short-term treatment with IL-
6 but not by IL-1[3, and only Ptpnl was induced by short term TNFa treatment. Those results
are partially in alignment with the findings of upregulated PTP1B in C2C12 cells by TNFa and
increased expression of TCPTP and PTP1B in leukocytes (mainly macrophages) during sepsis
and inflammation.167-225226 PTP1B was also elevated in septic hearts and in IL-6 treated
NRVCM, which suggests a conserved response in striated muscle, although a higher protein
kinase activity in response to sepsis might also subsequently cause higher phosphatase
activity independently of a single cytokine. TCPTP was shown to be elevated in gastric
endothelial cells in inflammatory bowel disease like C o h rdisemse and Ulcerative colitis (UC).
By showing that PTP1B/Ptpnl and TCPTP/Ptpn2 were induced in human skeletal muscle
during inflammation and in C2C12 cells and NRVCM in response to pro-inflammatory
cytokines, mainly IL-6, my findings suggest a potential regulatory role of both PTPs in cytokine

signaling.

Since only IL-6 significantly induced both PTPs at transcriptional level, | evaluated the
specificity of the IL-6 signaling pathway for regulation of both PTPs. IL-6 signhals through the
IL6R and the transmembrane protein Gp130. Mice with a skeletal muscle specific knockout of
[16st/Gp130 were subjected to CLP surgery by Zanders et al.?** and TA muscles were analyzed
for RNA expression within my work. | could show that during sepsis both PTPs were
upregulated in muscle of WT but not Gp130 cKO mice indicating that the sepsis-mediated
increase in Ptpnl and Ptpn2 expression is mediated by Gp130 and possibly IL-6. To test
further downstream signaling proteins of the IL-6 pathway, | used specific JAK2 and STAT3
inhibitors in C2C12 cells. Indeed, inhibition of JAK2 and STAT3 prior to IL-6 treatment
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attenuated the expression of both PTPs and the STAT3 dependent gene Socs3, which was
used as a bona fide STAT3 responsive gene. In summary those experiments indicate a
potential STAT3 dependent regulation of Ptpnl and Ptpn2 in myocytes in response to IL-6.
This could potentially be part of a negative feedback loop because JAK2 and STAT3 both get
tyrosine phosphorylated due to IL-6 ligand binding to its receptor.

To characterize the consequences of upregulated PTP1B and TCPTP in skeletal muscle, the
effects of overexpressed PTP1B and TCPTP in C2C12 cells were analyzed. Neither
overexpression nor the knockdown of either PTP altered the ability of myoblasts to differentiate
into myotubes. These data indicate that myogenic differentiation occurs independent of both
PTPs. I further elucidated the role of PTP1B and TCPTP in IL-6 signaling to test the hypothesis
that both PTPs might act as negative regulators of STAT3 activity (phosphorylation). To test
this hypothesis, | overexpressed PTP1B or one of the TCPTP isoforms (TC45 and TC48) in
C2C12 cells and treated them with IL-6. Analysis of STAT3 phosphorylation and Socs3 gene
expression showed that IL-6 induced STAT3 phosphorylation and Socs3 expression was
attenuated by PTP1B, TC45 and TC48 overexpression. TC45 overexpression showed the
highest reduction in STAT3 Tyr705 phosphorylation. Several studies showed that PTP1B
targets JAK2 and TCPTP STAT3 to dephosphorylate them.®” Most studies were conducted in
easy to transduce/transfect cell lines like Hek293 and HelLa.1%7215227.228 | could show that
PTP1B, presumably by dephosphorylation of JAK2 as an upstream regulator of STAT3, TC45
as the nuclear isoform of TCPTP and TC48 as the cytoplasmic isoform could reduce IL-6
mediated STAT3 tyrosine phosphorylation and Socs3 gene expression in muscle cells. By
using (co)-immunoprecipitation | could also confirm that TC45 directly interacts with STAT3,

which is in line with published substrate binding studies.??°

In summary, | showed that IL-6 via JAK2 and STAT3 increases the expression of Ptpnl and
Ptpn2. Overexpression of PTP1B and TCPTP led to reduced IL-6 mediated STAT3 activity,
shown by a reduced STAT3 Y705 phosphorylation and suppressed Socs3 expression.

4.2 Regulation of insulin signaling by PTP1B and TCPTP in vitro and in
vVivo

Skeletal muscle is the biggest organ in the human body and is immensely metabolic active.
About 80% of glucose metabolism is controlled by skeletal muscle, followed by liver and other
tissues®. Muscles can take up huge amounts of glucose and are therefore essential for
physiological blood glucose regulation.® The main driver of glucose uptake is insulin which
signals through the INSR who possesses tyrosine kinase activity. Insulin is an anabolic
hormone which promotes protein synthesis®°, therefore insulin resistance which often occurs
in critically ill patients and contributes to a disrupted balance between anabolism and

catabolism which ultimately leads to muscle atrophy.!* PTP1B is the main negative regulator
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of the INSR and of some of the downstream proteins, therefore insulin signaling itself. TCPTP

was shown to be a negative regulator of the INSR in non-muscle tissues like liver,154192.201,228

The interaction between PTP1B and INSR is thoroughly described in several studies.?15230-233
In vitro and in vivo studies showed that PTP1B can dephosphorylate the INSR at its beta chain
(tyrosine phosphorylated resides) and presumably also the downstream adapter IRS1. Here, |
used C2C12 cells that overexpressed PTP1B, TC45 and TC48, respectively, and tested if their
overexpression affects INS stimulated signaling pathways. The INSR follows a sequential
conformational change after insulin binding which leads to autophosphorylation at (-chain
subunits close to the ligand binding site (a-chain) which are called early phosphorylation sites.
Further signaling transduction within the INSR leads to phosphorylation of phosphor-sites
further downstream of the -chain.?¢ In line with published work, | found that overexpression
of PTP1B reduces INSR tyrosine phosphorylation at multiple early and late tyrosine
phosphorylation sites (1150/1151, 1146, 1130/31). | also found a reduced downstream
signaling indicated by reduced phosphorylation of Akt (S473/Thr308), IRS1 (S307), and AS160
(Thr642). Because AS160 due to its interaction with Rab GTPase-activity mediates the
translocation of GLUT4 to the cell membrane, a reduction in AS160 phosphorylation and
therefore activity will result in a decreased GLUT4 translocation. Phosphorylation at Thr642 is
necessary for interaction with 14-3-3 proteins, thereby reduced INS mediated phosphorylation
decreases Rab GTPase activity and translocation of GLUT4 and ultimately reduced glucose
uptake. Knowing that INS has anabolic properties and increases protein synthesis, |
investigated if overexpression of PTP1B affects INS-dependent nascent protein synthesis. As
expected, INS led to a higher protein synthesis, which was reduced in PTP1B overexpressing
cells, indicative for a reduced Akt/mTOR/S6K signaling pathway activity. To confidently confirm
those results a glucose uptake assay e.g. by 2-DG6P or *H-2DG6P measurements would be
needed. Most glucose uptake studies are performed using ®H-2 deoxyglucose-6 phosphate
(®HDG6P), which is a radioactive assay and therefore has multiple obstacles to tackle before
such a technique can be used. A fluorescence-based assay is easy to establish, commercially
available but less sensitive compared to radioactive assays. However, the results of those
assays are restricted due to the high autofluorescence of myocytes that impacts the assay's
detection ranges and suitability. Overexpression of TCPTP did not alter INS mediated
phosphorylation of any mentioned target. In line with the literature, | could show that TCPTP
does not influence INS signaling in myocytes. Tiganis et.al'®21% previously reported that
muscle specific knockout of TCPTP did not lead to a change in insulin sensitivity or glucose
uptake contrary to liver cells. They proposed that this may be due to a differential expression
pattern of the two isoforms TC45 and TC48. | found that overexpression of both isoforms did
not alter INS signaling which challenges this hypothesis. Further biochemical analyses and

substrate trapping studies with specific parts of the IR chain and TCPTP isoforms would be

116



Dissertation Bjorn Brinschwitz Discussion

needed to elucidate the reason why and how TCPTP binds and dephosphorylates the INSR in

hepatocytes but not in muscle cells.

In summary, | confirmed the known negative regulatory functions of PTP1B on INS mediated
signaling. Additionally, | found that AS160 phosphorylation was also affected by PTP1B
overexpression in muscle cells. | could also show that TCPTP in vitro overexpression did not
alter INS mediated signaling independent of the overexpressed isoform. Previously only in vivo

data and studies in other cell types (hepatocytes, fibroblasts) were published.194215231.234

4.3 Deletion of Ptpnl and Ptpn2 causes an aggravated inflammatory

phenotype in muscle during polymicrobial sepsis

Sepsis and muscle wasting are interconnected and can lead to significant comorbidities as
well as prolonged hospitalization and ventilation. We employed an in vivo model of
polymicrobial sepsis (CLP) in conditional knockout mice. Mice lacking PTP1B/TCPTP or both
in skeletal muscle underwent surgery, were monitored for survival and humane endpoints and
were sacrificed 48 h after surgery. To assess a general phenotype of sepsis induced muscle
atrophy, muscle weights, histological or immunostaining staining (H&E-, PAS-, Myh3-, and
F4/80-staining) and biomolecular analyses (WB, gPCR) were performed.

As expected, | observed a mortality rate of up to 75 % (50 % in WT mice) which is in line with
many published trials using the CLP technique. 2*-2%” We could not observe any changes in
survival, muscle or organ weights or histology of sham treated WT and cKO mice. Septic mice
lacking both PTPs showed significantly higher mortality compared to WT mice, those results,
although with a smaller margin of difference, could also be found in Ptpn2 cKO mice. We
further show that deletion of both PTPs led to significantly decreased TA muscle weights while
single deletion of either PTP did not alter the sepsis-induced muscle mass loss. Those results
indicated that cDKO mice are more susceptible to sepsis-induced TA muscle mass loss and
disease severity. In H&E staining of histological cross-sections, we observed a high number
of centralized nuclei and decreased MCSAs in septic cDKO mice compared to controls.
Immunohistological sections showed increased numbers of MYH3 containing myofibers that
also showed centralized nuclei. Those results indicate high cellular stress and muscle atrophy
with a secondary increased regenerative phenotype. Centralization of nuclei was shown to be
indicative for severe muscle atrophy with a high degree of muscle protein degradation and
synthesis.?®¥2% MYH3 is part of the hexamer myosin and can be attributed to muscle
regeneration. Furthermore, we could show cellular infiltration in muscle of septic cDKO mice
by staining of F4/80 a commonly used marker of (pro-inflammatory) macrophages. Although
there are tissue residing macrophages in skeletal muscle, such cells were not detected in
muscles of sham operated WT mice, indicating that those signals in muscle from septic DKO

mice possibly stem from infiltrating macrophage. During sepsis and systemic inflammation
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mononuclear infiltration has been reported to occur in multiple organs/tissues. The germline
deletion of TCPTP is lethal after 5-8 weeks and mice developed systemic inflammation,

disrupted hematopoiesis and mononuclear infiltration in several organs like heart and liver.®

Up to this point, | could not find any studies which employed a muscle specific knockout of
Ptpnl and Ptpn2 and utilized CLP-induced polymicrobial sepsis to assess the effects of these
PTPs on sepsis-induced muscle wasting. Some studies used a cardiomyocyte-specific
knockout of PTP1B to investigate its effects on sepsis-induced cardiomyopathy, which indeed
showed improved left ventricular ejection fraction compared to WT controls.?2%249.241 Tiganis
et.al. showed that skeletal muscle specific TCPTP knockout mice did not improve in insulin
sensitivity or glucose uptake at baseline and comparing high fed diet to control mice.'%

Molecular analyses of TA muscle tissues of mice lacking either PTP or both were carried out
to assess the observed phenotype. We and others could show that there were elevated levels
of gene expression of pro-inflammatory cytokines like 116. IL-13 and IFNy were present in
skeletal muscle during sepsis, which was highly augmented in cDKO mice. Especially IFNy
was highly expressed after 48 h in TA muscle of septic cDKO mice. IFNy response is expected
in sepsis although to a lesser degree and with a kinetic which prohibits to see a high expression
after 48 h. Additionally, we measured serum cytokine levels (protein based) and observed
similar results to the gene expression data in skeletal muscle. Higher serum levels of pro-
inflammatory cytokines occur in sepsis and are expected, but a skeletal muscle specific
knockout of both PTPs significantly increased those serum levels, indicating either a secretive
function of skeletal muscle during sepsis with an enhanced response due to the absence of
the PTPs or due to apoptotic/pyroptotic cell death of myocytes which release cytokines either
directly into the blood or they get taken up by leucocytes which will turn pro-inflammatory and
migrate back into the blood stream and release interleukins. Those results indicate a highly

dysregulated inflammatory response of the skeletal muscle if these PTPs are inactivated.

While leucocyte infiltration in skeletal muscle occurs physiologically during/after exercise and
tissue injuries®*?, excessive infiltration was seen in myositis, myopathies and during
infection.?#3244 Septic mice were shown to have neutrophil infiltration in skeletal muscle which
led to increased muscle atrophy and weakness.?*® We saw F4/80 positive macrophage
infiltration of TA muscle of septic cDKO mice. This observation was accompanied by elevated
levels of Cd68, F4/80, Cdllc and Ly6.6B (neutrophil marker) in TA muscle of septic cDKO
mice (and Ptpn2 cKO mice, partially). Those data indicate that PTP1B and TCPTP regulate
skeletal muscle inflammation and/or the signaling pathways involved in stress-induced
chemokine release which would explain the increased leucocyte infiltration either by higher
chemotaxis as a primary- or by higher tissue inflammation and damage and therefore
secondary effect. Leucocytes get attracted to tissues/organs by chemokines (chemotactic

cytokines) which get secreted by target cells to induce directional movement of leucocytes e.g.
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to the place of inflammation or injury. To elucidate a possible role of chemokines, we analyzed
muscle tissue gene expression of the chemokines CCL5 (RANTES), CCL2 (MCP-1) and
CXCL9 (MIG) and found them to be elevated in muscle of septic cDKO mice. CCL2 is
described as a myokine since it is primarily secreted by skeletal muscle.?” CXCL9i s an
dependent chemokine. We again tested for serum levels of multiple chemokines and found
elevated levels in septic WT mice but further aggravated concentrations in septic cDKO mice
(partially in Ptpn2 cKO mice as well). Speyer et.al. showed that CLP surgery dramatically
increased leucocyte responsiveness to C-C-motif chemokines.?*® Those results further
strengthen the hypothesis that PTP1B and TCPTP control chemokine release by regulation of
upstream transcription factors (e.g. IRF1, STAT1, STAT3) or respective receptors (e.g. IFNyR,
IL-6R).

In summary those results indicate that deletion of PTP1B and TCPTP lead to a higher mortality,
higher muscle mass loss and leucocyte infiltration. This could be explained by a highly
dysregulated inflammatory myocyte response to sepsis, shown by increased pro-inflammatory
cytokine levels. Those cytokines could lead to increased secretion of themselves as well as
chemokines which attract leukocytes which infiltrate the muscle tissues and enhance or at
least contribute further to the inflammation. PTP1B and TCPTP therefore seem to play partially
non-redundant key roles in negative regulation of inflammation response in skeletal muscle.
Some publications show that TCPTP plays a major role in regulation of inflammatory response
especially in T cells, macrophages and gastro - endothelial cells.1%6:181:227.247-250 |n T cells and
monocytes absence of TCPTP (partially also PTP1B) increased basal IFNy signature and IL-
6 expression, after stimulation with several inflammatory stimuli, cell response was significantly

augmented, which we similarly saw in skeletal muscle cells,156:157.182,248,249
4.4 Ptpnl and Ptpn2 regulate interferon signaling in muscle

PTP1B and TCPTP cDKO mice showed an enhanced septic phenotype. To further elucidate
proteins involved in this phenotype we employed proteomics analyses of proteins isolated from
TA muscles. IPA® comparative analysis revealed highly activated canonical pathways of
IFNY/IFNa/IFNB as well as pyroptotic cell death pathways. Subsequently proteins of the IFNy
signature, so called ISGs, were found to be significantly upregulated in muscle of septic cDKO
mice compared to septic WT controls. Physiologically those ISGs get upregulated in response
to sepsis within the affected tissue. We did not investigate IFNy dependent ISG expression in
non-muscle tissue although one could re-analyze e.qg. liver tissue since we saw elevated serum
cytokines and chemokines this might have also affected several other tissues. IFNy and type
I IFN activate similar 1ISGs and signal through the same canonical pathway although with
partially different effector genes.”7® In an in vivo model we cannot exclude that the type | IFN

contribute to the observed increase in ISG proteins, although most of them are attributed to
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IFNy which is controversially discussed in the literature.?®?%2 Since we also saw a strong
upregulation of IFNy dependent chemokines like CXCL9 and CXCL10 (IP-10), my data

implicatet h at Il FNy signaling is significantly enhanc
signature. Both CXCL9 and CXCL10 are used as proxy markers for IFNy b e c I&Nydeeels
are difficult to measure. In murine (and human) organisms the major IFN secreting cells are
leucocytes.”17823 S e v er al ani mal studies showed that | FN
CLP surgery, especially due to high endotoxin levels (gram-negative bacteria from
peritoneum).>*Ti ssue expression and | FNy |l evels were mo

cells and NK cell s had .2 PTPhB dgletienlinema@dpleages wak Ny | ev

shown to impact viability, inflammatory response and type | IFN secretion, which was partially
independent of PTP activity but dependent on ER localization.?®* TCPTP is a known major
regulator of cytokine receptor signaling, mainly by controlling the phosphorylation and thereby
dimerization and translocation of STAT transcription factors into the nucleus.’®” Thereby it
demonstrated a regulatory role in IFN-STAT1 dependent signaling and inflammation.

To elucidate whether the observed proteome regulation is caused solely by leucocyte
infiltration or if this might be a specific myocyte phenotype or both, we isolated primary
myoblasts from Ptpn1+2'""o® mice and transduced them retrovirally with Cre-recombinase,
which led to a significant reduction in PTP1B and TCPTP protein contents. Since this isolation
protocol should only cultivate myocytes, although there was no FACS based cell sorting or any
other further selection based on myocyte specific properties but at least reduce the amount of
non-muscle cells significantly we can attribute the observed results to a myocyte specific

phenotype.

Primary myoblasts were either GFP or GFP-cr e transduced and treated

Gene expression of ISGs (e.qg. Irf1, Irgm1, ligpl, Gbp5), identical to these which were found to
be induced in the proteomics data set of CLP mice, were analyzed and found to be upregulated
in interferon treated GFP transduced cells as well as in cells transduced retrovirally with a Cre-
recombinase coding vector but significantly higher expressed. Gene expression of chemokines
was analyzed in parallel and indeed IFN dependent chemokines like CXCL9 or CXCL10 were
found to be upregulated in GFP cells and again higher expressed in GFP-Cre cells.
Additionally, CCL2 and CCL5 were found to be transcriptionally upregulated in the same way
as the IFN dependent chemokines. Furthermore, those chemokines were also found to be
secreted by myotubes stimulated wi tGrecetllf Nhe,
combined knockdown of Ptpnl and Ptpn2 showed a stronger induction of ISGs and
chemokines than the single knockdown of Ptpn2 and the singular knockdown of Ptpnl did not
affect any chemokine or ISG expression. Western Blot analyses showed that STAT1 tyrosine
phosphorylation was augmented in double knockdown as well as in both single knockdown

cells. Ptpnl knockdown enhanced STAT1 phosphorylation, putatively by upstream activation
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of JAKs which were less negatively regulated due to the absence of PTP1B. Still, | could not
observe significant changes in ISG, or chemokine expression compared to GFP controls. This
might be due to the negative regulatory effects in the nucleus excited by TCPTP / TC45, and
since there was no cellular fractionation before conducting WB, this might not reflect nuclear

STATL1 phosphorylation but mainly cytoplasmic.

Those results are in line with the literature, although nearly all published data were based on
experiments performed with leucocytes like macrophages, dendritic cells and T
cells.182:247.250254 pTP1B and TCPTP were shown to increase STAT1 phosphorylation non-
redundantly and deletion of TCPTP or both PTPs enhanced cytokine sensitivity, STAT1
tyrosine phosphorylation, cell viability and even cell morphology.?4”24¢ Dendritic cells lacking
both PTPs were shown to shift into a DC1 phenotype with increased IFN secretion and IL-12
secretion.?*® Similar results were found in T cells lacking TCPTP.227:2552% Those results led to
the development of cancer treatment strategies with autologous chimeric antigen receptor
(CAR)-T cell injections and treatment of different cancers, e.g. for orthotopic HER-2-EQ771
breast cancer tumors. As previously mentioned, cells lacking TCPTP (and/or PTP1B) are more
sensitive to cytokine or other danger signal stimulation, thus immune response was stronger.
Those findings i mplicat ecelrdspomse ly hedunigexpressing‘ofe n han c e
PTPs ex vivo. A single dose of HER-2 CAR-T cells lacking TCPTP (and PTP1B) were able
increase lifespan from 25 days in CAR-T WT to over 200 days in up to 50 % of mice harboring
HER-2-E0771 solid tumors. Additionally, those animals were able to control tumor growth after
being rechallenged with HER-2-E0771 70 days after treatment.2%5257

In summary, | could show that deletion of PTP1B and TCPTP in skeletal muscle under septic
conditions causes a dysregulated | FN, especi al |
tyrosine phosphorylation, ISG gene and protein expression as well as class | MHC expression

and enhanced chemokine secretion (Figure 54). Those results demonstrate two important

aspects, (i) skeletal muscle is an active secretive tissue which impacts circulating systemic

cytokine and chemokine levels and (ii) that skeletal muscle cells react similarly to immune cells
regarding PTPs and | FdNgwardsiagenerd rnomtgsuewspdcificitontpob i n t

of I FNy signaling by TCPTP and PTP1B outside the

4.5 Ptpnl and Ptpn2 regulate muscle inflammasome activity

Inflammasomes are multiprotein complexes which assemble in response to a wide range of
cellular and non-cellular stimuli. They are part of the innate and adaptive immune system and
control the release of IL-1 and IL-18, thereby contributing to inflammation and pathogen
clearance under physiological conditions. Inflammasome activation plays a crucial role in
progression of sepsis in different tissues and organs, especially in leukocytes

(macrophages/monocytes). Inflammasome activation and stability is controlled by
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posttranslational modifications and trigger molecules.103198.109 Ag described in 3.4.6 (Figure 39
& 43), we found elevated protein levels of IFN dependent proteins, such as guanylate binding
proteins (GBP5 and GBP2), but also components of the NLRP3 -inflammasome like NLRP3,
caspase-1 and ASC. GBP5 and GBP2 were described to be involved in the assembly of the
canonical NLRP3-inflammasome (Figure 54).96-22225%8 Additionally, we found elevated serum
levels of IL-1[3 in septic mice which were aggravated in PTP1B and TCPTP deficient mice. The
same was true for gene expression data found in TA muscle of septic WT and KO mice, with
significantly elevated expression in septic cDKO mice. Conducting WB analyses of TA muscle
tissues from WT (sham & CLP) and cDKO (sham & CLP) mice revealed highly elevated protein
levels of inflammasome components, namely caspase-1, GSDMD, and NLRP3 itself. Although
components of the non-canonical inflammasome like GSDME and caspase-8 were elevated
similarly. Huan et al., previously reported that skeletal muscle deficient NLRP3 mice are
protected from sepsis-induced muscle atrophy #°, indicating that the NLRP3 inflammasome
significantly contributes the progression of sepsis-induced muscle wasting. In line with those
results hyperactivation of the NLRP3 inflammasome, as seen in my studies conducted in
Ptpnl//Ptpn2 cDKO mice, should enhance muscle atrophy which could be shown by reduced
muscle mass and MCSAs in combination with elevated quantities of centralized nuclei. Other
than in CLP-sepsis models, it was shown that LPS — induced sepsis could increase NLRP3
expression, which could be attenuated by a PKR inhibitor which acts upstream of Pyk2.2%°
Similar to the IFN phenotype observed in cDKO mice, | evaluated the NLRP3 activation in
primary mouse myoblasts isolated from Ptpn1//Ptpn2 'F1oxP mice and transduced retrovirally
with a Cre recombinase expressing vector. Although there are publications showing in vivo
NLRP3 inflammasome activation in skeletal muscle in different myopathies?°25! a compulsive
mechanistical demonstration in isolated myocytes is missing. | demonstrated that primary
mouse myotubes could activate the NLRP3 inflammasome in response to LPS priming as well
as nigericin- and ATP-mediated activation. NLRP3 activation was shown by the cleavage and
release of IL-1p3 and GSDMD. Furthermore, combined knockdown of PTP1B and TCPTP led
to secretion of higher amounts of IL-1p. As reported in several studies, ASC phosphorylation
controls activity and assembly of the NLRP3 inflammasome. ASC phosphorylation is controlled
by Pyk2, Pyk2 is controlled by JNK1, which is controlled by TCPTP activity (Figure 54).193.108-
110.262 Indeed, we found that myotubes primed with LPS and stimulated with nigericin showed
increased phosphorylation of JNK1 at p46 and p54. Myotubes deficient of PTP1B and TCPTP

showed further increased phosphorylation at both INK1 trans-activating phosphorylation sites.
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5 CONCLUSION AND OUTLOOK

This work identified two Protein tyrosine phosphatases, PTP1B and TCPTP, to be upregulated
in skeletal muscle of critically ill human patients and in septic mice. In vitro experiments
revealed IL-6/IL-6R dependency and a negative regulatory role of PTP1B but not TCPTP in
insulin mediated signaling and protein synthesis. Septic mice lacking PTP1B and TCPTP
showed increased mortality, muscle mass loss, centralized nuclei, leucocyte infiltration, pro-
inflammatory cytokine and chemokine tissue gene expression and serum levels, dysregulated
IFNy response and hyperactivated NLRP3 inflammasome in skeletal muscle. Isolated
myocytes were utilized to conduct mechanistical studies and revealed that IFNy mediated
STATL1 tyrosine phosphorylation depends on PTP1B and TCPTP expression, thereby
regulating IRFs and ISGs and chemokine expression and secretion. The NLRP3
inflammasome activity and its effector IL-1 release were dependent on PTP1B and TCPTP
expression as shown by increased IL-1B release and JNK1 tyrosine phosphorylation in
absence of both PTPs. | could show that myocytes can activate the canonical NLRP3-
inflammasome. This works highlights the importance of regulatory enzymes like protein
tyrosine phosphatases as major checkpoints of inflammation and potentially skeletal muscle
atrophy.

To further elucidate the role of PTPs in skeletal muscle inflammation:

(1) The impact of PTPs in non-microbial sepsis e.g. LPS model, S. pneumoniae-infection
model

(2) The phenotype of PTP deletion in heart or smooth muscle cells in a sepsis model

(3) The dissection of the order of events of immune cell infiltration and myocyte

hyperinflammation
(4) The characterization of tissue infiltrated immune cells

(5) A co-culture system of skeletal muscle cells and immune cells with alternating PTP

deficiency and stimulation by IFNy, IL-6 or inflammasome activation

(6) Confirm results of this work in human skeletal muscle cells e.g. utilizing iPSC
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APPENDIX
Appendix 1: Other commonly upregulated cytokines in sepsis did not

significantly alter PTP gene expression
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Gene expression analysis of C2C12 cells, differentiated into myotubes and treated with 50
ng/mL Tgfb or 100 uM Angll for indicated time points. Controls were treated with PBS. gRT-

PCR was carried out and gene expression was normalized to Gapdh.
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Appendix 2: TC45 and TC48 did not alter insulin mediated protein synthesis.

pMP-GFP pMP-TC48 pMP-TC45

Vehce- - -

OP-puromycin assay of insulin (100 nM, 30min) treated C2C12 cells overexpressing either
GFP, TC45 or TC48.

Appendix 3: Overexpression of PTP1B or TCPTP did not alter myogenic
differentiation in C2C12 cells.

- - - | \ -
- -

C2C12 cells were transduced with lentivirus expressing either GFP, GFP-Ptpnl or GFP-Ptpn2

and were differentiated for 5 days. Pictures were taken 24 h (D0) after transduction as well as

D1, D3 and D5 post transfection. Immunofluorescence were visualized in live cells.
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Appendix 4: Differences in TC45 and TC48 localization after lentiviral
overexpression in C2C12 cells.

TC 45 anti-Flag DAPI + anti-Flag
TC 48 anti-Flag DAPI + anti-Flag

C2C12 cells were transduced with GFP-TC45 ot GFP-TC48 lentivirus and differentiated into
myotubes. Immunostaining was performed for Flag-tag, nuclear staining (DAPI) and native

GFP signaling. Images were visualized with a fluorescence microscope.

Appendix 5: Co-immunoprecipitation of TC45 D182A and pSTAT3 showed
physical interaction.

TC4AS  TC45
A GFP p1g2a  wrT
6 - + - "+ - 4+
pSTAT3 - o —
B InputFlag Input pSTAT3
TC4AS PTP1B
TC45 PTP1B GFP_ D182A _D181A
GFP D182A D181A 6 - + - + - 4+
B .
IP Flag
.
Eva—cmt -

A D182A mutation of TCPTP isoform TC45 caused reduction in catalytical activity shown by
less reduction of pSTATS3 after IL-6 treatment compared to catalytically active WT TC45. B Co-
IP of C2C12 cell lysate with overexpression of GFP or GFP-TC45-D182A and treatment with
IL-6 (120 min) showed interaction of TC45 and pSTAT3.
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Appendix 6: Cellular localization and translocation of PTP1B, TCPTP and
STAT3 in response to insulin and IL-6.
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C2C12 cells were treated with IL-6 or insulin and lysates were differentially centrifuged to

collect nuclear fraction (NF), cytoplasmic fraction (CF) and mitochondrial fraction (MF, includes
membrane and ER organelle fraction). WB was performed to visualize localization of PTP1B,
TCPTP and STAT3.

Appendix 7: HE staining of Ptpnl sKO and Ptpn2 sKO mice displayed no
centralized nuclei or higher atrophy compared to WT controls.

A B

[ sham [ CLP | | sham ' | CLP

Ptpnl+/+
Ptpn2 +/+

Ptpn2-/-

12-16-week-old Ptpn1/2 '>®"P and Ptpn1/2 'oxPloxP MCKere mice were subjected to either CLP or
sham surgery and sacrificed 48 h after. TA muscles were isolated, snap frozen and cutted in
8 um sections. (A) TA muscle HE staining Ptpnl skO (B) TA muscle HE staining Ptpn2 sKO
Data shown as 10x FOV representative pictures.
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Appendix

Appendix 8: Cre-loxP System principle of Ptpnl and Ptpn2 conditional

knockout mice

a Wid-type locus

Targeting construct

52 kb
Ex4 Ex5 8 & Ex6 Ex7 E Ex9 -
Targeted PGK-Neo X7 EX 8 . E
8 - £ 12kb 2
105kb s
Cre
‘ 8
E Ex4 Ex5 Ex6 Ex? Ex8| £x9 B E
locus 8 X E LA
B = Bcil
65kb PCR primers:
En ooty = A
s
- Exon 8 pr
©3 Exon 9 probe % c
A 18.9 kb
4 kb loxP arm 4 kb
Exta Exib P Ex2 3]
Prpnzezes 17 P1m 1010bp == P2 i
locus / . S
BamHI FRT| FRT 3 BamH|
BamHI-LoxP | LoxP \
5" homology arm JoxP arm 3 homology arm
Exla Ex1b Y | Ex2 |PGK Neo pA
i —. e -
Targeted H P 2989bp P2 >
locus / i
B BamHI-LoxP | 3 oke
5' homology arm 3' homology arm :::f'
Ex;a E;_lb L ! B3 y
Ptongea-wa- 1" PRI o P2 :
P 11.5kb ;S \B ™~
i 6.7kb -
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