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Introduction

1 Introduction

1.1 Macrophages and monocytes

Macrophages and monocytes are part of the mononuclear phagocytic system (MPS), which

comprises immune cells of myeloid origin with phagocytic activity and the ability to directly

recognize pathogens. These cells are essential for both homeostatic maintenance as well as the

initiation of a cascade of immune responses upon certain stimuli. Macrophages and monocytes

form a heterogenous group of myeloid cells with a broad spectrum of functions from maintaining

tolerance to actively protecting the host from pathogens. They are largely influenced by their

surroundings (their microenvironment) and possess a multitude of receptors which enable them

to quickly commence an immune reaction. They constitute part of the innate (”unspecific”)

part of the immune system and express pattern recognition receptors (PRR) such as Toll-like

receptors (TLR) or nucleotide-binding oligomerization domain-like receptors (NLR), which

recognize endogenous alarmins, such as DAMP (damage-associated molecular patterns), or

exogenous inflammatory agents like lipopolysaccharides (LPS), which are often referred to as

PAMP (pathogen-associated molecular patterns), with high accuracy. Despite lacking highly

specific antigen receptors, macrophages and monocytes are able to reliably identify perilous

molecules and to and internalize them as a first line of defense. Unlike their ability to rapidly

distinguish DAMP and PAMP from harmless agents, they have a variety of distinct effector

functions at their disposal in order to orchestrate an efficient first response and, potentially, to

amplify this response by the activation and recruitment of the adaptive immune system (i.e. T

and B lymphocytes). Basically, monocytes are considered perambulatory cells that patrol inside

the blood stream and are able to infiltrate tissues upon stimulation, a process called diapedesis,

whereas macrophages reside inside organs or tissues and exert their functions in their immediate

vicinity.

1.1.1 Macrophages: Development, subsets, macrophage polarization

Macrophages are tissue-resident myeloid cells with various functions depending on their location.

In many organs, resident macrophages were described prior to their identification as part of the

myeloid family, such as microglia in the central nervous system, Langerhans cells in the the

skin and Kupffer cells (KC) in the liver. Tissue-resident macrophages were long considered to

rely solely on replenishment by circulating monocytes (van Furth and Cohn, 1968). This notion

lead to the assumption that tissue macrophages represented a more mature or fully developed

state of monocytes. However, some macrophage populations like hepatic, alveolar, splenic

and peritoneal macrophages originate predominantly from yolk sac derived erythromyeloid

progenitor cells that migrate to the liver during fetal development and are indeed able to maintain

themselves without replenishment by infiltrating monocytes during homeostasis (Yona et al.,

2013).

Macrophage heterogeniety has been a subject of immunological research for decades. In

1983, Nathan et al. described an increase in H2O2 production of macrophages stimulated with

LPS and Interferon gamma (IFNγ). It increased their toxicity towards protozoans (Nathan et al.,
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1983) and was later found to be the molecular basis of macrophage/Th1 cellular interaction and

thus termed ”classical” activation of macrophages. Shortly after, experiments by Stein et al.

revealed that exposure of macrophages to interleukins (IL) 4 and 13 (two cytokines associated

with a Th2 cellular response) induced a strong increase of macrophage mannose receptor

(CD206) expression and a concomitant reduction of pro-inflammatory cytokine secretion (Stein

et al., 1992). In 2000, Mills et al. proposed a dichotomous scheme of classically activated M1

macrophages and alternatively activated M2 macrophages (Mills et al., 2000). Mills critically

discussed his proposal as a possible oversimplification; however, the dichotomous approach

was employed, criticized and gradually extended by the inclusion of further subgroups (Yao

et al., 2019). Nowadays, macrophage polarization is considered a flexible continuum rather

than an inevitable compartmentalization with limited applicability to in vivo observations. Still,

the underlying concept has been preserved, as researchers have acknowledged its restricted

congruence with physiological processes.

M1 (LPS, IFNγ) M2 (IL-4)

Surface proteins TLR2, TLR4, CD86 CD206, CD301

Cytokines, Chemokines IL-1β, IL-6, IL-23, TNFα, CCL2 IL-10, TGFβ, CCL18, CCL22

Signalling pathways HIF1α, NFκB, STAT1 HIF2α, STAT3, STAT6

Arginine metabolism iNOS→ NO Arg1→ Ornithine

Metabolism Glycolysis, PPP, Fatty acid synthesis OXPHOS, Fatty acid oxidation

Effector functions Pathogen neutralization (NO, ROS)
Attraction of neutrophils, monocytes
Promotion of Th1, Th17 responses
Antibacterial activity
Antiviral activity

Wound healing, tissue repair
Angiogenesis
Promotion of Th2 responses
Promotion of fibrosis
Helminth clearance

Table 1: M1/M2 Macrophage polarization and characteristics.

Depending on the stimulus, naive macrophages become activated and adopt characteristics on the

M1/M2 polarization continuum (see Table 1). M1 macrophages are commonly considered pro-

inflammatory as they express high levels of receptors for DAMP/PAMP (like TLR2 and TLR4)

on their surface (Schlaepfer et al., 2014). They are potent mediators of inflammation through

their secretion of pro-inflammatory interleukins like IL-1β, IL-6 and IL-23 (Pålsson-McDermott

et al., 2015, Yamaguchi et al., 2017) as well as other paracrine pro-inflammatory mediators

like tumor necrosis factor alpha (TNFα) and C-C chemokine ligand type 2 (CCL2, Ploeger

et al., 2013). The pro-inflammatory program in M1 macrophages is induced by binding of TLR

ligands to their receptors and the subsequent signaling via intracellular cascades that ultimately

activate transcription factors like hypoxia-inducible factor 1 alpha (HIF1α) and nuclear factor

’kappa-light-chain-enhancer’ of activated B-cells (NFκB, Pålsson-McDermott et al., 2015,

Liu et al., 2017). Another characteristic of M1 macrophage polarization is the production of

nitric oxide (NO) from arginine. NO production increases upon M1-typical stimulation of

macrophages with LPS in a dose-dependent manner and leads to neutralization of pathogens

in the phagolysosome (Lorsbach et al., 1993, MacMicking et al., 1997). Furthermore, NO

affects macrophage metabolism by promoting glycolysis at the expense of oxidative metabolism

2
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(Palmieri et al., 2020). Apart from arginine usage, M1 macrophages show a distinct metabolic

pattern in contrast to naive or M2-polarized macrophages. As explained in further detail in

section 1.2.1, M1 macrophages strongly rely on glycolysis as their main source of energy.

They express high levels of GLUT1, a glucose-uniporter of the solute carrier (SLC) family in

response to LPS, which enables them to produce large amounts of pro-inflammatory cytokines

and promotes the generation of reactive oxygen species (Fukuzumi et al., 1996, Freemerman

et al., 2014). Classical activation boosts glucose consumption and lactate production indicative

of anaerobic glycolysis in lieu of oxidative metabolism, a phenomenon called ”Warburg effect”

(Rodrı́guez-Prados et al., 2010). Another feature of M1 macrophage metabolism is an elevated

flux through the pentose phosphate pathway (PPP), which uses glycolytic intermediates for

the synthesis of nucleotides and amino acids for biogenetic processes (e.g. the production of

CCL2 and IL-6, Ham et al., 2013). A third characteristic of M1 macrophage metabolism is the

expression of fatty acid synthesis-related genes. Lipid synthesis via fatty acid synthase (FASN)

has been linked to caspase-1 activation as well as to expression of NOD-, LRR- and pyrin domain-

containing protein 3 (NLRP3) and IL-1β and is therefore a necessary element in M1 macrophage

polarization (Moon et al., 2015). In summary, M1 macrophages are mostly pro-inflammatory

cells which carry out their functions by secreting pro-inflammatory cytokines, releasing cytotoxic

agents and attracting other cells towards to a site of infection and/or inflammation.

M2 macrophages have been proposed as a counterpart to pro-inflammatory M1 macrophages.

They can be identified by surface markers like cluster of differentiation 206 (CD206) or CD301.

Their exact phenotype varies widely among the conditions used to polarize the cell in vitro; in

this work, M2 macrophages have been generated through stimulation with IL-4 (sometimes

referred to as ”M2a macrophages”). IL-4-induced M2 macrophages express CD206, a scavenger

receptor that binds and clears glycoproteins to maintain serum homeostasis (Lee et al., 2002). M2

macrophages are essential for wound healing and the restoration of damaged tissue through pro-

fibrotic functions such as stimulation of fibroblasts via CCL18 or direct secretion of transforming

growth factor beta (TGFβ, Liu et al., 2018, Bellón et al., 2011); however, their pro-fibrotic

properties also harbour unfavorable consequences as they contribute to chronic conditions such

as liver fibrosis (van der Heide et al., 2019). The M2 phenotype is also based on the secretion of

IL-10, a key anti-inflammatory cytokine which inhibits the Th1 response and directly inhibits

further macrophage activation (O’Farrell, 1998). IL-10 production actively inhibits the secretion

of IL-1β in an autocrine manner in peritoneal macrophages, highlighting its importance in

macrophage homeostasis. It is also produced upon exposure of naive macrophages to M1-

like stimulatory conditions like LPS, most likely to avoid an uncontrolled perpetuation of the

inflammatory process (Ipseiz et al., 2020). Another anti-inflammatory cytokine produced by

M2 macrophages is CCL22, which attracts regulatory T cells (Treg) via their C-C chemokine

receptor type 4 (CCR4, Gobert et al., 2009), thus ameliorating inflammatory processes. Unlike

their M1 counterparts, M2 macrophages employ intracellular pathways including HIF2α and

transcription factors like signal transducer and activator of transcription 3 and 6 (STAT3, STAT6)

that provide for the transcription of the mentioned anti-inflammatory genes (O’Farrell, 1998).

With regard to arginine metabolism, M2 macrophages utilize arginase instead of NO synthase to

generate ornithine. This amino acid is converted into polyamines, which are necessary for DNA

3



Introduction

replication. Furthermore, ornithine can be transformed into proline, the major component of

collagen, and is therefore implicated in tissue repair and the regeneration of the extracellular

matrix (Mills, 2001). M2 macrophage metabolism also differs from their M1 counterparts: M2

macrophages rely strongly on oxidative metabolism through the tricarboxylic acid (TCA) cycle

and the electron transport chain (ETC), as well as on the oxidation of fatty acids (O’Neill et al.,

2016).

Considering the complex interplay between macrophage metabolism and their effector func-

tions, the M1/M2 polarization theorem can only serve as a basic tool to investigate macrophage

biology which needs contextualization when performing experiments in vitro and in vivo.

1.1.2 Kupffer cells

Besides monocyte-derived macrophages, KC constitute approx. 30% of non-parenchymal

cells in the liver (Bilzer et al., 2006). They are located along the hepatic sinusoidal epithe-

lium and express CD11b and F4/80, the latter of which has been proposed as a marker of

mature, tissue-resident macrophages (Gordon et al., 1992, Movita et al., 2012). Their origin

has long been a matter of scientific debate: For decades, KC were thought to sustain them-

selves exclusively through recruitment of circulatory myeloid cells which then develop KC

characteristics (van Furth and Cohn, 1968). However, today it is widely established that they

develop from erythromyeloid progenitors during fetal development and that their maintenance is

based predominantly on self-renewal (Hoeffel and Ginhoux, 2015). Still, some reports suggest

that hematopoietic stem cells also contribute to the regeneration of resident macrophages in

inflammation and - to a lesser degree - also in homeostasis (Sawai et al., 2016, Holt et al.,

2008). KC are crucial to maintain hepatic homeostasis, as they clear cellular debris and regulate

cholesterol homeostasis (Wen et al., 2021). Due to their anatomical location, they are constantly

exposed to varying concentrations of nutrients and pathogens which enter the liver via the portal

vein. KC serve as the front runners of the innate immune system in the liver, as they are able to

identify and bind e.g. gram-positive bacteria via recognition of lipoteichoic acid (LTA, Zeng

et al., 2016). Simultaneously, they maintain a mandatory level of immunotolerance within the

liver through activation of regulatory T cells and the secretion of IL-10 (You et al., 2008, Hey-

mann, Peusquens, et al., 2015). Under pathological conditions, such as experimental bacterial

infection or non-alcoholic steatohepatitis (NASH), mice lose a significant proportion of their

tolerogenic KC pool (see also next paragraph), which are consecutively replaced by circulating

monocytes that contribute to liver damage in NASH (Scott et al., 2016, Devisscher et al., 2017).

The remaining KC, which are equipped with a variety of TLR and NLR, are among the first

cellular subsets to be activated by an array of danger associated signals, such as reactive oxygen

species (ROS), DAMP (e.g. high-mobility group box 1 (HMGB1) or extracellular ATP which

are released by hepatocytes upon apoptosis), PAMP, such as LPS and LTA as well as a hypoxic

microenvironment (Cai et al., 2017, Shim and Jeong, 2020). Interestingly and of particular

interest in this study, changes in hepatocyte metabolism have also been associated with KC

activation: Hepatic free fatty acids induce the release of pro-inflammatory mediators like TNFα

from KC which leads to hepatic steatosis and parenchymal damage (Diehl et al., 2020). Apart
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from TNFα, KC secrete CCL2, chemokine (C-X-C motif) ligand 1 and 2 (CXCL1, CXCL2) and

other chemokines to recruit neutrophils and lymphocytes into the liver when activated (Dambach

et al., 2002, Wen et al., 2021). On a molecular level, KC and monocyte-derived macrophage

associated effector functions are mediated through TLR signalling pathways, especially TLR2

and TLR4, their associated downstream mediators myeloid differentiation primary response

88 (MyD88), inhibitor of NFκB kinase subunit alpha and beta (IKKα/β) and ultimately tran-

scription factors like NFκB (Inokuchi et al., 2011, Schwabe et al., 2006). The release of IL-1β

from KC is induced by NLRP3 inflammasome activation via extracellular sensing of ATP by

their P2X purinoceptor 7 (P2X7, Hoque et al., 2012). KC also secrete IL-1β when hepatic fatty

acid and cholesterol concentrations are elevated and therefore contribute to NASH development

(Mridha et al., 2017).

Besides their pro-inflammatory functions, KC also play an important role in resolving hepatic

inflammation. They release anti-inflammatory mediators like IL-10 and also prostaglandins in

acute liver injury, which is aggravated after KC depletion (Ju et al., 2002). Moreover, production

of IL-10 by KC and regulatory T cells is able to induce tolerance in murine immune-mediated

hepatitis by repeated injection of Concanavalin A (ConA, Erhardt et al., 2007, see also section

1.4.2). In chronic liver disease, KC participate in the pathogenesis of liver fibrosis e.g. through

the recruitment of pro-inflammatory monocytes (Miura et al., 2012, Karlmark et al., 2009) and

increased collagen deposition through TGFβ-induced activation of hepatic stellate cells (Wang

et al., 2009).

1.1.3 Monocytes: Development, hepatic subsets, functions

Monocytes constitute roughly 5-10% of all leukocytes in circulation. They arise from common

myeloid precursors in the bone marrow, differentiate into monoblasts and, sequentially, into

pro-monocytes before becoming mature monocytes which leave the bone marrow and enter

the bloodstream. The developmental steps between pluripotent hematopoietic stem cells and

mature monocytes are still being characterized; still, it has been shown that monocytes pass

an intermediate state of maturity called ”monocyte-dendritic cell progenitor”, which can still

differentiate into both monocytes and dendritic cells (dc), before advancing to become common

monocyte progenitors, which in turn yield mature monocytes (Fogg et al., 2006, Hettinger

et al., 2013, Yáñez et al., 2017). Initially assumed to originate from the same precursor

and thus representing two distinct consecutive developmental stages of myeloid cells (van

Furth and Cohn, 1968), evidence is emerging that monocytes do not necessarily contribute to

tissue macrophage replenishment but that macrophages and monocytes rather represent distinct

populations with disparate properties and non-redundant effector functions (Ginhoux and Jung,

2014). However, monocytes are able to infiltrate the organ parenchyma and to differentiate into

tissue macrophages, not exclusively but especially in inflammation (Holt et al., 2008).

Monocytes are primarily circulating and patrolling cells that can be rapidly recruited to sites

of inflammation or infection. They are equipped with a variety of receptors, including members

of the pattern recognition receptors (like TLR2) and chemokine receptors like C-C chemokine

receptor type 2 (CCR2), making them a highly plastic and flexible part of the innate immune
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system. Basically, murine monocytes can be subdivided into two categories according to their

expression of surface markers. Classical monocytes express CD11b as well as high levels of

lymphocyte antigen 6C (Ly6C) and CCR2 and are commonly referred to as ”inflammatory

monocytes” (Geissmann et al., 2003). They have an intravascular half-life of approx. one day

before entering a peripheral tissue or transitioning to their ”non-classical” counterparts (Patel

et al., 2017). Adding to the variety of subsets, hepatic monocytes or macrophages cannot clearly

be allocated to a M1 or M2 phenotype due to their plasticity (Tacke and Zimmermann, 2014).

In homeostatic conditions, classical monocytes replenish apoptotic resident macrophages to

maintain tissue homeostasis and are subsequently also called ”monocyte-derived macrophages”

(Wen et al., 2021). The proportion of tissue macrophage replenishment by monocytes varies

widely amongst different organs and only plays a minor role in the liver. However, classical

monocytes participate in inflammation and are attracted towards sites of inflammation. Classical

(Ly6C+/hi CCR2+) monocytes can be activated to infiltrate inflamed tissues like the liver or

the intestine via the CCL2/CCR2 axis (Karlmark et al., 2009, Platt et al., 2010). They recruit

neutrophils and T cells in acute and chronic liver injury and release CCL2, IL-6 and IL-1β

upon stimulation, thus aggravating tissue damage (Graubardt et al., 2017, Mossanen et al.,

2016, Yang, Zhang, et al., 2014). Additionally, hepatic regeneration also depends on the

infiltration of classical monocytes, as they clear cellular debris or degrade damaged parts of the

extracellular matrix to resolve liver fibrosis (Zigmond et al., 2014, Ramachandran et al., 2012).

Also, infiltrating Ly6C+ monocytes act as antigen presenting cells for T cells in the liver (Huang

et al., 2013).

Apart from ”classical” monocytes which express high levels of Ly6C, ”non-classical mono-

cytes” have been proposed. These cells are also CD11b+, but they express CX3C chemokine

receptor 1 (CX3CR1) instead of high levels of Ly6C or CCR2 (Geissmann et al., 2003). Their

exact function is still being elucidated, but it has been shown that they patrol inside the cir-

culation and maintain vascular integrity under homeostatic conditions (Auffray et al., 2007).

Furthermore, they are able to inhibit CD8+ and CD4+ T cell proliferation by the production

of IL-10 (Jung et al., 2017). In the context of liver injury, non-classical monocytes also in-

filtrate the liver parenchyma to prevent fibrosis (Ramachandran et al., 2012, Rantakari et al.,

2016). Interestingly, Ly6C+ CCR2+ CX3CR1− monocytes undergo a transition towards Ly6C−

CCR2− CX3CR1+ in sterile liver injury over time, suggesting a plastic spectrum of classical

and non-classical monocytes rather than two separate populations (Dal-Secco et al., 2015).

1.2 Immunometabolism in macrophages and monocytes

Macrophages and monocytes employ a multitude of pathways to meet their metabolic demands.

They receive homeostatic and stimulating signals and adapt quickly towards shifts in this tightly

controlled equilibrium. Adaptation to cellular stress is directly linked to shifts in metabolic

pathways which enable them to exert their immunological functions. Briefly, macrophages and

monocytes undergo a transition in their metabolic program also referred to as the ”metabolic

switch” (O’Neill et al., 2016), depending on their state of activation. This includes shifts in the

flux of carbon compounds through glycolysis, the TCA cycle and the ETC. These pathways
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are normally used to generate protons for adenosine triphosphate (ATP) synthesis, but their

intermediates can also be diverted and used to meet demands besides ATP production. Figure 1

(p. 11) provides an overview of metabolic adaptations in M1 macrophages.

1.2.1 Glycolysis and Warburg effect

All mammals use and regenerate ATP with its three phosphate anhydrates to provide energy

for enzymatic processes. The majority of ATP is synthesized by metabolizing glucose via

glycolysis, the TCA cycle and ETC to generate an electrochemical gradient of protons (H+)

between the inner and outer mitochondrial membrane. Consequently, this gradient fuels ATP

synthases which catalyze the reaction of adenosine diphosphate (ADP) with inorganic phosphate

and thus regenerate ATP by oxidative phosphorylation with O2 as the final electron acceptor

under normoxic conditions. However, ATP regeneration does not solely depend on oxidative

phosphorylation but can also be achieved by substrate-level phosphorylation independently

of O2 and the ATP synthase. In this process, inorganic phosphate is transferred from a donor

molecule to ADP, thus forming ATP. In glycolysis, 2mol ATP are being generated per mol

glucose, whereas its complete oxidation yields 36mol ATP, underlining the efficiency of oxidative

phosphorylation (Vander Heiden et al., 2009). Erythrocytes, physiologically lacking a nucleus

and therefore being unable to perform oxidative phosphorylation, rely on glycolysis as their main

source of ATP synthesis. Glucose is processed to pyruvate which is in turn reduced to lactate

to regenerate nicotinamide adenine dinucleotide (NAD+) necessary for maintaining glycolysis.

However, this also occurs in nucleated cells under certain conditions. The first one to describe

this phenomenon in the early 1920s was Otto Heinrich Warburg (1883-1970), who observed that

sarcoma cells preferentially reduced pyruvate to lactate under normoxic conditions rather than

fueling oxidative phosphorylation in a process he called ”aerobic glycolysis” (Warburg et al.,

1924). Despite his discovery, Warburg himself did not yet elicit the biological advantage tumor

cells draw from this metabolic aberration, which was later referred to as ”Warburg effect” in his

honor (Racker, 1972). Aerobic glycolysis in leukocytes was discovered shortly after Warburg’s

publication, when Bakker found that leukocytes were ”indeed able to ferment glucose to lactate

under aerobic conditions” and that they showed a ”remarkable resemblence to tumor cells”

(Bakker, 1927). The biological advantage used especially by dividing and biosynthetically

active cell populations is linked to the observation that ATP is not the only demand of activated

cells, as they need metabolic intermediates to fuel other processes like biosynthesis of amino

acids or lipids (Vander Heiden et al., 2009).

An exclusively increased glycolytic flux without elevated ATP synthase activity in

macrophages after exposure to bacterial compounds (mimicking classical macrophage ac-

tivation) was first described in 1970 (Hard, 1970). Later, hexokinase and phosphofructokinase

were identified to be most active in macrophages in comparison to most other cell types, and that

they regenerate ATP primarily via glycolytic substrate level phosphorylation with concomitant

lactate production (Newsholme et al., 1986, Newsholme and Newsholme, 1989). Today, it

is established that macrophage and monocyte cellular metabolism depends on their state of

activation on the M1/M2 polarization continuum (see also section 1.1.1). Pro-inflammatory (M1)
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macrophages and monocytes upregulate glycolytic genes like Slc2a1 (encoding for the glucose

transporter 1) and produce ROS when exposed to LPS (Fukuzumi et al., 1996, Freemerman et al.,

2014). Mechanistically, HIF1α is the key regulator of this metabolic switch in macrophages:

Generally, it induces the expression of key glycolytic enzymes like aldolase A, enolase 1 and

lactate dehydrogenase A under hypoxic conditions (Semenza et al., 1996). HIF1α overexpres-

sion leads to M1 macrophage polarization, enhances the production of M1-typical cytokines like

IL-1β or IL-6 and boosts extracellular acidification (a surrogate marker for aerobic glycolysis),

while simultaneously reducing oxidative phosphorylation and the expression of M2 macrophage

markers (Wang, Liu, et al., 2017). Exposure to LPS induces HIF1α and its transcriptional

activity in macrophages as a result of TLR signalling in a time-dependent manner, which creates

a state of pseudohypoxia (Blouin et al., 2004). Interaction with pyruvate dehydrogenase kinase

and pyruvate kinase M2 in myeloid cells results in enhanced ATP production by substrate level

phosphorylation within glycolysis and reduces the amount of pyruvate and acetyl-coenzyme A

(CoA) that enters and feeds the TCA cycle (Kim et al., 2006, Pålsson-McDermott et al., 2015).

Mice deficient in myeloid HIF1α show lower expression of GLUT-1 and phosphoglycerate

kinase, produce less TNFα and exhibit impaired myeloid diapedesis into inflamed tissues, un-

derlining the interplay between the metabolic switch and effector functions in M1 macrophages

(Cramer et al., 2003). Another process enhancing the glycolytic flux is the upregulation of

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (uPFK2, encoded by Pfkfb3), a specific

isozyme upregulated in M1 macrophages, that leads to elevated fructose-2,6-bisphosphate levels

which allosterically activates 6-phosphofructokinase-1 (PFK1, Rodrı́guez-Prados et al., 2010).

Lastly, pyruvate kinase plays an important role in promoting the Warburg effect in myeloid

cells. Its highly expressed M2 isoform forms dimers in classically activated macrophages, which

translocate into the nucleus, interact with HIF1α and bind to HIF-responsive elements (HRE)

of lactate dehydrogenase, pyruvate dehydrogenase kinase 1 (PDK1) and PKM itself, thereby

stimulating glucose uptake and lactate production as direct indicators of aerobic glycolysis (see

Figure 1, Pålsson-McDermott et al., 2015, Luo et al., 2011).

Alternatively activated (M2) macrophages have been studied less extensively on this matter.

However, recent reports have demonstrated that they use glycolysis mainly as a source for

pyruvate to enter and fuel oxidatve phosphorylation, which is believed to be the essential

metabolic pathway in M2 macrophage effector function. Selective impairment of glycolysis

does not affect M2 polarization, as M2 macrophages are able to substitute the lack of glycolytic

carbon compounds through anaplerotic reactions of glutamine (Wang et al., 2018). Still,

glycolysis does play a role in M2 macrophages, as its intermediates can be diverted into the

pentose phosphate pathway (PPP, see section 1.2.3) for the synthesis of nucleotide sugars which

are necessary for post-translational glycosylations of M2 surface proteins like CD206.

1.2.2 Oxidative metabolism

The term ”oxidative metabolism” (sometimes referred to as ”OXPHOS” for ”oxidative phospho-

rylation”) encompasses a series of redox reactions along the TCA cycle and the ETC, efficiently

reducing coenzymes like NAD+ and FAD to NADH+H+ and FADH2 which can be ultimately
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oxidized to fuel ATP synthases. Pyruvate as the last intermediate of glycolysis is transferred into

the mitochondria and converted to acetyl-CoA by pyruvate dehydrogenases, before reacting with

oxaloacetic acid to citrate as the first step of the TCA cycle. M2 macrophages rely on a smoothly

running TCA cycle without accumulation of its intermediates (O’Neill et al., 2016) and are

able to use anaplerotic reactions like glutaminolysis if the glycolytic flux is impaired (Wang

et al., 2018). LPS-activated (M1) macrophages show certain interruptions in their oxidative

metabolism and accumulate citrate and succinate. Citrate is usually processed to isocitrate along

the TCA cycle, but it can also leave the mitochondrion and is able to slow down glycolysis via

inhibition of PFK1 (Kemp and Foe, 1983). Moreover, citrate is able to induce fatty acid synthesis

through activation of acetyl CoA carboxylase (ACC, Martin and Vagelos, 1962). In classically

activated M1 macrophages, citrate concentrations are elevated, partly due to withdrawal of

citrate from the reaction equilibrium out of the mitochondrion, leading to citrate accumulation

in the cytosol and to an increase in ROS synthesis through enhanced regeneration of NADPH

(Infantino et al., 2014). Succinate, another TCA cycle intermediate, is also known to possess

a multitude of functions relevant for macrophage biology. Succinate dehydrogenase (SDH)

bridges the TCA cycle and the ETC through oxidation of succinate to fumarate and concomitant

reduction of FAD to FADH2 as part of complex II of the ETC. In LPS-treated macrophages,

succinate oxidation is elevated and enhances reverse electron transport in the ETC, leading to

an increment in ROS production (Mills et al., 2016). Furthermore, succinate inhibits prolyl

hydroxylases, which dismantle HIF1α (Selak et al., 2005). In macrophages, this mechanism

directly correlates with the production of IL-1β, a key M1 macrophage cytokine, through

HIF1α stabilization (Tannahill et al., 2013). Furthermore, high concentrations of succinate

cause succinylation of proteins like PKM2, favoring its oligomerization into dimers which enter

the nucleus and lead to hyperglycolysis and IL-1β production (Wang, Wang, et al., 2017).

1.2.3 Other pathways

Pentose phosphate pathway (PPP). The PPP uses glucose 6-phosphate (G6P) to provide for

NADPH (the reducing equivalent for the production of ROS, fatty acids and glutathione) and

to generate ribose 5-phosphate as a precursor of nucleic and amino acids. M1 Macrophages

funnel glucose intermediates into the PPP upon activation which leads to ROS production

and the secretion of IL-1β or CCL2 via NFκB (Schnyder and Baggiolini, 1978, Spolarics

and Navarro, 1994, Ham et al., 2013). The oxidative branch of the PPP is heavily used in

M1 macrophages, and intracellular pentose phosphates are more abundant compared to naı̈ve

macrophages (Jha et al., 2015). In contrast, M2 macrophages show reduced PPP activity; the

balance of flux through glycolysis and the PPP is influenced by the carbohydrate kinase-like

septulose kinase (CARKL), which is downregulated by classical macrophage activation and,

reversely, upregulated upon alternative stimulation (Haschemi et al., 2012).

Reactive oxygen species (ROS). ROS as a group of oxygen derivatives occur naturally as

a byproduct of oxidative metabolism and can additionally be produced via NADPH oxidases

(NOX). They partake in cellular homeostasis, intracellular signalling and host defense via oxida-
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tion of (e.g.) proteins and nucleic acids (Murphy, 2009). In monocytes and macrophages, NOX1

and NOX2 have been identified as myeloid effector proteins. Their knockout severely impedes

ROS production in monocytes as well as their ability to develop into mature macrophages and

leads to delayed wound healing, presumably due to an impeded M2 polarization (Xu et al.,

2016). Moreover, mice lacking functional myeloid NOX2 are more likely to suffer from sponta-

neous soft-tissue infections and to succumb to sepsis after injection with gram-negative bacilli,

underlining the relevance of ROS production with regard to pathogen clearance (Pizzolla et al.,

2012). Strikingly, hyperglycolysis (e.g. by overexpression of GLUT-1) is sufficient to intensify

PPP flux and to provoke ROS production (Freemerman et al., 2014). As for liver-infiltrating

macrophages, free fatty acid (FFA) sensing via TLR4 results in a pro-inflammatory macrophage

phenotype with aggravated ROS synthesis and activation of the NLRP3 inflammasome including

activation of caspase-1 and transcription of Il1β, whereas NOX2-deficient cells do not show

similar alterations. Furthermore, knockout of NOX2 ameliorates hepatic steatosis and ROS in

mice fed with a high fat diet, thus establishing a link between macrophage ROS production and

fatty liver disease (Kim et al., 2017).

Lipid metabolism. Macrophage activation also influences the balance of fatty acid synthesis

and oxidation (FAS/FAO). M1 macrophages are more lipogenic, whereas M2 macrophages fun-

nel lipid compounds through β-oxidation in order to efficiently generate ATP. M1 macrophages

divert FAS intermediates or products for biosynthetical purposes; they upregulate genes like

fatty acid synthase (Fasn) or acetyl-CoA carboxylase alpha (Acaca). Sterol regulatory element

binding factor 1 (SREBF1) has been identified as one of their main transcription factors. Mono-

cytes produce more cholesterol, whereas M1 macrophages change their lipid profile towards

phosphatidylcholine, which is implicated in the formation of filopodia and lysosomes. Inhibi-

tion of FAS suppresses their development and their phagocytotic activity (Ecker et al., 2010).

Mitochondrial uncoupling proteins (UCP) regulate the transcription of Fasn in macrophages,

which in turn mediates the production of IL-1β and IL-18 via mitogen-activated protein kinase

(MAPK) and the NLRP3 inflammasome (Moon et al., 2015). Moreover, cytosolic citrate (a

remote glycolytic byproduct) is converted into acetyl-CoA (the basic compound for FAS) by

ATP-citrate lyase (ACLY). Activation of the enzyme is directly linked to the production of ROS,

NO and prostaglandin E2, which points out a connection between hyperglycolysis, FAS and M1

effector functions (Infantino et al., 2013). Conversely, M2 macrophages show enhanced FAO,

as IL-4 induces PGC1 (PPARγ coactivator 1), the master transcription factor of mitochondrial

biogenesis via PPARγ (peroxisome proliferator-activated receptor gamma) and STAT6 (signal

transducer and activator of transcription, Vats et al., 2006). M2 macrophages show an elevated

O2 consumption and spare respiratory capacity, both of which are indicative of an effective

oxidative metabolism. Inhibition of FAO reduces their metabolic flux through OXPHOS and

impedes their anti-parasital activity along with a reduced expression of M2 markers like CD206

and CD301 (Huang et al., 2014). Lipolysis and FAO reduce lipotoxicity, as expression of

carnitine palmitoyl-transferase 1A (CPT1A), the key regulatory enzyme of FAO, reduces the

intracellular accumulation of triglycerides, ROS and mRNA of key pro-inflammatory mediators

(Tnfα, Il1β, Il12, Ccl2) in macrophages exposed to palmitate (Malandrino et al., 2015).
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Figure 1: M1 macrophage metabolism in the context of PKM2 effector functions. Upper panel:
Overview of metabolic alterations in classically activated macrophages. Red: upregulated enzymes, light
blue: downregulated enzymes. Center: PKM2 oligomers and regulation of the dimer/tetramer equilibrium.
Lower panel: Synergistic effect of succinate accumulation and PKM2 dimerization stabilizes HIF1α
and leads to a pro-inflammatory and hyperglycolytic transcriptional program via HRE, STAT1 and NFκB;
TLR2/4 signalling after binding of PAMP/DAMP and subsequent activation of NFκB and associated
target genes; Second signal of NLRP3 inflammasome activation via ATP/P2X7 with consecutive activation
of caspase-1 and IL-1β; Release of M1-associated cytokines. Long forms of all abbreviations are listed
on p. 119. The figure was created using the BioRender application, https://www.biorender.com.
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1.3 Pyruvate kinase

1.3.1 Overview

Under physiological conditions, pyruvate serves as the primary source of carbon and protons for

the TCA cycle. It is mostly generated through the enzymatic conversion of phosphoenolpyruvate

(PEP) to pyruvate by transferring its phosphate group to ADP.

PEP + ADP ⇀↽ Pyruvate + ATP

This process - which contributes to ATP regeneration independently of the presence of oxygen -

is carried out by pyruvate kinase (PK), the last and rate-limiting step of glycolysis (Jurica et al.,

1998). Four isoforms have been identified in mammals which differ with regard to their pattern

of expression, regulation and function.

1.3.2 Pyruvate kinase isoforms and regulation

The genetic blueprint of eucaryotic PK consists of two genes that make up for a total of four

PK isoforms. Pklr encodes for two PK isoforms in different cell types through tissue-specific

promotors (Noguchi et al., 1987). PKL, a protein of 543 amino acids and a molecular weight of

59 kDa, has been found in tissues that are able to perform gluconeogenesis like liver, kidney

and the intestine (Domingo et al., 1992). PKR (the largest isoform with 574 amino acids and

62 kDa) is exclusively expressed in erythrocytes; both isoforms show comparable kinetics and

are inhibited by high concentrations of ATP and cAMP (cyclic adenosine monophosphate)-

mediated phosphorylation, whereas fructose-1,6-bisphosphate (FBP) leads to their activation

(Rodriguez-Horche et al., 1987, Yamada and Noguchi, 1999). Pkm, the second eucaryotic PK

gene, also contains the genetic information for two distinct isoforms that are identical in size

(531 amino acids, 58 kDa) and differ only by a single exon (Noguchi et al., 1986). PKM1,

generated through inclusion of exon 9 by alternative splicing, is expressed in highly catabolic

tissues with a great demand for ATP synthesis like neurons, skeletal or cardiac myocytes. It

is a homotetrameric enzyme, possesses few regulatory setscrews and is the only PK isoform

not activated by FBP (Imamura and Tanaka, 1972, Morita et al., 2018, Liu et al., 2020). The

subcellular localization of PKM1 is less well characterized compared to PKM2. It is located

in the cytosol and the nucleus and shows high substrate affinity and kinase activity, both of

which lead to a stable oxidative metabolism with high O2 consumption and decreased lactate

production (Christofk et al., 2008). To date, whether nuclear PKM1 plays a role in cellular

homeostasis remains controversial, as it does not affect cell proliferation in tumor cells (Steták

et al., 2007) but still aids maintenance of pluripotency in the nuclei of stem cells (Dierolf et al.,

2021). Alternative splicing with inclusion of exon 10 leads to PKM2 expression, which differs

from PKM1 by only 23 amino acids (Noguchi et al., 1986). It is found in various cell types,

including embryonic tissue, adipocytes or leukocytes (Dayton et al., 2016). However, PKM2

has been most prominently and extensively studied in the context of cancer, since it is the

predominant PK isoform in almost every tumor entity (Bluemlein et al., 2011). PKM2 (as shown

in Figure 2) is also comprised of monomers, which themselves consist of four domains (A, B,

C, N). Interactions between two A-domains result in dimerization of monomers. The active
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A-A’

Y105
Dimer
Tetramer

C-C’FBP

Figure 2: PKM2 protein structure. Homotetrameric PKM2 is comprised of four monomers (depicted
by different colors). Dimers assemble along the A-A’ interface; two dimers form tetramers through
interaction of their C domains in the presence of activators like FBP (grey). Posttranslational modifications
like phosphorylation of Y105 (blue) induce dimerization. The figure was created using the Research
Collaboratory for Structural Bioinformatics Protein Database, https://www.rcsb.org.

site is located between the A- and the B-domain, whereas the C-domain contains the allosteric

binding pocket for FBP and also provides the structural interface that allows for tetramerization

(Prakasam et al., 2018, Dombrauckas et al., 2005). Moreover, the C domain contains the PKM2

nuclear localization sequence (Hoshino et al., 2007). Basically, PKM2 exists in an equilibrium

of enzymatically inactive monomers and dimers with low substrate affinity and catalytically op-

erative tetramers that show a reduced KM for PEP (Eigenbrodt et al., 1992, Mazurek et al., 2005).

Apart from oligomerization, binding of certain activators (FBP) or inhibitors (like phenylalanine

and triiodothyronine (T3)) has been implicated in stabilizing/disrupting the physiological sym-

metry within PKM2 tetramers, sub-dividing the latter into an active R-state and an inhibited

T-state and thus affecting the enzyme’s kinetics beyond its state of oligomerization. These

properties render PKM2 a ”nutrient sensor” capable to adapt to the metabolic flux depending on

the abundance of energy sources and the biosynthetical demands of the cell, especially in highly

proliferating or growing cell populations. PKM2 oligomerization and activity is furthermore

strongly influenced by exogenous and endogenous compounds. As mentioned, FBP serves as a

powerful inducer of PKM2 activity by promoting tetramerization in a feed-forward manner, as

do succinylaminoimidazolecarboxamide ribose-5’-phosphate (SAICAR, an intermediate of the

de novo purine nucleotide synthesis pathway), and serine (Ashizawa et al., 1991, Morgan et al.,
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2013, Keller et al., 2012, Chaneton et al., 2012). In addition to endogenous activators, small

molecules have been developed as exogenous stimulators to target PKM2 in the tumor context

(see also section 1.3.4). 6-[(3-aminophenyl)methyl]-4,6-dihydro-4-methyl-2-(methylsulfinyl)-

5H-thieno[2’,3’:4,5]pyrrolo[2,3-d]pyridazin-5-one (TEPP-46) and 3-[[4-[(2,3-dihydro-1,4-

benzodioxin-6-yl)sulfonyl]hexahydro-1H-1,4-diazepin-1-yl]sulfonyl]-benzenamine (DASA-58)

selectively induce PKM2 tetramerization/activation and strengthen its affinity to PEP by a

mechanism similar to FBP, while leaving other PK isoforms widely unaffected (Jiang et al.,

2010, Boxer et al., 2010, Anastasiou et al., 2012). Another compound interfering with the

allosteric site of PKM2 is shikonin, the R-enantiomer of alkannin, a naphthoquinone extracted

from Alkanna tinctoria. The molecule binds to PKL, PKM1 and PKM2 but selectively inhibits

PKM2 kinase activity in a dose-dependent manner (Chen et al., 2011).

PKM2 PKM1 PKL PKR

Expressed in Adipocytes,
proliferating / stem
cells, leukocytes,
tumor cells

Neurons, myocytes Hepatocytes, kidney,
intestine

Erythrocytes

Gene Pkm Pkm Pklr Pklr

Amino acids/
MW (kDa)

531/58 531/58 543/59 574/62

Oligomerization Monomer, Dimer,
Tetramer

Tetramer Tetramer Tetramer

Affinity to
PEP

Low
(monomer/dimer)
High (tetramer)

High Low Low

Activated by FBP, serine, SAICAR,
TEPP-46, DASA-58

— FBP FBP

Inhibited by Phenylalanine, ATP,
T3, Shikonin, phos-
phorylation, acetyla-
tion

Phenylalanine ATP, phosphorylation ATP, phosphorylation

Table 2: Characteristics of PK isoforms.

Moreover, numerous posttranslational modifications (PTM) affect both PKM2 enzyme kinetics

and quarternary structure. PKM2 possesses multiple conserved PTM sites that allow the

enzyme to become phosphorylated, acetylated, oxidated, etc. A comprehensive review by

Prakasam et al. provides a detailled overview in this regard (Prakasam et al., 2018). Tyrosine

phosphorlation at position 105 (Y105) was the first PTM described for PKM2 in 1988 (Presek

et al., 1988). Later, various kinases (like FGFR1, JAK2 and BCR-ABL) were identified to

cause Y105 phosphorylation and to lead to PKM2 dimerization, thereby drastically reducing

its enzymatic activity in tumor cells (Zhou et al., 2018, Hitosugi et al., 2009). Phosphorylation

of other PKM2 residues like serine or threonine has been linked to PKM2 dimerization and

subsequent translocation into the nucleus via the EGF/EGFR pathway that ultimately leads to

hyperglycolysis by altering genetic expression (Lee et al., 2015, see also section 1.3.4). Lysine

acetylation as another important PTM reduces its enzymatic activity as well as leading to PKM2
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degradation by incorporating the enzyme into the lysosome, both of which enable the cell to

divert upstream glycolytic intermediates into other biosynthecial pathways (Lv et al., 2011).

Hydroxylation of PKM2 proline residues by prolyl hydroxylases enables the enzyme to interact

with HIF1α in the nucleus and to induce a glycolytic genetic transcriptional program (see

section 1.3.4, Luo et al., 2011). Oxidation of PKM2 also strongly favors PKM2 dimerization, a

process which is linked to the detoxification of ROS (Anastasiou et al., 2011). The variety of

PTM and the resulting changes in carbon compound distribution are characteristic for PKM2,

thus further underlining its relevance in influencing highly proliferative and synthetically active

cell populations like leukocytes.

1.3.3 Alternative Pkm splicing

Arising from the same genetic template, PKM1 and PKM2 are subject to differential regulation

by splicing regulators, namely polypyrimidine-tract-binding protein (PTB) and the heteroge-

neous nuclear ribonucleoproteins (hnRNP) A1 and A2. They are able to repress inclusion of

exon 9 in the genetic transcript, leading to PKM2 expression and an increase in lactate produc-

tion, thereby promoting the Warburg effect (Spellman et al., 2007, Clower et al., 2010). These

inhibitory regulators bind to specific sites flanking exon 9 and 10 and balance the PKM1/PKM2

equilibrium in a dose-dependent manner: At low levels, hnRNPA1/2 bind more strongly to exon

10 than to exon 9, which favors the expression of PKM1, whereas high concentrations result in a

pronounced inhibition of exon 9 inclusion, shifting the balance towards PKM2. Inclusion of both

exons is inhibited by nonsense-mediated mRNA decay, a phenomenon that removes nonsense

splicing variants with premature termination codons (Chen et al., 2012). These findings shed

light on the metabolic flexibility often observed in tumor cells but which are likely to also play a

role in leukocytes given the multitude of stimulating and inhibitory signals they are exposed to.

1.3.4 PKM2 in inflammation and non-glycolytic processes

As described in section 1.2.1, proliferating cell populations like tumor cells and activated

leukocytes rely on certain metabolic switches in order to meet biosynthetical demands while

maintaining sufficient levels of ATP. PKM2 has emerged as an interesting target due to its

versatile protein-protein interactions in the cytosol and the nucleus. The equilibrium of PKM2

oligomers strongly affects its subcellular localization: While enzymatically active PKM2

tetramers are most abundant in the cytosol as part of the glycolytic apparatus, the nuclear

fraction of the protein is exclusively dimeric (see also Figure 1 on p. 11, lower panel, Gao et al.,

2012). This observation is likely based on structural properties, as phosphorylation of serine

residues (S37) leads to exposure of its nuclear localization sequence and to subsequent nuclear

translocation via Importin α5, which can be prevented by a tetrameric protein conformation,

e.g. by pharmacological activation with TEPP-46 (Yang et al., 2012, Pålsson-McDermott et al.,

2015).

Dimeric PKM2 acts as a transcriptional regulator for glycolytic enzymes and pro-inflammatory

mediators in the nucleus. It induces the association HIF1α and p300 with HIF-responsive

elements (HRE) of Slc2a1, Ldha, Pdk1 and Pkm itself, thereby increasing the uptake of glucose,
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lactate production while simultaneously reducing oxidative metabolism (Luo et al., 2011). In

the inflammatory context, PKM2 has attracted attention due to its upregulation in activated

leukocytes. Upon TCR stimulation, dimeric PKM2 undergoes nuclear translocation in CD4+

T cells, resulting in an elevated autocrine activation via IL-2, hyperglycolysis and increased

production of TNFα, all of which can be blocked by pharmacological activation and subsequent

tetramerization of PKM2. Moreover, the latter also inhibited Th17 polarization of naive T cells

(Angiari et al., 2020). Myeloid cells such as macrophages also upregulate PKM2 upon classical

stimulation and consecutive TLR signalling: nuclear PKM2 binds to the promoter of IL-1β

in a HIF-dependent manner, a process which can be impeded by exogenous PKM2 activation

and tetramerization with TEPP-46 and DASA-58. Both small molecules are able to inhibit

M1 macrophage polarization upon stimulation with LPS. LPS exposure leads to an impaired

glycolytic flux and TCA cycle with the build-up of various intermediates, such as glucose

6-phosphate, fructose 1,6-bisphosphate or succinate (Tannahill et al., 2013, Pålsson-McDermott

et al., 2015). PKM2 upregulation as a metabolic hallmark of TLR-mediated macrophage ac-

tivation is also linked to MAPK and NFκB signalling. Lentiviral overexpression of PKM2

enhances LPS/TLR4-mediated NFκB activation resulting in an increased transcription of its

pro-inflammatory target genes Il12 and Tnfα, whereas knockdown of PKM2 has the opposite

effect. Of note, PKM2 levels are elevated in circulating monocytes of patients with systemic

lupus erythematodes (SLE) in comparison to healthy donors (Zhang et al., 2021). Another

non-glycolytic function of PKM2 consists in its capacity to regulate the release of HMGB1.

The protein (a nuclear DNA chaperone) can be actively or passively released from activated

or necrotic cells as a DAMP and is recognized by TLR or receptors for advanced glycation

endproducts (RAGE) in order to actuate an immune response. In macrophages, HMGB1 release

is elevated through PKM2-mediated HIF1α activation and a subsequent Warburg phenotype

with excess lactate production. Pharmacological interference with shikonin ameliorates hyper-

glycolysis and lactate production as well as the release of HMGB1 and IL-1β and protects

mice from bacterial sepsis (Yang, Xie, et al., 2014). This phenomenon is of particular inter-

est for the present work since HMGB1 has been identified as an inflammatory mediator in

the context of immune-mediated hepatitis via ConA injection in mice (Tu et al., 2013). The

NLRP3 inflammasome serves as an upstream mediator of this PKM2-mediated aggravation of

inflammation. NLRP3-mediated inflammation originates from enhanced nuclear translocation

of dimeric PKM2; targets of NLRP3 activation are IL-1β and IL-18 as well as the alarmin

HMGB1. This effect is significantly reduced in PKM2-deficient macrophages, underlining the

pivotal role of PKM2 as a regulatory element in myeloid-derived immune responses (Xie et al.,

2016). Macrophages from patients with coronary artery disease overexpress PKM2 and show

high concentrations of dimeric PKM2 in their nuclei alongside elevated STAT3 phosphorylation

and subsequent production of IL-1β and IL-6 (Shirai et al., 2016, Samavati et al., 2009). With

regard to PKM2 and its role in M1 macrophage polarization, HSPA12A (a member of the heat

shock protein 70 family) has been identified as an interaction partner for PKM2 and to cause

PKM2 dimerization with consecutive translocation into the nucleus. The nuclear complex of

HSPA12A and PKM2 induces an overexpression of M1-typical markers in macrophages (like

IL-1β or CCL2). In co-cultures of macrophages and hepatocytes, macrophage nuclear PKM2
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stimulates lipid accumulation and promotes the transcription of genes that control the de novo

fatty acid synthesis; this process can be reversed by PKM2 activation. In vivo, this complex

leads to an aggravation of hepatic steatosis via induction of the TLR4/NFκB pathway in mice

fed with a high-fat diet (Kong et al., 2019).

1.4 Liver immune homeostasis and hepatic inflammation

1.4.1 Nonalcoholic fatty liver disease

Nonalcoholic fatty liver disease (NAFLD) is defined as evident hepatic steatosis (i.e. excess

storage of fats in the liver parenchyma) which is not caused by alcohol consumption, hereditary

diseases or medication. The term includes all related facets ranging from fatty liver disease up

to associated liver cirrhosis. NAFL (nonalcoholic fatty liver) is defined by steatosis of 5% of all

hepatocytes without hepatocellular injury or evidence of fibrosis, whereas NASH (nonalcoholic

steatohepatitis) includes inflammation and hepatocyte damage (Chalasani et al., 2018). Several

risk factors have been identified to predispose patients for NALFD, most prominently those

comprised in the “metabolic syndrome” and those closely associated: Obesity, dyslipideamia

and type 2 diabetes mellitus. Meta analyses estimate that worldwide approximately 25% of

the general population fulfil the criteria for NAFLD, with prevalences ranging from 13.5% on

the African continent to more than 30% in South America and Asia. With regard to NASH,

estimates range from 1.5% to 6.45% of the general population suffering from NASH (Younossi

et al., 2016). While NAFL is considered a relatively benign disease that poses only a minimally

increased risk for the development of fibrosis, cirrhosis and/or liver failure, NASH patients

are more likely to die from liver-related complications (Stepanova et al., 2013). Nonetheless,

the overall mortality of NAFLD patients is also higher than that of a matched cohort without

NAFLD (Rafiq et al., 2009).

Given the abundance of NAFLD, its endemically present risk factors and its socioeconomic

impact, a more profound understanding of its pathogenic basis is needed, especially considering

that to date, physicians have only a few, relatively unspecific pharmaceuticals (like Metformin

or PPARγ agonists) at their therapeutic disposal. Monocytes and macrophages are known

NAFLD contributors and changes in their metabolism have been particularly linked to NAFLD

development and its progress. In general, NAFLD is caused by a hepatic and systemic im-

munological dysbalance in favor of pro-inflammatory mediators. Out of the many cell types

involved, myeloid cells like DC, KC, monocytes and macrophages are critical mediators in its

pathogenesis (Oates et al., 2019). Excess lipid accumulation in hepatocytes causes cellular stress

through lipotoxicity, characterized by hepatocyte apoptosis through FFA or free cholesterol

(Musso et al., 2018, Parthasarathy et al., 2020). Moreover, high calorie intake increases plasma

LPS concentrations in mice due to perturbations in the permeability of the intestine, which

in turn upregulate TNFα and IL-1β in the liver via TLR4/CD14-mediated LPS signalling in

macrophages (Cani et al., 2007). Hepatocellular damage as well as cytokine secretion by hepatic

stellate cells or endothelial cells lead to the recruitment of myeloid cells into the liver in the

onset of dietary-induced steatohepatitis, e.g. via the CCL2/CCR2 axis (Miura et al., 2012,

Karlmark et al., 2009). Apart from peripheral myeloid cells, resident KC also contribute to
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NAFLD: Mice receiving a methionine-choline deficient diet (a diet known to induce murine

steatohepatitis) show drastically reduced hepatocellular injury and lipid accumulation after

KC depletion (Rivera et al., 2007). Although high caloric intake does not alter the abundance

of KC in mice, they display excess lipid droplets and upregulation of Fasn as a marker of de

novo fatty acid synthesis, similar to M1 polarized macrophages. Also, free cholesterol levels

are elevated in KC and total hepatic tissue after high fat feeding. Interestingly, KC in mice

exposed to a HFD produce higher amounts of TNFα, IL-1β, IL-6 and CCL2, all of which can

be reversed through pharmacological inhibition of lipogenesis. This observation is likely linked

to disturbances in the recruitment of activated lymphocytes in the murine model of NASH which

further promotes hepatocellular damage (Leroux et al., 2012). Pro-inflammatory mediators

produced by hepatic myeloid cells specifically induce and aggravate NAFLD: IL-6 directly

stimulates hepatocellular lipogenesis (Brass and Vetter, 1994). Blockade of TNFα receptor 1

ameliorates steatohepatitis and liver fibrosis in the context of NAFLD, while mice lacking the

receptor display reduced KC activity and stellate cell activation (Wandrer et al., 2020, Tomita

et al., 2006). Also, IL-1β has emerged as a promising therapeutic target in NAFLD since fatty

acids induce its release from macrophages via TLR and NFκB signalling as well as NLRP3

inflammasome activation, which stimulates hepatocytes to expand their triglyceride content via

inhibition of PPARα-related pathways like β-oxidation. (Snodgrass et al., 2013, Stienstra et al.,

2010). Reactive oxygen species from myeloid cells sustain pro-steatotic signals and further

advance hepatocellular damage, as NOX2-deficient mice show lower transaminase levels, less

hepatic triglyceride content and reduced transcription of Fasn and Srebp1 after dietary induction

of NASH (Kim et al., 2017).

Besides liver resident and liver infiltrating myeloid cells, NAFLD development also relies

on systemic regulatory mechanisms and is closely linked to signals from the adipose tissue and

adipose tissue macrophages (adipose tissue-liver axis). Nowadays, the metabolic syndrome and

obesity in particular are considered part of a ”chronic low-grade inflammatory state” in which

adipocytes and adipose tissue macrophages release pro-inflammatory mediators that provoke

and aggravate metabolic diseases like type 2 diabetes mellitus and NASH (Kamada et al., 2008).

For instance, high calorie intake induces macrophage infiltration not only in the liver but also in

the adipose tissue, partly via the CCR2/CCL2 axis and also leads to local secretion of IL-1β

and TNFα (Stanton et al., 2011). In summary, myeloid cells are pivotal for the development and

continuity of NAFLD and its phenotypical expressions through the release of pro-inflammatory

mediators, direct interaction with hepatocytes or bystander cells like stellate cells as well as

indirect mechanisms involving the adipose tissue and the intestine.

1.4.2 Murine immune-mediated acute hepatitis and human autoimmune hepatitis

Autoimmune hepatitis (AIH) is regarded a rare disease with an estimated prevalence of approx.

25/100.000 in the Western hemisphere and a rising incidence (Manns, 2011, Grønbæk et al.,

2014). To date, the disease’s cause and pathogenesis still remain largely unknown. The

current understanding of its underlying pathological mechanisms includes an individual genetic

predisposition (major histocompatibility complex molecules, MHC, Donaldson, 2004), impaired
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immunological tolerance (e.g. insufficient function of regulatory T cells (Treg, Longhi et

al., 2006)) and an arising autoreactivity against hepatic autoantigens (e.g. cytochrome P450

2D6 (CYP2D6) or asialoglycoprotein receptor, Treichel et al., 1994), all of which result in

a perturbation of the hepatic immune balance (Horst et al., 2021). AIH can be provoked by

exogenous triggers, such as hepatitis viruses (Vento et al., 1991) or members of the family

of Herpesviridae (Manns et al., 1991), as well as various pharmaceuticals including (among

many others) diclofenac or statins (Alla et al., 2006). A sequence of pathological events is

believed to result in the clinical presentation of AIH patients (Heneghan et al., 2013). First, a

genetically susceptible individual is exposed to an exogenous trigger, which is in turn taken

up and presented via MHC molecules on an antigen presenting cell or even hepatocytes. The

presented fragment of the antigen might resemble cellular compounds found on hepatocytes

(molecular mimicry) and lead to the proliferation of antigen-specific B and T cells. In a healthy

and non-susceptible individual, these autoreactive T cells would be suppressed by Treg. In this

case, however, impaired self-tolerance leads to the initiation of an autoimmune response against

hepatocytes or hepatic antigens, which is amplified by the recruitment of non-antigen specific

effector cells (myeloid cells, natural killer T cell (NKT) cells etc.).

The involvement of myeloid cells in the pathogenesis and perpetuation of AIH is poorly

characterized. Due to the proposed etiological cascade mentioned above, most research focuses

on the adaptive immune response. Very little is known about the myeloid contribution to

the hepatic parenchymal damage in the context of AIH. Impaired phagocytosis and antigen

presentation by KC and peripheral blood mononuclear cells have been linked to a poor outcome

in AIH patients (Lin et al., 2016), and an immune cross-talk between myeloid cells and Th1/Th17

cells has been shown in a murine model of immune-mediated hepatitis via STAT3 and STAT1

(Lafdil et al., 2009). However, the few studies that include analyses of the myeloid cellular

compartment in immune-mediated hepatitis at most refer to them as ”bystander cells” which

partake indirectly in damaging the liver via the activation of lymphocytes (Czaja, 2019).

Overall, the pathogenetic basis of AIH remains widely unclear. Due to this lack of knowl-

edge, no causal treatment is hitherto available in clinical practice. Still, the therapeutic use

of immunosuppressive agents like cortisol and azathioprine effectively reduces organ damage

due to autoinflammation as these drugs offer a stable initial reduction of inflammatory activity.

However, they do not tackle the disease specifically rather than silencing large portions of the

patients’ immune response. Furthermore, some patients do not respond adequately to their

medication or do not tolerate it. Some progress has also been made by the pharmacological

blockade of TNFα. In 2009, infliximab, a monoclonal antibody against the cytokine, was

used for the first time to treat AIH in a patient with recurrent inflammatory flares and has

evolved as a rescue treatment for AIH in patients with complex progression of the disease

(Weiler-Normann et al., 2009, Weiler-Normann et al., 2013). Still, in cases of insufficient or

poorly tolerated immunosuppression or intolerance towards TNFα treatment, a liver transplant

is the only remaining therapeutic option. Therefore, a more profound comprehension of the

disease, its pathological features and potential therapeutic targets is necessary.

Over the past decades, a number of animals models have been developed in order to gain

a more profound insight into the mechanisms which form the disease’s pathogenical basis. In
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the present study, a model using an exogenous activator of immune cells, ConA, was employed.

ConA, a carbohydrate-binding protein (lectin) of 106 kDa, is extracted from the jack bean

Canavalia ensiformis. The first description of ConA as an inducer of an immune-mediated

hepatitis was published by Tiegs and colleagues roughly 30 years ago. Although initially

called a ”T-cell dependent experimental liver injury in mice inducible by Concanavalin A”, the

authors found that induction of acute immune-mediated hepatitis depended on an interaction

between monocytes and lymphocytes, since the depletion of macrophages protected mice from

serum ALT elevations (Tiegs et al., 1992). Mechanistically, ConA binds specifically to sugar

residues on liver sinusoidal endothelial cells (LSEC) and is presented via MHC-II molecules

on KC, both activating T cells via their T cell receptor (TCR) (Kanellopoulos et al., 1996,

Heymann, Hamesch, et al., 2015). This leads to a rather liver-specific induction of a CD4+

T cell response with secretion of IL-2, IL-4, TNFα and IFNγ due to accumulation of ConA

in the liver sinusoids (Gantner et al., 1995, Zhang et al., 2010). Still, activated Th1 cells are

also known to amplify liver inflammation through macrophage activation: IFNγ and CD154

expression by Th1 cells induce CD40 expression on macrophages, resulting in aggravated

tissue damage (Shen et al., 2009). Moreover, there is ample evidence for a direct activation of

myeloid cells by the lectin with subsequent vacuolation, M1 macrophage polarization and the

production of ROS (Goldman and Raz, 1975, Kesherwani and Sodhi, 2007, Rodrigues et al.,

2002). ConA has furthermore been reported to specifically induce TNFα release from KC,

thereby contributing to an acceleration of liver inflammation (Schümann et al., 2000). Moreover,

IL-1β, a key pro-inflammatory cytokine primarily secreted by myeloid cells, has been identified

as a formerly unknown mediator of cell damage in ConA hepatitis: Mice lacking NLRP3 or

Caspase-1 (two upstream mediators of IL-1β release) showed significantly reduced levels of

IL-1β, ROS and ameliorated hepatic cellular decay (Luan et al., 2018). Pretreatment with

IL-1 receptor antagonists lead to a similar outcome and diminished levels of TNFα. These

findings emphasize the relevance of IL-1β in both murine and human AIH and suggest a pivotal

involvement of myeloid cells in autoimmune liver injury.

1.5 Hypotheses and aims of this study

Macrophage metabolism broadly influences their immune effector functions. PKM2 has emerged

as an versatile target in modulating macrophage responses. This work initially aimed to analyze

the effect of a complete PKM2 knockout in myeloid cells. However, due to the incompleteness

of the knockdown, the focus shifted towards an investigation of the PKM2 oligomer equilibrium

and its consequences for macrophage cellular homeostasis and activation. Therefore, the present

study was designed to prepare the groundwork of analyzing the role of myeloid PKM2 in mice:

It was designed primarily as an observational study to phenotypically characterize the mouse

model described in sections 2.1.8 and 3.1.1. Specifically, the following questions and hypotheses

were addressed:

• Does partial PKM2 knockdown lead to shifts in the PKM2 oligomer equilibrium?
The balance of PKM2 oligomers is subject to a variety of pathways and is tightly controlled

by post-translational modifications (Prakasam et al., 2018). PKM2 as a key glycolytic
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enzyme was speculated to influence the cellular metabolic flux and thus considered to

influence it own quarternary structure and state of activation.

• Does PKM2 knockdown affect PKM1 transcription and protein synthesis? Since

PKM1 and PKM2 differ only by one single exon and their expression is regulated by

alternative splicing, a possible upregulation of PKM1 in myeloid cells was hypothesized.

Although this phenomenon has been described before (Pålsson-McDermott et al., 2015),

its effects on myeloid metabolism have not yet been addressed. We speculated, that

compensatory upregulation of PKM1 could contribute to aberrations in the metabolic flux

and thus influence macrophage effector functions.

• Does preferential PKM2 dimerization lead to a pro-inflammatory phenotype in
Pkm2∆myel BMDM? Preliminary data indicated that incomplete PKM2 knockdown bene-

fits the formation of PKM2 dimers. These oligomers induce the transcription of genes

related to glycolysis and pro-inflammatory cytokines (Pålsson-McDermott et al., 2015,

Wang, Wang, et al., 2017). In the present work, it was hypothesized that preferential

dimerization of remaining PKM2 in Pkm2∆myel cells might induce a pro-inflammatory

and pro-glycolytic transcriptional program that could ultimately lead to a strong immune

response and a Warburg-like metabolic profile, particularly in activated macrophages.

• Does partial PKM2 knockdown influence M2 macrophage polarization? Nuclear

(dimeric) PKM2 promotes M1 macrophage polarization, whereas the absence or reduction

of a nuclear protein fraction is associated with M2 macrophages (Pålsson-McDermott

et al., 2015, Cheng et al., 2017). The present work aimed to address whether BMDM from

Pkm2∆myel mice show any differences with regard to M2 polarization (surface markers,

cytokines, arginine metabolism) in comparison with their floxed counterparts.

• Does PKM2 knockdown alter the glycolytic flux and oxidative metabolism in
macrophages? Although incomplete, a knockdown of PKM2 in macrophages was

measurable. An interference in the expression of pyruvate kinase as the last and rate-

limiting step of glycolysis was likely to have implications on the glycolytic metabolic

flux, as well as on the subsequent oxidative branch of metabolism which uses pyruvate as

a substrate.

• Does partial PKM2 knockdown impact the composition of leukocyte compart-
ments? As part of the phenotypical characterization of Pkm2∆myel mice, key myeloid

cellular compartments were analyzed: bone marrow, spleen and liver. This study aimed to

examine maturation and differentiation of myeloid cells with a partial PKM2 knockdown

in order to assess whether PKM2 played a role in this regard. Since myeloid and lymphoid

cells are likely to interact within the organ parenchymae of the spleen and the liver, basal

lymphoid cellular analyses were also included.

• Are Pkm2∆myel mice more susceptible to acute-immune mediated hepatitis by the
injection of ConA? A possible effect of partial PKM2 knockdown in myeloid cells was
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also hypothesized to be the exacerbation of liver damage in a model of acute immune-

mediated hepatitis, since the organ is known to harbor large numbers of macrophages and

to attract myeloid cells upon inflammation. The model of ConA hepatitis was used to

induce leucocyte recruitment to the liver and to study the effect of a PKM2 knockdown

in vivo. Furthermore, this part of the present work aimed to investigate the impact of

myeloid cells in this inflammatory model.

• Do mice challenged with ConA benefit from pharmacological activation of PKM2
prior to induction of acute immune-mediated hepatitis? In conjunction with the

aforementioned analyses of ConA-induced hepatitis in Pkm2∆myel mice, the present

work was designed to address the role of PKM2 by its pharmacological activation. We

speculated, that pharmacological activation of the enzyme could protect Pkm2∆myel mice

from ConA-mediated liver damage (as a proof-of-concept approach). A therapeutic effect

of PKM2 activation by exogenous agents has been shown in different animal models of

disease, such as colitis, coronary artery disease and allergic airway disease (Wang, Wang,

et al., 2017, Shirai et al., 2016, van de Wetering et al., 2020). To date, a similar effect has

not yet been described in acute hepatitis.
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2 Materials and Experimental Methods

2.1 Materials

2.1.1 Technical equipment

Technical equipment Manufacturer

ATILON ATL-423-I Laboratory Balance Acculab GmbH, Göttingen, Germany

BD FACSCantoTM II Becton Dickinson, Franklin James, NJ, USA

BD LSRFortessaTM Becton Dickinson, Franklin James, NJ, USA

BZ-9000 Fluorescence Microscope Keyence Corporation, Osaka, Japan

C1000 Thermal Cycler Bio-Rad, Hercules, CA, USA

CFX96TM Real-Time PCR Detection System Bio-Rad, Hercules, CA, USA

Centrifuge 5417R Eppendorf, Hamburg, Germany

Centrifuge 5427R Eppendorf, Hamburg, Germany

CK40 Inverted Microscope Olympus, Hamburg, Germany

COBAS Integra 400 plus Analyzer® Roche, Basel, Switzerland

Eppendorf Research® plus Pipettes Eppendorf, Hamburg, Germany
• Single-channel pipettes (0.1-2.5µl, 0.5-10µl, 2-20µl,
10-100µl, 20-200µl, 100-1000µl)
• 8-channel pipette (10-100µl)

Eppendorf Thermomixer 5436 Eppendorf, Hamburg, Germany

FlexCycler, PCR Thermo Cycler Analytik Jena AG, Jena, Germany

FormaTM 900 Series -86◦C
Upright Ultra-Low Temperature Freezer

Fisher Scientific GmbH, Schwerte, Germany

Galaxy® 48R CO2 Incubator Eppendorf, Hamburg, Germany

HandyStep® Repetitive Pipette BRAND GmbH, Wertheim, Germany

HERAcell® 240 CO2 Incubator Thermo Fisher Scientific, Waltham, MA, USA

IK Comfort Series Fridge Liebherr-Hausgeräte GmbH,
Ochsenhausen, Germany

IKA-COMBIMAG RCT Heated Magnetic Stirrer IKA-Werke GmbH & Co.KG, Staufen, Germany

KL2 Shaker Edmund Bühler GmbH, Bodelshausen, Germany

LAUDA ecoline 011 Water Bath LAUDA Dr. R. Wobser GmbH & Co.KG,
Lauda-Königshofen, Germany

Mini Trans-Blot® Cell Bio-Rad, Hercules, CA, USA

Molecular Imager® VersaDocTM 4000 MP Imaging
System

Bio-Rad, Hercules, CA, USA

MSC AdvantageTM Class II Biological Safety Cabinet Thermo Fisher Scientific, Waltham, MA, USA

MyCycler® Thermal Cycler Bio-Rad, Hercules, CA, USA

NanoDrop ND-1000 PEQLAB Biotechnologie, Erlangen, Germany

Neubauer Improved Hemocytometer Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Pipetboy® Acu 2 Integra Biosciences AG, Biebertal, Germany

PowerEase500 power supply Thermo Fisher Scientific, Waltham, MA, USA

PowerPac® 200 Bio-Rad, Hercules, CA, USA

PowerPac® HC Power Supply Bio-Rad, Hercules, CA, USA

Privileg PFVN 246W A++ -20◦C Freezer Bauknecht Hausgeräte GmbH,
Stuttgart, Germany

Tube Roller Mixer SRT9 Cole-Parmer, Vernon Hills, IL, USA

Tube Racks A. Hartenstein, Würzburg, Germany

Seahorse XFe96 Analyzer Agilent Technologies Inc., Santa Clara, CA, USA
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Stuart Tube Rotator SB2 Cole-Parmer, Vernon Hills, IL, USA

Tecan Infinite M200 Plate Reader Tecan, Crailsheim, Germany

Thermoleader Dry Block Heat Bath UniEquip, Planegg, Germany

TissueLyser II® Qiagen, Venlo, Netherlands

VACUSAFETM Comfort Suction Pump System Integra Biosciences, Wallisellen, Switzerland

Vortex Mixer Heidolph, Schwabach, Germany

XCell SureLockTM Electrophoresis System Thermo Fisher Scientific, Waltham, MA, USA

Table 3: Technical laboratory equipment.

2.1.2 Software

Software Developer

Adobe InDesign Adobe Inc., San José, CA, USA

BD FACSDivaTM Becton Dickinson, Franklin James, NJ, USA

Bio-Rad CFX Manager 2.0 Bio-Rad, Hercules, CA, USA

BZ-II Analyzer Keyence Corporation, Osaka, Japan

BZ-II Viewer Keyence Corporation, Osaka, Japan

FlowJoTM 10.5.3 FlowJo LLC, Ashland, OR, USA

GraphPad Prism v6, v9 GraphPad Software Inc., San Diego, CA, USA

ImageLabTM 2.0 Bio-Rad, Hercules, CA, USA

LEGENDplexTM Data Analysis Software v8 BioLegend Inc., San Diego, CA, USA

Mendeley Desktop v1.19 Mendeley Ltd., London, U.K.

Microsoft Office 2016 Microsoft Corporation, Redmond, WA, USA

Overleaf LATEX Editor Overleaf c/o Digital Science, London, U.K.

Quantity One® Software Bio-Rad, Hercules, CA, USA

Seahorse Wave Desktop Software Agilent Technologies Inc., Santa Clara, CA, USA

Tbase v16 4D Germany, Eching, Germany

Tecan MagellanTM Software v6.5 Tecan, Crailsheim, Germany

Table 4: Computer software.
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2.1.3 Laboratory consumables

Consumable Manufacturer

BD 2 Pc Discardit IITM syringes (2ml, 5ml) Becton Dickinson, Franklin James, NJ, USA

Cell culture dishes (60mm, 100mm) Sarstedt, Nümbrecht, Germany

Cell culture flasks (25cm2, 75cm2, 175cm2) Sarstedt, Nümbrecht, Germany

Cell culture plates (6-well, 24-well, 96-well, flat bot-
tom, round bottom, v bottom), Polystyrene

Sarstedt, Nümbrecht, Germany

Cell scraper, 1.7cm with 2-position blade Sarstedt, Nümbrecht, Germany

Cell strainer, 100µm, Nylon Corning Inc., Corning, NY, USA

Cover slips, 21×26mm Gerhard Menzel GmbH, Braunschweig, Germany

Injekt-F® syringes (1ml) B. Braun Melsungen AG, Melsungen, Germany

Microscope slides Glaswarenfabrik Karl Hecht GmbH & Co.KG, Sond-
heim, Germany

NuPAGE Bis-Tris Gradient Gels, 4-12%, 15-well Thermo Fisher Scientific, Waltham, MA, USA

Parafilm M® Pechiney Plastic Packaging Inc.,
Chicago, IL, USA

PCR SingleCap Softstrips (8-well), DNA-, DNAse-,
RNAse-free, 0.2ml

Biozym Scientific GmbH,
Hessisch Oldendorf, Germany

Pipette tips (10µl, 200µl, 1000µl) Sarstedt, Nümbrecht, Germany

Pipette tips, sterile, RNAse free (10µl, 200µl, 1000µl) Sarstedt, Nümbrecht, Germany

Pipettes (2ml, 5ml, 10ml, 25ml, 50ml) Sarstedt, Nümbrecht, Germany

Positive displacement tips (0.5ml, 5ml, 12.5ml) BRAND GmbH, Wertheim, Germany

Reaction tubes (1.5ml, 2ml) Sarstedt, Nümbrecht, Germany

Reaction tubes, conical/non-conical (15ml, 50ml) Sarstedt, Nümbrecht, Germany

Reaction tubes, sterile, RNAse free (1.5ml, 2ml) Sarstedt, Nümbrecht, Germany

SafeSeal® reaction tubes (1.5 ml, 2ml) Sarstedt, Nümbrecht, Germany

Surgical blades No. 20 Feather Safety Razor Co., Osaka, Japan

Stericup-GP® Sterile Vacuum Filtration System Merck KGaA, Darmstadt, Germany

Sterican® cannulae (23 G, 24 G, 27 G, 30 G) B. Braun Melsungen AG, Melsungen, Germany

Tubes for flow cytometry, 5ml Sarstedt, Nümbrecht, Germany

Weighing paper 90×115m Macherey-Nagel GmbH & Co.KG,
Düren, Germany

Table 5: Laboratory equipment.

25



Materials and Experimental Methods

2.1.4 Kits and reagents

Kit/Reagent Manufacturer

2-Hydroxy-Propyl-β-Cyclodextrin Sigma-Aldrich, St. Louis, MO, USA

3,3’-Diaminobenzidine Substrate Buffer BioLegend, San Diego, CA, USA

Adenosine Triphosphate (ATP) InvivoGen, San Diego, CA, USA

Agarose Thermo Fisher Scientific, Waltham, MA, USA

Alanine Aminotransferase (ALT) Assay Roche, Basel, Switzerland

Ammonium Chloride (NH4Cl) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Antibody Diluent for Immunohistochemistry Agilent/DAKO, Glostrup, Denmark

Aprotinin Sigma-Aldrich, St. Louis, MO, USA

β-Mercaptoethanol Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Bradford Protein Assay Bio-Rad, Hercules, CA, USA

Bovine Serum Albumin (BSA) Sigma-Aldrich, St. Louis, MO, USA

Calcium Chloride (CaCl2) Merck KGaA, Darmstadt, Germany

Cholesterol Assay Roche, Basel, Switzerland

Concanavalin A from Canavalia ensiformis Sigma-Aldrich, St. Louis, MO, USA

Crystal MountTM Aqueous Mounting Medium Sigma-Aldrich, St. Louis, MO, USA

Diethyl Pyrocarbonate (DEPC) H2O Thermo Fisher Scientific, Waltham, MA, USA

Dimethyl Sulfoxide (DMSO) Sigma-Aldrich, St. Louis, MO, USA

DreamTaq Green PCR Master Mix Thermo Fisher Scientific, Waltham, MA, USA

Dulbecco’s Modified Eagle Medium (DMEM) +
GlutaMAXTM-I

Thermo Fisher Scientific, Waltham, MA, USA

Dulbecco’s Phosphate Buffered Saline (DPBS) Sigma-Aldrich, St. Louis, MO, USA

Entellan® Sigma-Aldrich, St. Louis, MO, USA

Eosin G 0.5% solution Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Ethanol 100% pure Th. Geyer GmbH & Co.KG,
Renningen, Germany

Ethanol 70% Th. Geyer GmbH & Co.KG,
Renningen, Germany

Ethylenediaminetetraacetic Acid (EDTA) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Fetal Bovine/Calf Serum (FBS/FCS) Thermo Fisher Scientific, Waltham, MA, USA

Foxp3 Transcription Factor Staining Set eBioscienceTM Inc., San Diego, CA, USA

Glucose (D-) Sigma-Aldrich, St. Louis, MO, USA

Glutamine (L-) Sigma-Aldrich, St. Louis, MO, USA

Glycine Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Hemalum Solution Acid (Hematoxylin)
acc. to Mayer

Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Heparin Natrium (10.000 IU/ml) B. Braun Melsungen AG, Melsungen, Germany

Horse Serum, inactivated Thermo Fisher Scientific, Waltham, MA, USA

Hydrogen Chloride (HCl, 37%) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Hydrogen Peroxide (H2O2) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Ketamine (100mg/ml) Albrecht GmbH, Aulendorf, Germany

Lipopolysaccharides (LPS) from
Salmonella abortus equi

Sigma-Aldrich, St. Louis, MO, USA

Luminol Sodium Salt Sigma-Aldrich, St. Louis, MO, USA

Magnesium Chloride (MgCl2) Merck KGaA, Darmstadt, Germany

Magnesium Sulfate (MgSO4) Merck KGaA, Darmstadt, Germany

Maxima SYBR Green Thermo Fisher Scientific, Waltham, MA, USA
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Methanol 100% pure Th. Geyer GmbH & Co.KG,
Renningen, Germany

Normal Swine Serum Agilent/DAKO, Glostrup, Denmark

NucleoSpin RNA Kit® Macherey & Nagel, Düren, Germany)

NuPAGETM LDS Sample Buffer Thermo Fisher Scientific, Waltham, MA, USA

NuPAGETM MES SDS Running Buffer Thermo Fisher Scientific, Waltham, MA, USA

NuPAGETM Sample Reducing Agent Thermo Fisher Scientific, Waltham, MA, USA

Para-Formaldehyde (16%), EM Grade Electron Microscopy Sciences, Hatfield, PA, USA

Para-hydroxy Coumaric Acid Sigma-Aldrich, St. Louis, MO, USA

Penicillin (10.000IU/ml)/
Streptomycin (10.000µg/ml)

Thermo Fisher Scientific, Waltham, MA, USA

PercollTM Centrifugation Medium GE Healthcare, Chicago, IL, USA

Phenylmethylsulfonyl Fluoride Sigma-Aldrich, St. Louis, MO, USA

PhosSTOP Phosphatase Inhibitor Tablets Roche, Basel, Switzerland

Potassium Bicarbonate (KHCO3) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Potassium Chloride (KCl) Sigma-Aldrich, St. Louis, MO, USA

Potassium Dihydrogenphosphate (KH2PO4) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Proteinase K Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Recombinant Murine IL-4 PeproTech Inc., Rocky Hill, NJ, USA

RNAse A (100mg/ml) Qiagen, Venlo, Netherlands

Roswell Park Memorial Institute Medium (RPMI) 1640
+ GlutaMAXTM-I

Thermo Fisher Scientific, Waltham, MA, USA

Sodium Azide (NaN3) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Sodium Bicarbonate (NaHCO3) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Sodium Chloride (NaCl) Sigma-Aldrich, St. Louis, MO, USA

Sodium Chloride (NaCl, 0.9%) B. Braun Melsungen AG, Melsungen, Germany

Sodium Fluoride (NaF) Sigma-Aldrich, St. Louis, MO, USA

Sodium Hydroxide (NaOH) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Sodium Orthovanadate (NaVO4) Sigma-Aldrich, St. Louis, MO, USA

Sodium Pyrophosphate (Na2HPO4) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Sodium Pyruvate (C3H3NaO3) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

Strep-Tactin® HRP IBA Lifesciences, Göttingen, Germany

Target Retrieval Solution (Citrate, pH 6.1) Agilent/DAKO, Glostrup, Denmark

TEPP-46
(6-[(3-aminophenyl)methyl]-4,6-dihydro-4-methyl-
2-(methylsulfinyl)-5H-thieno[2’,3’:4,5]pyrrolo[2,3-
d]pyridazin-5-one)

Cayman Chemical, Ann Arbor, MI, USA

Triglyceride Assay Roche, Basel, Switzerland

Tris Hydrochloride (HCl) Carl Roth GmbH & Co.KG, Karlsruhe, Germany

TritonTM X-100 Sigma-Aldrich, St. Louis, MO, USA

Trypan Blue 0.4% (w/v) Sigma-Aldrich, St. Louis, MO, USA

Tween® 20 (Polysorbat) Thermo Fisher Scientific, Waltham, MA, USA

Vectastain Elite ABC HRP Kit Vectorlabs, Burlingame, CA, USA

Xylazine (Rompun® 2%) Bayer AG, Leverkusen, Germany

Xylene Substitute (HS200-5 XEM) DiaTec, Bamberg, Germany

Table 6: Chemical reagents and kits.
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2.1.5 Buffers and solutions

Buffer/Solution Chemical composition

Electrochemiluminescence Solution (ECL) 1.25mM Luminol / Tris HCl
15mM Para-hydroxy Coumaric Acid/DMSO
30% H2O2

Erythrocyte Lysis Buffer (ACK, 10×) 8.29g NH4Cl (0.15M)
1g KHCO3 (10mM)
37.2mg EDTA (0.1mM)
ad 1l Milli-Q® ultrapure H2O

FACS buffer 978ml PBS (1×)
2ml NaN3 (0.02% w/v)
20ml FCS

Hank’s Balanced Salt Solution (HBSS) 5.4mM KCl
0.3mM Na2HPO4× 7 H2O
4.2mM NaHCO3

1.3mM CaCl2
0.5mM MgCl2 × 6 H2O
0.6mM MgSO4 × 7 H2O
137mM NaCl
5.6mM D-Glucose
ad 1l Milli-Q® ultrapure H2O

Lysis buffer for protein lysates and Western Blot 12.5ml Tris (25mM)
75ml NaCl (150mM)
5ml EDTA (5mM)
100ml Glycerol (10%)
50ml TritonTM X-100 (1%)
12.5ml Sodium Pyrophosphate (10mM)
10ml Sodium Orthovanadate (1mM)
5ml Glycerophosphate (10mM)
ad 500ml Milli-Q® ultrapure H2O

Murine Anaesthetic Solution 8% Rompun® (2%)
12% Ketamine (100mg/ml)
20% Heparin 5000 (IU/ml)
60% NaCl (isotonic)

Para-Formaldehyde Solution (PFA, 4%) 8 g Para-Formaldehyde
20ml PBS (10×)
10mM NaOH
ad 200 ml Milli-Q® ultrapure H2O

Percoll/HBSS 38% Percoll Working Solution
60% HBSS
2% Heparin (100IU/ml)

Percoll Working Solution 92.5ml Percoll Centrifugation Medium
7.2ml PBS (10×)
1.2ml NaHCO3 7.5% in Milli-Q® ultrapure H2O

Phosphate Buffered Saline (PBS, 10×) 137.9mM NaCl
6.5mM Na2HPO4× 2 H2O
1.5 mM KH2PO4

2.7mM KCl
ad 1l Milli-Q® ultrapure H2O
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Proteinase K Buffer 1.212g Tris (100mM)
143mg EDTA (5mM)
1.17g NaCl (200mM)
200mg SDS (0.2%)
Prepare freshly before usage:
90µl Proteinase K buffer +
10µ Proteinase K stock solution (20mg/ml)

RNAse A Buffer 121mg Tris (10mM)
29mg EDTA (1mM)
20µ RNAse A (100mg/ml)

Sodium Orthovanadate Solution Sodium Orthovanadate (10mM)
150ml Milli-Q® ultrapure H2O

Sodium Pervanadate Solution 100µl Sodium Orthovanadate Solution
16µl H2O2

Transfer buffer for Western Blot (10×) 250mM TRIS
2M Glycin
ad 2l Milli-Q® ultrapure H2O
Transfer buffer (1×):
200ml Transfer buffer (10×)
400ml Methanol
ad 2l Milli-Q® ultrapure H2O

Tris-buffered Saline (TBS, 10×) 100mM Tris
1.5M NaCl
ad 2l Milli-Q® ultrapure H2O

Tris-buffered Saline with Tween® 20 (TBS-T) 200ml TBS (10×)
2ml Tween® 20
ad 2l Milli-Q® ultrapure H2O

Table 7: Chemical composition of buffers and solutions.
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2.1.6 Antibodies

Primary

Target Dilution Host Clone Conjugate Distributer

β-Actin 1:1000 Goat polyclonal HRP Santa Cruz Biotechnology Inc.,
Dallas, TX, USA

PKM2 1:1000 Rabbit polyclonal — Cell Signalling Technology,
Cambridge, U.K.

pPKM2 (Y105) 1:1000 Rabbit polyclonal — Cell Signalling Technology,
Cambridge, U.K.

Secondary

Anti-rabbit IgG 1:5000 Goat polyclonal HRP Cell Signalling Technology,
Cambridge, U.K.

Anti-rabbit IgG 1:5000 Goat polyclonal HRP Jackson Laboratories, Inc., West
Grove, PA, USA

Table 8: Antibodies used for Western Blotting.

Primary

Target Dilution Host Clone Conjugate Distributer

Caspase 1 1:500 Hybridoma Casper-1 — Adipogen Life Sciences,
San Diego, CA, USA

HMGB1 1:1000 Rabbit polyclonal — Abcam, Cambridge, U.K.

MPO 1:40 Goat polyclonal — R&D Systems Inc., Minneapolis,
MN, USA

Secondary

Anti-goat IgG 1:200 Rabbit polyclonal Biotin Dako Denmark A/S,
Glostrup, Denmark

Anti-mouse IgG 1:200 Rabbit polyclonal Biotin Dako Denmark A/S,
Glostrup, Denmark

Anti-rabbit IgG 1:500 Goat polyclonal Biotin Jackson Laboratories, Inc., West
Grove, PA, USA

Table 9: Antibodies used for immunohistochemical stainings.
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Myeloid

Target Dilution Fluorophore Clone Distributer

CCR2 1:200 BV711 475301 BD Biosciences, San Jose, CA, USA

CCR2 1:100 PE 475301 R&D Systems Inc., Minneapolis, MN, USA

CD11b 1:200 PE-Cy7 M1/70 BioLegend Inc., San Diego, CA, USA

CD16/32 1:100 — 93 BioLegend Inc., San Diego, CA, USA

CD39 1:200 AF647 DUHA59 BioLegend Inc., San Diego, CA, USA

CD206 1:200 BV711 CO68C2 BioLegend Inc., San Diego, CA, USA

CD206 1:200 FITC MR5D3 BioLegend Inc., San Diego, CA, USA

CD301 1:100 PE LOM-14 BioLegend Inc., San Diego, CA, USA

F4/80 1:100 APC REA126 Miltenyi BioTec, Bergisch Gladbach, Germany

F4/80 1:100 FITC REA126 Miltenyi BioTec, Bergisch Gladbach, Germany

Ly6C 1:200 PerCP HK1.4 BioLegend Inc., San Diego, CA, USA

Ly6G 1:200 BV421 1A8 BioLegend Inc., San Diego, CA, USA

PD-L1 1:200 PE M1H5 eBioscience Inc., San Diego, CA, USA

Zombie NIR 1:500 APC-Cy7 — BioLegend Inc., San Diego, CA, USA

Lymphoid

CD4 1:200 FITC RM4-5 BioLegend Inc., San Diego, CA, USA

CD8 1:200 BV785 53-6.7 BioLegend Inc., San Diego, CA, USA

CD16/32 1:100 — 93 BioLegend Inc., San Diego, CA, USA

CD25 1:200 PE P4-61 BioLegend Inc., San Diego, CA, USA

Foxp3 1:100 AF647 MF-14 BioLegend Inc., San Diego, CA, USA

PD1 1:200 PE-Cy7 J43 eBioscience Inc., San Diego, CA, USA

TIGIT 1:200 BV421 1G9 BioLegend Inc., San Diego, CA, USA

Zombie NIR 1:500 APC-Cy7 — BioLegend Inc., San Diego, CA, USA

Table 10: Antibodies used for flow cytometry.
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2.1.7 Oligonucleotide sequences

All primers were obtained from Metabion International AG, Planegg, Germany.

Target Forward primer sequence
Reverse primer sequence

Annealing
Temp. (◦C)

Extension
time (s)

Reference

Actb GGCATAGAGGTCTTTACGGATGTC
TATTGGCAACGAGCGGTTCC

60 12 NM 007393

Arg1 TCACCTGAGCTTTGATGTCG
CACCTCCTCTGCTGTCTTCC

60 12 NM 007482.3

Ccl2 TCCCAATGAGTAGGCTGGAG
GCTGAAGACCTTAGGGCAGA

60 12 NM 011333.3

Cpt1α CCAGGCTACAGTGGGACATT
GAACTTGCCCATGTCCTTGT

60 12 NM 013495.2

Cyp7a1 CCTCTGGGCATCTCAAGCAA
CGCAGAGCCTCCTTGATGAT

60 12 NM 007824.2

Fasn CTGAAGAGCCTGGAAGATCG
GTCACACACCTGGGAGAGGT

60 12 NM 007988.3

Hif1α AGCTTCTGTTATGAGGCTCACC
TGACTTGATGTTCATCGTCCTC

60 16 NM 010431

Il1β GGGCCTCAAAGGAAAGAATC
TACCAGTTGGGGAACTCTGC

60 12 NM 008316

Il6 GCCTATTGAAAATTTCCTCTG
GTTTGCCGAGTAGATCTC

53 12 J03783

Il10 ATGCCTGGCTCAGCAC
GTCCTGCATTAAGGAGTCG

58 16 NM 010548

Il23 GACTCAGCCAACTCCTCCAG
GGCACTAAGGGCTCAGTCAG

60 12 NM 031252

Ldha AAACCGAGTAATTGGAAGTGGTTG
TCTGGGTTAAGAGACTTCAGGGAG

60 12 NM 001136069

Pkm1 GTCTGGAGAAACAGCCAAGG
TCTTCAAACAGCAGACGGTG

60 12 NM 001253883.2

Pkm2 GTCTGGAGAAACAGCCAAGG
CGGAGTTCCTCGAATAGCTG

60 12 NM 011099.4

Pparg CCACAGTTGATTTCTCCAGCATTTC
CAGGTTCTACTTTGATCGCACTTTG

60 12 NM 001127330.1

Slc2a1 CAGTTCGGCTATAACACTGGTG
GCCCCCGACAGAGAAGATG

62 12 NM 011400

Socs1 GCCAACGGAACTGCTTCTTCG
GAAGGAACTCAGGTAGTCACG

61 12 NM 009896

Srebf1 GAGATGTGCGAACTGGACAC
CTCTCAGGAGAGTTGGCACC

60 12 NM 011480.4

Table 11: Target-specific polymerase chain reaction (PCR) conditions and oligonucleotide sequences.
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2.1.8 Laboratory animals

C57BL/6J mice were bred by crossing Pkm2fl/fl mice (Israelsen et al., 2013) and mice carrying

a Cre recombinase downstream the myeloid specific LysM promotor (Clausen et al., 1999) to

achieve a myeloid-specific knockdown of PKM2. Details of the breeding strategy are outlined

in section 3.1.1 on page 47. All animal experiments were conducted according to the German

Animal Protection Law and approved by the Institutional Review Board (G11/16, ORG 638,

ORG 930, Behörde für Gesundheit und Verbraucherschutz, Hamburg, Germany). Mice received

humane care in accordance with the National Guideline of the National Institutes of Health,

Hamburg, Germany. The animals were kept in individually ventilated cages under controlled

conditions (22◦C, 55% ambient humidity, 12-hour light/12-hour dark cycle) in groups of one to

six individuals and received food and water ad libitum. For the experimental work, only male

Pkm2fl/fl and Pkm2∆myel mice were used at the age of 10-15 weeks.

2.2 Methods

2.2.1 Extraction and storage of biological samples

Mice were anesthesized by intravenous injection of ketamine (120mg/kg), xylazine (16mg/kg)

and heparin (8333 IU/kg) according to their body weight. 100µl of the anesthetic solution were

injected per 10g body weight. The animals were subsequently weighed and then sacrificed by

cervical dislocation before taking a blood sample by cardiac puncture. The blood samples were

centrifuged for 5 minutes (20000g, 4◦C) to retrieve the blood plasma. Plasma samples were

stored at -20◦C until further analyses.

Additionally, the liver was completely removed and weighed. Samples for messenger

ribonucleic acid (mRNA) and protein determination were frozen in liquid nitrogen before

storing them at -80◦C until further processing. For histological evaluations, the quadrate lobe

was placed in 4% para-formaldehyde until dehydration and embedding in paraffin. Samples for

flow cytometry were placed in HBSS and stored on ice for immediate processing. Spleens were

removed in a similar manner and prepared equally.

For flow cytometric analyses of the bone marrow, both femura were removed and manually

cleaned from adherent muscular tissue and tendons, before placing them in Hanks’ Balanced

Salt Solution (HBSS) on ice. Next, the bones were placed in a petri dish under a laminar flow

hood and opened up with a scalpel on both ends. The bones were then placed upright in a

perforated 0.2ml tube inside a 1.5ml tube and centrifuged for 10 seconds at 8000g. The inner

tube and the empty bones were discarded, whereas the bone marrow was resuspended in HBSS

and stored on ice until further processing.

2.2.2 Genotyping

In order to determine the genotype of the murine offspring, tissue samples were analyzed.

Therefore, tail samples of the respective animals were broken down by 100µl of a lysis buffer

containing proteinase K (2mg/ml) in a 1.5ml reaction tube. The reaction was incubated over

night at 56◦C. The next day, samples were heated to 95◦ for 10 minutes to inactivate the enzyme.
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Possible contaminations of RNA were eliminated by adding 750µl of RNAse A buffer per

sample and subsequent incubation for 15 minutes. Next, a polymerase chain reaction was

performed to amplify the specific parts of the DNA which had been altered by breeding (see

section 3.1.1): The knock-in of two (homozygous) loxP sites in proximity to PKM2-specific

exon 10 (Pkm2fl/fl) and the heterozygous knock-in of the Cre recombinase downstream the LysM

promotor (LysM+/∆). In both cases, a Dream Taq Green Mastermix was used, which uses an

include DNA polymerase and a loading dye for the gel electrophoresis of the polymerase chain

reaction (PCR) amplicons.

Component Pkm2fl/fl LysM+ LysM∆

H2O (µl) 10 10 10

Forward primer (µl) 0.5 0.6 1.2

Reverse primer (µl) 0.5 1.2 0.6

DreamTaq MM (µl) 12.5 12.5 12.5

DNA (µl) 3 3 3

Total (µl) 26.5 27.3 27.3

Table 12: Master mix components for the genotyping PCR.

The components of the respective mastermix per sample are listed in table 12. The tubes were

placed in a FlexCycler PCR Thermo Cycler and the cycler protocol was run as shown in table

13 with 35 cycles of denaturation, annealing and elongation. To determine the heterozygous

knock-in of a Cre recombinase downstream the LysM promotor, two mastermixes had to be

prepared in order to amplify both the wildtype allele (320 bp) and the Cre knock-in allele (650

bp). Since two different pairs of primers were used, two different PCR protocols had to be run

(see Table 13, 35 cycles).

Target Initiation Denaturation Annealing Extension Final extension

Pkm2fl/fl 94◦C
5 min

94◦C
30 sec

64◦C
30 sec

72◦C
1.5 min

72◦C
5 min

LysM+ 94◦C
3 min

94◦C
30 sec

63◦C
1 min

72◦C
1 min

72◦C
2 min

LysM∆ 94◦C
3 min

94◦C
30 sec

58◦C
1 min

72◦C
1 min

72◦C
2 min

Table 13: Cycler protocols for the genotyping PCR.

After amplification, the samples were loaded into the wells of a agarose gel with a 1kbp DNA

ladder. Electrophoresis was performed using a PowerPac® 200 power supply with 150V for

45 minutes. Visualization of the bands was performed with a Molecular Imager® VersaDocTM

4000 MP Imaging System as described in section 2.2.10. Detailed results of the genotyping are

shown in section 3.1.1 and in Figure 6.
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2.2.3 Experimental animal treatment

Concanavalin A (ConA, 5mg/kg in Dulbecco’s phosphate buffered saline (DPBS)) or pure DPBS

were injected intravenously (i.v.) into Pkm2fl/fl and Pkm2∆myel mice as previously described

(Tiegs et al., 1992). Preparation of 6-[(3-aminophenyl)methyl]-4,6-dihydro-4-methyl-2(methyl)-

sulfinyl-5H-thieno [2’,3’:4,5]-pyrrolo-[2,3-d]pyri-dazin-5-one (TEPP-46) was performed by

dissolving 40% w/v 2-Hydroxy-Propyl-β-Cyclodextrin in sterile filtered Milli-Q® ultrapure

H2O, before adding 5mg TEPP-46 to 500µl of the vehicle substance. The respective mice

received a dose of 50mg/kg TEPP-46 intraperitoneally (i.p.) one hour prior to ConA injection.

Mice were euthanized 8 hours after ConA injection as described in section 2.2.1.

2.2.4 Measurement of liver enzyme activity, cholesterol and triglycerides

Plasma samples were diluted 1:5 with Milli-Q® ultrapure H2O before measurement. A COBAS

Integra 400 plus was used to determine plasma activites of alanine aminotransferase (ALT) and

plasma concentrations of total cholesterol and triglycerides.

2.2.5 Measurement of acyl carnitines

Determination of acyl carnitine concentrations in the sera of Pkm2fl/fl and Pkm2∆myel mice was

performed by Dr. Barbara Finckh (Institute of Clinical Chemistry and Laboratory Medicine,

University Hospital Hamburg-Eppendorf, Germany), using tandem mass spectrometric analyses

(Rousseau et al., 2012). She also generously provided the raw data used in Figure 16(f).

2.2.6 Measurement of PKM isoforms

PKM1 and PKM2 isoform distribution in BMDM was measured and kindly provided by

Benjamin Dreyer, M. Sc. (Institute of Clinical Chemistry and Laboratory Medicine, University

Hospital Hamburg-Eppendorf, Germany), using the method of Liquid chromatography–mass

spectrometry (LC-MS) and an Ultrahigh Field Orbitrap Mass analyzer (ThermoFisher Scientific).

Data from this measurement are shown in Figure 7(d) and (e) as relative abundance of unique

peptides for the respective target protein.

2.2.7 RNA isolation and transcription to cDNA

For the extraction of RNA from BMDM or whole liver tissue, the NucleoSpin RNA Kit® was

used. For BMDM, the cells were harvested as described in section 2.2.12 and washed once

with PBS before RNA extraction. 350µl Lysis Buffer RA1 and 3.5µl β-mercaptoethanol were

mixed and applied to each sample before thorough aspiration and irrigation of the pellet in

order to dissolve the cells. Whole liver tissue was prepared by placing the sample in a 2ml

reaction tube with metal beads and the Lysis Buffer mentioned above before fragmenting the

tissue using a TissueLyser II® for 2 minutes at a frequency of 30 Hz. In case of whole liver

tissue, the suspension was filtered through a NucleoSpin® Filter and centrifuged for 1 minute at

room temperature with 11000g. The following steps were performed identically for BMDM and

whole liver tissue. The suspension was given into a 1.5ml reaction tube and 350µl ethanol (70%
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in DEPC) were added to induce precipitation of the RNA. 700µl of the mixture were loaded to a

NucleoSpin® RNA Column containing a silica membrane before centrifugation for 1 minute

with 11000g at room temperature. 350µl Membrane Desalting Buffer were loaded to the column,

was where centrifuged again in an equal manner. In order to eliminate any contamination by

DNA, a mastermix was prepared, containing 10µl of reconstituted rDNAse and 90µl Reaction

Buffer for rDNAse per specimen. 95µl of the reaction mixture were applied to the column

and incubated for 15 minutes at room temperature. To inactivate the rDNAse, 200µl RAW2

Buffer were applied to the column, followed by another identical centrifugation step. Next, the

column was washed with 600µl and 250µ RA3 Buffer before another centrifugation step (2

minutes, 11000g, room temperature). The columns and membranes were transferred onto new,

RNAse-free reaction tubes. 30µl RNAse-free H2O were applied to each membrane in order

to elute the RNA. The columns and tubes were centrifuged for 1 minute with 11000g at room

temperature, before discarding the columns and placing the tubes containing the RNA on ice

immediately. The samples were stored at -80◦C until usage.

The RNA was transcribed to cDNA using the Verso cDNA synthesis Kit and a MyCyclerTM

Thermal Cycler System. The amount of RNA was quantified with a NanoDrop 1000 Fluorospec-

trometer. After determination of the RNA yield in the samples, the volume of the RNA sample

that equalled 1µg of RNA was mixed with 1µl of oligo(dT) nucleotides and a random hexamer

mix and was made up to a total of 11µl with RNAse-free H2O. The mix was placed in the

cycler and incubated for 10 minutes at 70◦C. Afterwards, the samples were stored on ice and a

mastermix consisting of cDNA buffer (4µl per sample), deoxynucleotide triphosphates (dNTP,

2µl per sample), a reverse transcriptase enhancer (1µl per sample) and the reverse transcriptase

itself (1µl per sample) was prepared. 8µl of the mastermix were given to each tube before

continuing the cycler protocol for 1 hour at 42◦C and subsequently for 5 minutes at 95◦C to

inactivate the reverse transcriptase. After transcription, the cDNA was either stored at 4◦C for

prompt analyses or stored at -20◦C.

2.2.8 Quantitative real-time PCR

The method of real-time polymerase chain reaction was used to analyze the genetic transcrip-

tion of genes of interest involved in inflammation, cellular communication, chemotaxis and

metabolism. For this purpose, cDNA generated as described in section 2.2.7 was either used

undiluted (in case of cytokines or transcription factors) or diluted 1:10 in RNAse-free H2O. A

mastermix of 10µl per specimen was prepared containing 5µl MaximaTM SYBR Green, 2.6µl

RNAse-free H2O, 0.7µl of each of the diluted forward and reverse primer, as well as 1µl of the

cDNA sample. The mastermix was distributed among the wells of a 96-well plate and inserted

into the CFX96 Real-time PCR Cycler. A control specimen containing H2O was used to rule

out contamination of the plate. The running conditions for each primer set are listed in table 11

on page 32. Accuracy of the measurements was achieved by analyses of the melting curve in

order to ensure the exclusion of PCR data caused by unwanted amplicons.

Data for mRNA levels are shown as fold changes to the control group using the ∆∆CT

method. If values from more than one independent experiment were compared, mRNA levels
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are shown as 2−∆CT values in order to provide comparability between the experiments.

2.2.9 Extraction of protein lysates from cells and tissues

In order to perform Western Blot analyses from BMDM or whole liver tissue, protein extracts

were prepared by chemical and mechanical disruption (see Table 7). For measurements which

included the analyses of quarternary protein structures and oligomers, cells were subjected to

chemical cross-linking by 1% para-formaldehyde in PBS for 7 minutes with gentle shaking prior

to cell lysis for the subsequent gel electrophoreses and blotting procedures. Protein lysates from

whole liver tissue were extracted by combining mechanical fractionation and chemical lysis.

First, 1% 0.1M phenylmethylsulfonyl fluoride (PMSF), 1% aprotinin, 0.2% sodium pervanadate

solution and 1% sodium fluoride were added to the lysis buffer. For samples that were later

analyzed for phosphorylated proteins, PhosSTOP was used. A sample of pure lysis buffer per

experiment was kept with its corresponding samples to ensure the accurate determination of

protein yields when performing the Bradford assay (see section 2.2.10).

400µl of complete lysis buffer were added to a sample of whole liver tissue into a 2ml

reaction tube, before adding metal beads and fragmenting the tissue using a TissueLyser II® for

2 minutes at a frequency of 30 Hz. Afterwards, the samples were transferred onto ice and left to

incubate for 10 minutes before vortexing. After three sessions of incubation and vortexing, the

samples were centrifuged for 5 minutes at 5000rpm and 4◦C before transferring them again into

fresh, ice cold reaction tubes, leaving behind a visible smear in the previously used tube. The

samples were centrifuged again for 10 minutes with 12700rpm at 4◦C before storing them in

aliquots of 50µl at -80◦C until usage.

Lysates from BMDM were extracted by adding 150-300µl of the lysis buffer to the cell

pellet after centrifugation. The pellet was dissolved in the lysis buffer by manual aspiration and

irrigation in the reaction tube. Next, the sample was incubated for 10 minutes on ice before

shaking it for 20 seconds using a vortex shaker (Heidolph). This cycle of incubation and shaking

was repeated twice before centrifuging the sample for 5 minutes at 4◦C with 5000rpm and

transferring the lysate into new, ice cold 1.5ml reaction tubes, thereby purifying the lysate.

The samples were centrifuged again for 10 minutes at 4◦C with 12700 rpm and subsequently

transferred into new, pre-cooled reaction tubes in aliquots of 50µl. The lysates were stored at

-80◦C until usage.

2.2.10 Gel electrophoresis and Western Blot analyses

To determine the protein yield of cell or tissue lysates, a Bradford protein assay was used. The

Protein Assay Dye Reagent Concentrate was diluted 1:5 with Milli-Q® ultrapure H2O as a

Bradford working solution. The lysates were diluted depending on their expected protein density

from 1:5 to 1:20 with H2O and the diluted samples were then diluted again 1:100 with the

Bradford working solution in a 96 well plate. The protein yield in the samples was assessed

by 15 seconds of shaking and the ensuing spectroscopic analysis by a TECAN Infinite® 200

PRO multireader (TECAN Trading AG, Switzerland). Quantification of the protein content was

calculated to determine the amount of protein loaded onto the gel. 15-30µg of protein were
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used, depending on the expected content of the protein in question. The wells were loaded

with 20µl of NuPAGE® LDS Sample Buffer 4× (5µl), NuPAGE® Reducing Agent (2µl) and

Milli-Q® ultrapure H2O (depending of the volume of protein lysate needed for the desired

amount of protein, ad 20µl). To be able to estimate the size of the protein bands later in the

procedure, a Precision Plus Protein Western StandardTM was added to the first pouch of the gel.

For the electrophoresis, NuPAGE® 15-well 4-12% Bis-Tris Mini Gels and the corresponding

SDS running buffer (1:20 in H2O) were used in accordance with the manufacturer’s instructions.

Electrophoresis was powered by a PowerEase500 power supply and performed with 200V

constantly for 35 to 60 minutes, depending on the size of the target protein. Afterwards, the

blotting procedure was performed employing the wet-blot method (Mini Trans-Blot® Cell

System and PowerPacTM HC power supply) on a nitrocellulose membrane in a Western Blot

Transfer Buffer. Next, the membrane was incubated with 5% non-fat dry milk powder (Bio-Rad)

in Tris-buffered saline with Tween® 20 (TBS-T) for 1 hour to avoid unspecific antibody binding

before incubating the membrane with the primary antibody over night at 4◦C with gentle shaking.

For a detailed list of antibodies and preparatory specifications see Table 8 on p. 30.

The following day, the membrane was washed three times in TBS-T for 10 minutes each and

the marker bands were cut from the membrane before adding the second antibody and incubation

for 1 hour at room temperature. To make the marker bands detectable, Strep-Tactin® HRP was

applied to the marker band in a dilution of 1:10.000 in TBS-T and incubated simultaneously

with the membrane for 1 hour. The membrane was then washed again three times before

visualization. For this purpose, an electrochemiluminescence (ECL) solution, consisting of

0.00025% Luminol in 0.1M Tris/HCl (“Solution A”) and 0.0011% para-hydroxy coumaric acid

in dimethyl sulfoxide (DMSO, “Solution B”), was prepared. 3ml of A and 30µl of B were

mixed immediately before the visualization procedure and 1.5µl of H2O2 were added to activate

the ECL reaction. The activated ECL solution was then applied to the membrane; detection was

performed using a Molecular Imager® Versa DocTM MP Imaging System. After detection, the

band intensity was quantified using the ImageLab 2.0 Software for Western Blot analyses.

2.2.11 Histological stainings

Liver samples were fixed in 4% para-formaldehyde and subsequently dehydrated in ascending

ethanols and xylene according to standard histological procedures before embedding them in

paraffin.

Hematoxylin & Eosin staining. H&E stainings of liver sections were kindly provided by

Tobias Gosau (Institute of Anatomy and Experimental Morphology, Center for Experimental

Medicine, University Hospital Hamburg-Eppendorf, Germany). Liver sections of 3µm were cut

and stained according to a standard H&E protocol.

Immunohistochemical stainings. Liver sections were de-paraffinized in xylene substitute

(HS200-5 XEM) for 20 minutes before rehydrating them in a series of baths containing de-

scending percentages of ethanol (5 minutes each in 100, 90, 70 and 50% ethanol). Then, the
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sections were rinsed thoroughly with H2O and retrieved using a citrate-based retrieval solution

in a dilution of 1:10 in Milli-Q® ultrapure H2O at 100◦C for 10 minutes. After cooling, the

samples were rinsed with H2O and washed with TBS-T. Next, the sections were incubated with a

solution of 10% Normal Swine Serum in a special Antibody Diluent for immunohistochemistry

for 45 minutes to avoid unspecific antibody binding. Afterwards, 50µl of the solution containing

the primary antibody were applied to each liver section in the Antibody Diluent and incubated

in the dark at 4◦C over night. The next day, the sections were washed twice in TBS-T, before

applying the biotinylated secondary antibody and incubation for 30 minutes. The slides were

washed again and incubated with a horseradish peroxidase (HRP) conjugated Streptavidin (Vec-

tastain Elite ABC HRP Kit) for 30 minutes in the dark. Detection was performed by applying

3,3’-diaminobenzidine substrate buffer to the slides for 5 minutes before rinsing them with H2O

and counterstaining them with Hematoxylin for 1 minute. Lastly, the slides were mounted with

Crystal MountTM Aqueous Mounting Medium (Sigma, Saint-Louis, MO, USA) and let to dry

for 1 hour before covering them with Entellan® and cover slips.

2.2.12 Generation and maturation of BMDM

Bone marrow was extracted as described in 2.2.1. For the cell culture experiments, the pellet

was resuspended in Roswell Park Memorial Institute Medium 1640 + GlutaMAXTM-I (RPMI)

instead of HBSS and supplemented with 30% L929 supernatant (see section 2.2.13), 10%

inactivated fetal bovine serum, 5% inactivated horse serum and 1% Penicillin (104Units/ml) /

Streptomycin (10mg/ml). Bone marrow cells were counted using a Neubauer Hemocytometer

and cultured in 10cm cell culture dishes at a count of 4×106 cells per dish and given 10ml

of the growth medium. Macrophages were maturated for six days through replacement of the

M-CSF containing medium depending on the color of its indicator dye, usually on day 3-4 after

extraction. On day 6, maturity was verified by microscopic evaluation, before stimulating the

cells as mentioned below.

Stimulation experiments were performed by supplementation of the fresh RPMI medium

(including 10% inactivated fetal bovine serum, 5% inactivated horse serum and 1% Penicillin

(104Units/ml) / Streptomycin (10mg/ml)) with the respective stimulants. BMDM were treated

with LPS from Salmonella abortus equi (100ng/ml), TEPP-46 (100µM in DMSO) or murine

recombinant IL-4 (20ng/ml) for varying time periods indicated in the description of the respective

experiments. For the examination of metabolic parameters as shown in Figure 13 on page

57, BMDM were stimulated as stated in table 14. Cells were harvested by incubation with

Trypsin/ethylenediaminetetraacetic acid (EDTA) in a dilution of 1:10 in PBS for 1 minute at

37◦C. Remaining adherent cells were harvested using a cell scraper.

2.2.13 Production of L929 supernatant for BMDM differentiation

To produce the macrophage growth medium described in section 2.2.12, a L929 fibroblast

cell line was used (NCTC clone 929, No. CCL-1, LGC Standards, Wesel, Germany). The

cells were grown in T175 cell culture flasks and given Dulbecco’s Modified Eagle Medium

+ GlutaMAXTM-I (DMEM), supplemented with 5% heat-inactivated fetal bovine serum, 2%
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L-Glutamine and 1% Penicillin (100U/ml) / Streptomycin (10mg/ml) and were cultivated for

seven days before collecting the supernatant, which contained macrophage colony-stimulating

factor (M-CSF). The supernatant was filtered using a Stericup-GP® Sterile Vacuum Filtration

System, separated into aliquots of 50ml and stored in 50ml reaction tubes at -20◦C until usage.

2.2.14 Bead-based immunoassay of cytokine concentrations

For the analyses of cytokine concentrations in the supernatants of cultured BMDM, a custom

made, bead-based immunoassay (LEGENDplexTM Custom Panel) was performed according

to manufacturer’s instructions. For the present study CCL2, CCL22, IL-10 and TNFα were

measured. The basic principle of the assay equals a sandwich enzyme-linked immunosorbent

assay (ELISA), but uses a flow cytometer to read out the cytokine concentrations. 6.25µl of the

respective specimen (cell culture supernatants and a series of standard solutions in the assay

buffer) were vortexed for 20s with 6.25µl assay buffer and 6.25µl capture beads in a v-bottom

96-well plate before incubation in the dark at 4◦C overnight on a plate shaker. On the day

of the assay, the plate was vortexed again before adding the biotinylated detection antibody

mix (1:4 in assay buffer) and centrifuging it for 1 minute at room temperature with 1000g.

The wells were then mixed repeatedly by manual resuspension and the plate was incubated a

second time for 2 hours at room temperature on a plate shaker. Finally, 6.25 µl of Streptavidin-

Phycoerythrin were added to each well (which binds to the biotinylated detection antibody),

before centifugation (room temperature, 1000g, 1 minute) and subsequent manual resuspension.

A final incubation step (30 minutes at room temperature in the dark) ensured sufficient binding

between the antibody and the flourescent conjugate. After three consecutive steps of washing

and centrifugation as described, the supernatants were analyzed by recording 4000 events in

the bead gate using a BD FACSCantoTM II flow cytometer. The data were converted into

concentration levels in pg/ml by the LEGENDplexTM Data Analysis Software.

2.2.15 Metabolic measurements, Mito Stress Assay

In order to assess the metabolic properties of BMDM derived froem Pkm2fl/fl and Pkm2∆myel

mice, an Agilent Seahorse XF Cell Mito Stress Test was performed. Briefly, this plate-based

assay allows to draw conclusions about the glycolytic and mitochondrial function of the cultured

cells and their intracellular distribution of metabolic intermediates in real time. This is achieved

by measuring the amount of O2 consumed by the cells over time (hereinafter called the ”oxygen

consumption rate”, OCR, pmol/min), as well as the efflux of intracellular protons into the

extracellular space (”extracellular acidification rate”, ECAR, mpH/min), the latter of which is

basically an indicator for the glycolytic flux. Over the course of the assay, various modulators

are injected into the wells to interfere with different components of the electron transport chain

(ETC), which (apart from basal respiration and acidification) permits the determination of the

maximum respiratory capacity, the proportion of respiration attributable to ATP synthesis or

proton leakage of the analyzed cells. For the analyses, BMDM were extracted and differentiated

as described in section 2.2.12. In this case, stimulation of the cells prior to the assay was

achieved by supplementation of the cell culture medium as indicated in Table 14.
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Stimulant Concentration Stimulation time

Untreated — 24 hours

LPS 100ng/ml 2 hours

LPS 100ng/ml 24 hours

LPS/
ATP

100ng/ml
200mM

2 hours

TEPP-46 µM 2 hours

Table 14: Cell culture stimulation conditions prior to the Cell Mito Stress Test.

On the day prior to the assay, the Seahorse XFe96 Analyzer was started and preheated over

night. To allow the adherent BMDM to rest and settle, the cells were transferred into the assay

plate on the same day. Therefore, 5×104 BMDM in 80µl cell culture medium were seeded

into the wells of an Agilent Seahorse 96-well XF Cell Culture Microplate while leaving out

the background correction wells on each corner of the plate. These wells were given 80µl of

pure medium. The plate was incubated at 37◦C with 5% CO2 overnight; the designated wells

were stimulated with LPS (100ng/ml for 24 hours). Next, the sensor cartridge was hydrated by

submerging each sensor in 200µl of H2O and placed in a non-CO2 incubator until the next day,

as was a 20ml aliquot of the XF Calibrant. The last step of preparation included the design of

the Mito Stress Assay using the Seahorse Wave Desktop Software as shown in Table 15.

Modulator Concentration Mixing time Measurement
time

Measurement
points

Precalibrate — 3 min 3 min 3

Oligomycin 3µM 3 min 3 min 3

FCCP 3µM 3 min 3 min 3

Antimycin A/
Rotenone

1µM
1µM

3 min 3 min 3

Table 15: Cell Mito Stress Test run protocol.

The next day, the assay cartridge was prepared by discarding the H2O from the utility plate and

filling its wells with 200µl of the XF Calibrant Solution which was incubated overnight. After-

wards, the sensor cartridge was immersed into the filled wells of the utility plate and incubated

for 1 hour at 37◦C in a non-CO2 incubator. In order to provide for accurate measurement of

the metabolic parameters, the XF Assay Medium was heated to 37◦C in a water bath, adjusted

to a pH of 7.4 by the addition of NaOH and supplemented with L-glutamine (2mM), pyruvate

(1mM) and glucose (10mM).

Cells stimulated for 2 hours were given their respective stimulatory medium (see table

14). During the stimulation time, the ETC modulators (oligomycin, carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) and antimycin A/rotenone) were diluted, warmed

and adjusted to pH 7.4. After 2 hours, the medium was discarded and the cells were washed

with 100µl Assay Medium in the plate. 180µl of fresh medium were added to each well before

storing the plate in an incubator at 37◦C without CO2. Finally, the sensor cartridge was loaded

with 20-30µl of the prepared modulatory solutions into the designated injection ports.
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All ports were inspected for even loading. The the sensor cartridge and the utility plate were

inserted into the preheated Seahorse XFe96 Analyzer for 30 minutes of calibration. Afterwards,

the cell plate was loaded and equilibrated with the Seahorse XFe96 Analyzer before the Mito

Stress Test was run.

2.2.16 Isolation and preparation of leukocytes for flow cytometry

Organ samples were extracted after euthanizing the mice as described in section 2.2.1. For the

isolation of hepatic non-parenchymal cells (NPC), livers were crushed in a cell culture dish

using a syringe plunger and filtered through a 100µm nylon filter into a 50ml reaction tube to

separate the cells. The suspension was supplemented with HBSS and centrifuged for 5 minutes

at room temperature with 500g. The HBSS supernatant was discarded, whereas the cell pellet

was resuspended in 10ml Percoll/HBSS before transferring the suspension into a 15ml reaction

tube. For the gradient, the suspension was centrifuged for 20 minutes at room temperature with

800g. Next, the supernatant and cellular debris were discarded and the pellet was dissolved

in 2ml of ammonium-chloride-potassium (ACK) lysis buffer to remove erythrocytes from the

total of NPC. After 2 minutes of incubation at room temperature, the reaction was stopped by

adding 18ml HBSS, before centrifuging the suspension again for 5 minutes at 4◦C with 500g.

The supernatant was discarded and the remaining pellet was resuspended and mixed with HBSS,

before distributing the cell suspension into tubes for flow cytometry.

Splenocytes were isolated by passing the organs through a 100µm nylon filter into a

50ml reaction tube and adding 15ml of cold HBSS (4◦C). Afterwards, the suspension was

centrifuged for 5 minutes at 4◦C with 500g. The supernatant was discarded and the pellet

was purified by adding ACK lysis buffer as described. After stopping the reaction and another

identical centrifugation step, the supernatant was discarded and the pellet was dissolved in

10ml cold HBSS. The cellular concentration of the suspension was counted using a Neubauer

Hemocytometer and adjusted to a concentration of 1×106 cells/ml with HBSS, before splitting

the cells into tubes for flow cytometry.

Bone marrow cells were extracted as outlined in section 2.2.1. The cell suspension was

treated as described for the isolation of splenocytes and finally transferred into tubes for flow

cytometry.

2.2.17 Fluorescence activated cell sorting (FACS) analyses

In order to differentiate populations and subpopulations of myeloid (and lymphoid) cells, flow

cytometric analyses of BMDM as well as ex vivo hepatic, splenic and bone marrow leukocytes

were performed. All gates were set using unstained control samples or fluorescence minus one

(FMO) samples where applicable.

Preparation, staining and gating strategy of BMDM. For the analyses of BMDM, cells

were cultured, differentiated, stimulated and harvested as described in section 2.2.12 (page 39).

Afterwards, cells were transferred into tubes for flow cytometry and washed twice with 500µl

PBS per sample and centrifuged for 5 minutes at 4◦C with 500g. The supernatant was discarded
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and the cells were incubated for 15 minutes with an anti-CD16/32 antibody to prevent unspecific

binding to Fc receptors. Next, the cells were washed again with PBS and centrifuged for 5

minutes at 4◦C with 500g before incubating them for 30 minutes at 4◦C in the dark with 50µl

of the the antibody mastermix (see Table 10 for details). After staining, the cells were washed

and centrifuged again as described before fixation by adding 200µl of 4% para-formaldehyde

in PBS to each tube and immediate mixing on a vortex shaker. The samples were incubated

for 15 minutes at 4◦C in the dark. Next, the tubes were washed and centrifuged again and the

supernatant was discarded. The cells were given 200µl of FACS buffer before covering them

with Parafilm M® and storing them in the fridge until measurement. The gating strategy for
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Figure 3: Representative dot plots of the gating strategy for BMDM in flow cytometric analyses.
BMDM were prepared as described and analyzed by flow cytometry for myeloid purity (CD11b, F4/80),
polarization markers (CD206, CD301) and the chemokine receptor CCR2.

the identification of myeloid subsets is depicted in Figure 3. To exclude damaged cells and

other debris from the analysis, leukocytes were gated as shown in the first gate according to

size (forward scatter area, FSC-A) and granularity (sideward scatter area, SSC-A). Next, cell

aggregates were excluded by plotting height and area of the forward scatter and gating single

cells as shown. Dead cells were eliminated from the measurement as they are prone to binding

to various reagents in a non-specific manner. Therefore, a viability dye was included in the

antibody cocktail which was only taken up by non-vital cells. Cells who did not emit a signal

were considered vital and thus included in the analysis. Vital, single cells were then gated for

CD11b, a pan-myeloid marker, and F4/80, a marker of mature macrophages, to verify the purity

of the cell culture (see section 3.2.1 and Figure 9). CD11b+F4/80+ cells were further analyzed

for the chemokine receptor CCR2 and the M2 polarization markers CD206 and CD301.
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Preparation, staining and gating strategy of ex vivo leukocytes. Leukocytes were isolated

from the bone marrow, spleens and livers of Pkm2fl/fl and Pkm2∆myel mice as described in detail

in section 2.2.16.

For the staining of extracellular markers, isolated cells were incubated in flow cytometry

tubes with an anti-CD16/32 antibody for 15 minutes and next with the antibody cocktail

including the viability dye for 30 minutes at 4◦C in the dark. The samples were washed with

cold PBS and centrifuged as previously described. After discarding the supernatant, cells were

resuspended in 200µl cold FACS buffer, covered with Parafilm M® and stored at 4◦C in the

dark until the analysis. For the evaluation of lymphoid cells, the respective samples were also
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Figure 4: Representative dot plots of the gating strategy for hepatic myeloid NPC. Vital single cells
were gated for the pan-myeloid marker CD11b and screened for the expression of the macrophage marker
F4/80, Ly6C for monocytes and Ly6G for neutrophilic granulocytes. Monocytes were gated for the
chemokine receptor CCR2.

stained intracellularly for the master transcription factor of regulator T cells, forkhead box

protein 3 (Foxp3). Therefore, a Foxp3 Transcription Factor Staining Buffer Kit (eBioscience)

was used. In order to achieve a sufficient fixation and permeabilization of the cells, a Fix/Perm

Buffer was prepared (Fixation/Permeabilization Concentrate in Permeabilization Diluent, 1:4).

150µl were added to each sample and mixed manually with the cell suspension. After 35

minutes of incubation at 4◦C in the dark, cell samples were washed twice by adding 200µl

of a wash buffer supplied by the manufacturer (Permeabilization Buffer, 1:10 in Milli-Q®

ultrapure H2O) and centrifuging the samples for 5 minutes at 4◦C with 500g. After pouring
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away the supernatant, the Foxp3 antibody mastermix was added to the tubes (25µl, 1:100 in

wash buffer) and mixed thoroughly with the cells before another equal step of incubation. Next,

the tubes were centrifuged as described and washed twice with the wash buffer. Lastly, the

cells were mixed with 200µl of FACS buffer, covered with Parafilm M® and stored at 4◦C until

measurement. With regard to leukocytes of the myeloid lineage, cells were were analyzed for
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Figure 5: Representative dot plots of the gating strategy for hepatic lymphoid NPC. Vital single
cells were gated for CD8 and CD4, the latter of which were analyzed for the coinhibitory marker PD-1,
the activation marker CD25 and Foxp3, the master transcription factor of regulatory T cells (Treg).

cell size (FSC-A) and granularity (SSC-A) as illustrated in Figure 4. Cell aggregates and dead

cells were excluded as mentioned. To identify myeloid cells in the bone marrow, spleen and

liver, the pan-myeloid marker CD11b was employed. Macrophages were identified by gating on

CD11b+ F4/80+ cells. A fraction of these cells was also positive for the monocyte marker Ly6C.

Neutrophilic granulocytes were identified by expression of Ly6G. Ly6C+ Ly6G− monocytes

were ancillarily analyzed for CCR2 (see also Figure 3).

Secondly, lymphoid cells of Pkm2fl/fl and Pkm2∆myel mice were analyzed. The gating strategy

is outlined in Figure 5. Only spleens and livers were analyzed with regard to differenciated

lymphoid cells. Cells were gated as mentioned above for size, granularity, single and vital

cells. Next, cells were gated on the CD4+ and CD8+ populations as superordinate markers

for cytotoxic and T helper cells. The CD4+ gate was further dissected and analyzed for the

co-inhibitory molecule PD-1, as well as the activation marker CD25. Cells positive for CD4 and

CD25 were additionally gated for Foxp3, the master transcription factor of regulatory T cells.

Flow cytometric measurement and data processing. Samples were measured using a BD

LSRFortessaTM flow cytometer and the BD FACSDivaTM software for data acquisition. All

experiments were analyzed using the FlowJoTM software.
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2.2.18 Statistical analyses

GraphPad Prism 6 and 9 were used to perform statistical analyses. All data are represented

as arithmetic means ± standard error of mean (SEM). Comparisons between two groups were

statistically analyzed by unpaired Student’s t-tests. For statistical evaluations of more than

two groups, a one-way ANOVA was performed. In case of comparisons with two variables

(i.e. ”treatment” and ”genotype”) a two-way ANOVA was used. Multiple comparisons with

dependent variables were corrected for multiplicity by a Bonferroni post-hoc test. P values

were reported correspondingly. To identify outliers, the ROUT method was employed. P values

<0.05 were considered statistically significant. Significancy is indicated by single or multiple

asterisks (*) with the following ranges: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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3 Results

3.1 Generation of a myeloid-specific PKM2 knockdown

3.1.1 Genetic approach and breeding strategy

To assess the role of PKM2 in myeloid cells, a transgenic mouse strain was generated as

mentioned in section 2.1.8 (Israelsen et al., 2013, Clausen et al., 1999). The model was initially

designed to study the effects of a PKM2 knockout within myeloid cells in vitro and in vivo. As

described in section 1.3.2, pre-mRNA is generated from the Pkm gene and subsequently spliced,

which determines the expression of the enzyme isoform. Inclusion of exon 9 leads to PKM1

expression, whereas exon 10 is part of the Pkm2 mRNA. Thus, excision of exon 10 prevents the

cell from generating mature Pkm2 mRNA, which ultimately results in a loss of PKM2 protein.

Exon 1 2 10 11 12 13 14 15 16 17 183 4 5 6 7 8 9 loxP loxP

1 2 11 12 13 14 15 16 17 183 4 5 6 7 8 9 loxP

Recombination
(Cre) 

Floxed Pkm
Allele (PKM2fl)

Deleted Pkm
Allele (PKM2Δmyel)

Exon

loxP PkmExon10 loxP

loxP loxPPkmExon10
loxP PkmExon10 loxP

loxP loxPPkmExon10

bp

500
250

+/+LysM +/Δ +/Δ bp

500
250

PkmExon10 +/+ fl/fl fl/fl

500
250

bp LysM +/+ +/Δ +/Δ
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LysM Lysozyme

LysM Cre

LysM Lysozyme

Figure 6: Genomic construct for a myeloid-specific knockdown of PKM2. (a) Breeding strategy. (b)
Genetic locus of the rodent Pkm gene on chromosome 9 with loxP sites flanking Pkm2-specific exon
10 (upper panel). Cre-mediated excision of the exon (lower panel) was intended to lead to subsequent
absence of Pkm2 transcripts or protein (elements not shown to scale). (c) Genotyping by DNA purification,
PCR amplification and subsequent gel electrophoresis. Left panel: LysM-Cre allele (+/∆), 650 bp. Center
panel: LysM wildtype allele (+/+), 320 bp. Right panel: Genotyping of wildtype alleles (+/+, 509 bp) and
floxed alleles (fl/fl, 577 bp) within the Pkm gene.

For our studies, the Cre-loxP system was used to achieve a myeloid-specific knockout of PKM2.

A brief summary of the genetic approach is demonstrated in Figure 6. LoxP sites were inserted

into the Pkm gene on chromosome 9 in close proximity to exon 10 by homologous recombination

(Figure 6(a), center). Mice homozygous for the floxed allele (Pkm2fl/fl) were then crossbred
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with mice heterozygous for Cre, a recombinase downstream the promoter of their lysozyme

gene (LysM, Figure 6(a), left) on chromosome 10 (LysM+/∆). Once activated, this promoter

leads to subsequent expression of Cre, which in turn results in the recombination of floxed DNA

segments (Figure 6(b)). LysM has been reported to be constitutively active in hematopoietic

stem cells, particularly in myeloid progenitors and their descendants (Ye et al., 2003).

Since the LysM gene encodes lysozyme (a protein involved in myeloid defense reactions

against a multitude of pathogens, e.g. gram-negative bacteria) and insertion of Cre disrupts this

physiological response towards inflammatory stimuli, mice heterozygous for Cre (+/∆) were

chosen for the experiments in order to preserve one functional LysM allele (hereinafter referred

to as Pkm2∆myel). Animals negative for Cre (+/+) served as controls (Pkm2fl/fl, see Figure 6(c),

left and center panel). However, mice carrying loxP sites encompassing the PKM2-specific exon

10 were chosen as a suitable background for both Cre+/∆ animals and their controls (Cre+/+,

Figure 6(c), right panel), as they have previously been reported to be healthy and to show no

overt phenotype (Israelsen et al., 2013).

3.1.2 Cre-mediated knockdown of PKM2

To evaluate the efficacy of Cre in the given model, bone marrow-derived macrophages (BMDM)

were prepared and differentiated in vitro as described. After extraction, the bone marrow of

both Pkm2fl/fl and Pkm2∆myel mice was cultivated and differentiated into mature and naı̈ve

macrophages using supernatant containing M-CSF in their media (see section 2.2.12 for details).

After 6 days of differentiation and maturation, BMDM were stimulated for 24 hours with

LPS (100ng/ml) or IL-4 (20ng/ml) to induce M1 and M2 macrophage polarization. Details on

macrophage polarization experiments are given in sections 2.2.12 and 3.2.4. After 24 hours, the

cells were harvested and Western blot analyses were performed. Furthermore, BMDM from

Pkm2fl/fl and Pkm2∆myel mice were analyzed for the distribution of PKM isoforms by LC-MS.

As Figure 7 shows, PKM2 was ubiquitously expressed in all samples ((c), upper row). Lanes 1-4

represent lysates generated from Pkm2fl/fl BMDM, whereas lanes 5-8 show PKM2 expression

in BMDM of Pkm2∆myel mice. The abundance of PKM2 protein in all experimental samples

demonstrates an incomplete knockdown of PKM2 in Pkm2∆myel-derived BMDM. However, a

reduction in protein expression is visible. To quantify this effect, protein bands were normalized

to the housekeeper β-Actin (see (c), bottom row). Quantification of Cre-loxP-mediated PKM2

knockdown efficacy (b) revealed a significant reduction in protein abundance by 33.4% ±3,69

in BMDM from Pkm2∆myel mice compared to controls (100% ±4.27, **p<0.01). Next, a

possible dose-dependency of Cre was assessed. Therefore, macrophages derived from bone

marrow of mice carrying either no Cre allele (Cre-/-, synonymous with Pkm2fl/fl), one Cre

allele (Cre+/-, synonymous with Pkm2∆myel) or two allels (Cre+/+) downstream of the LysM

promoter were prepared as described. As shown in Figure 7(a), the efficacy of the Cre-mediated

knockdown of Pkm2 mRNA increased in a dose-dependent manner. BMDM carrying one Cre

recombinase allel showed a reduction of Pkm2 mRNA by 69.25% ±0.75, whereas BMDM

with two Cre recombinase allels expressed 95.55% ±2.05 less Pkm2 mRNA than the control

group. Considering the structure of the Pkm genetic locus, a possible effect on Pkm1 expression
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Figure 7: Evaluation of Cre-LoxP-mediated knockdown of PKM2 and its effects on PKM isoform
distribution in BMDM. (a) Pkm2 mRNA levels determined by qPCR (shown as fold changes to Cre−/−

BMDM, n=2-4 per genotype). (b) Densitometric quantification of PKM2 knockdown in Pkm2∆myel

BMDM by normalization of the PKM2 protein bands intensity to β-Actin as loading control (n=4 per
genotype). (c) PKM2 protein levels in untreated BMDM as determined by Western blot. Left: Marker
bands (kDa). Lanes 1–4: BMDM lysates of Pkm2fl/fl mice, Lanes 5-8: BMDM lysates of Pkm2∆myel mice.
Upper row: bands of PKM2 protein (60 kDa), bottom row: bands of β-Actin (loading control, 42 kDa).
(d) Abundance of peptides unique for PKM2 and PKM1 (e), determined by LC-MS (n=4 per genotype).

was presumed. Indeed, LC-MS analyses of PKM1 and PKM2 unique peptides confirmed this

assumption (see (d) and (e)). Peptides unique for PKM2 were reduced by 60.4% in untreated

BMDM obtained from Pkm2∆myel mice in comparison to untreated Pkm2fl/fl BMDM (0.4-fold

±0.03 vs. 1-fold ±0.06, ****p<0.0001). Notably, stimulation with LPS mildly increased unique

PKM2 peptides in the Pkm2fl/fl group (1.22-fold ±0.06 vs. 1-fold ±0.06, not significant), but

failed to do so in Pkm2∆myel BMDM (0.4-fold ±0.03 vs. 0.42-fold ±0.05, not significant).

Stimulation with IL-4 to induce M2 macrophage polarization similarly resulted in a minor

increase of unique PKM2 peptides in Pkm2fl/fl BMDM (1.22-fold ±0.05 vs. 1-fold ±0.06, not

significant), but left PKM2 peptide quantities of Pkm2∆myel BMDM unaffected (0.39-fold ±0.04

vs. 0.4-fold ±0.03, not significant). Taken together, these data indicate a reduction of PKM2

protein in untreated Pkm2∆myel BMDM of 33.4%-60.4% in comparison to the control group,

depending on the analyses. However, the effect of a partial PKM2 knockdown in BMDM

extensively affected PKM1 expression in these cells. PKM1 unique peptides were increased by

more than 2000% in untreated Pkm2∆myel BMDM in comparison to Pkm2fl/fl BMDM (21.61-

fold ±1.88 vs. 1-fold ±0.32, ****p<0.0001). Stimulation with LPS lead to a minor increase

in unique PKM1 peptides in Pkm2∆myel BMDM (23.78-fold ±2.53 vs. 21.61-fold ±1.88, not

significant), whereas Pkm2fl/fl BMDM showed less unique PKM1 peptides (0.67-fold ±0.03

vs. 1-fold ±0.32 not significant), equalling a significant difference of 2311% PKM1 peptide

abundance between the genotypes in LPS-stimulated BMDM (****p<0.0001). Treatment with
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Figure 8: PKM2 quarternary protein structure. (a) Western blot of PKM2 (upper bands) in
crosslinked BMDM either left untreated (lanes 1-4) or stimulated with LPS (100ng/ml for 24 hours,
lanes 5-8), which were normalized to β-Actin (lower bands) (b) Quantification of tetrameric PKM2
normalized to β-Actin (n=4 per genotype). (c) Western blot of phosphorylated/dimeric PKM2 (upper
bands) in crosslinked BMDM stimulated as shown in (a) and normalized to β-Actin (lower bands). (d)
Quantification of normalized dimeric PKM2 (n=4 per genotype).

IL-4 also reduced unique PKM1 peptides in Pkm2fl/fl BMDM (0.5-fold ±0.11 in comparison

to untreated conditions), though this did not reach statistical significance. PKM1 peptides in

Pkm2∆myel BMDM showed a relative abundance of 21.72-fold ±0.57 in comparison to untreated

control cells, which did not differ significantly between the treatment groups, but was again

significantly induced in comparison to Pkm2fl/fl BMDM (****p<0.0001).

3.1.3 Implications of incomplete PKM2 knockdown on the quarternary structure of
residual PKM2

As described in section 1.3.2, PKM2 subunits are present in an equilibrium of dimers and

tetramers which differ significantly in their biological properties. To characterize residual

PKM2 expression after partial knockdown and to assess whether partial knockdown had an

influence on this homeostatic balance, BMDM of Pkm2∆myel mice were cross-linked by 1%

para-formaldehyde before harvesting the cells. Subsequent Western blot analyses revealed

notable changes within the dimer:tetramer ratio. In untreated BMDM, tetrameric PKM2 was

faintly expressed in both genotypes. However, BMDM derived from Pkm2∆myel mice showed

less tetrameric PKM2, though this difference was not significant (Figure 8(a), lanes 1-2 [100%

±39.9] vs. lanes 3-4 [59.14% ±1.61]). Stimulation with LPS (100ng/ml for 24 hours) did

not noticeably alter the amount of tetrameric PKM2 in BMDM (93.58% ±6.66 in Pkm2fl/fl vs.

60.65% ±7.95 in Pkm2∆myel).
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Dimeric PKM2 is a result of posttranslational modification in response to activation of TLR,

such as TLR4, by inflammatory stimuli (Pålsson-McDermott et al., 2015). Phosphorylation of

Y105 leads to separation of PKM2 tetramers by releasing its cofactor and endogenous activator

fructose 1,6-bisphosphate (FBP) and thus inducing dimerization (Hitosugi et al., 2009). In

cellular homeostasis, phosphorylated/dimeric PKM2 is expressed on a low level. Accordingly,

faint bands for dimeric PKM2 were visible. Figure 8(b) shows bands for dimeric PKM2 in

naive cells. Yet, dimeric PKM2 was more abundant in BMDM generated from Pkm2∆myel

mice compared to Pkm2fl/fl BMDM (327.64% ±40.97 vs. 100% ±33, *p<0.05). In line with

previous reports (Pålsson-McDermott et al., 2015), stimulation with LPS (100ng/ml for 24

hours) increased dimeric (phospho)PKM2, especially in Pkm2∆myel BMDM (lanes 7-8). After

normalization and in comparison to naive cells, the proportional increase in dimeric PKM2 after

LPS stimulation turned out to be significantly higher in Pkm2∆myel-derived BMDM (685.34%

±49,77 vs. 268.29% ±23.69 in Pkm2fl/fl-derived BMDM, *p<0.05). Dimeric PKM2 from

Pkm2∆myel-derived BMDM was enhanced boosted by LPS stimulation (327.64% ±40.97 to

685.34% ±49.77, **p<0.01), whereas the increase in Pkm2fl/fl-derived BMDM did not reach

statistical significance (100% ±33 to 268.29% ±23.69).

3.2 In vitro characterization of Pkm2∆myel BMDM

3.2.1 Homogeneity of differentiated bone marrow cells

Further analyses of the myeloid phenotype included an estimate on the cell culture’s purity.

Therefore, BMDM were cultivated as described and examined by flow cytometry with regard

to expression of typical myeloid markers on the cellular surface. As displayed in Figure 9, the

(b)(a)

Figure 9: Proportion of CD11b+ and F4/80+ cells in the BMDM culture after differentiation. Bone
marrow of Pkm2∆myel (n=4) and Pkm2fl/fl mice (n=4) was cultivated and differentiated over one week
with supernatants gained from L929 fibroblasts, which contains M-CSF. Homogeneity was assessed by
flow cytometry for the myeloid and macrophage surface markers CD11b (a) and F4/80 (b), respectively.

myeloid marker CD11b was expressed on the vast majority of cells (99.63% ±0.06 in Pkm2fl/fl

BMDM vs. 99.38% ±0.19 in Pkm2∆myel BMDM). Further dissection showed F4/80 expression

by more than 90% within the CD11b+ gate (92.83% ±1.35 in Pkm2fl/fl BMDM vs. 91.95%

±1.74 in Pkm2∆myel BMDM). There was no genotype-specific difference in either measurement.
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(a) (b)

(c) (d)

Figure 10: Cytokine profile of BMDM. BMDM differentiated from Pkm2fl/fl and Pkm2∆myel mice
were either left untreated or stimulated for 24 hours with LPS (100ng/ml), TEPP-46 (100µM) or IL-4
(20ng/ml) in their respective medium. qPCR was performed, changes in mRNA quantities are shown as
fold changes in comparison to untreated controls. Determination of Il1β (a), Ccl2 (b), Il6 (c) and Il10
mRNA (d), n=4 per genotype for all analyses.

3.2.2 Cytokine profiles in BMDM

Macrophages form a heterogenous group of myeloid cells with a broad spectrum of sub-

populations, depending on their microenvironment. Although simplified, the binary M1/M2

polarization theorem provides a useful model for the characterization of macrophages (Mills

et al., 2000). Thus, BMDM were cultivated with typical stimuli of either classical (LPS) or

alternative (IL-4) macrophage activation and subsequent polarization to assess whether PKM2

knockdown and subsequent dimerization of the residual protein might alter the inflammatory

response. The experimental setup was completed by TEPP-46, a small molecule frequently used

to activate PKM2 by promoting the assembly of PKM2 into tetramers, to evaluate its effect on

the cells’ immunological response.

Figure 10 shows fold changes in mRNA quantities of cytokines released by BMDM. Stim-

ulation with LPS lead to an induction of Il1β, Il6, Ccl2 and Il10 expression. The increase

was significant for Il1β mRNA expression in Pkm2∆myel-derived BMDM after stimulation with

LPS ((a), 1.35-fold ±0.43 vs. 846.18-fold ±556.17, *p<0.05), but not for BMDM of Pkm2fl/fl

mice. Similarly, an notable increase was measured for Il10 mRNA levels after LPS stimula-

tion in Pkm2∆myel-derived BMDM compared to untreated conditions ((d), 0.54-fold ±0.19 vs.

2,02 ±0.77, **p<0.01). Yet, mRNA for Ccl2 increased significantly under LPS stimulation
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(a) (b) (c)

Figure 11: Protein levels of cytokines in BMDM as determined by immunoassay. BMDM of
Pkm2fl/fl and Pkm2∆myel mice were either left untreated or stimulated for 24 hours with IL-4 (20ng/ml),
LPS (100ng/ml) or TEPP-46 (100µM) 30 minutes prior to stimulation with LPS (10ng/ml) in their
medium. Cytokine levels of TNFα (a), CCL2 (b) and IL-10 (c) (n.d.=not detectable, n=4 per genotype
for all analyses).

in both genotypes ((b), 1-fold ±0.24 vs. 4.13-fold ±0.52 in Pkm2fl/fl BMDM, 1.04-fold ±0.09

vs. 4.73-fold ±0.37 in Pkm2∆myel BMDM, both ****p<0.0001). Unexpectedly, TEPP-46

treatment did not cause visible changes in mRNA of those cytokines. IL-4, responsible for

alternative macrophage activation, lead to a significant increment in Ccl2 ((b), 1-fold ±0.24

vs. 3.35-fold ±0.41 in Pkm2fl/fl BMDM, ****p<0.0001; 1.04-fold ±0.09 vs. 3.13-fold ±0.21

in Pkm2∆myel BMDM, ***p<0.001) and Il6 mRNA levels ((c), 1-fold ±0.33 vs. 932.33-fold

±264.73 in Pkm2fl/fl BMDM, **p<0.01). These changes in inflammatory cytokine expression

(Il1β, Il6, Ccl2) suggest a pro-inflammatory and thus M1-like phenotype of BMDM derived

from Pkm2∆myel mice.

Next, a bead-based immunoassay was employed to examine changes in cytokine con-

centrations on protein level. To assess whether TEPP-46 was able to mitigate the strong

pro-inflammatory cytokine response towards LPS, BMDM were pretreated with TEPP-46

(100µM) 30 minutes prior to LPS stimulation. Figure 11 depicts concentrations of the pro

-and anti-inflammatory cytokines TNFα, CCL2 and IL-10 in the supernatant. Expectedly, LPS

treatment lead to a significant increment in TNFα production in both genotypes in comparison

to untreated conditions ((a), 15.29pg/ml vs. 1141.72pg/ml in Pkm2fl/fl BMDM and 14.30pg/ml

vs. 1010.20pg/ml in Pkm2∆myel BMDM, both ****p<0.0001). Surprisingly, TEPP-46 did not

alleviate this response. On the contrary, TEPP-46 pretreatment resulted in significantly higher

TNFα production by BMDM when compared to LPS alone in Pkm2∆myel BMDM (1010.29pg/ml

±123.30 vs. 1445.48pg/ml ±191.67, **p<0.01), whereas no significant difference was observed

in Pkm2fl/fl BMDM. For CCL2, a small cytokine of the CC-chemokine family which enhances

the recruitment of monocytes from the bloodstream, unexpectedly high protein levels were

detectable in supernatants of untreated BMDM (Figure 11(b)). This might be due to the fact

that a L929-fibroblast-derived growth medium was used to differentiate naı̈ve bone marrow into

mature macrophages. This supernatant has recently been reported to contain high amounts of

CCL2 (Heap et al., 2020). Interestingly, LPS stimulation of BMDM resulted in a substantial

decrease of CCL2 protein in both genotypes ((b), 725.48pg/ml ±26.22 vs. 511.36pg/ml ±37.23
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in Pkm2fl/fl BMDM and 791.41pg/ml ±15.77 vs. 580.54 in Pkm2∆myel BMDM, both **p<0.01).

Pretreatment with TEPP-46 caused CCL2 levels to recede even further in Pkm2fl/fl BMDM,

whereas BMDM derived from Pkm2∆myel mice displayed significantly higher levels of the

chemokine (450.81pg/ml ±10.89 vs. 615.03pg/ml ±79.12, *p<0.05). Still, CCL2 turned out to

be significantly reduced when treated with TEPP-46 and LPS in both genotypes in comparison

to untreated conditions (725.48pg/ml ±26.22 vs. 450.81pg/ml ±10.89 in Pkm2fl/fl BMDM and

791.41pg/ml ±15.77 vs. 615.03pg/ml ±79.12 in Pkm2∆myel BMDM, *p<0.05, ***p<0.001).

As for the anti-inflammatory response, IL-10 protein levels were measured as well. Untreated

and IL-4 treated BMDM did not produce detectable amounts of IL-10, whereas stimulation

with LPS triggered a robust IL-10 response regardless of genotype ((c), 159.16pg/ml ±45.44 for

Pkm2fl/fl BMDM, **p<0.01; 134.6pg/ml ±26.27 for Pkm2∆myel BMDM, **p<0.01). Notably, IL-

10 did not increase after pretreatment of the cell culture with TEPP-46 prior to LPS stimulation,

but was rather slightly reduced in the supernatants of cells pretreated with TEPP-46 (151.4pg/ml

±40.06 for Pkm2fl/fl BMDM, 96.66pg/ml ±27.65 for Pkm2∆myel BMDM).

Taken together, BMDM prepared as described showed a sufficient purity for further analyses.

Although the pro -and anti-inflammatory response by BMDM derived from both genotypes

turned out to be widely comparable, a tendency towards a more pronounced cytokine response

was observable upon LPS stimulation in BMDM derived from Pkm2∆myel mice. Adding TEPP-

46 to the cell culture medium to promote the assembly of tetrameric PKM2 did neither dampen

the cellular pro-inflammatory response after LPS stimulation significantly, nor did it amplify the

production IL-10 in BMDM.

3.2.3 Metabolic characteristics of BMDM

Pyruvate kinase as one of the key regulatory enzymes of glycolysis provides glucose-derived

carbon compounds for the ensuing TCA cycle. As described in section 1.2.1, regulation of the

glycolytic flux in myeloid cells enables them to divert metabolic intermediates into the genera-

tion of biomass (such as nucleotides and ROS) or to activate intracellular signalling pathways

that have an impact on genetic transcription. To evaluate the metabolic properties of BMDM

derived from both genotypes, metabolic analyses were performed using a Seahorse Analyzer

for measurement of extracellular acidification (ECAR) and oxygen consumption (OCR) of the

cells in either untreated or stimulated cultural conditions. The results are displayed in Figure 12.

BMDM derived from Pkm2∆myel mice showed a substantially increased basal oxygen consupm-

tion compared to controls (Figure 12(a), 339.6pmol/min ±25.43 vs. 264.05pmol/min ±11.48,

*p<0.05). A similar effect was visible after 2 hours of stimulation with LPS (357.57pmol/min

±15.0 vs. 241.84pmol/min ±22.59, ***p<0.001). After 24 hours, no differences were observed

between the genotypes. However, the overall basal OCR was drastically reduced after 24 hours

of LPS exposure in comparison to untreated conditions (101.08pmol/min ±4.69 vs. 264.05

pmol/min ±11.48 in Pkm2fl/fl BMDM, ****p<0.0001; 129.9pmol/min ±9.24 vs. 339.6pmol/min

±25.43 in Pkm2∆myel BMDM, ****p<0.0001). Treatment with TEPP-46 (100µM) resulted in a

massive reduction of oxygen consumption that exceeded the reduction caused by 24 hours of

LPS stimulation. Interestingly, the effect on cellular respiration was more pronounced in BMDM
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Figure 12: Metabolic properties of Pkm2fl/fl and Pkm2∆myel BMDM. BMDM were either left un-
treated or stimulated with LPS (100ng/ml) for 2 or 24 hours or treated with TEPP-46 (100µM) and
subsequently assessed by a Seahorse XFe96 metabolic analyzer. (a) Intrinsic basal oxygen consumption
rate (OCR) within different treatments. (b) Intrinsic basal extracellular acidification rate (ECAR). (c)
Calculated fraction of OCR linked exclusively to ATP synthesis. (d) Calculated fraction of OCR not
attributable to ATP synthesis (proton leakage), n=4 per genotype for all analyses.

derived from Pkm2∆myel mice, which only exhibited lower respiratory rates after treatment with

TEPP-46 in comparison to controls (49.95pmol/min ±3.26 vs. 264.05 pmol/min ±11.48 in

Pkm2fl/fl BMDM, ****p<0.0001; 35.8pmol/min ±3.37 vs. 339.6pmol/min ±25.43 in Pkm2∆myel

BMDM, ****p<0.0001).

Simultaneous to cellular respiration, the change in extracellular pH was assessed (Figure

12(b)). Extracellular acidification as a result of proton efflux served as surrogate parameter

for glycolytic turnover in the cell culture. Notably, Pkm2∆myel BMDM showed increased

rates of acidification in untreated conditions (145.78mpH/min ±8.56 in Pkm2∆myel BMDM

vs. 125.64mpH/min ±4.56 in Pkm2fl/fl BMDM, p=0.066) and after short term LPS exposure

(161.57mpH/min ±4.36 in Pkm2∆myel BMDM vs. 134.42mpH/min ±7.47 in Pkm2fl/fl BMDM,

**p<0.01). After 24 hours of LPS stimulation, BMDM from both genotypes revealed sig-

nificant increments in ECAR in comparison to untreated conditions (167.85mpH/min ±5.01

vs. 125.64mpH/min ±4.56 in Pkm2fl/fl BMDM, ****p<0.0001; 170.85mpH/min ±4.37 vs.

145.78mpH/min ±8.56 in Pkm2∆myel BMDM, *p<0.05). However, there was no significant

difference between the genotypes after 24 hours of stimulation. Treatment with TEPP-46

lead to a decrease in basal ECAR in both genotypes, though this this turned out to be only
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substantially lower in Pkm2∆myel BMDM compared to untreated conditions (121.02mpH/min

±5.27 vs. 145.78mpH ±8.56, *p<0.05).

Next, the differences in basal respiration and glycolytic turnover were complemented by

calculating the proportion of cellular respiration attributable to ATP synthesis (see Figure 12(c)).

ATP-linked respiration can be blocked by oligomycin and is the difference between basal OCR

and proton leakage (Divakaruni et al., 2014). Very similarly to basal OCR values, the amount of

ATP-linked respiration showed the same differences between genotypes and treatments. Without

stimulation, ATP-linked O2 consumption was increased in BMDM derived from Pkm2∆myel mice

in comparison to floxed controls (272.26pmol/min ±22.5 vs. 207.39pmol/min ±9.59, *p<0.05),

an effect that was also visible after 2 hours of LPS stimulation (288.96pmol/min ±13.14 in

Pkm2∆myel BMDM vs. 190.31 pmol/min ±19.18 in Pkm2fl/fl BMDM, ***p<0.001). 24 hours

of LPS exposure caused ATP-linked OCR to decline equivalently (72.37pmol/min ±4.81 in

Pkm2fl/fl BMDM, ****p<0.0001; 95.88pmol/min ±7.28 in Pkm2∆myel BMDM, ****p<0.0001).

BMDM treated with TEPP-46 exhibited a significantly reduced ATP-linked consumption of

O2 in comparison to their untreated counterparts (36.57pmol/min ±2.48 in Pkm2fl/fl BMDM,

****p<0.0001; 24.01pmol/min ±2.53 in Pkm2∆myel BMDM, ****p<0.0001). Notably, the

residual O2 consumption was minor in Pkm2∆myel derived BMDM than their controls only after

treatment of the cells with TEPP-46.

To further dissect the underlying metabolic features of BMDM, proton leakage was de-

termined. Proton leakage occurs when the coupling of proton flux through the mitochondrial

membrane as part of ATP synthesis is incomplete and is indicative for the generation of re-

active oxygen species in macrophages (El-Khoury et al., 2011). In homeostasis, Pkm2∆myel

BMDM showed an increased proton leak in comparison to the control group, though this

difference was not statistically significant (67.35pmol/min ±3.17 vs. 56.67pmol/min ±1.94).

After 2 hours of LPS stimulation, proton leakage increased slightly in Pkm2∆myel BMDM,

whereas stimulation caused a small decrease in Pkm2fl/fl BMDM (68.6pmol/min ±2.35 vs. 51.54

±4.24, **p<0.01). Again, long-term stimulation with LPS and exposure to TEPP-46 signifi-

cantly reduced proton leakage in both genotypes (LPS 24h: 28.61pmol/min ±0.35 in Pkm2fl/fl

BMDM, 34.02pmol/min ±2.05 in Pkm2∆myel BMDM; TEPP-46: 13.38pmol/min ±0.96 in

Pkm2fl/fl BMDM, 11.79pmol/min ±0.98 in Pkm2∆myel BMDM, all ****p<0.0001 in comparison

to untreated conditions).

The mitochondrial stress assay was performed to elicit the cellular reaction to specific

reagents blocking certain parts of mitochondrial proton flux and therefore allowing assumptions

on the cellular energy metabolism in both genotypes. Figure 13 shows detailed results of

the assay with regard to genotypes and various conditions of the cell culture (Basal OCR

measurements given in Figure 12 reflect the mean of the three repeated measurements before

the injection of oligomycin in Figure 13 for the respective treatment. OCR values given in the

following paragraph represent mean values of temporal triplicates for each genotype displayed

in Figure 13).

As shown in Figures 12(a) and 13(a), untreated BMDM obtained and differentiated from

Pkm2∆myel mice displayed an elevated basal OCR. Blocking complex V of the respiratory chain

(ATP synthase) by the injection of oligomycin lead to a substantial decrease of O2 consumption
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Figure 13: Detailed measurements of the mitochondrial stress assay. BMDM derived from both
genotypes were either left untreated (a) or stimulated with LPS (100ng/ml) for 2 hours (b) or 24 hours
(d), treated with LPS (100ng/ml) and ATP (250µM, (c)) or TEPP-46 (100µM, (e)), respectively and
subsequently assessed by a Seahorse XFe96 metabolic analyzer, n=4 per genotype for all analyses.

in both genotypes, simultaneously minimizing the difference between them (94.59pmol/min

±2.72 in Pkm2fl/fl BMDM, 111.95pmol/min ±5.22 in Pkm2∆myel BMDM). The subsequent

injection of FCCP (which results in a collapse of the proton gradient and thus causes OCR to

reach maximum levels) restored respiration partly. It failed, however, to reach levels above basal

OCR as originally intended and which would have been necessary to assess the spare respiratory

capacity within the cell culture (213.11pmol/min ±8.72 in Pkm2fl/fl BMDM, 239.56pmol/min

±6.86 in Pkm2∆myel BMDM). The final injection of antimycin A and rotenone, inhibitors of

respiratory chain complexes III and I that completely cease mitochondrial respiration, reduced

O2 consumption to comparable levels between genotypes (37.92pmol/min ±in Pkm2fl/fl BMDM,

44.61pmol/min ±2.88 in Pkm2∆myel BMDM), indicating no genotype-specific differences in

non-mitochondrial respiration and equal cell numbers within the wells of the analysis plate

(observable in all experimental setups (a)-(e)). Short term stimulation with LPS (Figure 13(b))

showed similar differences between genotypes before (241.84pmol/min ±22.59 in Pkm2fl/fl

BMDM vs. 357.57pmol/min ±15.0 in Pkm2∆myel BMDM) and after the injection of oligomycin

(82.53pmol/min ±6.75 in Pkm2fl/fl BMDM vs. 107.73pmol/min ±4.08 in Pkm2∆myel BMDM).

The injection of FCCP only raised OCR partly, suggesting mitochondrial dysfunction in activated

BMDM; this effect was more pronounced in Pkm2∆myel BMDM (125.87pmol/min ±10.87 in

Pkm2fl/fl BMDM vs. 168.73pmol/min ±5.37 in Pkm2∆myel BMDM). Interestingly, adding

exogeneous ATP restored cellular respiration after FCCP injection (Figure 13(c)) to levels
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comparable to untreated conditions (a). In this case, supplementary ATP elevated the OCR of

BMDM derived from both genotypes on almost identical levels (250.33pmol/min ±33.64 in

Pkm2fl/fl BMDM vs. 245.49pmol/min ±13.53 in Pkm2∆myel BMDM) after FCCP, whereas initial

differences were once more visible before the injetion of oligomycin (308.2pmol/min ±13.32 in

Pkm2fl/fl BMDM vs. 358.11pmol/min ±12.75 in Pkm2∆myel BMDM). Long term LPS stimulation

resulted in drastically reduced OCR (Figure 13(d), 101.07pmol/min ±4.69 in Pkm2fl/fl BMDM

vs. 129.9pmol/min ±9.24 in Pkm2∆myel BMDM); subsequent exposure to assay modulators

equilibrated any genotypic differences. Remarkably, FCCP completely failed to induce any

increase in O2 consumption in this case. TEPP-46 significantly attenuated the overall OCR in

both genotypes (Figure 13(e), see also Figure 12(a)). Only upon stimulation with TEPP-46,

Pkm2fl/fl BMDM exhibited higher OCR than Pkm2∆myel BMDM before (49.51pmol/min ±3.26 vs.

35.8pmol/min ±3.36) and after modulation cellular respiration by oligomycin (18.54pmol/min

±1.42 vs. 14.32pmol/min ±1.46), antimycin A or rotenone. Treatment with TEPP-46 furthermore

restored the expected increase in OCR after injection of FCCP (55.04pmol/min ±5.03 in Pkm2fl/fl

BMDM vs. 42pmol/min ±3.2 in Pkm2∆myel BMDM), even though respiration in this assay was

generally diminished.

In summary, BMDM of Pkm2∆myel mice showed increased basal O2 consumption and

extracellular acidification in comparison to floxed controls, both of which intensified after

short term exposure of the cells to LPS. Since the differences were attributable to changes in

ATP-linked O2 consumption, these results point to genotypic deviations in cellular ATP demand,

possibly related to macromolecule biosynthesis or other cellular responses. Higher levels

of proton leakage were also observable in Pkm2∆myel BMDM, probably indicating enhanced

generation of reactive oxygen species in these cells. Long term LPS stimulation over 24

hours amplified extracellular acidification while simultaneously reducing O2 consumption

under normoxic conditions, depicting a Warburg effect in BMDM of either genotype. Overall,

long term exposure of BMDM to LPS minimized genotypic differences. Treatment with

TEPP-46 generally reduced cellular metabolism with regard to glycolytic flux and respiration,

the latter of which has been reported previously in natural killer cells (NK cells, Walls et

al., 2020). Upon detailed examination, Pkm2∆myel BMDM revealed to rely more strongly

on oxidative respiration than their controls. BMDM derived from both genotypes exhibited

impaired maximum respiratory capacity after the administration of FCCP, with this defect being

most pronounced after LPS administration. Addition of ATP partly restored spare respiratory

capacity, whereas only TEPP-46 raised OCR above basal respiration after FCCP injection.

Furthermore, only after exposure to TEPP-46 BMDM derived from Pkm2fl/fl mice showed

increased OCR in comparison to Pkm2∆myel BMDM, suggesting a differential regulation of the

metabolic flux via PKM2 depending on its abundance and state of activation.

3.2.4 Evaluation of M2 macrophage polarization in BMDM

As mentioned, macrophages develop numerous characteristics upon activation, depending on

their microenvironment. Stimulation with IL-4 is a hallmark of alternative activation and indica-

tive for resolution of inflammatory processes by expression of modulatory molecules such as
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CD206 or secretion of anti-inflammatory cytokines (Stein et al., 1992). Previous reports sug-

gested an involvement of PKM2 in macrophage polarization (Pålsson-McDermott et al., 2015).

To assess the possibility that a shift in PKM2 quarternary structure might alter the capability of

macrophages to promote distinct features of alternative activation, flow cytometric analyses were

performed. Figure 14 illustrates details of the analyses. Mature BMDM stably expressed the M2

marker CD206 (macrophage mannose receptor) even before further stimulation (see (a), 18.49%

±6.08 in Pkm2fl/fl BMDM vs. 11.7% ±1.44 in Pkm2∆myel BMDM, not significant). Similarly,

mean fluorescence was low but detectable in untreated BMDM (280.67 ±34.28 in Pkm2fl/fl

BMDM vs. 240.75 ±30.36 in Pkm2∆myel BMDM, not significant). As expected, LPS stimulation,

emblematic of M1 polarization, lead to a decrease in CD206+ BMDM in both genotypes (6.09%

±2.1 in Pkm2fl/fl BMDM vs. 6.29% ±0.63 in Pkm2∆myel BMDM, not significant). Treatment

with TEPP-46 did not substantially increase the relative number CD206+ macrophages, though

it resulted in a minor increment of CD206 mean fluorescence intensity in Pkm2∆myel BMDM

compared to untreated conditions (418 ±26.64 vs. 240.75 ±30.63, p=0.09). IL-4 greatly en-

hanced both abundance and MFI of CD206 in BMDM regardless of genotype in comparison to

untreated conditions (relative cell counts: 45.83% ±8.9 vs. 18.49% ±6.08 in Pkm2fl/fl BMDM,

46.4% ±7.57 vs. 11.7% ±1.44 in Pkm2∆myel BMDM; MFI: 701.75 ±96.17 vs. 280.67 ±34.28

in Pkm2fl/fl BMDM, 699.75 ±95.68 vs. 240.75 ±30.63 in Pkm2∆myel BMDM). Figure 14(d)

exemplarily visualizes the impact of LPS, TEPP-46 and IL-4 on Pkm2fl/fl BMDM with regard to

CD206 expression. In addition to the metabolic characteristics mentioned in section 3.2.3, where

different treatments caused significant changes in respiration and extracellular acidification,

the presence of CD39, an ectonucleotidase that hydrolyzes extracellular ATP, was determined.

Extracellular ATP acts as a danger signal which drives macrophages towards a pro-inflammatory

phenotype characterized by NLRP3 inflammasome activation and subsequent release of IL-1β,

whereas hydrolysis to ADP and adenosine reduces the inflammatory response (Mariathasan

et al., 2006). Apart from the observation that macrophages rely strongly on glycolysis for

their metabolic demands when challenged with pro-inflammatory stimuli (Rodrı́guez-Prados

et al., 2010), ATP release by macrophages is dependent on glycolytic turnover. ATP, in turn,

induces CD39 expression, thereby limiting its pro-inflammatory effect and therefore playing

in important role in resolving inflammatory responses (Cohen et al., 2013, Savio et al., 2020).

Figure 14(c) shows a robust CD39 MFI in the flow cytometric analysis of BMDM derived

from both genotypes, notably also in untreated cell culture conditions. As expected, LPS

stimulation resulted in a substantial increase in CD39 MFI in both genotypes (1565.75 ±159.79

vs. 1120.68 in Pkm2fl/fl BMDM, *p<0.05; 1591 ±76.43 vs. 942.5 ±29.78 in Pkm2∆myel BMDM,

**p<0.01), presumably due to the increase in glycolytic activity in BMDM (see Figure 12(b)).

Treatment with TEPP-46 counterintuitively caused CD39 to amplify even further in comparison

to untreated cells (2051.75 ±166.68 in Pkm2fl/fl BMDM and 2269.75 ±117.56 in Pkm2∆myel

BMDM, both ****p<0.0001), despite the previous observation that TEPP-46 reduced their

glycolytic activity. However, this difference was only measurable for MFI, while no differences

were detected with regard to the relative proportion of CD39+ cells.

As another established marker of M2 polarization, CD301 expression was determined by

flow cytometry. While being only marginally detectable in untreated conditions, treatment
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Figure 14: Flow cytometric analysis of BMDM M2 polarization. BMDM derived from both geno-
types were either left untreated or stimulated with LPS (100ng/ml), TEPP-46 (100µM), or IL-4 (20ng/ml).
(a) Abundance of CD206+ macrophages and corresponding mean fluorescence intensity (MFI, (b)). (c)
MFI of the ectonucleotidase CD39 on BMDM. (d) Illustrative dot plots of CD206 (x axis) and side scatter
(y axis) subject to respective treatments in Pkm2fl/fl BMDM. (e) Abundance of CD301+ macrophages and
corresponding MFI (f). (g) Relative quantities of CCR2+ BMDM in untreated and stimulated conditions,
n=4 per genotype for all analyses.

with IL-4 caused massive upregulation of CD301 in both genotypes (see (e), 88.18% ±1.5 vs.

4.32% ±1.2 in Pkm2fl/fl BMDM, 86.13% ±2.8 vs. 4.95% ±1.33 in Pkm2∆myel BMDM, both

****p<0.0001). Upon challenge with LPS or TEPP-46, BMDM of either genotype did not

react with a substantial change in CD301 expression. CD301 MFI increased correspondingly

after IL-4 stimulation (see (f), 3570.25 ±239.04 vs. 271.75 ±38.39 in Pkm2fl/fl BMDM, 3539.5

±440.47 vs. 285 ±30.68 in Pkm2∆myel BMDM, both ****p<0.0001), whereas LPS and TEPP-46

only caused minor changes in fluorescence intensity, indicating a similar effect on a single cell

level. Lastly, expression of CCR2 (C-C chemokine receptor type 2), a receptor known to be

upregulated upon exposure to IL-10 and TGF-β (i.e. part of resolution of inflammation), was

measured (Figure 14(g)). Untreated BMDM showed low levels of CCR2 in BMDM derived

from both genotypes, as did IL-4. LPS stimulation caused the fraction of CCR2+ cells to triple
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in percentage of mature macrophages in Pkm2fl/fl BMDM in comparison to untreated cells

(30.87% ±11.87 vs. 10.67 ±4.83, not significant); the increase was even more pronounced in

Pkm2∆myel BMDM (40% ±9.93 vs. 10.67% ±8.81, *p<0.05). Interestingly, treatment with

TEPP-46 without further LPS challenge also resulted in CCR2 upregulation in BMDM derived

from both genotypes in an analogous manner (17.42% ±5.21 in Pkm2fl/fl BMDM, 28.3% ±4.99

in Pkm2∆myel BMDM, not significant).

(a) (b) (c)

Figure 15: Analysis of additional M2 markers in BMDM. (a, b) BMDM derived from both genotypes
were either left untreated or stimulated with LPS (100ng/ml), TEPP-46 (100µM), or IL-4 (20ng/ml) and
subsequently analyzed by qPCR for Arg1 (a) and Socs1 (b). (c) Immunoassay-based determination of
CCL22 protein levels in BMDM treated as described in Figure 11 (n.d.=not detectable, n=4 per genotype
for all analyses).

The effects of classical and alternative macrophage activation were also examined with regard to

additional M2 polarization markers on their mRNA level. Arginase, catalyzing the conversion

of arginine to ornithine (i.e. the last step of the urea cycle), is characteristically upregulated in

M2 macrophages (Modolell et al., 1995). Ornithine is subsequently converted into polyamins,

which can be used for DNA synthesis. Furthermore, ornithine can act as a precursor for proline,

one of the major substrates for collagen synthesis and tissue repair (Mills, 2001). qPCR analyses

revealed only minor changes concerning Arg1 expression between Pkm2fl/fl and Pkm2∆myel

BMDM in untreated conditions and after stimulation with LPS or TEPP-46. Treatment of the

cells with IL-4 resulted in a significant upregulation of Arg1 in both genotypes when compared

to untreated conditions (38.48-fold ±12.28 vs. 1-fold ±0.46 in Pkm2fl/fl BMDM, 37.01-fold

±11.7 vs. 0.59-fold ±0.124 in Pkm2∆myel BMDM, both **p<0.01). Another key regulator

involved in the arginine pathway is SOCS1 (suppressor of cytokine signalling 1), which tightly

controls the ratio between M2-characteristic Arg1 and M1-typical iNOS expression. As expected,

IL-4 effectively induced upregulation of Socs1 in comparison to untreated cells (55.19-fold

±6.43 vs. 1-fold ±0.15 in Pkm2fl/fl BMDM, 65.15-fold ±4.1 vs. 1.03-fold ±0.33 in Pkm2∆myel

BMDM, both ****p<0.0001) without revealing a significant difference between the genotypes.

Interestingly, stimulation with LPS also lead to an increase in Socs1 mRNA (5.49-fold ±0.85 in

Pkm2fl/fl BMDM, 6.38-fold ±0.97 in Pkm2∆myel BMDM, not significant), indicating a role for

SOCS1 signaling in M1 macrophages. Furthermore, CCL22 was determined by immunoassay

as a M2-typical cytokine. Again, IL-4 stimulation lead to a significant boost in CCL-22

production, which turned out to be slightly less substantial in BMDM derived from Pkm2∆myel
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(66.7pg/ml ±16.09 vs. not detectable in Pkm2fl/fl BMDM, ****p<0.0001; 50.94pg/ml ±16

vs. not detectable in Pkm2∆myel BMDM, **p<0.01). LPS alone and in combination with

TEPP-46 only triggered negligible CCL22 responses. In conclusion, BMDM prepared as

described were equally susceptible to classical and alternative macrophage activation regardless

of genotype. Cells derived from both genotypes showed unimpeded M2 polarization with regard

to surface markers (CD206, CD301), mRNA levels of regulatory proteins (Arg1, Socs1) and

chemokines (CCL22) without genotype-specific characteristics. However, an enhancement

in CCR2 expression was visible in Pkm2∆myel BMDM, presumably implying differences in

macrophage chemotaxis. Apart from a modest increment in mean fluorescence for CD206

(Figure 14(b)), pointing to a probable upregulation of the receptor on a single cell level, TEPP-46

did not clearly alter BMDM polarization. Still, CD39 was significantly upregulated on a single

cell level in BMDM, which, in synopsis with the abovementioned changes in respiration and

glycolytic turnover, indicates aberrations with regard to ATP generation, demand and secretion

as a result of treatment with TEPP-46.

3.3 Implications of partial PKM2 knockdown in vivo

Myeloid cells constitute a flexible and versatile part of the immune system, partaking in

inflammation, resolution of inflammation and wound repair. While providing a useful model to

study cellular effects in vitro, BMDM are artificially generated and therefore differ from their

in vivo counterparts, especially lacking interaction with other (immune) cells in the organism.

Also, LysM expression is not restricted to macrophages but can also be found in other cells of

the myeloid lineage, such as hepatic Kupffer cells (He et al., 2013). Therefore, an examination

of the effects of a partial PKM2 knockdown in other myeloid compartments was necessary.

Since this project has been the first to use the described genetic approach to study the effects of

PKM2 in vivo, mice and their livers were analyzed in homeostasis. In order to assess whether

myeloid PKM2 plays a role in acute immune responses in vivo, Pkm2∆myel mice and their floxed

counterparts were furthermore challenged with ConA (see also section 1.4.2).

3.3.1 Pkm2∆myel mice in homeostasis

To date, the genetic model used in this study and its implications on residual PKM2 expression

have not been described or characterized (see also sections 3.1.1 and 3.1.3). As an initial step,

Pkm2∆myel mice and their controls were examined at the age of 12 weeks with regard to general

metabolic parameters, which are shown in Figure 16. Pkm2∆myel mice were substantially heavier

than their controls (see (a), 31.35g ±0,94 vs. 28.19g ±0.99, *p<0.05), corresponding to a

difference of 11.21%. Similarly, livers of Pkm2∆myel were significantly heavier ((b), 1.699g

±0.07 vs. 1.459g ±0.05, *p<0.05), equating to a difference of 16.45% between the genotypes.

In homeostasis, there was no apparent difference between serum alanine aminotransferase (ALT)

levels (see (c), 59.95U/l ±22.43 in Pkm2fl/fl mice vs. 47.49U/l ±3.87 in Pkm2∆myel mice, not

significant). Analyses of serum cholesterol and triglycerides, however, revealed remarkable

differences between the groups. Sera of Pkm2∆myel mice contained almost double the amount

of cholesterol compared to the control group ((d), 80.93mg/dl ±4.24 vs. 44.37mg/dl ±4.27,
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***p<0.001). In an analogous manner, serum triglycerides were notably elevated in Pkm2∆myel

mice, though this difference was not significant due to major variation within the groups (see

(e), 142.5mg/dl ±33.52 vs. 71.86mg/dl ±25.97, not significant).

In light of the clear differences in body and liver weight, qPCR of liver tissue was performed

(see Figure 16(g), mRNA quantities are shown as fold changes compared to the 1-fold benchmark

of floxed controls). Cholesterol 7α-hydroxylase (Cyp7a1) marks the first and rate-limiting step

of the synthesis of bile acids and is therefore crucial for cholesterol homeostasis. Strikingly,

mRNA levels of the enzyme revealed a substantial increment in livers of Pkm2∆myel mice

compared to floxed controls (2.03-fold ±0.13, *p<0.05). Carnitine palmitoyltransferase 1α

(a) (b)

(d) (e) (f)

(c)

(g)

Figure 16: Consequences of partial myeloid PKM2 knockdown in vivo. 12-week old Pkm2∆myel mice
and floxed controls were analyzed for general metabolic parameters. Body weight (a) and liver weight
(b) in direct genotype comparison. Serum alanine aminotransferase (ALT) activities (c), cholesterol (b)
and triglycerides (e). (f) Heatmap of serum acyl carnitine levels in ascending number of carbon atoms of
the respective acyl group as determined by tandem mass spectrometry (AU = arbitrary units, see text for
details). (g) Hepatic mRNA of key regulators of metabolism (shown as fold changes to floxed controls),
n=4 per genotype for all analyses.

mRNA (Cpt1α), a mitochondrial enzyme generating acyl carnitines and thus allowing long-

chain fatty acids to be fueled into β-oxidation, turned out to also be significantly upregulated

in the liver parenchyma of Pkm2∆myel mice (1.58-fold ±0.1, *p<0.05). mRNA for fatty acid
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synthase (Fasn), the metabolic counterpart to CPT1α, was also upregulated (2.95-fold ±0.77,

p=0.056), indicating both alterations in the degradation and the de novo synthesis of fatty acids.

Another key player in lipid metabolism, sterol regulatory element binding factor 1 (Srebf1),

involved in lipogenesis and the storage of fatty acids, happened to be upregulated on an hepatic

mRNA level in Pkm2∆myel mice as well (1.88-fold ±0.28, *p<0.05). Interestingly, two key

enzymes directly involved in the glycolytic pathway (glucose transporter 1 (Slc2a1) and lactate

dehydrogenase A (Ldha)), showed no differences with regard to their hepatic mRNA level

(1.45-fold ±0.14 and 1.05-fold ±0.13, not significant). Although being directly involved in Ldha

regulation, hepatic hypoxia-induced factor 1α (Hif1α) mRNA levels were elevated in Pkm2∆myel

mice (2.06-fold ±0.25, *p<0.05).

To gain a more detailed comprehension of the metabolic deviations apparent in Pkm2∆myel

mice, tandem mass spectrometry was used to determine serum levels of different acyl carnitines.

These metabolites (which are fatty acid esters of l-carnitine) are essential for the transport of

fatty acids across the mitochondrial membrane and, lastly, for β-oxidation. Aberrations in acyl

carnitine composition have been reported to indicate mitochondrial dysfunction, especially with

reference to β-oxidation (Reuter and Evans, 2012). Furthermore, a link between NAFLD and

elevated long-chain acyl carnitines in mice has been proposed recently (Bjørndal et al., 2018).

Figure 16(f) depicts levels of several acyl carnitines in ascending number of carbon atoms of the

acyl group. Since exact quantities vary physiologically between the various compounds which

were measured, arbitrary units were chosen for the heatmap. Acyl carnitines were generally

more abundant in sera of Pkm2∆myel mice. Still, especially long-chain acyl carnitines (C10 and

greater) were remarkably elevated in comparison to the control group. This is of particular

interest because of the inverse relationship between length of the carbon chain and free diffusion

through the mitochondrial membrane, meaning that longer acyl-carnitines depend widely on the

carnitine shuttle to carry out their physiological function as substrates for β-oxidation.

These results illustrate aberrant metabolic activities in the livers of Pkm2∆myel mice with

regard to fatty acid oxidation, synthesis and storage, as well as their correlates within the blood

stream (i.e. cholesterol, triglycerides, fatty acids and acyl carnitines). Myeloid PKM2 could

therefore play a role in the development of an early stage of fatty liver disease.

3.3.2 Basic immune profiling of different cellular compartments in homeostasis

For the present study, we investigated the proportion of myeloid cells within the liver, the spleen

and the bone marrow of naive Pkm2∆myel mice and their controls. Figure 17 shows the gating

approach and the observed differences between both genotypes.

Analyses of the bone marrow as the primary source of myeloid cells showed no apparent

differences in the proportion of cells positive for the pan-myeloid marker CD11b (a). However,

Ly6C, a marker used for the identification of monocytes, was expressed more frequently within

the myeloid cells of Pkm2∆myel BMDM (18.55% ±0.45 vs. 16.01% ±0.89, *p<0.05). The

cell population in question was negative for Ly6G, ruling out an involvement of neutrophils

(b). Interestingly, a significant increase in Ly6C+ cells was also observable among myeloid

cells isolated from the spleen of Pkm2∆myel mice (see (c), 50.26% ±1.81 vs. 42.24% ±1.91,
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Figure 17: Examination of myeloid cellular compartments in Pkm2∆myel mice. (a) Relative quanti-
ties of myeloid marker CD11b (left) and monocytic marker Ly6C (right) in the bone marrow. (b) Repre-
sentative dot plots of the Ly6C+ CD11b+ Ly6G− gate shown in (a), right bar graph. (c) Macrophage
marker F4/80 (left) and monocytic marker Ly6C (right) within splenic myeloid cells. (d) Expression
of F4/80 and Ly6C within hepatic myeloid cells. (e) Ly6C expression among all CD11b+ cells in the
liver (left), relative CCR2 expression of Ly6C+ CD11b+ cells (right). (f) Representative dot plots of the
Ly6C+ CD11b+ gate shown in (e), left bar graph, n=8 per genotype for all analyses.

**p<0.01). The gating strategy of splenic myeloid cells also included F4/80 as a marker for

mature macrophages, which did not show a difference between genotypes when analyzed solely.

In addition, the composition of myeloid cells within nonparenchymal hepatic cells (NPC) was

studied (see (d)-(f)). CD11b was stably detectable in approximately 5-10% of all NPC without

genotype-specific differences (data not shown). Identically, F4/80 turned out to be comparably

expressed, indicating no discrepancy between genotypes in the number of resident hepatic

macrophages (see (d), left graph, 34.03% ±2.23 in Pkm2fl/fl mice vs. 37.13% ±3.09 in Pkm2∆myel

mice, not significant). Ly6C, conversely, could be found on a significantly larger proportion

of myeloid cells in the liver of Pkm2∆myel mice. This difference was visible with (see (d), right

graph, 40.74% ±2.79 vs. 33.2% ±0.96, *p<0.05) and without (see (e), left graph, 23.49% ±1.88

vs. 18.55% ±0.9, *p<0.05) the inclusion of F4/80, pointing to a discrepancy in Ly6C expression

which is independent of macrophage maturity. Figure 17(f) illustrates the aforementioned
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difference in hepatic myeloid Ly6C expression. These hepatic monocytes were also gated for

CCR2 (see also section 3.2.4, elevated CCR2 expression on Pkm2∆myel BMDM). In this context,

however, CCR2 turned out to be highly abundant on samples of either genotype (91.73% ±0.63

in Pkm2fl/fl mice vs. 92.71% ±0.91 in Pkm2∆myel mice, not significant). Very similar expression

profiles were observed for programmed cell death 1 ligand 1 (PD-L1) on monocytes (data not

shown), which was analyzed due to its suppressive effect on T lymphocytes (Carey et al., 2017).

Still, Pkm2∆myel mice exhibited higher amounts of monocytes in their bone marrow, spleen and

liver already in a steady state.

Apart from myeloid cells, lymphoid cells in Pkm2∆myel mice were examined, since aberra-

tions in the myeloid compartment often influence the composition and marker expression of

lymphoid cells. Therefore, spleens and livers were prepared as described, which were hence

analyzed by flow cytometry (Figure 18). Livers of Pkm2∆myel mice showed a smaller proportion

of CD4+ cells within vital single cells than their controls ((a), 24.45% ±1.78 vs. 30.03%

±2.14, p=0.065). Splenic CD4+ cells were similarly reduced (14.64% ±0.61 vs. 17.11% ±0.91,

*p<0.05). CD8, which is predominantly expressed by cytotoxic T cells, was more abundant in

livers of Pkm2∆myel mice (10.27% ±0.86 vs. 8.05% ±0.27, *p<0.05), whereas CD8 expression

turned out to be similar among isolated splenocytes of Pkm2∆myel mice and their controls (see

(b)). The reduction of CD4 expression among non-parenchymal cells within the liver was

accompanied by a significant decrease in expression of CD25 (alias IL-2 receptor α chain), an

established marker of T cell activation (Reddy et al., 2004). The proportion of CD25+ cells

among CD4+ cells in Pkm2∆myel livers was greatly reduced (see (d), right graph, 49.48% ±2.31

vs. 62.1% ±1.93, ***p<0.001), as was mean fluorescence for this marker ((d), left graph, 346.3

±17.81 vs. 434 ±30.02, *p<0.05). In light of a general diminution of hepatic CD4+ cells and

their reduced state of activation, programmed cell death protein 1 (PD-1) was measured, as

expression of the co-inhibitory molecule limits the expansion of CD4+ cells (Konkel et al.,

2010). Indeed, hepatic CD4+ cells of Pkm2∆myel mice exhibited a higher proportion of cells

positive for PD-1 (see (e), 6.81% ±1.12 vs. 3.87% ±0.5, *p<0.05). This shift was verified

by a FMO control and thus accurately measurable despite the relatively low signal (see (f)).

Furthermore, Pkm2∆myel mice were analyzed for hepatic regulatory T cells (CD4+ CD25+

Foxp3+, Treg). Interestingly and despite the reduction of CD4 expression in livers of Pkm2∆myel

mice, the relative amount of cells positive for Foxp3, the master transcription factor for Treg,

was increased in on activated CD4+ cells ((g), 6.83% ±0.64 vs. 4.19% ±0.63, *p<0.05). FMO

controls validated this measurement (see (h)).

Taken together, these results suggest a crosstalk between the myeloid and lymphoid cellular

compartment within the hepatic interface. This involves aberrations in hepatic metabolism,

especially regarding a possible role of myeloid-associated dysfunction in the processing of

lipids, that might ultimately alter the fate and composition of myeloid cells and T cells in the

liver.
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Figure 18: Examination of lymphoid cellular compartments in Pkm2∆myel mice. (a) Relative quan-
tities of CD4+ CD8− cells amongst vital single cells in liver and spleen. (b) CD8+ CD4− cells as in (a).
(c) CD4/CD8 ratio in liver and spleen. (d) CD25 MFI within the CD4+ gate (left) and proportion of
CD25+ cells of CD4+ cells (right). (e) PD-1 expression on CD4+ cells and representative dot plots (f).
(g) Foxp3 expression on CD4+CD25+ cells and representatitve dot plots (h), n=8 per genotype for all
analyses.

3.3.3 Implications of partial PKM2 knockdown in ConA-mediated hepatitis

PKM2 has been reported to be highly upregulated in a broad variety of immune cells, such as

macrophages, T cells and NK cells (Pålsson-McDermott et al., 2015, Angiari et al., 2020, Walls
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et al., 2020), pointing out its non-canonical function within the cellular immune system. To

date, whether preferential dimerization of the protein alters the outcome in immune-mediated

hepatitis, remains unclear. In order to test this hypothesis, Pkm2fl/fl and Pkm2∆myel mice were

challenged intravenously with ConA, a carbohydrate-binding protein, which is used as a model

for immune-mediated hepatitis (Tiegs et al., 1992), at a dose of 5mg/kg. After 8 hours of ConA

challenge, the mice were euthanized and subsequently analyzed. Figure 19 depicts exacerbated

liver damage in Pkm2∆myel mice in comparison to the floxed controls. Pkm2∆myel mice showed

massively elevated serum alanine aminotransferase (ALT) activities (see (a), 988.9U/l ±349.4 in

Pkm2∆myel mice vs. 69.04U/l ±19.14 in Pkm2fl/fl mice, p=0.09), indicating extensive damage

to the liver parenchyma. This observation was underlined by massive necrosis in livers of

Pkm2∆myel mice, as shown in representative H&E stainings of liver sections (Figure 19(b)). Due

to the substantial scatter of serum ALT values, the susceptibility towards ConA of mice of either

genotype was assessed by nominal scaling. Mice with ALT levels above 75U/l were considered

susceptible and thus labelled ”responders”, since ALT is liver-specific and thus indicates actual

liver damage through enzyme release into the bloodstream. 75U/l marks a 2.5-fold increase

compared to reference values for male C57BL/6 mice and was therefore chosen as a cut-off

value (Otto et al., 2016). Pkm2∆myel mice were more likely to show substantial ALT elevations

than their floxed counterparts (8 out of 13 individuals, 61.54% for Pkm2∆myel mice vs. 2 out

of 6 individuals, 33.33% for Pkm2fl/fl mice, Figure 19(c)). To determine the influx of myeloid

cells into the affected liver parenchyma, liver sections were stained for myeloperoxidase (MPO)

by immunohistochemistry. MPO is expressed predominantly by neutrophilic granulocytes and

monocytes, which release the enzyme as it generates the cytotoxic agent hypochlorous acid

as part of their respiratory burst (Harrison and Schultz, 1976). After PBS injection, MPO+

cells were only scarcely detectable within liver sections from both genotypes (20 cells/mm2

±6.3 in Pkm2fl/fl mice vs. 32.43 cells/mm2 ±13.38 in Pkm2∆myel mice). After 8 hours of

ConA challenge, cell counts had increased remarkably (244.8 cells/mm2 ±108.9 in Pkm2fl/fl

mice vs. 310.9 cells/mm2 ±97.85 in Pkm2∆myel mice, not significant), pointing to a pivotal

involvement of myeloid cells in early stages of immune-mediated hepatitis. Further analyses of

the liver parenchyma highlighted the role of myeloid-derived cytokines in the exacerbation of

ConA hepatitis in Pkm2∆myel mice. As shown in Figure 20(a)-(d), mRNA levels of cytokines

emblematic for M1 macrophage polarization were markedly upregulated in livers of Pkm2∆myel

mice 8 hours after the administration of ConA. Ccl2 mRNA was highly abundant in livers of

Pkm2∆myel mice after ConA challenge compared to PBS treated mice (see (a), 199-fold ±42.37

vs. 0.74-fold ±0.16, **p<0.01). Furthermore, Ccl2 turned out to be significantly elevated

compared to Pkm2fl/fl mice after ConA (199-fold ±42.37 vs. 95.54-fold ±10.06, *p<0.05),

which is in line with data obtained from the abovementioned analyses of Pkm2∆myel BMDM (see

Figures 10 and 11). Il1β mRNA was also increased after ConA exposure in comparison to PBS

treated individuals ((b), 4.78-fold ±1 vs. 1-fold ±0.22 in Pkm2fl/fl mice, not significant, 7.22-fold

±1.22 vs. 0.53-fold ±0.03 in Pkm2∆myel mice, **p<0.01), although there was no statistically

significant difference in comparison of the genotypes. Similar effects were observable for

Il6 ((c), 8.32-fold ±2.49 in ConA-treated vs. 1-fold ±0.44 in PBS-treated Pkm2fl/fl mice, not

significant; 20.32-fold ±6.47 in ConA-treated vs. 0.37-fold ±0.18 in PBS-treated Pkm2∆myel
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Figure 19: Effects of ConA-mediated liver injury. (a) Representative hematoxylin and eosin stainings
of liver sections of Pkm2∆myel mice and their controls. (b) Serum activity of alanine aminotransferase
(ALT) 8h after i.v. ConA administration (n=6 for Pkm2fl/fl, n=13 for Pkm2∆myel). (c) Susceptibility of
Pkm2∆myel mice and controls towards ConA as indicated by a contingency plot (see text for details). (d)
Quantification of myeloperoxidase (MPO) positive cells per mm2 within liver sections after intravenous
ConA administration. (e) Representative liver sections stained for MPO by immunohistochemistry, n=5-6
per genotype.

mice, *p<0.05). Interestingly, mRNA levels of Il23, a myeloid-derived cytokine involved in

expansion and maintenance of Th17 responses, were solely upregulated in livers of Pkm2∆myel

mice treated with ConA compared to the PBS group (see (d), 3.01-fold ±1.9 vs. 0.97-fold ±0.16,

not significant), whereas no upregulation of Il23 was detectable in floxed animals after ConA

(0.65-fold ±0.15 vs. 1-fold ±0.09, not significant).
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Figure 20: Impact of ConA-induced hepatitis on mRNA levels of cytokines and key metabolic
enzymes in the liver. Livers were extracted from Pkm2∆myel and Pkm2fl/fl mice and subsequently
analyzed by qPCR. Changes in mRNA quantities are shown as fold changes in comparison to controls
treated with PBS. Left (a)-(d): Ccl2 (a), Il1β (b), Il6 (c) and Il23 mRNA (d). Right (e)-(h): Pkm1 (e),
Pparγ (f), Cpt1α (g) and Hif1α mRNA (h), n=2-5 per group for all analyses.

The deviations in susceptibility towards ConA and the resulting cytokine levels were

accompanied by notable changes in hepatic mRNA levels of key players of metabolism (Figure

20 (e)-(h)). The induction of glycolytic genes is largely controlled by Hif1α expression (Semenza

et al., 1994, Semenza et al., 1996), whose mRNA levels were notably elevated after ConA

treatment in livers of Pkm2∆myel mice (4.04-fold ±1.77 vs. 0.89-fold ±0.21 in Pkm2fl/fl mice,

not significant). ConA exposure markedly boosted the expression of Pkm1, one of the three

rate-limiting steps of glycolysis. This effect was observable already in a steady state (see (e),

6.6-fold ±0.89 in Pkm2∆myel mice vs. 1-fold ±0.27 in Pkm2fl/fl mice, not significant), though

acute hepatitis aggravated this increase (20-fold ±5.04 in Pkm2∆myel mice vs. 3.63-fold ±0.6 in

Pkm2fl/fl mice, *p<0.05). Of note, Pkm2 mRNA was also upregulated upon ConA stimulation

in the livers of both Pkm2fl/fl and Pkm2∆myel mice, though the latter substantially failed to exploit

the physiological magnitude of this inflammatory response (data not shown). This could explain

the rise of Pkm1 mRNA to be a compensatory mechanism in Pkm2∆myel mice. Simultaneously,

Cpt1α was significantly downregulated upon exposure to ConA in Pkm2∆myel livers, suggesting

a decrease in oxidative metabolism of fatty acids (0.07-fold ±0.03 vs. 1.16-fold ±0.39 in the

PBS group, *p<0.05). However, a decline was also visible in Pkm2fl/fl mice, though to a lesser

degree (0.25-fold ±0.07 vs. 1-fold ±0.11, not significant). Pparγ was also examined because of

its role as master regulator of lipid storage (Issemann and Green, 1990). ConA hepatitis lead to

a clear reduction in Pparγ mRNA, though there were now observable differences between the

genotypes.

In summary, the data suggest an aggravation of ConA-mediated hepatitis due to an excacer-
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bation of key myeloid-derived cytokines in the livers of Pkm2∆myel mice. Furthermore, the qPCR

results demonstrate a metabolic shift towards an anaerobic metabolic state in the inflamed liver,

which was found to be more pronounced in Pkm2∆myel mice.

3.3.4 Effects of PKM2 activation prior to administration of ConA

Endogenous and exogenous agents have been reported to impact the quarternary structure

of PKM2. PKM2 activators have been studied since the beginning of the 21st century, two

of which have been used frequently to activate PKM2 in various contexts: A sulfonamide

derivate (DASA-58, Boxer et al., 2010) and a pyridazinone (TEPP-46, Jiang et al., 2010). These

small molecules induce tetramer formation of PKM2 and thereby increase its catalytic activity.

Consequently, less dimeric PKM2 is present intracellularly, which could enter the nucleus and

regulate genetic transcription of glycolytic genes and proinflammatory mediators (Luo et al.,

2011, Pålsson-McDermott et al., 2015).

Since Pkm2∆myel mice sustain a shift towards dimeric PKM2 in their myeloid cellular com-

partment and thus present aggravated cellular damage in immune-mediated hepatitis, inhibition

of this shift and subsequent induction of tetrameric PKM2 might be beneficial in this context.

To test this hypothesis, Pkm2∆myel mice were either treated with intravenous ConA at a dose of

5mg/kg body weight or treated intravenously with TEPP-46 (50mg/kg) one hour prior to admin-

istration of ConA. The experimental evaluation is displayed in Figure 21. ConA administration

lead to a clear increase in ALT levels compared to PBS injection (see (b), 988.9U/l ±349.4 vs.

12.39U/l ±1.73, not significant). Pretreatment with TEPP-46 mitigated the enzyme release into

the bloodstream, indicating reduced liver damage (167.9U/l ±74.19, not significant in compar-

ison to sole ConA injection). However, ALT levels were still higher than the reference value

(Otto et al., 2016), indicating the correct administration of ConA. As mentioned, Pkm2∆myel mice

exhibit higher amounts of myeloid cells in homeostasis and acute liver inflammation (Figures

17 and 19) which are likely to contribute to the aggravation of ConA hepatitis in this model.

TEPP-46 reduced the amount of MPO+ cells which infiltrated the liver upon ConA exposure in

comparison to the ConA group (see (c), 137.2 cells/mm2 ±0.25 vs. 186.6 cells/mm2 ±10.14,

p=0.081), which is illustrated in (d).

Next, a possible involvement of TEPP-46 in the transcription of M1-typical cytokines was

assessed by qPCR (Figure 21(e)-(h)). Again, key M1-related cytokines were notably elevated

after ConA treatment in Pkm2∆myel compared to mice treated with PBS and Pkm2fl/fl mice

treated with ConA. Ccl2 mRNA was significantly upregulated in livers of Pkm2∆myel mice,

whereas pretreatment with TEPP-46 substantially reduced this increment in Ccl2 mRNA to

levels comparable with Pkm2fl/fl individuals (0.0345 ±0.0134 [pretreated Pkm2∆myel mice] vs.

0.0793 ±0.0177 [Pkm2∆myel mice without pretreatment], *p<0.05; 0.0358 ±0.0057 in Pkm2fl/fl

mice treated without pretreatment). The same effect of the pretreatment in Pkm2∆myel mice was

observable for Il1β (0.002 ±0.0008 vs. 0.0042 ±0.0007, not significant) and Il6 (5.21×10−5

±8.27×10−6 vs. 2.84×10−4 ±1.25×10−4, not significant). An increase in Il23 was completely

reverted by TEPP-46 pretreatment (1.78×10−4 ±5.59×10−5 vs. 6.16×10−5 ±2.54×10−5 in the

pretreated group, not significant). Interestingly, changes in mRNA of metabolic players like
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Figure 21: Impact of pharmacological PKM2 activation by TEPP-46 prior to ConA treatment. (a)
Serum ALT activities 8 hours after i.v. ConA administration with or without 1 hour of i.v. TEPP-46
pretreatment (n=2-4 per group). (b) Representative liver sections of Pkm2∆myel mice (treated as in
(a)) stained for Caspase-1 (CASP1) by immunohistochemistry. (c) Quantification of MPO+ cells per
mm2 within liver sections of mice treated as indicated (n=2-7 per group). (d) Representative liver
sections of Pkm2∆myel mice stained for MPO by immunohistochemistry. (e)-(l): mRNA levels shown
as 2−∆CT to ensure comparability between two independent experiments (n=2-5 per group). Pkm2fl/fl

and Pkm2∆myel mice were injected with PBS or ConA 8 hours before organ extraction and subsequent
analyses. Pkm2∆myel mice were additionally treated with TEPP-46 before ConA adminstration as in (a).
Results of qPCR for Ccl2 (e), Il1β (f), Il6 (g), Il23 (h), as well as Nlrp3 (i), Pkm1 (j), Hif1α (k) and
Cpt1α (l).
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ConA TEPP-46 + ConA
HMGB1 200x 200x

400x 400x

Figure 22: Pharmacological activation of PKM2 and its influence on the subcellular localization of
high mobility group box 1 (HMGB1). Liver sections of Pkm2∆myel mice were immunohistochemically
stained for HMGB1 after 8 hours of ConA exposure (left) and 1 hour of additional pretreatment with
TEPP-46 (right). Upper row: 200-fold magnification, bottom row: Insets, 400-fold magnification. The
stained slides were kindly provided by PD Dr. rer. nat. Andrea Kristina Horst.

Pkm1 and Cpt1α due to acute onset hepatitis did not change notably in the context of PKM2

activation by TEPP-46 (see Figure 21 (j) and (l)). However, TEPP-46 administration did indeed

cause a decrease in Hif1α mRNA (0.0026 ±0.0001 in the pretreated group vs. 0.0143±0.0071

in the ConA group, not significant), which points to a regulatory framework in transcription

of glycolytic and respiratory enzymes without direct involvement of HIF1α in acute ConA

hepatitis.

In addition to its effect on pro-inflammatory cytokines, the transcription of NLRP3 in-

flammasome target genes was also dampened by TEPP-46. Hepatic Nlrp3 mRNA levels were

elevated in Pkm2∆myel mice after ConA injection (2.93×10−4 ±6.69×10−5 vs. 6.33×10−5

±6.97×10−6, *p<0.05), but could again be reduced to levels comparable with floxed individu-

als when injected with TEPP-46 prior to ConA (1.95×10−4 ±5.23×10−5 for Pkm2∆myel mice

pretreated with TEPP-46 vs. 1.93×10−4 ±2.36×10−5 for Pkm2fl/fl mice treated solely with

ConA). This finding is in accordance with differences in Caspase-1 abundance in the inflamed

livers of ConA treated mice and individuals pretreated with TEPP-46 (Figure 21(b)). The latter

exhibited less cleavage of pro-Caspase 1 to its mature form, which was illustratively visualized

by immunohistochemistry. As another element involved in the activation and assembly of the

NLRP3 inflammasome, liver sections were stained immunohistochemically for high mobility

group box 1 (HMGB1, see Figure 22). The protein is physiologically located in the nucleus
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but serves as an endogenous alarmin once it is hyperacetylated and translocates to the cytosol.

HMGB1 can be actively secreted by macrophages (Wang et al., 1999), but it also acts as a danger

signal of hepatocytes in ConA hepatitis (Tu et al., 2013). Upon ConA exposure, liver sections

of Pkm2∆myel mice showed a pronounced cytoplasmatic staining, indicating a translocation of

HMGB1 from the nucleus into the cytosol in response to ConA (left images). Nuclear HMGB1

staining turned out to be faint and left the nuclear counterstaining with hematoxyline clearly

visible. Conversely, pretreatment of the mice with TEPP-46 before ConA injection resulted in a

prominent nuclear HMGB1 signal, which covered the majority of counterstained nuclei, whereas

the hepatic cytosol remained largely unstained (right images). These data suggest a possible

involvement of myeloid PKM2 activation in ameliorating pyroptosis during immune-mediated

hepatitis.

Altogether, pharmacological activation of PKM2 protected Pkm2∆myel mice from excessive

liver damage with regard to serum ALT levels, the influx of myeloid cells, pro-inflammatory

cytokines and inflammasome-associated cellular decay. TEPP-46 furthermore reduced Hif1α

transcription, while leaving genes related to glycolysis and β-oxidation largely unaffected.
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4 Discussion

The aim of the present study was to characterize the impact of a myeloid-specific knock-

down of PKM2 on their cellular immune responses in mice. As demonstrated in section 3.1.1

and discussed in sections 4.1, 4.1.1 and 4.1.2, the Cre-mediated knock-down of PKM2 was

incomplete and caused significant aberrations in the balance of PKM isoforms and PKM2

oligomerization in particular.

For an evaluation of this partial PKM2 knock-down in myeloid cells, BMDM were chosen

as an in vitro model system to study the differentiation of macrophages, their metabolism

and their immunological properties. The experimental setup for BMDM comprised mainly

of exposure of a BMDM mono-culture to certain stimuli and their phenotypical reaction.

Still, since these conditions pose a highly artificial environment for macrophages without the

interaction with other cell types and in exposure to non-physiological environmental conditions,

additional experiments were performed to study the effects of the murine genotype in vivo. This

translational approach was chosen to provide for a more physiological experimental system, in

which the effects of a partial PKM2 knock-down were hence analyzed.

4.1 Incomplete Cre-mediated knock-down of PKM2 in myeloid cells

The Cre-loxP system, whose genetic principles were first described by Sternberg in the early

1980s, is considered a powerful tool to study the effects of cell-specific genetic alterations

(Sternberg and Hamilton, 1981). To this date, it is widely used in fundamental research because

of its versatility and its (theoretically) straight forward approach to modify only a certain set of

cells by employing cell type-specific promotors to activate Cre.

Due to its role as a widely used tool in genetic research over the last 30 years, it has become

clear that designing a genetic construct using the Cre-loxP system might contain pitfalls, which

can render the interpretation of data more difficult than initially expected. In the present work,

mice with homozygous loxP sites around PKM2-specific exon 10 were crossed with mice

carrying a heterozygous Cre recombinase downstream the myeloid LysM promotor in order to

achieve a myeloid-specific knock-down of the enzyme (Figure 6). Mice homozygous for Cre

showed a more efficient reduction of Pkm2 mRNA (Figure 7). However, since lysozyme plays

an integral role in the myeloid immune response and its promoter is practically myeloid-specific,

a heterozygous Cre knock in downstream the LysM promoter was chosen to target myeloid

cells and to simultaneously preserve one intact allele and to avoid a possible confounder in

experimental models of inflammation. As described, the knockout of PKM2 on a protein level

in this model turned out to be incomplete; although exhibiting significantly reduced levels of

PKM2 (see Figure 7(a)-(d))-33% to -60%, depending on the analysis), BMDM derived from

Pkm2∆myel mice still showed detectable remnants of PKM2 protein in all measurements.

There are various possible explanations for this observation. Previous studies have found

inconsistent Cre recombination in littermates due to spontaneous ectopic recombination and

concomitant removal of loxP sites in vivo (Eckardt et al., 2004). Incomplete recombination

has also been attributed to Cre mosaicism, meaning that the recombinase might not be active
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in a proportion of the targeted cells (Heffner et al., 2012). However, the first study on the

utilization of a murine LysM-Cre model by Clausen reported a deletion of the target protein

in 95% of peritoneal macrophages and 99% of peritoneal neutrophilic granulocytes, with no

significant deletion in T and B cells and only a modest reduction of 16% in dendritic cells

(Clausen et al., 1999), indicating a satisfactory recombination efficacy and target accuracy of

LysM-Cre. Another, more recent publication addressed the issue of Cre efficacy in different

strains targeting myeloid subsets (Abram et al., 2014). The authors crossed various myeloid-Cre

strains with ROSA-EYFP reporter mice and analyzed the reported expression of the recombinase

by flow cytometry. LysM-Cre mice showed EYFP expression in approx. 50% of inflammatory

monocytes and 70% in polymorphonuclear leukocytes (which contains neutrophilic, basophilic

and eosinophilic granulocytes as well as mast cells). For macrophage populations, these results

varied widely depending on their location (approx. 100% in alveolar, 90% in peritoneal and

40% in splenic macrophages). Unfortunately, neither BMDM nor liver-resident macrophages

were included in this study, leaving room for speculation on the extent of Cre efficacy in these

particular myeloid cellular subsets. Incomplete deletion of a target protein by LysM-Cre can

furthermore differentiate macrophage subsets according to the activity of their LysM promotor,

as has been demonstrated previously (Vannella et al., 2014). In addition to these observations

regarding LysM-Cre, it is conceivable that promotor and recombinase might not be the only

players in this phenomenon since the position of the loxP sites influences the efficacy on of

recombination to a substantial extent (Vooijs et al., 2001). In light of these reports, more than

one isolated reason might explain why Cre-mediated recombination in the present model turned

out to be incomplete.

4.1.1 Reduction of PKM2 leads to compensatory upregulation of PKM1 in myeloid cells

Alternative splicing of the Pkm gene is controlled by hnRNPA1/2 and PTB which regulates the

equilibrium of PKM1 and PKM2. In macrophages, both isoforms are expressed in homeostasis,

but an increase in protein expression has only been reported for PKM2 in response to LPS

(Pålsson-McDermott et al., 2015). Due to the imperative role of glycolysis in macrophage

function, we hypothesized that nullifying the cells’ ability to upregulate PKM2 might result in a

compensatory off-target effect. Indeed, PKM2-deficient BMDM showed strong upregulation of

PKM1 protein expression (approx. 20-fold in comparison to controls, Figure 7(e)), pointing

to a possible mechanism to bypass the last rate-limiting step of glycolysis. This effect was not

restricted to stimulated conditions, but was already visible in untreated cells. This observation

supports the notion that macrophages rely strongly on glycolysis as their main source of ATP

regeneration (Rodrı́guez-Prados et al., 2010).

Interestingly and in contrast with the study mentioned above, stimulation with LPS did not

lead to a significant increase in total PKM1 or 2 protein (Figure 7). It did, however, remarkably

induce dimerization of PKM2, especially in BMDM derived from Pkm2∆myel mice (see section

4.1.2). Furthermore, the study by Pålsson and colleagues does not comment on the possible

effects a compensatory increase in PKM1 expression might have on the proposed accumulation

of upstream glycolytic intermediates, which should be considered concerning the high enzymatic
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turnover of PKM1. Especially in the context of a low concentration of endogenous activators

like FBP, both isoforms show comparable substrate affinity (Km), whereas the Vmax of PKM1 is

twofold higher than that of PKM2 (Liu et al., 2020). In this context, the present study sheds

light on the flexibility of macrophages in order to maintain a key metabolic pathway and to

balance the glycolytic flux when PKM2 expression is disturbed.

4.1.2 Preferential dimerization of residual PKM2 in Pkm2∆myel BMDM

While PKM1 is regarded a highly catabolic enzyme in a stable homo-tetrameric form of subunits

with few endogenous regulators, PKM2 exists in an equilibrium of enzymatically inactive

monomers/dimers and highly active tetramers (Morgan et al., 2013). Here, we report a significant

influence of reduced total PKM2 protein levels on the quarternary structure of its remnants in

BMDM of Pkm2∆myel mice. Phosphorylation of PKM2 locks the enzyme in its dimeric form

(see section 1.3.2). Intriguingly, Phospho-PKM2 (Y105) was found to be substantially more

abundant in Pkm2∆myel-derived BMDM. In homeostasis and after stimulation with LPS, levels

of dimeric PKM2 were 2 to 3-fold higher in comparison to control animals (Figure 8(c) and

(d)), while total PKM2 protein was significantly reduced (Figure 7). Additionally, tetrameric

PKM2 was observed to be decreased in Pkm2∆myel BMDM. Due to the antagonistic properties

of monomeric/dimeric and tetrameric PKM2, we hypothesized that a net decrease of PKM2,

accompanied by a larger proportion of dimeric PKM2 might alter the phenotype of BMDM

towards an inflammatory response (see section 4.2).

The equilibrium of PKM2 oligomers is tightly regulated and can be modified by a variety of

post-translational modifications (Prakasam et al., 2018, Wang, Wang, et al., 2017). Although

the mechanisms and pathways that ensue from these modifications differ considerably, their

unifying feature is PKM2 dimerization and subsequent translocation into the nucleus. In tumor

cells, the main aim of PKM2 nuclear translocation is to accelerate the cell cycle and to induce

transcription of genes which encode for glycolytic enzymes, such as LDHA, GLUT-1 and

also PKM2 itself (Hitosugi et al., 2009). A possible explanation for preferential dimerization

in Pkm2∆myel BMDM might simply be a dose-effect due to the partial knock-down: If the

total protein amount is reduced, a stable rate of phosphorylation and subsequent dimerization

would account for a higher proportion of dimeric PKM2. Additionally and in consideration

of the metabolic deviations in Pkm2∆myel BMDM discussed in section 4.2.2, other factors

might contribute to the observed increase in dimeric PKM2. BMDM derived from Pkm2∆myel

mice have shown higher basal O2 consumption and extracellular acidification, pointing to a

generally increased flux through glycolysis and oxidative phosphorylation (Figures 12 and

13). Concomitantly, an increase in proton leakage was measured, both of which suggest an

increased production of ROS as a by-product of mitochondrial respiration (Murphy, 2009). ROS

initiate intracellular kinase pathways such as SRC, which in turn phosphorylate PKM2 and thus

induce PKM2 dimerization (Heppner et al., 2018, Eigenbrodt et al., 1992, Zhou et al., 2018).

Furthermore, the exact mechanism that leads to phosphorylation at Y105 by FGFR1 and to

subsequent dimerization of PKM2 (Hitosugi et al., 2009), has very recently also been linked to

excessive production of ROS (Glorieux et al., 2021).
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Apart from a predominant dimerization of residual PKM2 in Pkm2∆myel BMDM, we ob-

served a reduced amount of tetrameric PKM2 in comparison to controls (Figure 8(a) and (b)).

Tetrameric PKM2 remains in the cytosol and has enzymatic properties similar to those of PKM1

(Liu et al., 2020). The formation of homotetramers is regulated by the presence of intracellular

mediators, first and foremost by FBP (Ashizawa et al., 1991). This central glycolytic interme-

diate is generated by phosphorylation of F6P by PFK1, a key regulatory enzyme upstream of

pyruvate kinase. Depending on the cell’s energy demand, PFK1 is inhibited by ATP and lactate

(which are abundant when energy depots are full) and is stimulated when the cell is running low

on ATP. We found, that Pkm2∆myel BMDM are actually more metabolically active, as they exhibit

greater rates of glycolysis and ATP-linked respiration (Figure 12(a)-(c)). In conjunction with

the extensive upregulation of highly active PKM1 in BMDM (Figure 7(e)), the excess in energy

sources might contribute to lower levels of FBP, thereby impeding the formation of PKM2

tetramers. In addition to FBP, accumulation of SAICAR (an intermediate of purine synthesis)

has also been identified to promote PKM2 tetramerization in a nutrient-limited environment

(Keller et al., 2012). Conversely, lower levels of SAICAR might destabilize tetrameric PKM2

once nutrients are plenteously available.

Altogether, the present work points to a differentially regulated balance of PKM isoforms and

PKM2 oligomers within the regulatory framework of the metabolic flux and adjacent pathways

(i.e. ROS and nucleotide synthesis) in macrophages. The results suggest an antecedently

underestimated role of PKM1, which could compensate for the kinetic deficiency of PKM2, as

well as a complex equilibrium of dimeric and tetrameric PKM2 which is conceivably affected

by PKM1 upregulation and concurrent deviations of the metabolic flux in Pkm2∆myel BMDM.

4.2 Phenotypical characterization of Pkm2∆myel derived BMDM

Although myeloid cells are generally considered less proliferative than T cells, granulocytes,

dendritic cells, monocytes and macrophages exert their defensive powers through rapid induction

of effector molecules, such as cytokines, surface molecules or ROS. The synthesis of these

effector molecules requires efficient mechanisms to divert metabolic intermediates into biomass-

generating pathways upon stimulation. Macrophages rely heavily on glycolysis and convert the

vast majority of it into lactate, especially when activated by TLR ligands (Rodrı́guez-Prados et

al., 2010). PKM2 as the last rate-limiting step of glycolysis plays a major role in this regulatory

framework. Its regulatory flexibility enables the cell to meet its metabolic and synthetic demands,

depending on its state of activation and has thus been examined with regard to macrophage

effector functions in vitro. The aim of this work was to characterize macrophages deficient in

PKM2 expression, as well as the consequences that arise from PKM2-deficient macrophages for

the entire organism.

4.2.1 Pkm2∆myel-derived BMDM tend towards a more pro-inflammatory cytokine pro-
file

In light of the unexpected results of PKM isoforms and oligomer formation, we hypothesized that

preferential dimerization of PKM2 triggers a pro-inflammatory phenotype of Pkm2∆myel BMDM.
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Previous reports have demonstrated a direct interaction between PKM2 and HIF1α in BMDM,

which leads to an increase in IL-1β transcription. Conversely, an inducible Cre-mediated PKM2

knockout abrogated this response (Pålsson-McDermott et al., 2015). In accordance with the

abovementioned observations of an incomplete PKM2 knock-down and concomitant preferential

dimerization of PKM2 remnants, Pkm2∆myel BMDM showed an increased transcription of genes

related to pro-inflammatory (M1) cytokines like Il1β, Il6 and Ccl2 when compared to their

controls (Figure 10). However, difference between the genotypes turned out to be rather discrete

and did not reach significance in the experimental group. Similarly, there were no significant

differences for TNFα when analyzed on a protein level (Figure 11(a)). CCL2 is known to

amplify M1 cytokine secretion and to induce the release of ROS (respiratory burst) in monocytes

(Gschwandtner et al., 2019). Surprisingly, high concentrations of the chemokine were detectable

in the supernatants of BMDM from both genotypes (Figure 11(b)). However, the experimental

setup of BMDM maturation and differentiation included the use of a cell culture medium

extracted from L929 fibroblasts (see also section 2.2.12). Despite its frequent use in macrophage

research, this supernatant has only very recently been reported to contain, among 2192 other

proteins, substantial amounts of CCL2 (Heap et al., 2020). The measured concentrations for the

cytokine are thus likely to comprise of the intrinsic concentration of the medium as well as the

proportion secreted by the BMDM in the cell culture. Still, it is notable that Pkm2∆myel BMDM

showed higher CCL2 concentrations in all groups of treatment, suggesting a higher production

of the cytokine in comparison to controls. This is of particular interest because PKM2 induces

CCL2 expression in colorectal cancer via NFκB signalling (Zou et al., 2017); to date, a similar

regulation of CCL2 expression in macrophages has not yet been described.

On the other end of the spectrum, IL-10 was determined concerning its emblematic role in

the resolution of inflammation by (M2) macrophages (Verreck et al., 2004). BMDM derived

from Pkm2fl/fl and Pkm2∆myel mice produced notable amounts of IL-10 when stimulated with

LPS. Pkm2∆myel BMDM showed slightly less IL-10 in the supernatant, although this effect was

not significant (Figure 11(c)). This effect could possibly be attributed to a general tendency

of Pkm2∆myel BMDM towards a more M1-like phenotype as indicated by the increase in the

production pro-inflammatory cytokines mentioned above.

Apart from the examination of genotype-specific differences between Pkm2fl/fl and

Pkm2∆myel BMDM, the effect of TEPP-46 on BMDM was evaluated. The small molecule

promotes PKM2 tetramerization, enzymatic activation and mitigation of LPS-induced cytokine

production by macrophages in vivo (Jiang et al., 2010, Anastasiou et al., 2012). To rule out

possible cytotoxic effects of TEPP-46, BMDM were exposed to TEPP-46 (100µM) alongside

with LPS and IL-4. In homeostasis, TEPP-46 did not influence the transcription of Il1β, Il6,

Ccl2 and Il10 (Figure 10). To assess whether pretreatment of the cell culture with TEPP-46

prior to LPS stimulation was able to mitigate the M1-like response, BMDM were pretreated

with TEPP-46 30 minutes before LPS stimulation. Surprisingly, TEPP-46 failed to decrease

the production of typical M1 cytokines like TNFα (Figure 10(a)) and IL-1β (data not shown).

Instead, concentrations of these pro-inflammatory cytokines were elevated after pretreatment

with TEPP-46 and even significantly higher in Pkm2∆myel BMDM when compared to stimulation

with LPS alone. With regard to IL-10, TEPP-46 did not boost its secretion into the supernatant
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by BMDM. These findings directly contradict the reports by Pålsson and colleagues, who

described a successful reduction of the transcription of pro-inflammatory cytokines and a boost

of Il10 transcription after treating BMDM with the exact same doses of TEPP-46 and LPS

(Pålsson-McDermott et al., 2015). A possible explanation for this divergence might the pro-

inflammatory priming of Pkm2∆myel BMDM in comparison to wildtype BMDM used by Pålsson

and colleagues. However, this does not explain why TEPP-46 failed to reduce pro-inflammatory

cytokine concentrations in the control group in vitro.

4.2.2 Metabolic profile of BMDM derived from Pkm2∆myel mice

Macrophages have been identified as inherently glycolytic cells more than half a century ago

(Hard, 1970). They undergo drastic alterations of their metabolic program upon classical

or alternative activation. Activation with TLR ligands induces the incorporation of glucose

transporters into the cell membrane (Fukuzumi et al., 1996) promotes the induction of other

glycolytic genes such as Hexokinase (HK, Newsholme et al., 1986) or Phosphofructokinase-2

(PFK2, Rodrı́guez-Prados et al., 2010).

In the present study, we speculated that aberrations in PKM isoform expression and quar-

ternary structure had an impact on the glycolytic flux and the subsequent metabolism in the

TCA and the ETC. For this purpose, a Seahorse XF Cell Mito Stress Test was used (see section

2.2.15 for details). The experimental setup comprised of classical activation by LPS, one in

the very early state of stimulation (2h after exposure) and a late stimulatory condition (24

hours after exposure), in order to capture early adaptations (predominantly caused by molecular

interactions) and delayed effects attributable to the induction of genetic transcription. As shown

in section 3.2.3, Pkm2∆myel BMDM showed a higher rate of basal ECAR than BMDM from

floxed individuals (Figure 12(b)). ECAR is often considered a direct indicator of the glycolytic

flux. In this case, BMDM derived from Pkm2∆myel mice turned out to break down remarkably

more glucose to pyruvate than their controls. In both groups, ECAR increased upon short term

exposure to LPS (2 hours), underlining the importance of the glycolytic pathway in activated

macrophages. The basally and initially increased levels of ECAR are presumably promoted

by overexpression of PKM1 (see also section 4.1.1), principally driving Pkm2∆myel BMDM

towards a more glycolytic program. Interestingly, long-term stimulation with LPS abrogated the

genotypical difference, and Pkm2fl/fl BMDM showed almost identical acidification rates after

24 hours of LPS exposure. A possible explanation in addition to sheer PKM1 overexpression

might be a genotype-related difference in molecular interactions (such as posttranslational

modifications) in Pkm2∆myel BMDM which lead to an increased ECAR on a basal level and

after short term stimulation, but which are compensated by the induction of glycolytic genes,

which simply need more time to take effect. A potential candidate could be PFK-2, also called

phosphofructokinase-2/fructose 2,6-bisphosphatase. It is activated by phosphorylation, and SRC

has been identified as a facilitator of this posttranslational modification (Deprez et al., 1997,

Ma et al., 2020). Additionally, this enzyme exists in two isoforms (called liver type PFK-2 and

ubiquitous PFK-2), the latter of which is regulated by HIF1α, possesses a remarkable kinase

activity and amplifies the glycolytic flux in macrophages (Rodrı́guez-Prados et al., 2010). The
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proposed mechanism leading to a preferential PKM2 dimerization might hence be also involved

in the induction of glycolysis. A possible limitation of this notion, however, is the oversimplified

view of ECAR as a direct indicator value of glycolytic activity. It does not take into account

acidification derived from carbonate dehydratase-mediated CO2 metabolism

CO2 + H2O ⇀↽ HCO3
- + H+ ⇀↽ H2CO3

in an aquaeous medium; also, ATP hydrolysis - which is the main source of energy especially in

an activated cellular environment - is inherently acidifying. Moreover, ECAR is often linked

to lactate production by reduction of pyruvate, as lactate is slightly acidic (pKa 3.9); however,

pyruvate itself as the major glycolytic end product is a stronger acid with a pKa of 2.5, making

lactate the conjugate base of the enzymatic reaction catalyzed by LDH, which contributes to

buffering protons originating from glycolysis rather than acidifying the medium (Divakaruni

et al., 2014). Considering the observations for OCR described below, ECAR could consist of

an increase in glycolytic flux and ATP hydrolysis, fueled by the elevated demand for energy in

Pkm2∆myel BMDM. Interestingly and in spite of the counterintuitive effects of TEPP-46 with

regard to cytokine secretion (section 4.2.1), TEPP-46 successfully reduced ECAR in Pkm2∆myel

BMDM (Figure 12(b), right bars). The reductive effect was more pronounced and thus only

significant in BMDM derived from Pkm2∆myel mice, conceivably due to the basal enhancement

of ECAR in this group mentioned earlier. The Cell Mito Stress Test was originally designed as

a ”standard assay for assessing mitochondrial function” (https://www.agilent.com). Its basic

principle is to measure the amount of O2 consumed by the cells. OCR is often equated with ATP

linked-respiration, as in complex IV of the ETC, electrons are transferred to O2, thus generating

H2O. However, like the interpretation of ECAR, OCR similarly comprises of multiple additional

factors contributing to the consumption of O2, such as NADPH oxidases, nitric oxidases and

other redox systems (Stuart et al., 2018), and should therefore not solely be accredited to ATP-

linked respiration. In our experiments, BMDM from Pkm2∆myel mice displayed an intrinsically

elevated OCR by approx. 30% in comparison to controls (Figure 12(a)). After two hours of LPS

stimulation, O2 consumption did not differ significantly from untreated conditions but was still

substantially greater in Pkm2∆myel BMDM. However, after 24 hours of stimulation, OCR in the

cell culture had plummeted in both groups, indicating a restriction of cellular respiration when

challenged in a continuous manner. In light with the simultaneous induction of glycolysis (Figure

12(b)), the present study supports the assumption that classically activated macrophages undergo

a metabolic switch towards a more glycolytic phenotype (Hard, 1970, Pålsson-McDermott

et al., 2015, Shirai et al., 2016). Interestingly, the observed increase in ECAR occured well

before the decline in OCR which implies a decrement of a transcriptional program of oxidative

phosphorylation over time in lieu of fast acting posttranslational modifications which would

inhibit respiratory key players directly and thus more rapidly. As for TEPP-46, which induces

PKM2 tetramerization, the present study does not support the assumption that it promotes

oxidative phosphorylation through an increased flux of pyruvate into the TCA. Conversely,

TEPP-46 greatly reduced OCR in BMDM regardless of genotype (Figure 12(a), right bars),

which questiones reports by Pålsson and colleagues who found no significant effect on OCR

after treating BMDM with TEPP-46 (Pålsson-McDermott et al., 2015). Still, TEPP-46 has been
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described to diminish OCR in NK cells (Walls et al., 2020), contributing to the controversial

perspective of the modulator’s role in the metabolic reprogramming of immune cells.

The Cell Mito Stress Assay allows the assessment of additional metabolic parameters besides

basal OCR and ECAR. Through inhibition and/or uncoupling of certain parts of the ETC, OCR

can be broken down even further in order to calculate the amount of OCR that is attributable

to ATP regeneration (see section 2.2.15 and Figures 12(c) and 13). ATP-linked respiration is

calculated by subtracting proton leakage from basal respiration (Divakaruni et al., 2014). Our

data demonstrates that Pkm2∆myel BMDM exhibit a significantly elevated rate of ATP-linked

OCR in comparison to Pkm2fl/fl BMDM. Like basal OCR, this effect was visible in homeostasis

and after short term classical activation, and decreased considerably after 24 hours of LPS

stimulation or treatment with TEPP-46. Although mimicking the kinetics shown for basal

OCR, the similar observation for ATP-linked OCR emphasizes the requirement for an oxidative

metabolism in these cells; the genotype-specific difference points to an enhanced demand

for ATP in Pkm2∆myel BMDM, which is largely determined by the cell’s ATP consumption

(Lunt and Vander Heiden, 2011). In connection with the aforementioned differences in cytokine

production, ATP demand and regeneration might mirror an intrinsic pro-inflammatory phenotype

in Pkm2∆myel BMDM due to aberrations in the metabolic flux. This hypothesis is supported

by the determination of another calculated parameter of the Cell Mito Stress Assay, the proton

leak. This phenomenon is caused by protons which ”leak” through the mitochondrial membrane

and do not partake in fueling the ATP synthase (Brand and Nicholls, 2011). A previous study

showed a positive correlation between proton leakage and ROS production in macrophages

(El-Khoury et al., 2011), which additionally strengthens our hypothesis that alterations in PKM

expression ultimately lead to an increase in ROS production.

Aside from basal OCR and ECAR, we originally aimed to determine the spare respiratory

capacity of BMDM from both genotypes, which is defined as the difference between maximal

and basal respiration. Usually, this is achieved by the injection of FCCP, a potent uncoupler of

respiration. This protonophore induces an artificial inward flux of protons in the mitochondrion,

which leads to a compensatory boost of the ETC complexes in order to maintain the proton-

driven potential across the mitochondrial membrane (Ward et al., 2000). As shown in Figure

13 (a)-(c), FCCP injection restored OCR partly but failed to surpass basal levels regardless of

genotype, which would have been necessary in order to calculate the spare respiratory capacity

(Divakaruni et al., 2014). The insufficiency of the FCCP injection could either be a result

of suboptimal FCCP titration or mitochondrial dysfunction. Interestingly, stimulation with

TEPP-46 restored a minimal reserve capacity in both genotypes (e), probably due to the overall

suppressive effect on BMDM metabolism mentioned earlier, which leaves room for spare

respiratory activity. Nonetheless, the following conclusions were derived from our analyses:

Firstly, LPS stimulation lead to an increase in mitochondrial dysfunction and exhaustion in

a time-dependent manner, since the cellular response to FCCP declined over time (see (b), 2

hours LPS, and (d), 24 hours LPS). Secondly, exposure of BMDM to LPS and ATP as a second

stimulus equalized the initially visible genotypic difference. This observation could be based

on an intrinsically primed ”pre-activation” of the NLRP3 inflammasome in Pkm2∆myel BMDM

(see also section 3.3.4 and Figure 21(f)). Normally, the NLRP3 inflammasome pathway is
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initiated by two signals: TLR activation (in this case mediated through LPS) and binding of

an appropriate ligand like ATP to the P2X7 receptor (Bauernfeind et al., 2009, Mariathasan

et al., 2006). The nullfication of the significant initial difference in O2 consumption upon ATP

stimulation could hence be linked to a pro-inflammatory transcriptional program in Pkm2∆myel

BMDM.

In summary, BMDM derived from Pkm2∆myel mice were inherently more active with regard

to ECAR and OCR, suggesting a higher ATP and glycolytic turnover, with a substantial propor-

tion of OCR being linked to ATP regeneration. Pkm2∆myel BMDM furthermore exhibited a less

tightly coupled ETC, which is thus likely to contribute to the synthesis of ROS in these cells.

TEPP-46 reduced both ECAR and OCR, indicating a suppressive effect on the entire metabolic

flux in macrophages rather than promoting oxidative phosphorylation. Adding ATP to LPS

as a stimulant enabled Pkm2fl/fl BMDM to enhance O2 consumption, indicative of an intrinsic

inflammatory phenotype, which involves the NLRP3 inflammasome.

4.2.3 Pkm2∆myel-derived BMDM show unimpaired M2 polarization

Since the initial proposal of a dichotomous macrophage polarization devided into classically

activated M1 and alternatively activated M2 macrophages (Mills et al., 2000), researchers

have come a long path contextualizing this theorem and adapting it to various contexts of

microenvironments. Stimulation of TLR2 and 4 by LTA and LPS leads to a pro-inflammatory

polarization including the secretion of IL-1, IL-6, IL-23 or TNFα (see section 3.2.2) and

promotes a Th1 T cell response and subsequent pathogen clearance and tissue damage (Martinez

and Gordon, 2014). On the other end of the spectrum, macrophages stimulated with IL-4 possess

intriguing abilities in immunoregulation by (among other things) provoking a Th2 cell response

and by inducing tissue repair (Mills et al., 2000).

PKM2 has recently been reported to play a role in macrophage polarization. Emerging

evidence supports the enzyme’s role in promoting macrophage M1 polarization in coronary artery

disease (Shirai et al., 2016) and non-alcoholic fatty liver disease (NAFLD, Kong et al., 2019), but

also a direct involvement of PKM2 in M2 macrophage polarization has been proposed (Cheng

et al., 2017, Xu et al., 2020). In particular, the flux of metabolites into the TCA mechanistically

influences macrophage polarization (O’Neill et al., 2016). Basically, pyruvate as the end product

of glycolysis is converted to acetyl-CoA and enters the TCA, which regenerates ATP and GTP

directly through substrate-level phosphorylation or indirectly by providing reduction equivalents

(NADH+H+ and FADH2) for the subsequent in the complexes of the ETC. In classically activated

(M1) macrophages, the flow through the TCA is delayed at the enzymatic step following the

synthesis of succinate, succinate dehydrogenase (SDH), leading to an accumulation of succinate

in macrophages. Initially, this build-up was considered a pro-inflammatory event, as succinate

was shown to inhibit prolyl hydroxylase 3 (PHD3), which resulted in a stabilization of HIF1α

and lastly lead to induction of glycolysis and upregulation of M1-like cytokines (Tannahill et al.,

2013). Furthermore, PKM2 had previously been demonstrated to act as a cofactor for PHD3-

mediated induction of HIF-associated induction of transcription (Luo et al., 2011). However, the

notion of cumulated succinate as a result of a stumbling TCA leading to M1 polarization has been
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challenged by reports indicating a anti-inflammatory role of succinate accumulation, as reduced

SDH enzymatic activity dampens the production of ROS in macrophages (Lampropoulou et al.,

2016). Alternatively activated (M2) macrophages are characterized by an efficient glycolytic flux

and a balanced TCA activity. This enables them to precede with the glycosylation of proteins

relevant for M2 effector functions, such as CD206 or CD301 for phagocytosis (Jha et al., 2015).

Both markers were clearly induced by treatment of the cell culture with IL-4. However, in

this regard, no differences were found between the genotypes (Figure 14(a), (b), and (d)-(f)).

BMDM derived from Pkm2∆myel mice showed no impairment of M2 polarization, as they were

equally able to present these typical surface markers upon alternative activation. In addition to

flow cytometric analyses, BMDM were analyzed for Arg1 and Socs1, two proteins involved in

M2-typical arginine metabolism. Again, IL-4 sufficiently induced upregulation of mRNA of

Arg1 and Socs1, though no significant differences between the genotypes were observed. Lastly,

CCL22, a potent chemoattractant secreted by M2 macrophages known to attract regulatory T

cells (Orecchioni et al., 2019, Rapp et al., 2019) was measured by an immunoassay. Stimulation

with LPS triggered a mild release of the cytokine in both groups, whereas IL-4 resulted in

strong CCL22 secretion. CCL22 concentrations after IL-4 stimulation were lower in Pkm2∆myel

BMDM, though this did not reach statistical significance.

In addition to directly investigating alterations of macrophage polarization in PKM2-

competent and PKM2-deficient BMDM, TEPP-46 was used. The pharmacological activator of

PKM2 has recently been published to promote M2 macrophage effector function and has also

been reported to inhibit Th1 polarization of T cells in a similar manner (Pålsson-McDermott et

al., 2015, Angiari et al., 2020). Surprisingly, the effect of TEPP-46 on macrophage polarization

was relatively weak and only produced a minor increase in CD206 and CD301 MFI (Figure 14(b)

and (f)). CCR2 was additionally measured by flow cytometry (see (g)) because this receptor

has previously been associated with M2 polarization in the context of multiple myeloma (Xu

et al., 2019). The proportion of CCR2+ cells was increased after LPS and TEPP-46, respectively.

Still, evidence for a definitive role in M2 macrophage polarization is lacking. Intriguingly, the

ectonucleotidase CD39 was highly expressed upon stimulation of the cell culture with TEPP-46

(Figure 14(c)). Extracellular ATP (eATP) serves as an alarmin in inflammation and is released

by TLR signalling in macrophages, whereas eATP itself can trigger the release of IL-1β via

inflammasome activation (Ferrari et al., 1997, Mariathasan et al., 2006). Ectonucleotidases

like CD39 degrade ATP to ADP in order to dampen the inflammatory response (Cohen et al.,

2013). The upregulation of CD39 might therefore reflect an anti-inflammatory response caused

by stimulation with TEPP-46, as upregulation of CD39 on monocytes limits their chemotaxis

(Hyman et al., 2009). On Treg, CD39 is abundantly expressed in the context of tumor immune

escape mechanisms (Allard et al., 2017). To date, a link between PKM2 activation and CD39 in

macrophages has not yet been described. M2 macrophage activation is known to induce CD39

expression (Zanin et al., 2012). Pharmacological PKM2 activation could therefore promote

anti-inflammatory properties through upregulation of CD39 and subsequent degradation of

eATP; still, the present study does not provide a functional explanation for this phenomenon

and the concentrations of eATP were not measured.

The unifying element of the studies cited above which propose a direct involvement of
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PKM2 in M2 macrophage polarization is their focus on either pharmacological activation of

the enzyme (Pålsson-McDermott et al., 2015, Xu et al., 2020) or the absence of dimeric PKM2

in the nucleus ameliorating a M1-like immune response rather than inducing a classical M2

phenotype (Cheng et al., 2017). For that matter, overexpression of the highly active isoform

PKM1 might allow for an unimpeded manifestation of M2-like macrophage characteristics in

Pkm2∆myel BMDM. In fact, a recent publication showed that in macrophages an intact oxidative

metabolism is a critical determinant of a successful M2 polarization (Van den Bossche et al.,

2016). PKM2 expression could even dispensable for M2 polarization based on the assumption

that an unimpaired flow through the TCA and ETC is the main parameter for M2 macrophage

polarization. This interpretation could also resolve the question why pharmacological activation

of PKM2 by TEPP-46 did not influence BMDM polarization as clearly as previously reported.

4.3 Partial PKM2 knock-down affects hepatic homeostasis and renders mice
more susceptible to acute liver damage

The liver as an organ within the equilibrium of immunogenic and tolerogenic factors harbors

approximately 80-90% of all tissue-resident macrophages in mammals. KC account for roughly

one third of all NPC (Bilzer et al., 2006). In addition to KC, monocyte-derived macrophages

are part of the hepatic myeloid compartment (Ju and Tacke, 2016). Its characteristics and

functions have extensively been described in sections 1.1.1, 1.1.2 and 1.1.3; briefly, myeloid

cells interact with almost every other cell type in the liver, including hepatocytes, stellate cells,

LSEC, granulocytes and T cells. Besides maintaining a tolerogenic environment despite of

the constant influx of nutrients and microbial agents, hepatic macrophages clear the liver of

metabolic waste, regulate cholesterol homeostasis and eliminate aging cells (Wen et al., 2021).

In light of this overarching set of interactions and functions in the hepatic cellular environment,

Pkm2∆myel mice were analyzed for changes in hepatic metabolism and the composition of

myeloid and lymphoid cellular compartments in homeostasis. Furthermore, the present study

examined the role of differential PKM expression in acute immune-mediated hepatitis.

4.3.1 Aberrations in hepatic metabolism

KC and monocyte-derived hepatic macrophages engage in a dynamic crosstalk with hepatocytes.

There is ample evidence for an involvement of hepatic macrophages in the initiation and

maintenance of NAFLD (Wenfeng et al., 2014, Kong et al., 2019). Moreover, they interact

directly with hepatocytes and vice versa, thereby impacting the metabolism of the entire

organism (Morgantini et al., 2019). Mechanistically, pro-inflammatory cytokines like IL-1β

induce Srebf transcription in hepatocytes, leading to an upregulation of the LDL receptor and

consecutive accumulation of lipids, thus promoting the development of NAFLD (Ma et al.,

2008).

Given the abundance of macrophages in the liver and based on the observations made

in Pkm2∆myel BMDM with regard to PKM expression, aberrations in the metabolic flux and

cytokine production, a possible impact on the systemic and hepatic metabolism was hypothesized.

Therefore, the mice and their livers were weighed, and serum ALT as well as cholesterol and
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triglyceride concentrations were measured. Intriguingly, 12-week old Pkm2∆myel mice and their

livers were substantially heavier than the control mice (Figure 16(a) and (b)). While ALT levels

showed no genotype-specific difference, Pkm2∆myel mice exhibited almost double the amount of

blood cholesterol and triglycerides (see (c)-(e)). Since the joint presence of obesity, elevated

cholesterol and triglycerides and an enlarged liver is a hallmark of a (developing) metabolic

syndrome (Grundy et al., 2005), more in-depth analyses of indicators for aberrations in hepatic

metabolism were performed. Therefore, the transcriptional activity of a set of key metabolic

players was analyzed (Figure 16(g)). Unexpectedly, mRNA levels of genes involved in both

degradation and de novo synthesis or storage of fatty acids were upregulated. Cpt1α as a key

regulatory enzyme enabling β-oxidation was upregulated, as was Cyp7a1, the rate-limiting step

of bile acid synthesis, which is increased in livers of NAFLD patients (Jiao et al., 2018). mRNA

levels of Pgc1α, the master transcriptional regulator of mitochondrial biogenesis, were also

observed to be increased. These targets were chosen in order to monitor different pathways

involved in the processing of hepatic fatty acids in Pkm2∆myel mice. On the other hand, Fasn and

Srebf1 were also upregulated, indicating an increase in de novo synthesis of fatty acids as well as

an increased storage of fatty acids in their livers. Owing to the remarabkle differences in mRNA

levels of genes related to fatty acid oxidation and synthesis, sera of Pkm2fl/fl mice and their

controls were analyzed for concentrations of acyl carnitines (Figure 16(f)). These metabolites

are generated by the reaction of acyl-CoA with a molecule of l-carnitine, a process facilitated

by CPT1α. While there was no apparent difference of l-carnitine (C0) or short-chain acyl

carnitines, medium and long-chain compounds, in particular consisting of 10-14 carbon atoms,

were present in the sera at higher concentrations. These data support the proposed NAFLD-like

phenotype in Pkm2∆myel mice, as long-chain acyl carnitines reflect mitochondrial dysfunction in

murine hepatocytes and in hepatocytes of NAFLD patients (Bjørndal et al., 2018, Peng et al.,

2018, Enooku et al., 2019). Intriguingly, this dysfunction does not include perturbations in

the TCA, which is, conversely, induced in a murine model of NASH (Patterson et al., 2016).

An unhindered flux through the TCA could therefore explain why no significant difference in

the transcriptional activity of Glut1 and Ldh, two central glycolytic genes, was observed. Still,

Hif1α mRNA was signficantly increased in Pkm2∆myel livers. Although mainly associated with

the transcriptional regulation of glycolytic genes, HIF1α also induces the transcription of Fasn

and Srebf1 in tumor cells (Furuta et al., 2008), which matches the observations made concerning

the lipogenesis-associated genes in livers of Pkm2∆myel mice.

All observations described here were made in whole liver tissue or in the serum of Pkm2∆myel

mice, and a direct involvement of myeloid PKM2 in such deviations was initially not considered

completely obvious. However, evidence is emerging that PKM2 in hepatic myeloid cells exerts

a strong influence on hepatic metabolism and also in reverse. For instance, PKM2 has been

linked to HCC development by ectosomal release of the enzyme which induces a monocyte to

macrophage transition in the liver and results in a CCL1-mediated feedforward loop (Hou et al.,

2020). A direct involvement of myeloid PKM2 has been shown in the pathogenesis of NAFLD:

dimeric PKM2 is a critical determinant of a M1-like polarization of hepatic macrophages, which

secrete TNFα, IL-1β and CCL2. The ensuing hepatic inflammation including a Th1 response

and the recruitment of myeloid cells into the liver via CCR2/CCL2 disturbs the metabolic
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homeostasis of fatty acids in mice when fed a high-fat diet. By contrast, pharmacological

activation of PKM2 in macrophages mitigates the inflammatory response and simultaneously

reduces lipid accumulation in the adjacent hepatocytes, thus ameliorating the NAFLD phenotype

(Kong et al., 2019).

Considering the cited literature and the data demonstrated in section 3.3.1, an involvement

of myeloid PKM2 in the deviations of hepatic metabolism depicted in Figure 16 seems plausible.

A mechanistical explanation might involve a pro-inflammatory macrophage phenotype driven

by preferential PKM2 dimerization and subsequent transcription of pro-inflammatory genes in

Pkm2∆myel mice.

4.3.2 Partial PKM2 knock-down changes the leukocyte composition in different organs

The portal vein consists of the vascular confluence of the splenic vein and the superior mesen-

teric vein and collects the venous blood of all unpaired abdominal organs, including stomach,

pancreas, gallbladder, small intestine and colon. Due to this anatomical characteristic, the vast

majority of nutrients and pathogens reabsorbed along the gastrointestinal tract ends up in the

liver sinusoids, where hepatic macrophages are localized. These comprise of yolk-sac derived

resident macrophages (KC) and monocytes circulating through the liver with the blood stream,

which infiltrate the liver become tissue macrophages in response to chemotactic signals like

CCL2, especially in inflammation (Karlmark et al., 2009). However, despite originating from en-

tirely different organs and disparate mechanisms of self-renewal, definite markers to distinguish

both cell types are yet to be found. They include, among others, CD11b as a pan-myeloid marker,

as well as F4/80 for mature macrophages, whereas Ly6G serves as a marker for neutrophils

(Dos Anjos Cassado, 2017). Especially with regard to the hepatic niche, cells double-positive

for CD11b and Ly6C have been considered to represent pro-inflammatory monocytes, which

express the chemokine receptor CCR2 on their surface, while CD11b+ Ly6C−/low cells mainly

consist of ”patrolling” monocytes, which are predominantly positive for CX3CR1 (Ju and Tacke,

2016). A monocytic population expressing intermediate levels of Ly6C has also been proposed,

though whether they represent a distinct group of monocytes or exhibit a transitional state from

Ly6C− to Ly6C+ cells and vice versa has yet to be clarified (Zimmermann et al., 2012).

In the present work, we aimed to characterize myeloid cellular compartments by flow

cytometry (see section 3.3.2). Due to the pro-inflammatory phenotype of Pkm2∆myel BMDM

including elevated CCL2 production and in light of the metabolic changes apparent in livers

of Pkm2∆myel mice, three compartments were analyzed: The bone marrow as the hatchery for

all myeloid cells, the spleen (due to its role as a secondary lymphatic organ and a forum for

myeloid-lymphoid interactions) and the liver as the organ of particular interest for this study.

There was no difference in CD11b+ cells in either organ (Figure 17(a) for bone marrow, data

not shown for spleen and liver), pointing to an unimpeded development of myeloid cells in

the bone marrow and indicating stable myeloid populations in the spleen and liver. Similarly,

the amount of CD11b+ Ly6C−/low monocytes was widely comparable between the genotypes

(data not shown). Still, the proportion of CD11b+ myeloid cells positive for Ly6C turned out to

be significantly increased in all three compartments of Pkm2∆myel mice, suggesting a elevated
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count of monocytes in their respective parenchymae in homeostasis. In the spleen, F4/80 was

included as a marker of mature macrophages, which did not differ between the genotypes (see

(c), left bars). However, the number of Ly6C+ cells was increased with and without gating for

F4/80 first (see (c), right bars for CD11b+ F4/80+ Ly6C+ cells and p=0.078 for the genotype

comparison of CD11b+ Ly6C+ splenic cells, data not shown). Also, hepatic F4/80 expression

turned out to be similar between between the genotypes, whereas the proportion of Ly6C+ of

myeloid cells was increased with and without the inclusion of F4/80 in the livers of Pkm2∆myel

mice (see (d)-(f)). Furthermore, the vast majority (>90%) of CD11b+ Ly6C+ cells expressed

CCR2. These results point to a predisposition of Pkm2∆myel mice for monocytic infiltration

already in homeostasis, which could possibly increase susceptibility towards inflammatory

stimuli: Neutrophils and pro-inflammatory monocytes rapidly infiltrate the liver parenchyma

upon acute liver injury (Karlmark et al., 2009). A key role in priming livers of Pkm2∆myel mice

with pro-inflammatory monocytes could be mediated through the CCL2/CCR2 axis. Pkm2∆myel

BMDM secreted more CCL2 upon LPS challenge in vitro (see Figure 10(b) and 11(b)), and

CCL2 mRNA levels were elevated in Pkm2∆myel livers in comparison to controls after ConA

injection (see Figure 20(a)). Recruitment of pro-inflammatory monocytes via CCL2/CCR2

has been directly linked to liver injury and, strikingly, also to the exacerbation of NAFLD and

NASH in mice (Baeck et al., 2012, Miura et al., 2012). Moreover, the direct pharmacological

inhibition of CCR2 reduces monocyte infiltration and liver damage in acute liver injury (Song

et al., 2017). Liver-resident macrophages (as indicated by high F4/80 expression) did not turn

out to differ quantitatively, suggesting that the expansion of hepatic myeloid cells in Pkm2∆myel

mice is primarily due to infiltrating monocytes rather than due to an increased proliferation of

KC.

In the course of characterizing the myeloid compartment by flow cytometry, preliminary data

was additionally collected regarding lymphoid cells in the spleens and livers of Pkm2∆myel and

Pkm2fl/fl mice (Figure 18), as an immune cell cross-talk between the lineages was hypothesized.

Intriguingly, even on a rather basal level of marker differentiation, clear differences in the

lymphoid cellular compartment were observed between the genotypes. CD4 expression was

clearly reduced by approx. 3-5% of all vital single cells in the livers and spleens of Pkm2∆myel

mice (see (a)). Furthermore, the amount of hepatic CD8+ cells was significantly elevated (see

(b)). These shifts lead to a significantly reduced CD4/CD8 ratio in both organs of Pkm2∆myel

mice. In Pkm2∆myel mice we observed a ratio of 2.5:1, whereas controls showed a ratio of

approx. 3.5:1 (see (c)). CD8+ effector T cells have been identified as key regulators of hepatic

inflammation in a murine model of hyperlipidemic NASH, and NAFLD has been found to

induce the specific loss of CD4+ cells through hepatic lipotoxicity (Breuer et al., 2020, Ma et al.,

2016). Given the aberrations in the systemic and hepatic metabolism which indicate a early

NAFLD-like phenotype in Pkm2∆myel mice (see section 3.3.1), an involvement of the myeloid

knockdown of PKM2 in the homeostasis of CD4+ and CD8+ cells is conceivable. The CD4+

cellular subset was furthermore analyzed for markers of activation, suppression and regulatory

cell subsets. CD4+ cells showed less activation as indicated by CD25 MFI and proportional

marker expression (Figure 18 (d)), while simultaneously expressing higher levels of PD-1 (see

(e) and (f)). Upregulation of the co-inhibitory molecule PD-1 has in fact been described for
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CD8+ cells in murine NAFLD, but it was not observed in CD4+ cells (Hansel et al., 2019). The

underlying difference which caused elevated levels of PD-1 on CD4+ cells in the present study

thus remains mostly unclear, though the simultaneous occurrence of CD4/CD25 downregulation

and PD-1 upregulation points to an inhibitory program in the hepatic lymphoid compartment

of Pkm2∆myel mice. Lastly, regulatory T cells (CD4+ CD25+ Foxp3+, Treg) were evaluated.

Pkm2∆myel mice exhibited an increased proportion of Foxp3+ cells of CD4+ CD25+ cells within

their livers. A review by Van Herck and colleagues gathered data from seven studies (four

murine, three human) with regard to frequencies of hepatic Treg in models of murine NALFD or

patients with NAFLD (Van Herck et al., 2019). Four studies reported decreased numbers of Treg,

whereas two found elevated Treg frequencies and one study did not describe any difference of

hepatic Treg quantities. Despite the inconclusive narrative on the fate of Treg in hyperlipidemic

conditions, some evidence supports the notion that these cells might in fact profit from a high

abundance of fatty acids in their immediate proximity. Oleic acid, which induces steatosis in

cell cultures of hepatocytes (Ricchi et al., 2009), promotes oxidative phosphorylation in Treg,

thus increasing their suppressive capabilities towards effector T cells (Pompura et al., 2021).

However, whether the proposed deviations in hepatic lipid metabolism caused by the genetic

model used in the present study support Treg survival, remains hypothetical. Moreover, it is

essential to note that for this work proportional quantities of immune cells were measured, and

that a reduction in CD4 expression could disguise the actual number of hepatic Treg.

Taken together, the present work reports significant changes in the myeloid cellular com-

partment of the bone marrow, spleens and livers of Pkm2∆myel mice. These animals showed

increased quantities of Ly6C+ monocytes, which is hypothesized to display a pro-inflammatory

predisposition, that might mechanistically be mediated through increased CCL2/CCR2 sig-

nalling, both of which have been linked to a NAFLD-like phenotype. The recruitment of

additional monocytes into the liver parenchyma, which display the same pro-inflammatory

proclivity, might contribute to a subclinical phenotype of fatty liver disease in our model. Apart

from myeloid cells, hepatic CD4+ cell cells were reduced, while CD8+ were more frequent,

thus reducing the CD4:CD8 ratio in Pkm2∆myel livers in a NAFLD-like manner. CD4+ cells

expressed lower levels of CD25 as an activation marker, although a proportional upregulation

of PD-1 as a co-inhibitory molecule and Foxp3 as a marker for Treg was observed. As the data

for lymphoid cells is considered a first, preliminary assessment, a role of myeloid PKM2 in the

regulation of T cells is speculative. Still, the involvement of effector T cells in this context could

potentiate the suggested pro-inflammatory disposition in Pkm2∆myel mice, which contributes to

the aberrations in hepatic metabolism.

4.3.3 Exacerbated immune-mediated liver injury in Pkm2∆myel mice

To assess the hypothesis whether a partial knockdown of PKM2 might influence the immunolog-

ical function of myeloid cells in vivo, Pkm2fl/fl and Pkm2∆myel were exposed to an intravenous

injection of the lectin Concanavalin A (ConA). The carbohydrate-binding protein binds to liver

sinusoids and activates a variety of intrahepatic immune cells. Although initial studies assumed

that ConA-mediated liver damage is mainly T cell-mediated, other studies have found a sub-
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stantial involvement of myeloid cells, such as hepatic macrophages/KC and neutrophils (Tiegs

et al., 1992, Zhuang et al., 2016, Schümann et al., 2000, Bonder et al., 2004). ConA-mediated

liver injury is therefore most likely a result of an orchestrated immune response which involves

several cellular players both from the lymphoid and myeloid compartment.

In this study, Pkm2∆myel mice exhibited exacerbated liver damage after sublethal injection

of ConA in comparison to floxed control mice, as demonstrated by elevated serum ALT levels,

aggravated necrosis and amplified diapedesis of myeloid cells (Figure 19). In preliminary

experiments with ConA, Pkm2∆myel mice were found to be more susceptible and it was observed

that a lower dose was needed in order to evaluate the liver damage after a pre-defined time

period without individual mice succumbing to injection of the lectin. For this purpose, a dose of

5mg/kg body weight was chosen in this study. Previous studies used much higher ConA doses

(up to 30mg/kg in NMRI albino mice, see Tiegs et al., 1992), though this difference is at least in

part explained by a generally increased susceptibility of C57BL/6 mice toward the protein, and

dose-finding experiments have been recommended. This is also due to the inevitable biological

variation between batches, since ConA is extracted from the jack bean Canavalia ensiformis.

Furthermore, serum ALT levels can vary considerably between individuals (Heymann, Hamesch,

et al., 2015). Despite considering and implementing the aforementioned premises, the results

after ConA injection showed fluctuations (see Figure 19(b)-(d)). To account for the scatter of

serum ALT values, mice were additionally categorized by contingency analyses whether they

did or did not respond to ConA with elevated serum ALT levels (Figure 19(c), see also section

3.3.3). Pkm2∆myel mice were twice as likely to respond to ConA treatment with elevated serum

ALT levels as control mice, which further highlights the increased susceptibility of Pkm2∆myel

mice towards ConA. Moreover, myeloid cells were more frequent in livers of Pkm2∆myel mice,

as indicated by MPO+ cell quantities (see Figure 19 (d) and (e)). Given the physiological

distribution of peripheral blood leukocytes, it is plausible that the majority of these MPO+ are

in fact neutrophilic granulocytes and monocytes. Also, CD11b+ Ly6C+ CCR2+ monocytes are

excessively recruited into the liver via the CCL2/CCR2 axis in acute liver injury as early as 8

hours after damage induction (Mossanen et al., 2016). The present study shows that especially

CD11b+ Ly6C+ CCR2+ monocytes are more frequent in livers of Pkm2∆myel mice already in

homeostasis (see Figure 17(d)-(f)). It is possible that this causes a predisposed environment for

hepatic myeloid cells and thus renders Pkm2∆myel mice more susceptible to ConA challenge.

These data support the notion that myeloid cells play an important role in the pathogenesis of

murine immune-mediated hepatitis.

As mentioned in sections 4.1.2 and 4.2.1, preferential dimerization of residual PKM2 in

Pkm2∆myel myeloid cells intensified their pro-inflammatory cytokine response towards LPS in

vitro. In conjunction with the elevated quantities of hepatic Ly6C+ monocytes in Pkm2∆myel

mice, this study shows that the cytokine response emblematic for M1-polarized macrophages

was aggravated after 8 hours of ConA challenge (Figure 20). All key cytokines tested in BMDM

after LPS stimulation (see section 3.2.2) were also elevated after ConA injection in Pkm2∆myel

mice, pointing to a relevant contribution of macrophage-derived pro-inflammatory mediators in

immune-mediated hepatitis. The data furthermore suggest a substantial role of myeloid PKM2

in exacerbating the inflammatory response in this model. Interestingly, Ccl2 mRNA levels
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showed the greatest magnitude of regulation between PBS and ConA treatment and, in particular,

between the genotypes. To date, a direct involvement of PKM2 in the production of myeloid

CCL2 has not yet been demonstrated. In light with increased myeloid recruitment into the liver

(as indicated by the number of MPO+ cells as well as the abovementioned increased number

of hepatic Ly6C+ cells in homeostasis in Pkm2∆myel mice), a role for PKM2 in CCL2/CCR2-

mediated expansion of the hepatic myeloid cellular niche is conceivable. A possible mechanism

for PKM2-dependent transcription of Ccl2 has been proposed by Zou et al. via phosphorylation

of NFκB in colorectal cancer. To assess whether the same pathway sufficiently explains the

induction of CCL2 production in macrophages described in this study, further research is

necessary. Another intriguing difference was observed for IL-23. In combination with IL-1, IL-6

and transforming growth factor β (TGFβ), IL-23 is known to induce Th17 T cell polarization

(Wilson et al., 2007), which contributes to ConA hepatitis and also to AIH in patients (Xia

et al., 2018, Zhao et al., 2011). In addition to Th17 polarization, these cells are chemotactically

attracted via the CCL2/CCR2 axis (Kara et al., 2015). An induction of hepatic myeloid IL-23

production in combination with elevated CCL2 levels might therefore promote Th17 polarization

and migration into the liver parenchema, thereby amplifying the tissue damage in this model.

Pkm2∆myel mice exhibited symptoms of an early-stage metabolic syndrome with signficantly

increased body weight, liver weight and blood cholesterol (Figure 16). Hepatic mRNA analyses

showed severe aberrations in the homeostasis of liver metabolism, which were accompanied

by an increase of long-chain acylcarnitines in the sera of Pkm2∆myel mice (see also section

4.3.1). These findings are in part characteristic of an early onset of NAFLD. Interestingly,

NAFLD aggravates acute-immune mediated hepatitis in mice (Müller et al., 2016). A similar

observation has been made in humans, as patients with NAFLD or NASH and simultaneous

AIH are more likely to develop liver cirrhosis than patients who solely suffer from AIH (Weiler-

Normann and Lohse, 2016). The authors assumed a pivotal role of ”bystander cells” (referring

to all non-antigen specific cells), which conceivably also include myeloid cells. It is therefore

plausible that a NAFLD-like phenotype aggravates acute ConA hepatitis in Pkm2∆myel mice by

priming the liver parenchyma with an increased number of myeloid cells, which display a more

pro-inflammatory phenotype upon activation.

The exacerbated inflammatory response in the hepatic tissue of Pkm2∆myel mice was addi-

tionally accompanied by an acute metabolic shift in their livers. Genetic transcription directly

linked to glycolysis was substantially upregulated in comparison to control mice (Figure 20 (e)

and (h)), whereas genes linked to oxidative metabolism were widely suppressed (see (f) and (g)).

In our model, the compensatory upregulation of PKM1 promotes aerobic glycolysis, as data

gathered for extracellular acidification indicates (Figure 12(b)); the increase in Hif1α mRNA,

which in our experiments was unique to Pkm2∆myel mice, also points to a Warburg-like pheno-

type. In fact, dimeric PKM2 stabilizes HIF and therefore promotes PKM2-HIF1α-mediated

transcription (Tannahill et al., 2013, Luo et al., 2011). To our knowledge, these data constitute

the first assessment of metabolic aberrations caused by myeloid cells in acute immune-mediated

hepatits, although metabolic aberrations towards aerobic glycolysis in the liver have been de-

scribed for AIH, HBV and HCV (Wang et al., 2014, Meoni et al., 2019). The study by Wang

et al. found increased levels of pyruvate, lactate and citrate by metabolomic analyses in the
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sera of AIH patients compared to healthy controls, patients with primary biliary cirrhosis or

drug-induced liver injury, which points to a dysregulation of hepatic metabolism in favor of

glycolysis. However, the authors could only speculate on the causes of these deviations. The

present study sheds light on the underlying pathomechanisms which - apart from direct immune

cellular effector functions - might partake in compromising hepatocyte integrity.

4.3.4 Activation of residual PKM2 mitigates liver damage in Pkm2∆myel mice

Since the first description of the PKM gene encoding for two distinct versions of PKM protein

in 1986 by Noguchi et al. (Noguchi et al., 1986), PKM2 has been extensively studied in the

context of cancer metabolism and is highly abundant in the majority of cancer entities, such

as renal cell carcinoma, bladder carcinoma, hepatocellular carcinoma, lung and thyroid cancer

(Bluemlein et al., 2011). The observation that PKM2 is involved in immune cellular effector

functions has been made relatively recently by comparison. Pålsson and colleagues were the first

to systematically identify PKM2 as a key regulator of macrophage polarization, phagocytosis

and cytokine production (Pålsson-McDermott et al., 2015). They applied the paradigm of

cytosolic/tetrameric PKM2 and nuclear/dimeric PKM2 to macrophage effector functions. The

group demonstrated that macrophages rely on PKM2-mediated transcription of glycolytic genes

to promote M1 polarization and subsequent production of IL-1β which can be reversed by

pharmacological tetramerization and concomitant activation of PKM2 and its enzymatic activity.

Their observations paved the way for translational experiments, which showed an involvement

of myeloid PKM2 in sepsis, colitis, coronary artery disease and allergic airway disease, the

latter of which were attenuated by pharmacological activation of PKM2 (Xie et al., 2016, Wang,

Wang, et al., 2017, Shirai et al., 2016, van de Wetering et al., 2020).

Since myeloid cells were more frequent in livers of Pkm2∆myel mice and due to the exacer-

bated damage seen after ConA injection, a beneficial role of pharmacological PKM2 activation

in acute immune-mediated hepatitis was proposed (see sections 2.2.3 and 3.3.4 for experimental

details). We hypothesized, that activation of PKM2 could prevent the enzyme from forming

dimers, which would enter the nucleus and promote the transcription of glycolytic and pro-

inflammatory genes like Il1β. Nuclear translocation of dimeric PKM2 has convincingly been

demonstrated in vitro and in vivo (Pålsson-McDermott et al., 2015, Shirai et al., 2016). In our

experimental model, Pkm2∆myel mice pretreated with intravenous TEPP-46 (a pharmacological

activator specific for PKM2) prior to ConA injection were protected from exacerbated liver

damage, as shown in Figure 21. TEPP-46 attenuated serum ALT levels (see (a)) and reduced

myeloid recruitment into the liver parenchyma (see (c) and (d)). Transcription of key cytokines

like Il1β, Il6 and Il23, which are all related to M1 polarization, was reduced (see (f)-(h)).

Moreover, Ccl2 transcription was dampened in the group pretreated with TEPP-46 (see (e)),

which explains the reduced number of infiltrating myeloid cells after ConA injection and is

consistent with the data acquired for myeloid CCL2 production and the increased frequencies

of myeloid cells in homeostasis (see sections 3.2.2 and 3.3.2). TEPP-46 furthermore reduced

Hif1α mRNA, though it did not alter the transcription of Pkm1 or Cpt1α, which points to a

transcriptional regulation besides a direct involvement of the PKM2-HIF1α axis.
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In addition to the effects on diapedesis and cytokine secretion as direct myeloid effector

functions, the implications of TEPP-46 on inflammasome-related pathways was assessed. PKM2-

mediated induction of glycolysis has previously been shown to lead to NLRP3 activation and

subsequent release of IL-1β and PAMP like HMGB-1 in macrophages in a murine model

of LPS-induced sepsis (Xie et al., 2016). Furthermore, NLRP3-dependent release of IL-1β

contributes specifically to ConA-mediated hepatitis and mice lacking NLRP3 or Caspase-1 are

protected from acute hepatitis caused by the lectin (Luan et al., 2018). We hypothesized that

TEPP-46 could ameliorate the inflammatory response attributable to NLRP3 inflammasome

activation by suppressing hyperglycolysis and the excessive generation of ROS (see Figure

12(b) and (d)). Indeed, TEPP-46 successfully suppressed transcription of Nlrp3 (see Figure

21(i)), the major component of the NLRP3 inflammasome. Furthermore, Pkm2∆myel mice treated

with TEPP-46 showed lower levels of activated Caspase-1 (also called ICE, IL-1β converting

enzyme, see Figure 21(b)) and lower levels of Il1β mRNA as direct downstream targets of

the NLRP3 inflammasome (see (f)). As another downstream mediator of inflammation, the

subcellular localization of HMGB1 was assessed. Intriguingly, pretreatment with TEPP-46

prior to induction of hepatitis by ConA greatly reduced cytosolic and paracellular HMGB1,

whereas mice treated solely with ConA showed massive release of HMGB1 into the liver

parenchyma (see Figure 22). Although these findings have to be confirmed and quantified by

further experiments (e.g. through quantification of inflammasome compounds or serum levels of

IL-1β and HMGB1 after adminstration of TEPP-46), the data presented in this work suggests an

involvement of PKM2 in inflammasome-mediated activation of a pro-inflammatory macrophage

phenotype that contributes pathogenetically to immune-mediated hepatitis.

4.4 Outlook

This study was performed to assess the role of PKM2 in myeloid effector function in vitro and

in a murine inflammatory model in vivo. Furthermore, the present work aimed to broaden the

molecular and cellular knowledge on the role of myeloid cells in immune-mediated hepatitis.

Due to the diverse implications of a partial PKM2 knockdown, including compensatory mech-

anisms and preferential dimerization of residual PKM2 in myeloid cells, this work primarily

serves as an observational groundwork with a focus on hepatic and macrophage metabolism in

Pkm2∆myel mice. It shows that metabolism and cellular effector functions are deeply intertwined

and that interfering in the metabolic flux of myeloid cells has consequences for the entire

organism. However, most of the relations discussed above have yet to be proven to confirm their

direct and causal interconnections.

This study focussed mainly on macrophages and monocytes, although the genetic construct

is likely to affect the majority of myeloid cells, which includes granulocytes and dendritic cells

that have not been addressed so far; upcoming experiments should address these cell types in

particular. Also, this study does not closely differentiate between monocyte-derived hepatic

macrophages and KC, which are known to exhibit distinct functions as hepatic myeloid cells.

Therefore, an assessment of Cre-mediated PKM2 knockdown in these cells should also be

performed. Apart from cell-type considerations, future research should focus on confirming
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mechanistical explanations for the observed myeloid phenotype, for which this work offers

a variety of concrete indications, like an increased ROS production by the hyperglycolytic

metabolic state or the involvement of PKM2 in the production of CCL2 in Pkm2∆myel mice.

Moreover, the genetic construct used in this study should be reassessed. As discussed in detail

in sections 4.1, 4.1.1 and 4.1.2, the incomplete knockdown of PKM2 in this study is difficult to

interpret and leads to off-target effects like the drastic compensatory upregulation of PKM1 in

Pkm2∆myel BMDM. Therefore, the immediate causal association between PKM2 knockdown

and the effects observed in vitro and in vivo is in part challenging to prove. Possible future

strategies to address this issue include the use of a reporter-Cre strain in order to study the

effects of a more complete PKM2 knockdown, which is currently underway in our laboratory.

Additionally, the role of PKM1 should be taken into consideration, as an involvement of this

PKM isoform is likely to contribute at least partially to the phenotype observed in Pkm2∆myel

BMDM and mice due to its extensive overexpression (>20-fold in comparison to controls, see

Figure 7). As most research focuces strongly on PKM2, it would be interesting to examine

the effects of PKM1 overexpression. Although the latter is known to possess less regulatory

setscrews than PKM2, the current study points to relevant PKM1 protein functions exerted by

its enzymatic activity and its influence on the glycolytic flux in lieu of direct interactions with

receptors or transcription factors.

In addition, since the phenotype displayed by Pkm2∆myel mice points to the development of

a metabolic syndrome and concomitant fatty liver disease, this predisposition should further be

assessed by subjecting the mice to a methionine-choline deficient diet or a so called ”Western

diet”, both of which are established animal models to study NAFLD/NASH development

and implications in mice (Machado et al., 2015). This could help eliciting the underlying

mechanisms which lead to aberrations in hepatic metabolism which were observed in this study

in Pkm2∆myel mice. The Western diet would be also suitable to study the effects of myeloid

PKM2 in the adipose tissue, as obesity is known to aggravate NAFLD and NASH by triggering

pro-inflammatory macrophage responses, which influence the entire metabolic network and the

liver in particular (Lefere and Tacke, 2019).

With regard to PKM2-mediated aggravation of ConA hepatitis in Pkm2∆myel mice, these

experiments should be repeated with a larger number of individuals to rule out possible exoge-

nous confounders or coincidence. This would also help to obtain more biological material (e.g.

liver samples, hepatic NPC) to further examine the exact signaling pathways which lead to an

excacerbation of myeloid mediated damage after ConA injection. As mentioned, this study only

provides first and to an extent preliminary data on a conceivable involvement of the NLPR3

inflammasome, which was successfully ameliorated by pretreating the mice with TEPP-46 prior

to ConA. However, since the experimental groups are small, an experimental verification is

necessary. Also, although macrophage contribution in acute immune-mediated hepatitis has

been shown and studied in this work, investigating Pkm2∆myel mice in other models of liver

injury could add to the insight of PKM2-related macrophage effector functions in vivo. For

instance, drug-induced liver damage by acetaminophen (APAP) could be an interesting model,

as myeloid cells are known to extensively participate in damaging the liver after ingesting toxic

doses of APAP (Mossanen et al., 2016).
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Besides acute and chronic liver diseases, metabolic reprogramming is a common feature of

many autoimmune diseases like systemic lupus erythematodes, rheumatoid arthritis, type 1

diabetes mellitus or multiple sclerosis (Stathopoulou et al., 2019). A deeper understanding

of the underlying mechanisms could be beneficial through identifying specific metabolites or

macromolecules as biomarkers for disease diagnosis or its progression; also, it could help to

identify novel therapeutic approaches, which could be targeted specifically in order to ameliorate

immune-mediated inflammation. In this context, TEPP-46 should be investigated in greater

detail, as it has been beneficial in murine disease models from allergic airway disease to acute

immune-mediated hepatitis shown in this work.
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Myeloid metabolism has emerged as a critical determinant of the innate immune system’s

capacity. Granulocytes, monocytes and macrophages as the immunological frontline not only

have to quickly identify pathogens and endogenous alarmins but also to react and to contain the

inflammatory stimulus, thus preventing pathogen dissemination and avoiding an unrestrained

immune response, both of which pose a vital threat to the host organism. Myeloid cells are able

to regulate their effector functions via metabolic regulation that is required to initiate innate and

adaptive immune responses. Glycolysis as a gateway for carbon compounds is located at the

very center of oxidative and anaerobic metabolic pathways. Posttranslational modifications of

glycolytic enzymes and their cognate expression levels enable the cell to rapidly regenerate ATP

without time-consuming induction of oxidative metabolism while simultaneously providing

intermediate compounds for the production of effector molecules. In this context, the role

of PKM2 in myeloid cells was investigated. An incomplete Cre-mediated knockdown in

macrophages exposed disturbances in the equilibrium of PKM2 oligomers by inducing PKM2

dimerization and upregulating PKM1 (Figure 7). Pkm2∆myel macrophages exhibited a more

pro-inflammatory M1 phenotype in vitro (Figures 10 and 11) and showed an increased metabolic

flux through glycolysis and oxidative respiration (Figure 12). However, they did not show signs

of impaired or altered M2 macrophage polarization (Figure 14 and 15). Untreated 12 week

old Pkm2∆myel mice presented characteristics of a beginning metabolic syndrome with elevated

body and liver weight, hypercholesterolemia and accumulation of plasmatic long-chain acyl

carnitines as well as aberrations in key metabolic players of hepatic metabolism, also indicating

an early developmental stage of fatty liver disease (Figure 16). Pkm2∆myel mice showed increased

numbers of CD11b+ Ly6C+ monocytes in their bone marrow, spleen and liver (Figure 17), as

well as a reduced number of hepatic CD4+ cells with a reduced CD4:CD8 ratio (Figure 18).

Induction of acute immune-mediated hepatitis via ConA injection lead to an exacerbated liver

damage in Pkm2∆myel mice with elevated serum ALT levels and myeloid infiltration (Figure

19), which was accompanied by an aggravated production of M1-like cytokines like IL-1β,

CCL2 and IL-23 and a metabolic switch in the hepatic parenchyma towards aerobic glycolysis

(Figure 20). Pharmacological activation of PKM2 by TEPP-46 ameliorated ConA-induced

acute hepatitis and reduced the transcription of genes related to M1 macrophage polarization

and inflammation, such as Ccl2, Il1β and Il23. Also, TEPP-46 reduced Nlrp3 transcription,

activation of Caspase-1 and release of HMGB-1 suggesting a role of myeloid PKM2 in the

activation of the NLRP3 inflammasome (Figure 21 and 22). In conclusion, this study confirms

the previously proposed role of myeloid pyruvate kinases in macrophage effector function and

expands its significance for the development and perpetuation of murine immune-mediated

hepatitis and metabolic disorders.
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Zusammenfassung

Der Stoffwechsel myeloischer Zellen stellt einen wesentlichen Indikator für die Funktion des

angeborenen Immunsystems dar. Diese müssen als immunologische Frontlinie einen inflamma-

torischen Stimulus schnell erkennen und eindämmen, um eine Dissemination und überbordende

Stimulation des Immunsystems zu verhindern, welche eine vitale Bedrohnung für den Wirtsor-

ganismus darstellen. Myeloische Zellen regulieren ihren Stoffwechsel, um diese Effektorfunk-

tionen auszuführen und eine abgestimmte Immunantwort unter Beteiligung des spezifischen

Immunsystems zu initiieren. Die Glykolyse als Eintrittstor für Kohlenstoffverbindungen ist

ein zentraler Stoffwechselweg für oxidative und anaerobe Prozesse. Posttranslationale Modi-

fikationen ihrer Enzyme ermöglichen der Zelle eine rasche Regenerierung von ATP-Reserven

vor der nachfolgenden zeitintensiven Transkription Genen für Prozesse der oxidativen Phos-

phorylierung. Dies ermöglicht zudem eine Verwendung von Glykolysemetaboliten für die

Synthese von Effektormolekülen. In diesem Kontext wurde die Rolle der PKM2 in myeloischen

Zellen untersucht. Ein unvollständiger Knockout des Proteins in Makrophagen resultierte in

Verschiebungen des Gleichgewichts von PKM-Oligomeren und -Isomeren mit Heraufregulation

der PKM1 sowie einer präferenziellen Dimerisierung der verbleibenden PKM2 (Abbildung 7).

Pkm2∆myel Makrophagen zeigten einen verstärkt proinflammatorischen M1-Phänotyp in vitro

(Abbildung 10 und 11), sowie einen verstärkten Stoffwechselfluss durch Glykolyse und oxida-

tive Phosphorylierung (Abbildung 12). Die M2-Makrophagenpolarisierung wurde hierdurch

nicht beeinflusst (Abbildung 14 und 15). Unbehandelte Pkm2∆myel Mäuse zeigten Charakter-

istika eines beginnenden metabolischen Syndroms mit erhöhtem Körper -und Lebergewicht,

Hypercholesterinämie und einem Anstieg langkettiger Acylcarnitine im Serum. Zudem zeigten

sich Veränderungen in der Transkription von Schlüsselenzymen und Regulatoren des Leber-

stoffwechsels, die auf ein frühes Stadium einer Fettlebererkrankung hindeuten (Abbildung 16).

Pkm2∆myel Mäuse zeigten mehr CD11b+ Ly6C+ Monozyten im Knochenmark, der Milz und der

Leber (Abbildung 17) sowie weniger CD4+ Zellen und eine erniedrigte CD4:CD8-Ratio in der

Leber (Abbildung 18). Die Tiere reagierten mit erhöhtem Leberschaden und einer verstärkten

Einwanderung myeloischer Zellen auf die Induktion einer immun-vermittelten akuten Hepatitis

(Abbildung 19), was sich auch in einer gesteigerten Produktion M1-makrophagentypischer Zy-

tokine wie IL-1β, CCL2 und IL-23 sowie einer Veränderung des Stoffwechsels im Lebergewebe

hin zur aeroben Glykolyse widerspiegelte. Die pharmakologische Aktivierung der PKM2 mittels

Injektion von TEPP-46 reduzierte den immun-vermittelten Leberschaden und die Transkription

der pro-inflammatorischen Zytokine. Zusätzlich verringerte TEPP-46 die Transkription von

Nlpr3, die Aktivierung von Caspase-1 und die Freisetzung von HMGB-1 nach ConA-Gabe, was

einen Einfluss der myeloischen PKM2 auf die Aktivierung des NLRP3-Inflammasoms nahelegt

(Abbildung 21 und 22). Zusammenfassend bestätigt die vorliegende Arbeit die vermutete Rolle

der PKM2 in der Funktion myeloischer Zellen und trägt zu einem vertieften Verständnis dieser

in der Entwicklung und dem Verlauf der ConA-Hepatitis sowie von Stoffwechselstörungen der

Leber bei.
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Pålsson-McDermott, E. M., Curtis, A. M., Goel, G., Lauterbach, M. A., Sheedy, F. J., Gleeson, L. E., van den Bosch,
M. W., Quinn, S. R., Domingo-Fernandez, R., Johnston, D. G., Jiang, J.-k., Israelsen, W. J., Keane, J.,
Thomas, C., Clish, C., Vander Heiden, M., Xavier, R. J., & O’Neill, L. A. (2015). Pyruvate Kinase M2
Regulates Hif-1α Activity and IL-1β Induction and Is a Critical Determinant of the Warburg Effect in
LPS-Activated Macrophages. Cell Metabolism, 21(1), 65–80. https://doi.org/10.1016/j.cmet.2014.12.005

Parthasarathy, G., Revelo, X., & Malhi, H. (2020). Pathogenesis of Nonalcoholic Steatohepatitis: An Overview.
Hepatology Communications, 4(4), 478–492. https://doi.org/10.1002/hep4.1479

Patel, A. A., Zhang, Y., Fullerton, J. N., Boelen, L., Rongvaux, A., Maini, A. A., Bigley, V., Flavell, R. A.,
Gilroy, D. W., Asquith, B., Macallan, D., & Yona, S. (2017). The fate and lifespan of human monocyte
subsets in steady state and systemic inflammation. Journal of Experimental Medicine, 214(7), 1913–1923.
https://doi.org/10.1084/jem.20170355

Patterson, R. E., Kalavalapalli, S., Williams, C. M., Nautiyal, M., Mathew, J. T., Martinez, J., Reinhard, M. K.,
McDougall, D. J., Rocca, J. R., Yost, R. A., Cusi, K., Garrett, T. J., & Sunny, N. E. (2016). Lipotoxicity
in steatohepatitis occurs despite an increase in tricarboxylic acid cycle activity. American Journal of
Physiology-Endocrinology and Metabolism, 310(7), E484–E494. https://doi.org/10.1152/ajpendo.00492.
2015

Peng, K.-Y., Watt, M. J., Rensen, S., Greve, J. W., Huynh, K., Jayawardana, K. S., Meikle, P. J., & Meex, R. C. (2018).
Mitochondrial dysfunction-related lipid changes occur in nonalcoholic fatty liver disease progression.
Journal of Lipid Research, 59(10), 1977–1986. https://doi.org/10.1194/jlr.M085613

Pizzolla, A., Hultqvist, M., Nilson, B., Grimm, M. J., Eneljung, T., Jonsson, I.-M., Verdrengh, M., Kelkka, T.,
Gjertsson, I., Segal, B. H., & Holmdahl, R. (2012). Reactive Oxygen Species Produced by the NADPH
Oxidase 2 Complex in Monocytes Protect Mice from Bacterial Infections. The Journal of Immunology,
188(10), 5003–5011. https://doi.org/10.4049/jimmunol.1103430

Platt, A. M., Bain, C. C., Bordon, Y., Sester, D. P., & Mowat, A. M. (2010). An Independent Subset of TLR
Expressing CCR2-Dependent Macrophages Promotes Colonic Inflammation. The Journal of Immunology,
184(12), 6843–6854. https://doi.org/10.4049/jimmunol.0903987

109



REFERENCES

Ploeger, D. T., Hosper, N. A., Schipper, M., Koerts, J. A., de Rond, S., & Bank, R. A. (2013). Cell plasticity in wound
healing: paracrine factors of M1/ M2 polarized macrophages influence the phenotypical state of dermal
fibroblasts. Cell Communication and Signaling, 11(1), 29. https://doi.org/10.1186/1478-811X-11-29

Pompura, S. L., Wagner, A., Kitz, A., LaPerche, J., Yosef, N., Dominguez-Villar, M., & Hafler, D. A. (2021). Oleic
acid restores suppressive defects in tissue-resident FOXP3 Tregs from patients with multiple sclerosis.
Journal of Clinical Investigation, 131(2). https://doi.org/10.1172/JCI138519

Prakasam, G., Iqbal, M. A., Bamezai, R. N., & Mazurek, S. (2018). Posttranslational modifications of pyruvate
kinase M2: Tweaks that benefit cancer. https://doi.org/10.3389/fonc.2018.00022

Presek, P., Reinacher, M., & Eigenbrodt, E. (1988). Pyruvate kinase type M 2 is phosphorylated at tyrosine residues
in cells transformed by Rous sarcoma virus. FEBS Letters, 242(1), 194–198. https://doi.org/10.1016/0014-
5793(88)81014-7

Racker, E. (1972). Bioenergetics and the problem of tumor growth. American scientist, 60(1), 56–63. http://www.
ncbi.nlm.nih.gov/pubmed/4332766

Rafiq, N., Bai, C., Fang, Y., Srishord, M., McCullough, A., Gramlich, T., & Younossi, Z. M. (2009). Long-Term
Follow-Up of Patients With Nonalcoholic Fatty Liver. Clinical Gastroenterology and Hepatology, 7(2),
234–238. https://doi.org/10.1016/j.cgh.2008.11.005

Ramachandran, P., Pellicoro, A., Vernon, M. A., Boulter, L., Aucott, R. L., Ali, A., Hartland, S. N., Snowdon,
V. K., Cappon, A., Gordon-Walker, T. T., Williams, M. J., Dunbar, D. R., Manning, J. R., Van Rooijen,
N., Fallowfield, J. A., Forbes, S. J., & Iredale, J. P. (2012). Differential Ly-6C expression identifies the
recruited macrophage phenotype, which orchestrates the regression of murine liver fibrosis. Proceedings
of the National Academy of Sciences of the United States of America, 109(46). https://doi.org/10.1073/
pnas.1119964109

Rantakari, P., Patten, D. A., Valtonen, J., Karikoski, M., Gerke, H., Dawes, H., Laurila, J., Ohlmeier, S., Elima, K.,
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