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CHRONIC DISEASES

Chronic obstructive pulmonary disease (COPD), cardiovascular disease, and
diabetes are the most common chronic diseases worldwide.

COPD is a progressive and debilitating respiratory condition characterized by
persistent lung airflow limitation (1). It encompasses a group of chronic lung
disorders, primarily chronic bronchitis, and emphysema (2). COPD gradually
worsens over time, leading to significant respiratory symptoms, reduced lung
function, and impaired quality of life. It is a global health concern, affecting millions
of people worldwide and imposing a substantial burden on individuals, healthcare
systems, and society as a whole. Understanding the causes, symptoms, diagnosis,
and management of COPD is crucial in order to improve patient outcomes and
alleviate the impact of this chronic respiratory condition.

Diabetes mellitus is a chronic condition characterized by high blood sugar levels
resulting from insulin deficiency or resistance. It can be classified into Type 1
diabetes, caused by a lack of insulin production, and Type 2 diabetes (T2DM), caused
by insulin resistance. Globally, there are approximately 415 million diagnosed
cases of diabetes (of which 87-91% have T2DM in high-income countries), a
number expected to rise to 642 million by 2040 (3). Diabetes is a significant cause
of morbidity and mortality, with complications including diabetic nephropathy,
peripheral neuropathy, and cardiovascular diseases. Despite advancements in
treatment and decreasing complication rates (4), the prevalence of newly diagnosed
cases continues to rise (5).

INFLAMMATION

COPD is characterized by chronic inflammation that affects various tissues
involved in respiratory function, including the lungs and airways. This persistent
inflammation is marked by increased levels of pro-inflammatory cytokines and
other immune mediators. In COPD, chronic inflammation is primarily triggered
by long-term exposure to irritants, such as cigarette smoke or environmental
pollutants. The inflammatory response in the lungs leads to structural changes,
airway remodeling, and narrowing of the air passages, resulting in airflow limitation
and respiratory symptoms. Pro-inflammatory cytokines, including tumor necrosis
factor (TNF)-q, interleukin (IL)-6, IL-1B, and others, contribute to the perpetuation
of the inflammatory process and tissue damage in COPD. This chronic inflammation
not only worsens respiratory symptoms but also contributes to the development of
comorbidities, such as cardiovascular disease. Understanding the role of chronic
inflammation in COPD is crucial for the development of targeted therapies aimed



at reducing inflammation, slowing disease progression, and improving the quality
of life for individuals living with this chronic respiratory condition.

T2DM is characterized by chronic low-grade inflammation in various tissues
involved in energy regulation, including fat, liver, and pancreatic islets (6). This
inflammation is marked by increased levels of pro-inflammatory cytokines and
non-esterified free fatty acids (FFA), which contribute to insulin resistance and
beta-cell dysfunction. In T2DM, pro-inflammatory cytokines such as TNF-a, IL-6,
IL-1B, and IL-1a are produced in higher quantities, contributing to obesity-related
inflammation and impairing insulin signaling (7). These cytokines also contribute
to the development of microvascular complications associated with diabetes,
including retinopathy, polyneuropathy, and nephropathy (8). The inflammatory
effects of obesity were defined for the first time in 1993 when it was shown that
adipose tissue from obese individuals expressed elevated levels of TNF-a, a pro-
inflammatory cytokine, primarily secreted by macrophages (9).

MACROPHAGES

Macrophages are cells of the innate immune system derived from hematopoietic
stem cells (HSCs) of the bone marrow or from erythro-myeloid progenitors (EMPs)
of the fetal yolk sac (10). HSCs differentiate in myeloid (MPs) and lymphoid (LPs)
committed precursors. MPs will then differentiate into monocytes, macrophages,
and dendritic cell precursors (MDP). Two monocyte subsets (resident, lymphocyte
antigen 6c¢ negative, Ly6C7'"¥, and inflammatory Ly6C+/"s") are released in the
circulation, and, in case of infection, Ly6C* can migrate into local inflammatory
sites and differentiate into inflammatory macrophages (11,12).

Macrophage polarization

Macrophages, a type of immune cell, can be polarized into different groups
based on their response to the microenvironment. The three main groups are M1
(classically activated) macrophages, M2 (alternatively activated) macrophages,
and M2-like (regulatory) macrophages (13). The classification is determined by
specific molecular markers, chemokine receptors, and cytokine production (14). M1
macrophages are activated by inflammatory stimuli and produce pro-inflammatory
cytokines, promoting a Th1 immune response (15,16). They express markers like
MHC II, CD68, CD80, and CD86 (17). M2 macrophages are associated with tissue
remodeling and are activated by interleukins 4 and 13 (18—20). They express CD206
and transglutaminase 2, and have limited antigen-presenting capabilities. M2-like
macrophages are induced by anti-inflammatory stimuli and secrete high levels of



IL-10, exhibiting potent anti-inflammatory effects. These macrophages are also
characterized by TGFf production (21).

Adipose tissue macrophages

Obesity is associated with the development of type 2 diabetes (T2DM), and the
immune system in adipose tissue plays a role in this process. Adipose tissue consists
of white adipose tissue (WAT) and brown adipose tissue (BAT) (22). In obesity,
WAT shows increased levels of pro-inflammatory cytokines, primarily secreted by
macrophages (9). Adipose tissue macrophages (ATMs) significantly impact adipose
tissue homeostasis. In lean individuals, ATMs resemble M2 macrophages, promoting
insulin sensitivity through the production of anti-inflammatory cytokines (23).
However, in obesity, excessive growth of WAT leads to lipid accumulation,
cellular stress, and hypoxia (24,25), triggering the release of free fatty acids, pro-
inflammatory cytokines, and reactive oxygen species (ROS) (26,27), resulting in
impaired insulin sensitivity (28). Monocytes are recruited to adipose tissue in
obesity, differentiating into M1-like macrophages that secrete inflammatory factors
(29,30). Interestingly, macrophages in obesity display unique characteristics and
do not align with the classical activation phenotype (31). They accumulate lipids,
express fatty acid transporters such as CD36, and exhibit markers associated with
metabolic activation (31,32). These changes in macrophage activation contribute to
obesity-related meta-inflammation, characterized by elevated pro-inflammatory
cytokines and insulin resistance. The dysregulation of the adipose tissue immune
system and the accumulation of inflammatory macrophages play crucial roles in
the development and progression of metabolic disorders.

Lung macrophages

The phenotype and transcriptional signature of alveolar macrophages (AMs), which
are macrophages specific to the lung tissue, are shaped by the surrounding lung
microenvironment (33). They reside within the alveolar niche, which is composed
of type I and type Il alveolar epithelial cells, capillary endothelial cells, and alveolar
interstitial fibroblasts. This niche provides a cytokine-rich environment that
supports the survival and function of AMs (34).

In terms of abundance, the lung contains a significant number of AMs. For instance,
the upper lobe of the human lung alone houses approximately 1.5 x 102 AMs. The
majority of these macrophages are located in the diffusing area of the lung, where
they are in close proximity to the gas-exchange region, while a smaller population is
found in the conducting small airways (35). Traditionally, AMs were thought to be



a relatively homogeneous population of cells. However, recent advances in single-
cell sequencing have revealed the heterogeneity of AMs in healthy individuals.
Studies have identified at least four superclusters of AMs with distinct subclusters,
characterized by different gene expression profiles (36).

One of the key factors contributing to the heterogeneity of AMs is the highly
regulated production of specific combinations of chemokines, metallothioneins,
interferon (IFN)-inducible genes, cholesterol-biosynthesis-related genes, and
insulin-like growth factor 1 (IGF1) by different subsets of AMs. These subsets exhibit
unique functional properties and may play specialized roles in immune responses
and tissue homeostasis.

Moreover, the observed heterogeneity of AMs is not limited to healthy individuals
but extends to various lung diseases. Studies investigating diseases such as cystic
fibrosis, COPD, and COVID-19 have consistently demonstrated the presence of these
superclusters and subclusters across different individuals and disease conditions.
This suggests that the heterogeneity of AMs is a universal feature and may have
implications for understanding the pathogenesis and progression of lung diseases

(37).

In conclusion, lung macrophages, specifically alveolar macrophages, exhibit unique
characteristics and heterogeneity in the lung microenvironment. They are highly
abundant in the lung and display distinct gene expression profiles and functional
properties. Understanding the heterogeneity of AMs has the potential to shed light
on their diverse roles in lung health and disease.

METABOLIC REPROGRAMMING OF MACROPHAGES

Macrophages, as sentinel cells, need to respond rapidly to alterations in their
microenvironment. They modify their metabolic pathways to ensure proper
activation and function. One of the initial differences observed in macrophage
metabolism during polarization is the alteration of amino acid metabolism.
Classically activated macrophages convert arginine to nitric oxide (NO) and
citrulline, while alternatively activated macrophages convert arginine to proline
and polyamines (38). Furthermore, macrophages can reprogram their energy
generation methods. Nonpolarized or alternatively activated macrophages use fatty
acid beta-oxidation and mitochondrial oxidative phosphorylation (OXPHOS) to
produce ATP (39). In contrast, pro-inflammatory stimuli induce a metabolic shift
in macrophages towards aerobic glycolysis, similar to the Warburg effect observed
in tumor cells (40). This metabolic reprogramming results in lactate secretion and
the accumulation of citrate and succinate (41).



The metabolic reprogramming of macrophages has several consequences. First,
there is a breakpoint in the tricarboxylic acid (TCA) cycle after citrate due to lower
expression of isocitrate dehydrogenase, leading to citrate accumulation. Citrate can
be transported to the cytosol (42) and converted into acetyl-CoA (43), which can
be used for fatty acid synthesis or lysine acetylation of proteins. Second, there is
a breakpoint after succinate caused by the inhibition of succinate dehydrogenase
by itaconate, resulting in succinate accumulation. Succinate accumulation leads
to the stabilization of the transcription factor HIF-1a (44), promoting the switch
to glycolysis and inducing the expression of glycolytic enzymes. This metabolic
shift also activates the pentose phosphate pathway, generating NADPH for
ROS production (45). Additionally, HIF-1a promotes the expression of lactate
dehydrogenase (46), which converts pyruvate to lactate, and pyruvate dehydrogenase
kinase 1, inhibiting mitochondrial function further (47).

In summary, macrophages undergo metabolic reprogramming to adapt to different
activation states. The shift towards glycolysis and altered metabolism of amino
acids and fatty acids provide the necessary energy and biosynthetic precursors for
macrophage activation and function during inflammatory responses (48).

ANALYSIS OF METABOLITES

Flow cytometry is commonly used to characterize macrophage phenotypes but does
not provide information on cellular metabolism (49). Recent efforts have utilized
flow cytometry with antibodies against metabolic enzymes to investigate single-cell
metabolism, although quantitative insight into metabolite production and enzyme
activity is still lacking (50). Other techniques such as extracellular flux analysis,
colorimetric/fluorometric enzyme activity assays, and mass spectrometry (MS)-
based metabolomics and flux analysis are used to measure the metabolic status
of cells. Extracellular flux analyzers provide a functional readout of glycolytic or
mitochondrial activity but do not directly measure individual metabolites (51). MS,
coupled with gas or liquid chromatography, allows for detecting and quantifying a
wide range of metabolites (52—54). Stable isotope labeling combined with MS can
be used to study metabolic flux and pathway analysis (55). Targeted and untargeted
MS methods can provide quantitative information on known metabolites as well as
reveal new metabolites (56). Combining multiple analytical approaches, including
metabolomics, lipidomics, fluxomics, transcriptomics, and proteomics, can help
gain a comprehensive understanding of the mechanisms involved in macrophage
metabolic reprogramming. This integrated approach has the potential to discover
mechanistic links between inflammation and metabolic disturbances in chronic
diseases.



IMMUNOMETABOLISM AND LYSINE ACETYLATION

The concept of immunometabolism involves the interaction between immune and
metabolic processes (57). Recent research suggests that chronic inflammation is
connected to changes in energy metabolism through lysine acetylation, a post-
translational modification of proteins. Lysine acetylation alters the behavior of
acetylated proteins, affecting their interactions with other molecules, catalytic
activity, subcellular localization, and stability (58). Lysine acetyltransferases
(KATs) and lysine deacetylases (KDACs) regulate the precise stoichiometry of
site-specific lysine acetylation (59). KDACs are classified into four groups, while
KATs are divided into three. Lysine acetylation can also occur non-enzymatically,
especially in alkaline environments like the mitochondrial matrix (58). Fluctuations
in acetyl-CoA concentration, which vary in different cellular compartments, can
influence the catalytic activity and selectivity of KATs (60). Reversible protein
acetylation plays a role in gene expression, affecting histones, transcription factors,
and enzymes involved in cellular energy metabolism (61). Changes in glycolysis, the
tricarboxylic acid cycle (TCA), and fatty acid oxidation impact cellular acetyl-CoA
levels, establishing a connection between energy metabolism, protein acetylation,
and gene expression.

Histone acetylation

Chromatin is a complex of DNA and proteins called histones. The nucleosome is the
fundamental subunit of chromatin, which is formed of an octamer of histones, an
H3/H4 tetramer, and two H2A/H2B dimers, around which 146 bp of DNA is wrapped
(62). The conformation of the chromatin changes to allow gene transcription due to
changes in the histone acetylation stoichiometry and dynamics (63)

Histone acetylation is a key component in the regulation of gene expression: during
activation of gene transcription, chromatin conformation changes from tightly
compacted to relaxed, allowing DNA binding proteins to interact with the DNA.
The interaction of positively-charged epsilon amino groups in histones belonging to
lysine residues with the negatively charged phosphate groups of DNA will decrease
due to the removal of the positive charges on the histones upon acetylation.

The fact that acetylation is a key component in the regulation of gene expression
and that elevated levels of histone deacetylation are evident in several chronic
human diseases has motivated the study of KDACs in relation to the often observed
aberrant gene expression.

The KDAC family consists of different classes of enzymes involved in the regulation
of protein acetylation. Class I KDACs, including KDAC1, 2, 3, and 8, are primarily



located in the nucleus due to the absence of a nuclear export signal sequence. KDAC3,
however, has a nuclear export signal and can be found in both the cytoplasmic and
nuclear compartments. Class I KDACs are widely distributed in various tissues
(64). Class II KDACs, divided into ITA (KDAC4, 5, 7, 9) and IIB (KDAC6, 10), can
shuttle between the nucleus and cytoplasm in response to cellular signals (65).
Sirtuins, the third group of KDACs, rely on NAD hydrolysis for their deacetylase
activity and are located in different subcellular compartments. For example, SIRT1,
SIRT6, and SIRT?7 are found in the nucleus, SIRT2 is primarily cytosolic, and
SIRT3-5 are located in mitochondria. Recent research has highlighted the role
of sirtuins in connecting deacetylation with cellular metabolism, as deacetylation
is responsive to metabolic cues (66). Additionally, KDAC11, the sole member of its
class, shares similarities with both Class I and II KDACs. KDAC11 is involved in
regulating the protein stability of DNA replication factor CDT1 (67) and negatively
regulates the expression of interleukin 10, leading to an inflammatory response
when overexpressed (68).

KDAC inhibitors

Lysine deacetylases (KDACs) are regulated by protein-protein interactions, post-
translational modifications, and subcellular localization. Dysregulation of KDACs
is associated with various human diseases, leading to the development of KDAC
inhibitors (KDACI) as therapeutic agents. Clinical trials have resulted in the approval
of vorinostat and romidepsin for the treatment of cutaneous T-cell lymphoma (69).
Classical KDACi act on Class I, II, and Class IV HDACs by binding to the zinc ion
in the catalytic pocket. They inhibit deacetylation by preventing the binding of the
natural substrate. On the other hand, romidepsin inhibits KDAC enzymatic activity
by interacting with the zinc ion through its reduced disulfide bond (70). However,
these inhibitors are not highly specific and can cause side effects. Newer KDACH,
such as MS-275 (entinostat), based on a benzamide group as a Zn2+ binder, offer
improved specificity. Class III KDACs, which are NAD+-dependent, can be inhibited
by compounds like nicotinamide and derivatives of NAD (71).

SCOPE OF THIS THESIS

The work described in this thesis aimed to improve our understanding of the
different phenotypes and functional properties of macrophages in chronic
inflammation, specifically in the different tissue niches. Particular attention was
paid to the role of metabolism in macrophage characterization.



In Chapter 2, macrophages’ role in the development of obesity and diabetes
mellitus type Il was reviewed. Insight into the different subsets associated
with these diseases and how their metabolism changes depending on their
microenvironment was provided. This chapter also describes different available
possibilities for measuring cellular metabolites.

In Chapter 3, we investigated whether the shown anti-inflammatory effects
of KDACis in the COPD context apply also in our cell model of primary murine
alveolar-like macrophages after lipopolysaccharide (LPS)-induced activation.
We hypothesized that these anti-inflammatory effects may be associated with
metabolic changes in macrophages. To validate this hypothesis, an unbiased and a
targeted proteomic approach to investigate metabolic enzymes as well as LC- and
GC-MS to quantify metabolites in combination with the measurement of functional
parameters was used. While minimal metabolic changes were observed, KDAC
inhibition reduced the production of inflammatory mediators. Interestingly, it
specifically enhanced the expression of proteins involved in ubiquitination. The
findings highlight the potential of KDAC inhibitors as anti-inflammatory drugs
for diseases like COPD.

In Chapter 4, primary murine alveolar-like macrophages to examine the impact
of collagen morphology on macrophage marker expression, behaviour, and shape
were used. Proteomic analysis revealed increased expression of glycolysis-related
proteins, although this did not result in higher glycolytic activity, potentially due
to reduced enzyme activity. Overall, our findings indicate that macrophages can
detect collagen morphologies and adjust the expression and activity of metabolism-
related proteins. This suggests a significant interplay between macrophages and
their microenvironment, which could be crucial in the progression of tissue repair
to fibrosis in the lungs.

Finally, in Chapter 5, the conclusions of this thesis are summarized and future
implications are examined. The research presented in this thesis establishes a
foundation for gaining a deeper understanding of macrophages and their intricate
relationship with metabolism, as well as the implications of these metabolic
changes in chronic diseases. These findings open up possibilities for therapeutic
interventions targeting chronic inflammation.
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ABSTRACT

Diabetes mellitus type Il and obesity are two important causes of death in modern
society. They are characterized by low-grade chronic inflammation and metabolic
dysfunction (meta-inflammation), which is observed in all tissues involved in energy
homeostasis. A substantial body of evidence has established an important role for
macrophages in these tissues during the development of diabetes mellitus type Il
and obesity. Macrophages can activate into specialized subsets by cues from their
microenvironment to handle a variety of tasks. Many different subsets have been
described and in diabetes/obesity literature two main classifications are widely
used that are also defined by differential metabolic reprogramming taking place
to fuel their main functions. Classically activated, pro-inflammatory macrophages
(often referred to as M1) favor glycolysis, produce lactate instead of metabolizing
pyruvate to acetyl-CoA, and have a tricarboxylic acid cycle that is interrupted at
two points. Alternatively activated macrophages (often referred to as M2) mainly
use beta-oxidation of fatty acids and oxidative phosphorylation to create energy-
rich molecules such as ATP and are involved in tissue repair and downregulation
of inflammation. Since diabetes type Il and obesity are characterized by metabolic
alterations at the organism level, these alterations may also induce changes in
macrophage metabolism resulting in unique macrophage activation patterns in
diabetes and obesity. This review describes the interactions between metabolic
reprogramming of macrophages and conditions of metabolic dysfunction like
diabetes and obesity. We also focus on different possibilities of measuring a range
of metabolites intra-and extracellularly in a precise and comprehensive manner to
better identify the subsets of polarized macrophages that are unique to diabetes and
obesity. Advantages and disadvantages of the currently most widely used metabolite
analysis approaches are highlighted. We further describe how their combined use
may serve to provide a comprehensive overview of the metabolic changes that take
place intracellularly during macrophage activation in conditions like diabetes and
obesity.

Keywords: M1, M2, Metabolic syndrome, DMTTI, alternatively activated classically
activated, Metabolite analysis, MS.



INTRODUCTION

Diabetes mellitus type Il (DMTII) is one of the main causes of death in modern
society according to the World Health Organization (1). It correlates with long-term
complications that include nephropathy, peripheral neuropathy, and cardiovascular
disease. The International Diabetes Federation has estimated that globally the
diagnosis of DMTII has been made in 415 million people and anticipates growth to
up to 642 million by the year 2040 (2).

Several factors can contribute to a higher risk of developing DMTII, but it has
been proven that overweight or obesity are the most important ones (3). DMTII is
often linked to obesity and both are associated with metabolic syndrome, which
encompasses conditions such as high blood pressure, excess body fat around the
waist, high blood sugar, high serum cholesterol or triglyceride levels, and low high-
density lipoprotein (HDL) cholesterol. Metabolic syndrome is characterized by
low-grade chronic inflammation (meta-inflammation) (4) in all tissues involved
in energy homeostasis, including adipose tissue, pancreatic islets, and liver (5).
Studies have shown that the metabolic consequences of adipose tissue dysfunction
increase mortality in patients with DMTII, emphasizing the importance of meta-
inflammation in the context of DMTII (6)

Macrophages are part of the innate immune system and are present in all tissues
of our body, including adipose tissues (7). They play a crucial role in the first
line of defense against microorganisms and other external or internal threats to
homeostasis by initiating essential inflammatory responses (8). These inflammatory
responses are facilitated by changes in macrophage cellular metabolism, with a
focus on glycolysis that is induced in cells producing inflammatory mediators. The
inflammatory response is counter-balanced by stimulation of tissue repair and anti-
inflammatory mechanisms once the threat has been overcome. At the same time,
the cellular metabolism changes from glycolysis to oxidative phosphorylation to aid
in tissue repair. Continuous exposure to pro-inflammatory stimuli, however, can
shift the balance of inflammation and repair in favor of chronic inflammation and
tissue damage. Excessive activation of macrophage inflammatory responses is seen
in many diseases characterized by the continuous presence of pro-inflammatory
stimuli, including DMTII, and explains in part the meta-inflammation found in
this condition.

Many studies have described how macrophages become activated by inflammatory
stimuli (9,10) and there is increasing consensus that a particular macrophage
activation state is associated with DMTII. Characterization of the different
macrophage activation states is complicated, but in recent years has been aided by
the development and use of novel techniques like multiparametric flow cytometry,



single-cell RNA sequencing, and real-time extracellular flux analysis. Especially
the latter has the potential to improve our understanding of how macrophages can
switch between different types of responses. In DMTII and obesity, the changes in
macrophage cellular metabolism coincide with profound changes in metabolism
on a tissue and organism level, that probably interact and give rise to a specific
DMTII-associated macrophage activation state (11). This review aims to summarize
what is currently known about macrophage activation in DMTII-related meta-
inflammation, how changes in intracellular metabolism are influenced by the
changed presence in extracellular nutrients and metabolites, and how fluctuations
in key metabolic intermediates could also play a role in cellular processes like
gene expression. This overview emphasizes that profiling metabolites can help to
characterize macrophages and their responses and to understand how changes in
their intracellular metabolites affect DMTII progression. Therefore, we finish with
a comparison between different approaches to metabolite analysis to provide an
overview of the currently available methods and their pros and cons, highlighting
metabolomics studies that have made use of these methods and have been central
to characterizing macrophages.

INSULIN RESISTANCE AND INFLAMMATION

One of the key characteristics of DMTII is the altered insulin response. In healthy
individuals, with a body mass index (BMI) in the normal range, pancreatic 8
cells produce insulin in response to circulating glucose levels. This will bind and
activate insulin receptors on the cell membrane of different cell types, including
macrophages, to lower blood glucose levels by enhancing its uptake by these
cells. The binding of insulin to its receptor drives a cascade of events ultimately
leading to uptake of glucose and further downstream effects (Figure 1). First
glucose transporters, GLUT4 in most cell types and GLUT1 in macrophages,
will either translocate from vesicles in the cytoplasm to the cell surface or their
expression is upregulated, both increasing glucose influx into cells up to 10 times
(12). Mammalian target of rapamycin (mTOR) will then be activated and protein
synthesis will be induced. Furthermore, glycogen synthase kinase-3f3 (GSK3B) is
inhibited allowing the activation of glycogen synthesis. When GSK3B is activated,
it phosphorylates and inactivates glycogen synthase, decreasing glycogen synthesis,
therefore GSK3B inhibition by Akt results in higher glycogen production. A change
in gene transcription will also be initiated: expression of genes that favor either the
synthesis of glycogen from glucose in the liver and muscles or of triglycerides from
free fatty acids (FFA) in adipocytes will be induced and expression of genes that
favor glycolysis will be transiently inhibited (13).
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Figure 1: Regulation of glucose entrance through insulin signaling. Insulin receptors are tyrosine kinases
consisting of two extracellular a-subunits and two transcellular 3-subunits. In healthy individuals, insulin will bind
the a subunit of the insulin receptor, causing a conformational change that leads to phosphorylation of tyrosine
residues in its B subunit. The proteins insulin receptor substrates 1 or 2 (Irs-1/-2) will then bind to the tyrosine-
phosphorylated region of insulin receptors and be themselves phosphorylated. Phosphoinositide-3-kinase (PI3K)
will bind to the phosphorylated IRS-1 or -2 and be activated, producing 3-phosphorylated polyphosphoinositides
(PiP3) from phosphatidylinositol 4,5-bisphosphate (PiP2). PiP3 will recruit the serine/threonine kinase Akt (also
known as protein kinase B) from the cytosol to the plasma membrane, where it will be phosphorylated and
activated, leading to glycogen synthase kinase-3[ (GSK3B) inhibition and therefore to higher glycogen synthesis.
AKT is also responsible for the translocation of the glucose transporter (GLUT) to the plasma membrane, allowing
glucose entry.

DMTII is caused by the development of insulin resistance, meaning the inability of
cells to respond to insulin due to a transmission blockage of the insulin receptor,
mainly in muscle and liver cells. Pancreatic B-cells will at first try to compensate for
the higher levels of glucose by increasing insulin production. This will eventually
lead to lower glucose availability in combination with lower tissue insulin sensitivity
resulting in loss of B-cell function. This will result in lower insulin secretion, which
will consequently lead to a higher concentration of glucose in blood (14).

Insulin resistance can be caused by many different factors, with obesity being
the most important one (14). Elevated levels of circulating free fatty acids are one
of the reasons for the development of insulin resistance in obese patients. These
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high levels of fatty acids are caused by increased basal lipolysis in adipose tissues
and this elevated concentration has been proposed to serve as a stimulus for the
entry and accumulation of macrophages in adipose tissue by increasing the local
production and release of pro-inflammatory cytokines and chemokines (15). High
concentrations of saturated free fatty acids will also induce pro-inflammatory
effects through activation of Toll-like receptors (16). A consequence of this activation
is the induction of the Jun N-terminal kinase and inhibitor of kB kinase (JNK/IKK-
kB) pathways, which is then followed by an inflammatory cascade. Both JNK and
IKK are believed to promote insulin resistance because they phosphorylate serine/
threonine residues on insulin receptor substrate (IRS) proteins. By phosphorylating
these residues, their phosphorylation by insulin receptors is blocked, which prevents
the activation of insulin receptors by insulin. The result is inhibition of insulin-
driven signal transduction and downstream effects thus inhibiting glucose entry
into the cell and its accumulation in the blood.

MACROPHAGES AND INFLAMMATION IN OBESITY AND DMTII

The inflammation related to obesity was first described in 1993 when Hotamisligil
et al. showed that adipose tissue from obese rats expressed more tumor necrosis
factor-a (TNF-a) (17) than adipose tissue from lean animals. Weisberg and
colleagues further showed that TNF-a was not secreted by adipocytes but by
macrophages and that the number of macrophages increased in adipose tissue
during weight gain (10). Macrophages develop either from self-renewing fetal
progenitors that can populate tissues before birth and maintain their numbers after
birth or from circulating monocytes recruited to tissues after birth (18). Studies
have shown a higher number of macrophages in white adipose tissue of obese
subjects compared to people of normal BMI, going from 10% of total cells to more
than 50% (19). The origin of these macrophages, either through local proliferation
or monocyte recruitment, remains to be established in detail. A recent study in
mice found that local proliferation of adipose tissue-resident macrophages at least
contributes to macrophage accumulation during obesity too (20).

Studies have shown that during obesity, triglyceride accumulation causes stress on
adipocytes due to an increase in cell size and subsequent hypoxia (21). Capillary
network development cannot keep up with fat mass expansion, resulting in
adipocytes that are too far away from the vasculature to be efficiently supplied
with oxygen (22). This leads to higher expression of hypoxia-inducible factor,
adipocyte activation, and production and subsequent release of free fatty acids
and pro-inflammatory mediators such as interleukin-1f (IL-1B), IL-6, macrophage
migration inhibitory factor (MIF), monocyte chemoattractant protein 1 (MCP-1, also



known as CCL2), as well as reactive oxygen species (ROS). Further studies showed
that ROS, together with the increased adipocytes size, will induce endoplasmic
reticulum stress, leading to a pro-inflammatory and insulin-resistant phenotype in
adipocytes (23). The pro-inflammatory mediators were found to induce recruitment
of circulating monocytes and accumulation of adipose tissue macrophages (24).

Macrophages can respond in many different ways to stimuli from their
microenvironment. In the past, this was described as macrophage activation, but
since the discovery of the many different types of responses of macrophages, this
is also called macrophage polarization (25). Polarized macrophages were broadly
classified into two main groups, i.e. classically activated (or M1) macrophages and
alternatively activated (or M2) macrophages, similar to the T helper 1/T helper 2
(Th1/Th2) dichotomy of helper T lymphocytes (26). However, it is now recognized
that this view is too simplistic and that polarization states are better described as
a continuous spectrum of responses (27).

Macrophage responses are currently mostly described by a combination of
expression of extracellular and intracellular markers, including production of
specific cytokines. The most widely studied and longest known activation response,
i.e. classical activation, is induced by pro-inflammatory stimuli generated by
infections with micro-organisms (25). These classically activated macrophages
(often still called M1 macrophages) possess high antigen-presenting capacity
and high potency to produce pro-inflammatory cytokines such as tumor necrosis
factor-a (TNF-a), interleukin-12 (IL-12), IL-1f3, and IL-23, as well as toxic mediators,
such as ROS and nitric oxide (NO) (28). This type of response induces and supports
Th1 responses (29). Phenotypically, classically activated macrophages express high
levels of major histocompatibility complex class II (MHC II) proteins, and co-
stimulatory molecules CD80 and CD86 in humans (7,30), as shown in Figure 2.
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Figure 2: Macrophage polarization. Macrophages can polarize to classically activated macrophages,
when stimulated with pro-inflammatory cytokines like interferon-y (IFN-y) or with bacterial products (LPS,
lipopolysaccharides), or alternatively activated macrophages, when stimulated with interleukins 4,10, 13 (IL-
4/10/13), or prostaglandin E2 (PGE2). Classically activated macrophages express major histocompatibility complex
class Il (MHCI) proteins and co-stimulatory molecules CD80 and CD86, while alternatively activated macrophages
are characterized by high expression of mannose receptors CD206, high-affinity scavenger receptors CD163,
and transglutaminase 2 (TG2). These cells produce, respectively, pro-inflammatory cytokines like tumor necrosis
factor-a (TNF-a), IL-12, IL-1B, and IL-23 together with reactive oxygen species (ROS) and nitric oxide (NO) or anti-
inflammatory cytokines like transforming growth factor  (TGF), and IL-10, with opposite capacity in presenting
antigens.

When it became clear that macrophages could also become activated in ways not
resembling the classical way, studies have been trying to delineate these different
types of activation states. Many different types of stimuli induce slightly different
alternatives to classical activation that are mostly involved in stimulating tissue
repair and downregulating inflammation. These stimuli include IL-4 and IL-13,
glucocorticosteroids, prostaglandin E2 (PGE2), immune complexes, transforming
growth factor  (TGFp), and IL-10 (31). These alternatively activated macrophages



are associated with physiological and pathological tissue remodeling (e.g. fibrosis)
and can have anti-inflammatory effects by secreting high levels of IL-10 and TGFf.
Depending on the stimulus, these macrophages (often still called M2 macrophages)
are characterized by high expression of mannose receptors (CD206), high-affinity
scavenger receptors (CD163), and transglutaminase 2 in humans (32) and they have
poor antigen-presenting capabilities (33) These M2 macrophages have been further
divided into subgroups, such as wound-healing and regulatory macrophages (34),
or into M2a, M2b, M2c, and M2d subtypes (35), which rendered the nomenclature
in the field more complex and has been advised against (25). The advent of new
techniques like single-cell transcriptomics (36), proteomics (37), and metabolomics
are helping to understand the enormous diversity in macrophages present in tissues
and will hopefully lead to better classifications, although this point has not been
reached yet. For the purpose of this review, the M1 and M2 nomenclature will only
be used when citing studies that use these names.

Adipose tissue macrophages are resident macrophages contributing to adipose
tissue homeostasis. In vivo, adipose tissue macrophages from healthy mice express
high levels of CD206, whereas adipose tissue macrophages from obese mice express
low levels of CD206 (38) and high levels of integrin CD11c (39). These CD11c-
expressing macrophages are associated with insulin resistance (40) and are situated
in crown-like structures, surrounding necrotic adipocytes with the goal to remove
them through exophagy. This will lead to free fatty acid and lipid internalization
by macrophages and foam cells formation (41). Interestingly, it has been shown
that murine bone marrow-derived macrophages can upregulate the expression of
CD11c when differentiated in co-culture with normal adipocytes, underpinning
the importance of the microenvironment in which macrophages grow (36). In
adipose tissue, different kinds of immune cells may contribute to this change in
macrophage polarization, including neutrophils through the protease elastase (42),
T lymphocytes through interferon-y (43), natural killer cells through TNFa and
MCP1 (44), and B cells through IgG antibodies (45).

As discussed above it is clear obesity changes macrophage activation status.
Even though levels of pro-inflammatory cytokines produced by macrophages in
obesity are higher compared to non-obese individuals, contributing to the onset
of obesity related meta-inflammation, their activation status does not coincide
with a classically activated status of macrophages (37). To identify which markers
characterize these macrophages, monocyte-derived macrophages were cultured in
media conditioned by adipose tissue of obese mice or humans to mimic the presence
of the metabolic syndrome and it was shown that these macrophages accumulate
lipids and have high expression of fatty acid transporters like CD36 but do not



express the markers associated with classical activation (37,46). The presence of
the CD36 marker was confirmed in adipose tissue macrophages from obese subjects
and was not seen in macrophages of lean individuals. This macrophage subset is
defined as metabolically activated and specific markers for this type of macrophages
are suggested to be macrophage scavenger receptor 1 (Msr1), ATP-binding cassette
A1 (ABCA1), and the adipose differentiation-related protein (Perilipin-2, PLIN2),
in addition to CD11c and CD36 (37,46).

MACROPHAGE METABOLIC REPROGRAMMING

Since macrophages are key sentinel cells in charge of detecting alterations in their
microenvironment, they need to be able to respond rapidly. To do so, they also need
flexible metabolic pathways and must be able to reprogram their metabolism for
proper activation and function. In fact, when macrophages polarize to a different
phenotype, they also modify how they process their energy substrates, such as
glucose or fatty acids. One of the first differences shown in macrophage metabolism
related to polarization differences was seen in amino acid metabolism, in which
classically activated macrophages were found to convert arginine to NO and
citrulline by inducible NO synthase (iNOS) activity, while alternatively activated
macrophages convert arginine in proline and polyamines through arginase-1 (47).
Following this initial observation, our knowledge has expanded and it is now
known that macrophages can also reprogram the way they generate ATP for energy.
Nonpolarized or alternatively activated macrophages are involved in processes that
are less time-pressured and use beta-oxidation of fatty acids and mitochondrial
oxidative phosphorylation (OXPHOS) to produce ATP. This is achieved by lipolysis of
triglycerides (48), generating fatty acids that will be oxidized by beta-oxidation, and
obtaining acetyl-CoA plus NADH and FADH,,. The first will enter the tricarboxylic
acid (TCA) cycle, while the latter are used to produce ATP by OXPHOS. In addition,
these macrophages can produce pyruvate from glycolysis, convert this to acetyl-
CoA, which is then used by the TCA cycle to give electrons in the form of NADH and
FADH, to the OXPHOS complexes (Figure 3A). In response to pro-inflammatory
stimuli, macrophages reprogram their metabolism to create energy and biosynthetic
precursors rapidly in order to fight fast-growing microbes. This phenomenon is
similar to the Warburg effect observed in tumor cells (49) and favors aerobic
glycolysis over OXPHOS. While this is an inefficient way of generating ATP as
compared to the TCA cycle (2 ATPs compared to 36 per glucose molecule), it can
be quickly induced which is beneficial when trying to fight microbes that quickly
replicate (50). As a result of this metabolic reprogramming, the excess carbon from
glycolysis in classically activated macrophages is secreted as lactate instead of being
used to produce acetyl-CoA from pyruvate, and the TCA cycle is broken at two



points, after citrate, and after succinate, resulting in the accumulation of these two
metabolites. The TCA cycle in macrophages has been elegantly reviewed in detail
by Ryan and O’Neill (51). A short summary of the most important consequences of
metabolic reprogramming is given below.

The first consequence of metabolic reprogramming is a breakpoint of the TCA cycle
after citrate, due to lower expression of isocitrate dehydrogenase (Figure 3B).
This enzyme is responsible for the conversion of isocitrate to a-ketoglutarate and
when expressed at lower levels results in more citrate in cells. The accumulated
citrate can be transported into the cytosol by mitochondrial citrate carrier family
25 member 1 (SLC25a1) in exchange for malate (52). This carrier is highly expressed
in macrophages stimulated by inflammatory signals leading to citrate accumulation
in the cytosol (53). Once in the cytosol, citrate can be converted by ATP citrate
lyase into acetyl-CoA and oxaloacetate and used for the synthesis of fatty acids,
cell membranes and prostaglandins (54), or it can be transported into the nucleus
and converted into acetyl-CoA by citrate lyase (55). As the enzyme ATP citrate lyase
is upregulated in classically activated macrophages (56) this could lead to higher
levels of cellular acetyl-CoA. Acetyl-CoA can then be used for lysine acetylation of
proteins, such as histones, by acetyltransferases, therefore having an impact on gene
expression (as explained in later paragraphs), or for de novo lipogenesis.

The second consequence of metabolic reprogramming is a breakpoint after
succinate due to the inhibition of succinate dehydrogenase by competitive inhibitor
itaconate, which will result in succinate accumulation (Figure 3C). Itaconate is
produced by cis-aconitate decarboxylase, also called immune-responsive gene 1,
and is present in higher quantities in classically activated macrophages, in which
it also induces lactate dehydrogenase, contributing to the buildup of lactate (57). In
addition, the above-mentioned accumulation of citrate can contribute to succinate
accumulation because citrate can be converted to cis-aconitate in mitochondria
and can then be further converted to itaconate by cis-aconitate decarboxylase.
The levels of succinate are also increasing as a consequence of increasing levels of
glutamine anaplerosis. This means that glutamine is converted via a-ketoglutarate
into succinate through glutaminolysis or through an upregulated y-aminobutyric
acid (GABA) shunt. This shunt is a TCA cycle bypass which uses glutamine as a
substrate to produce succinate, passing through glutamate, GABA, and succinic
semialdehyde (58). Incidentally, succinate dehydrogenase is also the second complex
of the mitochondrial respiratory chain, which is a series of enzyme complexes
that transfer electrons inside the mitochondrial matrix in exchange for protons,
that are then pumped out. Succinate dehydrogenase generates ubiquinol from
ubiquinone using the electrons obtained from succinate oxidation. Ubiquinol is



then reoxidized by complex I11, which also reduces cytochrome c, that in its turn
will reduce complex IV. This complex then reduces molecular oxygen to water. The
transfer of electrons that takes place in the respiratory chain provides the potential
energy necessary to generate the proton-motive force required for ATP synthesis
(59). Therefore, inhibition of succinate dehydrogenase by itaconate could also lead
to decreased mitochondrial respiration in macrophages, providing a link between
these two pathways, and leading to higher ROS production due to reverse electron
transport to complex one, rather than complex I11, that will receive the electrons
from ubiquinol and generate NADH from NAD™ (60).

Higher levels of succinate also lead to stabilization of transcription factor hypoxia-
inducible factor 1-alpha (HIF-1a) because succinate inhibits prolyl hydroxylase
domain proteins, which normally hydroxylate HIF-1a leading to its ubiquitination
and proteasomal degradation (61). The stabilization of HIF-1a will lead to its
binding to hypoxia response elements on target genes and induce their expression.
HIF-1a regulates expression of genes associated with angiogenesis, proliferation,
inflammation, and cellular metabolism. HIF-1a in fact promotes the switch
to glycolysis by inducing expression of glycolytic enzymes like hexokinase 2,
glucose-6-phosphate isomerase, and pyruvate kinase M2. These are involved in
the first, second, and tenth reactions of glycolysis respectively, to ensure these
cells can continue to produce ATP when oxygen is limited. Glycolysis will also
supply metabolic intermediates, like glucose-6-phosphate, to the pentose phosphate
pathway to produce NADPH (62). This can then be used by the enzyme NADPH
oxidase to produce ROS. Members of the oxidative phase of the pentose phosphate
pathway (from the entrance of glycolytic glucose-6-phosphate to the production of
ribulose-5-phosphate) are all upregulated in classically activated macrophages (63),
while members of the nonoxidative phase are downregulated due to downregulation
of sedoheptulose kinase, which converts sedoheptulose in sedoheptulose-7-
phosphate (64).

HIF-1a also promotes expression of lactate dehydrogenase, which metabolizes
pyruvate to lactate (65) and expression of pyruvate dehydrogenase kinase 1. The
latter inhibits pyruvate dehydrogenase, therefore inhibiting the conversion of
pyruvate in acetyl-CoA, repressing mitochondrial function even more (66).

In summary, highly active glycolysis combined with increased glucose uptake
results in improved availability of glycolytic intermediates, meeting one of the
requirements of an inflammatory response, such as an increased demand for energy
(67).
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Figure 3: Macrophage metabolic reprograming. (A) Alternatively activated macrophages have an induced
fatty acid oxidation (FAO) and produce pyruvate from glycolysis and this is converted in acetyl-CoA, which is then
used by the tricarboxylic acid (TCA) cycle to give electrons in the form of NADH and FADH, to the mitochondrial
oxidative phosphorylation (OXPHOS) complexes to produce ATP. (B) When macrophages polarize to classically
activated macrophages, metabolic reprogramming takes place and lactate is produced instead of pyruvate,
and the TCA cycle is broken at two points, after citrate, and after succinate, resulting in the accumulation of
these three metabolites. Citrate accumulates due to lower expression of isocitrate dehydrogenase (IDH) and
can either be transported to the cytosol through solute carrier family 25 member 1 (SLC25a1), where it can
be converted in acetyl-CoA by ATP citrate lyase (ACLY), or to the nucleus where the same conversion can take
place. Acetyl-CoA can then be used for lysine acetylation or for lipogenesis. (C) Other changes in classically
activated macrophages include succinate dehydrogenase (SDH) inhibition by itaconate, which is produced by
upregulated cis-aconitate decarboxylase (CAD), and this results in succinate accumulation. Succinate levels can
also increase as a consequence of augmented levels of glutamine anaplerosis, either through an upregulated
GABA (y-aminobutyric acid) shunt or through glutaminolysis. SDH is also part of the mitochondrial respiratory
chain and its inhibition will lead to decreased mitochondrial respiration and increased ROS (reactive oxygen
species) production. Succinate inhibits prolyl hydroxylase domain (PHD) proteins, resulting in less hydroxylation
of hypoxia-inducible factor 1-alpha (HIF-1a), which circumvents its degradation and allows its binding to hypoxia
response elements (HRE) on target genes (61). HIF-1a also promotes the switch to glycolysis by inducing glycolytic
enzymes like hexokinase 2 (1% reaction of glycolysis), pyruvate kinase M2 (PKM2, 10* reaction), and glucose-6-
phosphate isomerase (GPI, 2" reaction). The enzyme product of the latter is used in the oxidative phase of the
pentose phosphate pathway (PPP), which is also upregulated in classically activated macrophages. HIF-1a also
upregulates the enzymes lactate dehydrogenase and pyruvate dehydrogenase kinase 1 (PDK1) leading to higher
lactate production and lower acetyl-CoA synthesis, respectively.

Abbreviations: PEP (Phosphoenolpyruvate), PDH (Pyruvate dehydrogenase).



Metabolic reprogramming of macrophages in DMTIIl and obesity

The exact mechanism of how macrophages reprogram their metabolism after
activation in DMTII and obesity is still unknown. As discussed in the previous
paragraph, macrophages undergo metabolic reprogramming when classically
activated, but also availability of energy sources influences their metabolism,
implying that abundant availability of energy sources (for instance during
hyperglycemia or obesity) can also impact their metabolism. Since it has been
shown that the phenotype of metabolically activated macrophages differs from
classically activated macrophages (36,37), this may indicate that their metabolism
could differ as well.

This situation is particularly relevant in DMTII and insulin resistance for adipose
tissue macrophages. Similar to classically activated macrophages, metabolically
activated macrophages have higher glycolytic rates and produce more lactate
(Figure 4) compared to adipose tissue macrophages from lean subjects (11). The
glucose transporter GLUT1 is overexpressed in metabolically activated adipose
tissue macrophages of obese mice and rats (68) and overexpression of this transport
was shown to drive more glycolysis and pentose phosphate pathway metabolism in
these cells, in addition to higher ROS production (68). Moreover, a higher level of
glucose present in the environment can affect macrophage activation state, inducing
a phenotypic switch to CD11¢* macrophages (69). It has been shown that CD11c+
macrophages have enriched expression of genes encoding glucose metabolism, fatty
acid metabolism, and lysosomal proteins (40) emphasizing a central role for these
genes in adipose tissue macrophages.

Lipid metabolism also seems to differ between metabolically and classically
activated macrophages. As mentioned before, macrophages in crown-like structures
in fat tissue internalize the free fatty acids and lipids released from dead adipocytes,
thereby becoming foam cells (41). Xu et al. demonstrated that obesity induces
lysosomal biogenesis and lipid metabolism pathways in adipose tissue macrophages
due to the higher accumulation of lipids in these cells, events that do not take
place in classically activated macrophages (36). Adipose tissue macrophages from
obese subjects also metabolize lipids differently and a detailed description has been
compiled by Dahik et al. (70). A combination of studies has shown that adipose
tissue macrophages from obese subjects can synthesize lipids from free fatty acids,
store them in lipid droplets, catabolize them through the lysosomal pathway or
produce inflammatory lipid mediators called eicosanoids (70,71). In contrast,
adipose tissue macrophages from lean subjects take up free fatty acids and subject
them to oxidation (72) The higher levels of free fatty acids, coupled with higher
levels of other inflammatory mediators like TNFa, IL6, and IL-1f3 will lead to the
development of insulin resistance which can develop in obesity.



Macrophage Metabolic Reprogramming in Diabetes
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Figure 4: Comparison of metabolic reprogramming of classically and metabolically activated macrophages.
(A) Classically activated macrophages and their metabolism. (B) Metabolically activated macrophages and their
metabolism. Adipose tissue macrophages in obesity internalize free fatty acids (FFA) and lipids from the dying
adipocytes, becoming foam cells. These FFA can be used to synthesize new lipids, can be stored in lipid droplets,
can be catabolized through the lysosomal pathway or be used to produce inflammatory lipid mediators called
eicosanoids. Glucose is the main source of energy also in metabolically activated macrophages, where the glucose
transporter is overexpressed, and it is catabolized by glycolysis, which is upregulated, providing substrates
for the pentose phosphate pathway (PPP), also upregulated. Also the metabolic pathway OXPHOS (oxidative
phosphorylation) is upregulated in these cells, underlying their high energy demand. Succinate production
is increased in these cells. This metabolite inhibits prolyl hydroxylase domain (PHD) proteins, resulting in less
hydroxylation of hypoxia-inducible factor 1-alpha (HIF-1a), which circumvents its degradation, allowing its binding
to hypoxia response elements (HRE) on target genes (61). HIF-1a is also promoted by FFA and we hypothesize
it might promote the switch to glycolysis by inducing glycolytic enzymes as it happens in classically activated
macrophages.

Abbreviations: TCA (tricarboxylic acid) cycle, SLC25a1 (solute carrier family 25 member 1), ACLY (ATP citrate
lyase), IDH (isocitrate dehydrogenase), SDH (succinate dehydrogenase), CAD (cis-aconitate decarboxylase), GABA
(y-aminobutyric acid), PHD (prolyl hydroxylase domain), ROS (reactive oxygen species), PKM2 (pyruvate kinase
M2), GPI (glucose-6-phosphate isomerase), PEP (Phosphoenolpyruvate), PDH (Pyruvate dehydrogenase), PDK1
(pyruvate dehydrogenase kinase 1), FAO (fatty acid oxidation).
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In accordance with their activated status, metabolically activated macrophages
were also shown to contain a higher number of mitochondria and have higher
mitochondrial activity compared to adipose tissue macrophages from lean subjects
(40,73) and this was associated with higher OXPHOS activity (73,74).In addition,
expression of insulin-like growth factor 1 receptors (IGF1R) was shown to be
suppressed in adipose tissue macrophages from obese subjects (75), altering the
insulin receptor pathway leading to lower phosphorylation of IRS1-2, lower PI3K
activation, and decreased Akt serine phosphorylation. Lower Akt phosphorylation
translates into lower mTOR activity and activation of glycolysis (46).

Another major characteristic of adipose tissue in obesity is the hypoxia present
and therefore HIF-1a may be overexpressed in adipose tissue macrophages due to
oxidative stress, due to a higher content of the metabolite succinate (73,76), due to
the higher levels of free fatty acids (73), or a combination thereof. Therefore, one
could speculate that the glycolytic enzymes that are induced by HIF-1a in classically
activated macrophages are also induced in metabolic syndrome, but more studies
on this topic are needed.

In summary, the metabolic changes found in metabolically activated macrophages
resemble the ones that occur when macrophages polarize toward a pro-
inflammatory phenotype but rely mostly on high levels of free fatty acids present
in the microenvironment and differ in the induction of oxidative phosphorylation.

METABOLIC CHANGES, LYSINE ACETYLATION AND GENE
EXPRESSION

In recent years it has also become apparent how variations in metabolite levels
due to the onset of disease are connected to epigenetic modifications, which lead
to changes in gene expression (77).

As mentioned above when discussing the interruptions in the TCA cycle, levels of
acetyl-CoA may change due to changes in macrophage metabolism. Acetyl-CoA is
generated in the mitochondrial matrix from pyruvate by the pyruvate dehydrogenase
complex as part of glycolysis, by B-oxidation of fatty acids, or by the catabolism of
branched-chain amino acids. Mitochondrial acetyl-CoA enters the tricarboxylic
acid cycle and is converted to citrate (78). It can then be transported out of the
mitochondria and reconverted to acetyl-CoA, thus contributing to cytoplasmic
protein acetylation. It can also be transported into the nucleus as citrate and
reconverted to acetyl-CoA by ATP citrate lyase to serve as a substrate for lysine
acetyl transferases.



In addition to being a metabolic intermediate, acetyl-CoA is also a substrate used
by lysine acetyl transferases to reversibly transfer an acetyl group to the e-amino
group of lysine residues in target proteins. Therefore, altered levels of acetyl-CoA
resulting from macrophage metabolic reprogramming will result in different levels
of lysine acetylation (79). Acetylation neutralizes the positive charge on lysine,
altering the way the acetylated protein interacts with surrounding proteins and
other molecules, most notably histones (80). This highlights an interesting and yet
still not widely studied consequence of changes in macrophage metabolism: the
effect this can have on protein acetylation and consequently on gene expression.

Reversible protein acetylation regulates a number of important cellular processes
including gene expression via acetylation of histones. In fact, acetylation is one
of the most frequent reversible posttranslational modifications histone proteins
are subjected to. Other posttranslational modifications include methylation,
phosphorylation, and ubiquitylation, which all regulate gene expression by
influencing the folding of chromatin. Chromatin is a complex of DNA wrapped
around an octamer of histone proteins, one H3/H4 tetramer, and two H2A/
H2B dimers, forming nucleosomes (81). During activation of gene transcription,
the chromatin conformation changes from tightly packed to relaxed allowing
DNA-binding proteins to interact with the DNA. Histone acetylation favors gene
transcription because interactions of positively-charged amino groups in histones
(belonging to lysine residues) with negatively charged phosphate groups in DNA
will decrease due to the removal of positive charges on histones upon acetylation.
Interestingly, protein acetylation also regulates the activity of enzymes involved in
cellular energy metabolism such as hexokinase, pyruvate kinase isozymes M2, and
pyruvate dehydrogenase (79).

Protein acetylation in obesity and DMTII, immunomodulatory epigenetics as
new therapies

Due to the changes of intracellular acetyl-CoA concentrations in obesity and
DMTII, an effect on protein acetylation and therefore posttranslational protein
modifications (i.e. epigenetic modifications) seems probable. Indeed, a link between
epigenetic changes and DMTII-related meta- inflammation has been reported in a
variety of studies, suggesting that metabolic changes induced by obesity/DMTII can
lead to epigenetic changes, which then result in transcription of pro-inflammatory
genes (82,83).

In particular, changes in the levels of lysine deacetylases (KDACs), enzymes
responsible for the deacetylation of lysine residues in proteins, have been reported



in obese mice and patients (84,85). KDACs can be classified into four groups (86):
Class I comprises KDAC1, 2, 3, and 8; Class IT is divided into two sub-groups, ITA
(KDAC4, 5, 7, 9) and IIB (KDAC6 and 10); Class III includes the sirtuins, which
differ from the other KDACs because they depend on NAD for their deacetylase
activity instead of being zinc-dependent like the others; Class IV encompasses
KDAC11.

Bricambert et al. have described how lower activity of KDACs, KDAC5 and 6 in
particular, in white adipose tissue of obese mice and patients correlated with
higher levels of pro-inflammatory adipokines (hormones and cytokines secreted
by adipocytes) and with impaired glucose uptake (84). However, other studies
have shown that sirtuins are probably more important in regulating metabolism
(85,87). SIRT1 appears to be most closely linked to the metabolic syndrome and
is primarily affected by changes in nutrient conditions like caloric restriction (88)
or overnutrition. Cao et al. showed that SIRT1 is intimately connected to insulin
resistance by regulating insulin signaling and therefore metabolism of glucose and
lipids (89). Yeung et al. reported that SIRT1 inhibited inflammatory responses
by deacetylating the p65 subunit of transcription factor Nuclear Factor kappa b
(NFkB) (88). NFkb regulates a number of processes involved in inflammation,
including induction of the expression of pro-inflammatory genes in many cells
(91). A negative correlation between SIRT1 gene expression levels and BMI values
of patients (92) was previously shown and this was also associated with more pro-
inflammatory gene expression contributing to insulin resistance. Similarly, SIRT1
levels were also inversely proportional to infiltration of adipose tissue macrophages
in human subcutaneous fat (93). This finding was confirmed in vitro by studies
showing that SIRT1 inhibits recruitment of macrophages by co-culturing them
with SIRT1-deficient adipocytes and showing that the absence of SIRT1 induced
their recruitment and a pro-inflammatory phenotype (94). In addition, lower
mRNA levels of SIRT1were detected in macrophages of mice fed a high-fat diet
that developed obesity (94).

These findings on KDACs suggest that combining KDAC activators with anti-
diabetic drugs could be a more efficient way to treat metabolic syndrome. A wide
array of KDAC activators is already available and more specific ones are being
developed. Examples of KDAC activators that have been used in the context of
metabolic syndrome show beneficial effects by inhibiting expression of pro-
inflammatory cytokines in adipocytes and higher insulin sensitivity and glucose
uptake after treatment (83). Importantly, a SIRT1 activator (SRT2104) has entered
clinical trials for treatment of DMTII (95). Encouraging findings in mice on a
high-fat diet preceded this clinical trial, showing for example that SIRT1 over-



expressing mice had fewer macrophages in adipose tissue (94). Moreover, treatment
of RAW264.7 macrophages and primary intraperitoneal macrophages with SIRT1
activators inhibited inflammatory responses to LPS (96). The same treatment in
Zucker fatty rats induced a shift from pro- to anti-inflammatory behavior in adipose
tissue macrophages, in addition to improved glucose tolerance (96).

In addition to activating KDACs, deacetylase inhibitors have also been used in
the context of chronic inflammatory diseases, like chronic obstructive pulmonary
disease (97,98), rheumatoid arthritis (99), and cancer (100) with positive
outcomes. This suggests that inhibiting certain deacetylases associated with
chronic inflammation in diabetes and obesity may also have therapeutic potential.
Inhibitors of Class I KDACs, particularly KDAC3 (101) have been used in vitro and
in vivo in the context of diabetes and obesity (102—104). None of them have reached
the stage of clinical trials yet, even though promising results have been achieved in
glycemic control and reduction of obesity, highlighting their potential as therapeutic
treatment for metabolic disorders.

The above paragraphs have highlighted that macrophages, inflammation and
metabolic changes are intimately connected in DMTII and obesity. However
how metabolic pathways in macrophages are changed is still unclear and many
knowledge gaps remain. To be able to address the lack of knowledge on which
metabolic pathways are affected by reprogramming, different techniques must be
used and the results integrated. In the following paragraph, the most common ones
will be described along with advantages and disadvantages and suggestions which
would be most appropriate to use when.

ANALYTICAL METHODS TO CHARACTERIZE MACROPHAGE
METABOLIC REPROGRAMMING

The most widely used method to characterize macrophage polarization and the
corresponding phenotypes is flow cytometry (105). This technique determines
properties of single cells by assessing the presence of proteins on the surface of
cells or intracellularly with fluorescently-labeled antibodies using laser-induced
excitation of the fluorescent labels. However, this approach does not provide
information on cellular metabolism. Recent work has tried to fill this gap by using
flow cytometry to investigate single-cell metabolism using antibodies against key
metabolic enzymes (106). Although this work is a major step forwards, it still does
not provide quantitative insight into metabolite production and enzyme activity,
which is why other analytical methods are needed to gain a better mechanistic
understanding of macrophage metabolic reprogramming.



Different techniques are used to measure the metabolic status of cells, including
extracellular flux analysis, colorimetric/fluorometric enzyme activity assays,
and mass spectrometry (MS) based metabolomics and flux analysis (12). These
techniques provide complementary information about the metabolic state of cells.
We aim to clarify some of their advantages and disadvantages and provide an
overview of when to use which method as well as how to combine them.

Functional assays

Widely used assays in the field of immunology are extracellular flux analyzers
that give a functional readout of glycolytic or mitochondrial metabolic activity
by measuring changes in energy metabolism in culture medium of cells (107).
Mitochondrial function and respiratory capacity are assessed by measuring the
oxygen consumption rate, which correlates with ATP-linked respiration, maximal
and basal respiration, and proton leakage. It is a functional, real-time assay that
does not measure the level of individual metabolites, but indirectly measures
OXPHOS activity. Glycolytic activity can be assessed by using a glycolytic stress
assay that forces the cells to use glycolysis by initial glucose starvation followed
by glucose administration and ATP synthase inhibition. The extracellular pH is
monitored to calculate the acidification rate. When glucose is converted to pyruvate
and subsequently lactate during anaerobic glycolysis, H* ions will be produced,
shifting the pH of the medium.

These assays have the advantage of being performed in living cells, but they are
indirect indicators of changes in metabolic pathways or mitochondrial function,
which play a pivotal role in macrophage activation and function as outlined above
(108). However, individual metabolite levels or activity of individual enzymes are
not quantified emphasizing the need for complementary analytical approaches to
understand how metabolic pathways change during macrophage polarization.

Enzymatic assays

Key metabolites to follow with respect to the different macrophage phenotypes are
listed in Table 1 and are part of glycolysis and the TCA cycle. The consumption
rate of glucose, as the major source of energy for classically activated macrophages,
gives an indication of the overall energy requirement. The conversion of glucose to
pyruvate by the action of glycolytic enzymes is an indicator of the role of glycolysis
and therefore it is of interest to measure some of its intermediates like glucose-
6-phosphate, fructose-6-phosphate or phosphoenolpyruvate. Since classically
activated macrophages shift pyruvate conversion from acetyl-CoA production to



lactate production, it is critical to quantify lactate. In addition, since the TCA cycle
is interrupted at two points, due to a reduced activity of isocitrate and succinate
dehydrogenases, leading to accumulation of succinate and citrate, these two
metabolites should be measured to assess the contribution of the TCA cycle to
the overall conversion of glucose to ATP. Another reason for quantifying citrate
is that it can be converted to acetyl-CoA, which serves as substrate for lysine
acetyltransferases and is thus linked to protein acetylation and the regulation of
gene expression (see paragraph “Lysine acetylation links metabolism and gene
expression” for further details). Itaconate is another interesting metabolite to
measure, since it plays a role in connecting the two breakpoints of the TCA cycle.

To quantify lactate, an enzymatic assay can be used for in vitro studies (12). This
assay is based on generating a luminescent signal that is proportional to the lactate
concentration in the cell culture medium. Other enzymatic assays with colorimetric
or fluorimetric readouts are available for most, but not for all of the metabolites
of interest mentioned above (109,110). Moreover, these assays do not measure
metabolite concentrations directly, but make use of enzymatic reactions that oxidize
them, generating a product that reacts with a probe, producing a colorimetric or
fluorimetric readout. Techniques that allow quantifying a wider range of metabolites
simultaneously are therefore of increasing relevance to gain a more comprehensive
view of metabolic changes in cells.

Table 1. Metabolite analysis in macrophages metabolic reprogramming. Rows represent key metabolites or
metabolic processes that can be measured in order to differentiate macrophage phenotypes. Columns present
examples of references that use the different analytical techniques either alone or in combination.

Extracellular flux Enzymatic essays Mass spectrometry
analyzers
Glycolytic activity (55,107,124—127) (55,128)
OXPHOS activity (55,107,125—127,129) (55,128)
Glucose (109,110,126) (55,109,110,128)
Pyruvate (130) (55,125)
Glucose-6-phosphate (55,125)
Phosphoenolpyruvate (55)
Lactate (12,127,131) (55,125,129,132)
Succinate (109,110) (55,125,128,132-134)
Citrate (127) (55,128,132-134)
Acetyl-CoA (133)

Itaconate (55,128,132,133)




Mass spectrometric assays

The main analytical platform that is used to detect and quantify a wider range of
metabolites is MS (111—113). Different kinds of separation methods can be coupled to
MS to increase the depth of analysis as well as to cover a wider range of compounds.
Gas chromatography (GC) and liquid chromatography (LC) are most widely used
(114). LC is better suited to measure polar and charged molecules, whereas GC is
preferred when investigating short-chain fatty acids, esters, hydrocarbons, and
volatile and thermally stable molecules.

Most metabolite measurements are done at a fixed time point, while it is of interest
to rather assess turnover rates, as this will provide a more dynamic picture of
the contribution of a given metabolic pathway in, for example, central carbon
metabolism. Such measurements can be done using stable-isotope-labeled metabolic
substrates (see paragraph “Mass spectrometric metabolic flux analysis”).

Metabolite analyses by MS can be performed in a targeted or untargeted manner.
With targeted MS methods it is possible to have accurate and precise quantitative
information on known metabolites, such as those that are involved in metabolic
reprogramming of macrophages. While many metabolites, that play a key role in
macrophage metabolic reprogramming, are known, recent work shows that new
metabolites are still being discovered using untargeted MS (115). One example is
the discovery of the role of uridine diphosphate N-acetylglucosamine in macrophage
polarization (116).Once such a metabolite has been discovered, it may be further
investigated in greater detail with a targeted MS approach.

Mass Spectrometric metabolic flux analysis

Knowing the concentration and/or abundance of the metabolites at a given
moment in time can help to understand which metabolite levels are altered at
the moment of metabolite extraction. However, to understand the dynamics of
metabolic reprogramming, it is also relevant to know which metabolic pathways
are up- or down-regulated, which can be deduced from measuring production and
consumption rates of metabolites by following the incorporation of stable isotopes
into metabolites over time. This is accomplished by using stable isotope labelled
metabolic tracer molecules to study the flux of stable isotopes through different
pathways for a set of key metabolites (117). An untargeted LC-MS metabolomics flux
analysis approach with stable isotope labeling of metabolites was used to get more
insight into substrate use in different macrophage phenotypes after stimulation
with LPS or IL4 (118). A change in phenotype due to a certain stimulation was
first confirmed by flow cytometry and then different metabolic pathways were



followed by adding isotopically labelled substrates. This study confirmed that
LPS-stimulated macrophages use citrate to synthesize itaconate and transport it
to the cytosol to produce lipids. The study established further that IL4-stimulated
macrophages rely on oxidative metabolism as their main energy source (see Figure
3). Furthermore, the study showed that some metabolites, like itaconate, are only
synthesized in mitochondria, while others were produced by both cytosolic and
mitochondrial enzymes, depending on the polarization status of macrophages. The
integration of different levels of biological information has been used by Jha et
al. in a pipeline named “concordant metabolomics integration with transcription”
(CoMBI-T) that integrates MS metabolomics data with RNA-seq results in order
to characterize macrophage polarization (116). Polarization was first confirmed
by flow cytometry and then metabolic profiles were acquired using non-targeted
MS-analysis. Altered metabolic pathways were further studied by metabolite flux
analysis using 3C labeled glucose and *C- and !N-labeled glutamine combined
with a targeted LC-MS approach (selective reaction monitoring (SRM)). Using this
pipeline they showed that glutamine is a major source of nitrogen in alternatively
activated macrophages and that these cells have an augmented metabolism of amino
sugars and nucleotide sugars like uridine diphosphate N-acetylglucosamine. This
metabolite is known to link signaling and metabolism through glycosylation of
proteins that are localized at the cell-surface, for example, various growth factor
receptors (119). By using this combined approach a new metabolite was found, which
plays a major role in alternatively activated macrophages (116). The authors also
investigated breakpoints in the TCA cycle using metabolic flux analysis experiments
and found that the aspartate-argininosuccinate shunt, a series of reactions that
connect the TCA cycle and the urea cycle (120), plays a role in pro-inflammatory
macrophages.

To summarize, a number of analytical approaches can be used to study metabolic
reprogramming in macrophages. Flow cytometry analysis allows to define the
different phenotypes of macrophages on which subsequent comparative analyses
are based. Extracellular flux analysis provides functional insight into macrophage
metabolic reprogramming at the level of metabolic pathways that are altered but
does not quantify individual metabolites. Enzymatic assays with luminescent,
colorimetric or fluorimetric readouts quantify a number of key metabolites. These
assays are relatively easy to perform and data analysis does not require specific
expertise as is the case for MS analysis. MS in combination with GC or LC allows to
cover awider range of metabolites both known and unknown. It thus allows to follow
known key metabolites as well as to potentially gain insights into new metabolites
or metabolite patterns. MS analysis can be extended to comprise metabolic flux
analysis in order to follow how metabolites are consumed and produced in cell



systems and how this varies in the context of changing conditions, for example
during the development of DMTII. It is thus of particular interest to combine
multiple analytical approaches to gain a comprehensive overview of mechanisms
related to macrophage metabolic reprograming. Moreover, even though there is
considerable knowledge about metabolic reprogramming during macrophage
polarization in cell culture under defined conditions, there is still a large knowledge
gap when it comes to diseases like DMTII. Here metabolic changes are key disease
features, which most probably will also reflect in changes in the metabolism of
macrophages and their polarization. That is why metabolomics in combination with
lipidomics, fluxomics, transcriptomics, and proteomics has the potential to lead to
the discovery of further mechanistic links between inflammation and metabolic
disturbances (121).

FUTURE PERSPECTIVES

A new branch of immunology, called immunometabolism, has been developing
rapidly in the past ten years (Figure 5). It is defined as the interplay between
immunological and metabolic processes and has solid foundations in macrophage
biology research, which is illustrated by the fact that 29% of the 2027 publications
since 1975 also had the key word ‘macrophages’.
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Figure 5: Graphic representation of the number of publications in Pubmed.gov using the keyword
‘Immunometabolism’ from 1975 until 2021.



We now have clear evidence that macrophages can change metabolic pathways to
respond to challenges they encounter. Macrophage polarization and function are
highly dependent on fast changes in intracellular metabolism, which explains why
macrophages can be extremely versatile in function. While this field is moving
forward fast, our understanding of interactions between metabolic changes at the
organism level such as found in DMTII/obesity and intracellular metabolic changes
in macrophages still lags behind. Macrophages in adipose tissue from individuals
with DMTII or obesity clearly show a different but pro-inflammatory phenotype
from those of lean individuals or individuals without DMTII. However, those pro-
inflammatory phenotypes appear to be unique to DMTII and obesity and are not
found when macrophages are M1-polarized in acute inflammation (37), suggesting
that metabolic changes at the organism level influence macrophage activation
and metabolism. How they interact exactly remains an open question that could
potentially be answered by improved analysis of macrophage cellular metabolism.
To do this in complex conditions like DMTI1 and obesity, an approach from different
angles is needed and integration of results from different analytical platforms is
the way forward. This could help to better understand the mechanism underlying
macrophages polarization in DMTII-related chronic inflammation and, even more
importantly, how this affects disease progression.

A better understanding of interaction between different metabolic pathways could
also result in the development of new treatment options. Diabetes treatment now
focuses on weight loss, rebalancing insulin resistance, and lowering blood glucose
levels by using mostly gluconeogenesis inhibitors like metformin or hypoglycemic
drugs that stimulate -cells to release insulin (122). While weight loss should always
remain the number one priority, redirecting adipose tissue macrophage metabolic
programs, and thereby polarization, could be another interesting approach since
pro-inflammatory macrophages contribute to onset of insulin resistance (123) and
overall to DMTII-related meta-inflammation. Inhibiting chronic inflammation,
would not only improve the comorbidities, like diabetic retinopathy, polyneuropathy,
or nephropathy but also one of the main causes of diabetes onset.

Another aspect that should be further investigated and could develop into a
promising therapeutic approach is the link between metabolism and inflammation
via epigenetic regulation of gene expression. Recent studies indicate that chronic
inflammation is linked to changes in energy metabolism via lysine acetylation of
both histones and non-histone proteins (77). Therefore, deacetylase inhibitors or
activators may be additional approaches to inhibit macrophage-induced meta-
inflammation by rebalancing the expression of pro- and anti-inflammatory
mediators.
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TOC SUMMARY

This study explores how inhibiting lysine deacetylases (KDAC) affects macrophages,
which play a key role in the immune system. KDAC inhibition resulted in reduced
production of inflammatory mediators in lipopolysaccharide-treated macrophages,
however, only minor changes in macrophage metabolism were observed.
KDAC inhibition specifically enhanced the expression of proteins involved in
ubiquitination, which may be a driver of the anti-inflammatory effects of KDAC
inhibitors. A multi-omics approach provides novel insights into how macrophages
interact with cues from their environment.

ABSTRACT

Macrophages are key immune cells that can adapt their metabolic phenotype in
response to different stimuli. Lysine deacetylases (KDAC) are important enzymes
regulating inflammatory gene expression and KDAC inhibitors have been shown
to exert anti-inflammatory effects in models of chronic obstructive pulmonary
disease (COPD). We hypothesized that these anti-inflammatory effects may be
associated with metabolic changes in macrophages. To validate this hypothesis,
we used an unbiased and a targeted proteomic approach to investigate metabolic
enzymes as well as LC- and GC-MS to quantify metabolites in combination with
the measurement of functional parameters in primary murine alveolar-like
macrophages after lipopolysaccharide (LPS)-induced activation in the presence or
absence of KDAC inhibition. We found that KDAC inhibition resulted in reduced
production of inflammatory mediators such as TNF-a and IL-1p. However, only
minor changes in macrophage metabolism were observed, as only one of the
KDAC inhibitors slightly increased mitochondrial respiration while no changes
in metabolite levels were seen. However, KDAC inhibition specifically enhanced
expression of proteins involved in ubiquitination, which may be a driver of the anti-
inflammatory effects of KDAC inhibitors. Our data illustrate that a multi-omics
approach provides novel insights into how macrophages interact with cues from
their environment. More detailed studies investigating ubiquitination as a potential
driver of KDAC inhibition will help developing novel anti-inflammatory drugs for
difficult to treat diseases such as COPD.

Keywords: Lung, proteasome, immunometabolism, metabolome analysis,
proteome analysis, multi-omics.
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INTRODUCTION

Alveolar macrophages are self-renewing tissue-resident macrophages that derive
from fetal liver progenitors without contribution from circulating monocytes under
steady-state conditions (1). They are part of the first line of defense in the lungs
and need to respond to dangers without impairing lung function. Depending on
which environmental factors alveolar macrophages are exposed to, even in healthy
individuals, these cells can change their phenotype swiftly to deal with a threat as
efficiently as possible (2). Alveolar macrophages, therefore, play a dual role in the
lung: initiating lung inflammation to neutralize threats and resolving inflammation
to prevent lung function loss (3,4). These two seemingly opposite functions appear
to be regulated by changes in metabolism, called metabolic reprogramming. Many
studies have shown that induction of macrophage glycolysis favors inflammation
while induction of macrophage oxidative phosphorylation favors tissue repair (5).
However, Woods and colleagues recently showed that alveolar macrophages do not
rely on glycolysis as their main source of energy during inflammatory responses,
challenging this view for tissue-resident macrophages in the lung (6).

Most chronic respiratory diseases are characterized by an imbalance between
pro and anti-inflammatory responses (7), with alveolar macrophages showing
phenotypical and functional changes (8). Chronic obstructive pulmonary disease
(COPD) is one of these diseases affecting more than 300 million patients worldwide
(9). COPD is characterized by chronic inflammation which leads to small airway
inflammation and obstruction (chronic bronchitis) together with parenchymal
destruction (emphysema) (10). Alveolar macrophages are important contributors
to chronic inflammation through the secretion of a number of pro-inflammatory
cytokines like tumor necrosis factor (TNF)-a, and interleukin (IL)-1 (7). Moreover,
previous work has shown an increase in pro-inflammatory macrophages in
bronchoalveolar lavage fluid and sputum of patients with COPD compared to healthy
individuals (11,12). Furthermore, resolution of inflammation and initiation of tissue
repair through the production of IL-10 and transforming growth factor (TGF)-f3
(7) seems to be deficient in lung tissue of patients with COPD (13). To overcome
this deficit, patients are often treated with corticosteroids, which can induce an
anti-inflammatory phenotype in macrophages (14—16). However, corticosteroids
are not effective in many COPD patients as some patients develop resistance and
others have a nonresponsive phenotype (17-19). Therefore, there is a pressing
need to find alternative therapeutics that can be used to treat COPD patients and
to rebalance macrophage-driven inflammation with macrophage-driven tissue
repair. An interesting approach was recently postulated by Leus et al., showing
that inhibitors of lysine deacetylases (KDACs also known as histone deacetylases or
HDACS) have anti-inflammatory effects. They found that KDAC inhibitors reduced



lung inflammation in smoke-exposed mice and inflammatory mediator production
in lipopolysaccharide (LPS)-exposed lung slices (20,21).

KDACSs are executors of epigenetic mechanisms by removing acetyl groups from the
€-amino group of lysine residues in target proteins, thereby altering the way these
proteins interact with other proteins/nucleic acids (22) or altering their activity
(23). Acetyl-CoA, an important metabolic intermediate, is the substrate of lysine
acetyltransferases (KATs) that acetylate proteins. Therefore, altered levels of acetyl-
CoA during metabolic reprogramming of macrophages may alter the level of lysine
acetylation (23), which may subsequently affect gene expression.

The focus of this study was to investigate whether lysine deacetylase inhibitors
inhibit activation of primary macrophages by changing metabolic processes in
these cells. To this end, we used self-propagating murine alveolar-like macrophages
derived from fetal liver monocytes, a well-established model for alveolar
macrophages (24—26). To investigate the relationship between anti-inflammatory
effects of KDAC inhibition and metabolic processes in alveolar-like macrophages,
we studied metabolites, metabolic enzymes, and amino acids by targeted liquid
chromatography—mass spectrometry (LC-MS), gas chromatography—mass
spectrometry (GC-MS), and high-performance liquid chromatography (HPLC) with
fluorescence detection, as well as cellular responses by extracellular flux analysis.

MATERIALS AND METHODS
Cell culture

Self-propagating murine alveolar-like macrophages (a kind gift from dr. G.Fejer,
Plymouth University, UK (27)) isolated from fetal livers were cultured in plastic
tissue culture flasks (Costar Europe) at 370C with 5% CO,/95% air in RPMI 1640
medium containing GlutaMAX™ (Gibco® ; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum,
100 U/mL penicillin and 100 pg/mL streptomycin (Gibco®), and 20 ng/mL murine
granulocyte-macrophage colony-stimulating factor (PeproTech; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Once a week, cells were detached with 1mM
EDTA (Merck, Darmstadt, Germany) and reseeded at a density of 1,5 x 10° cells/
mL. Cell culture medium was replaced after 4 days. For experiments, macrophages
were used between passage 3 and 15.



KDAC inhibitor and LPS treatments

Alveolar-like macrophages were seeded at a cell density of 300,000 cells/well
in 12-wells plates with 1 mL medium/well, prior to incubation with the KDAC
inhibitors. After culturing for 72 hours, they were either treated with 10 ng/mL
lipopolysaccharide (LPS, Escherichia coli, serotype 0111:B4, Sigma-Aldrich; Merck,
Darmstadt, Germany) for the last 4 hours of the experiment, with KDAC inhibitors for
the last 20 hours, or with the combination of the two. KDAC inhibitors were dissolved
in dimethyl sulfoxide (DMSO). MS275 (also known as Entinostat, Axon Medchem,
Reston, Virginia, United States) and RGFP966 (Selleckchem, Houston, Texas, United
States) were used at a concentration of 1uM. Treated cells were subsequently used for
different analyses as depicted in Figure 1 and described below.

Cytokine analysis by enzyme-linked immune-sorbent assay (ELISA)

Cell culture medium was collected, centrifuged, and supernatants were analyzed for
TNF-a and IL-10 by ELISA (both from R&D Systems, Minneapolis, MN, respectively
DY410-05 and DY417-05), according to the manufacturer’s instructions.

Gene expression analysis by reverse transcription quantitative polymerase
chain reaction (RT-qPCR)

Messenger RNA was isolated from cells using Maxwell® LEV Simply RNA
Cells/Tissue kit (Promega, Madison, Wisconsin, US). A NanoDrop® ND-
1000 Spectrophotometer (Thermo Scientific) was used to measure total mRNA
concentration in samples. cDNA synthesis from mRNA was performed using a
Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) kit (Promega,
Madison, Wisconsin, USA) in a Mastercycler® Gradient (Eppendorf, Hamburg,
Germany) programmed for 10 minutes at 20°C, 30 minutes at 42°C, 12 minutes
at 20°C, 5 minutes at 99°C, and 5 minutes at 20°C. Transforming growth factor
beta (TGFf; F: AGGGCTACCATGCCAACTTC, R: GTTGGACAACTGCTCCACCT),
Suppressor Of Cytokine Signaling 3 (SOCS3; F: CCTTTGACAAGCGGACTCTC, R:
GCCAGCATAAAAACCCTTCA ) genes were quantified using quantitative real-time
PCR (RT qPCR) from the synthesized cDNA, using SensiMixTM SYBR® Green
(Bioline, London, UK) in a 7900HT Real-Time PCR sequence detection system
(Applied Biosystems, Waltham, Massachussets, US). PCR analysis consisted of 45
cycles of 10 min at 95°C, 15 seconds at 95°C, and 25 seconds at 60°C (repeated for 40
times) followed by a dissociation stage of 95°C for 15 seconds, 60°C for 15 seconds,
and 95°C for 15 seconds. Output data were analyzed using SDS 2.4 software (Applied
Biosystems) and ACt values were calculated after 3-actin normalization. Two to the
power of -ACt (2°4%") was used as a final value for plotting and group comparisons.
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Figure 1: Representation of the workflow used to obtain different samples from alveolar-like macrophages.
Depicted in red and represented by a pentagon are the steps necessary to measure cytokine secretion, in purple
and represented by a triangle the steps necessary to measure gene expression, in green and represented by a
circle the steps necessary to measure metabolite levels, in blue and represented by a square the steps necessary to
measure protein expression, and in orange and represented by a star the steps necessary to perform extracellular
flux analysis. Figure created with Biorender.com.

Functional metabolic assays

Macrophage glycolytic rates were measured using a Seahorse XFe96 Extracellular
Flux Analyzer (Agilent, Santa Clara, USA). Macrophages were seeded at a density
of 3.7 x 103/well in Seahorse XF96 cell culture microplates for 72 hours. Cells were
then treated with KDAC inhibitors for 20 hours (MS275, RGFP966) and LPS was
added for the last 4 hours of the experiment (KDAC inhibitor+LPS) or not (control).
Cells were then equilibrated for 1 hour in the absence of CO, at 37 °C with XF
base media, which does not contain glucose but was complemented with glutamine
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(2 mM). The manufacturer’s Seahorse XF glycolysis stress test protocol was used
to assess glycolytic rate. After equilibration, sequential injections of glucose
(20 mM), oligomycin (1uM), and 2-deoxy-D-glucose (50 mM) were performed.
Glycolytic function is represented as glycolysis, glycolytic capacity, and glycolytic
reserve. Glycolysis was calculated as the difference between the maximal rate
before oligomycin addition and the last rate measurement before glucose addition.
Glycolytic capacity was calculated as the difference between the maximal rate after
oligomycin addition and the last rate measurement before glucose addition. The
glycolytic reserve was calculated as the difference between glycolytic capacity and
glycolysis. The measurements were normalized to the protein content in each well
using a BCA assay.

The same cell seeding density and treatments were used to measure mitochondrial
respiration, measured as oxygen consumption rate (OCR). Cells were equilibrated for
1 hour in the absence of CO, at 37 °C with XF base media, which was supplemented
with glucose (20 mM), glutamine (2 mM), and pyruvate. The Seahorse XF cell mito
stress test protocol was used to assess glycolytic rate. After equilibration, sequential
injections of oligomycin (1uM), carbonyl cyanide-p- trifluoromethoxyphenyl-
hydrazon (FCCP) (4uM), and rotenone/antimycin (1uM each) were performed.
Mitochondrial respiration is represented as basal respiration, maximal respiration,
spare respiratory capacity, spare capacity, ATP production, and proton leakage.
Basal respiration is calculated as the difference between the last rate measurement
before oligomycin addition and the minimum rate measurement after rotenone/
antimycin addition (which is defined as nonmitochondrial oxygen consumption).
Maximal respiration is calculated as the difference between the maximum rate
measurement after FCCP injection and the non-mitochondrial respiration. Spare
respiratory capacity is calculated as the difference between maximal respiration and
basal respiration. ATP production is calculated as the difference between the last
rate measurement before oligomycin injection and the minimum rate measurement
after oligomycin injection. The measurements were normalized to protein content
in each well using a BCA assay following the manufacturer’s instructions (Pierce™
Microplate BCA Protein Assay Kit, Thermo Fisher Scientific).

Tricarboxylic acid (TCA) cycle metabolites measurement by GC-MS

Metabolite extraction and measurement methods were described by Bakker et al.
(28). In short, cells were washed three times with ice-cold PBS and then quenched
with methanol while being placed on ice. Ultrapure water was then added (with the
addition of internal standards for quantification) and cells were removed from the
flasks. Cell extracts were transferred into tubes containing chloroform. Methanol



and chloroform were stored at -20°C until the moment of use. Methanol/chloroform-
containing cell extracts were first shaken for 30 minutes at 4°C and then centrifuged
for 10 minutes at 16100 g at 4°C. The upper aqueous phase was then transferred
to a new tube and evaporated under nitrogen. The lower non-polar fraction was
also transferred to a new tube and the solvent was evaporated under nitrogen. The
interphase was washed with methanol and centrifuged for 10 minutes at 16000 g
at 4°C. The supernatant was removed and a small volume of fresh methanol was
added to the pellet and samples were stored at -80°C for further protein analysis
(see the paragraph “Targeted proteomics of metabolic enzymes by QconCATs”).

The dried metabolites present in the upper aqueous phase were dissolved in
2% methoxyamine HCL in pyridine and incubated for 9o minutes at 37°C. The
samples were then silylated for 1 hour at 55°C by adding N-tert-butyldimethysilyl-
N-methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilane. The derivates
were transferred to a GC/MS vial with a micro-insert and analyzed by GC/MS.
GC/MS measurements were carried out on a 7890A GC (Agilent) coupled to a
5975C Quadrupole MS (Agilent), equipped with a CTC Analytics PAL autosampler
(CTC Analytics AG, Switzerland). Quantification of the amino acids and TCA cycle
metabolites was performed based on 6-point internal standard corrected calibration
curves in water, treated like the cell samples to follow the complete extraction
method.

Amino acid quantification by HPLC

Amino acids were extracted by washing cells three times with ice-cold PBS and
then quenched with methanol while being placed on ice. Millipore water was then
added and the cells were scraped off the plastic. The cell extract was transferred to
an Eppendorf tube containing chloroform. Methanol and chloroform were stored
at -20°C until use. Cells were first shaken for 20 minutes at 1400 rpm, at 4°C,
and then centrifuged for 5 minutes at of 16100 g at 4°C. The upper aqueous phase
was then transferred to a new tube and dried overnight. Sample preparation and
amino acid measurements were performed as described by Hernandez-Valdes
et al. (29). Briefly, samples were first resuspended in water-acetonitrile (1:4),
aliquoted, dried again, and then resuspended in water containing three internal
standards (citrulline, norvaline and sarcosine). Standard amino acids and samples
were derivatized automatically in an HPLC autosampler with o-phtalaldehyde and
9-fluorenylmethyloxycarbonyl reagent solutions. HPLC amino acid analysis was
performed on an Agilent 1100 HPLC binary system (Agilent, Santa Clara, USA)
equipped with an 1100 Fluorescence detector (FLD) and a Zorbax Eclipse C18 column
(@3 x L250 mm, 3 um particle size, Agilent, Santa Clara, USA) at 40°C. A 10mM



Na,H PO4/NazB4O7 pH 8.2 buffer was used as solvent A and a mixture of 45:45:10
acetonitrile/methanol/water as solvent B at a flow-rate of 0.5 ml/min and a gradient
from 2-57% B from 0.5-20 min after the injection followed by respectively a 4 min
100% cleaning and 9 min 2% B reconditioning period. The fluorescence detector was
set to AEx = 340 nm, AEm = 450 nm for all 2-O-phthaldialdehyde (OPA) derivatives
and AEx = 266, AEm = 305 nm for the 9-fluorenylmethyl chloroformate (FMOC)
derivatives at 18 min, eluting at the end of the chromatogram. Quantification of
amino acids was performed based on 5-point internal standard corrected calibration
curves in water ranging from 2-250 uM (r?>>0.99).

Targeted proteomics of metabolic enzymes in the interphase by quantifica-
tion concatemers (QconCATs)

For proteome analysis, interphases obtained during metabolite extractions as
described in the section “TCA cycle metabolites measurement by GC-MS” were
used. Samples stored at -80°C were dried and resuspended in 8M Urea, 100
mM ammonium bicarbonate to be further diluted with 100 mM AmBiCa to 2M
urea. Samples were then sonicated (Vibra-Cell, Sonics, Newton, United States)
for 3x10 seconds, 30% without pulse. Protein concentrations were determined
with a microplate BCA protein assay following the manufacturer’s instructions
(Pierce™ Microplate BCA Protein Assay Kit, Thermo Fisher Scientific). For in-
solution digestion, 10 pg of sample was diluted in 2M Urea, 100 mM ammonium
bicarbonate (AmBiCa) to a final volume of 300 pL. Proteins were reduced in 10mM
dithiothreitol for 30 minutes at 37°C, alkylated with 55 mM iodoacetamide, and
incubated in the dark at room temperature for 60 minutes. To further dilute the urea
concentration, 300 puL of 100 mM AmBiCa was added. Samples were then digested
with 100 ng of trypsin (sequencing grade modified trypsin V5111, Promega) at 37 °C
for 16 hours and the trypsin was deactivated with formic acid before cleanup using
C18 SPE columns (Gracepure TM SPE C18-Aq, 50 mg/1mL). Targeted proteome
analyses were performed by injecting 1 ug total protein starting material plus 2 ng
high abundant proteins or 0.1 ng low abundant proteins of predigested QconCAT
standards (quantification concatemers; designed to target a set of proteins, details
about the assay development and applications for quantification have been described
elsewhere previously) (30,31).

Untargeted proteomics of the interphase

For proteome analysis, the same digested samples from the interphases obtained
during metabolite extractions as described in the section “TCA cycle metabolites
measurement by GC-MS” and processed as described in the section “Targeted



proteomics of metabolic enzymes by QconCATs” were analyzed. Untargeted
proteome analyses were performed by injecting 1 pg total protein starting material
on a quadrupole orbitrap mass spectrometer equipped with a nano-electrospray
ion source (Orbitrap Exploris 480, Thermo Scientific). Chromatographic separation
of the peptides was performed by liquid chromatography (LC) on an Evosep
system (Evosep One, Evosep) using a nano-LC column (EV1137 Performance
column 15 cm x 150 pum, 1.5 pm, Evosep; buffer A: 0.1% v/v formic acid, dissolved
in milliQ-H, 0, buffer B: 0.1% v/v formic acid, dissolved in acetonitrile). Peptides
were separated using the 30SPD workflow (Evosep). The mass spectrometer was
operated in positive ion mode and data-independent acquisition mode (DIA) using
isolation windows of 16 m/z with a precursor mass range of 400-1000, switching
the high-field asymmetric waveform ion mobility spectrometry (FAIMS) between
CV-45V and -60V with three scheduled MS1 scans during each screening of the
precursor mass range. LC-MS raw data were processed with Spectronaut (version
16.0.220606) (Biognosys) using the standard settings of the directDIA workflow
except that quantification was performed on MS1, with a mouse Swissprot database
(17021 protein entries, downloaded in December 2019). For the quantification, local
normalization was applied and the Q-value filtering was set to the classic setting
without imputing.

Statistical analysis

Analyses were performed using GraphPad Prism 8.0 (GraphPad Software, La Jolla,
USA). Due to the limited sample size in our experiments, nonparametric testing
was used to compare groups. For nonparametric testing between two groups a
Mann-Whitney U test was used for unpaired or a Wilcoxon test for paired data. For
comparison of multiple groups, a Kruskall Wallis or Friedman test was used for
nonpaired or paired nonparametric data, respectively, with Dunn’s correction for
multiple testing. Proteomics data were normalized using Local Normalization based
on the Local Regression Normalization described by Callister et al. (32) and Log2
transformed. Groups were subsequently compared using a paired one-way ANOVA
with Holm-Sidak’s correction for multiple testing. When comparing lists of proteins
fold changes and p-values adjusted for multiple testing (q values) were generated.
Differentially expressed protein were subsequently selected having q-values <0.05.

Data Availability

The untargeted mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository (33) with the
dataset identifier PXD040933. The targeted mass spectrometry proteomics data



have been deposited on the PASSEL server with the data identifier PASS04816. Data
access is available upon request.

RESULTS

KDAC inhibition inhibits alveolar macrophage activation upon LPS stimula-
tion

Previous work from Leus et al. showed that class I KDACs (KDAC 1, 2, 3 and 8),
and in particular KDAC3, play a key role in pro-inflammatory gene expression in
monocyte-derived RAW 264.7 macrophages and precision-cut lung slices (20,21). To
study their influence on the pro- and anti-inflammatory responses in alveolar-like
macrophages, we used MS275 (KDAC1,2, and 3 inhibitor) and RGFP966 (KDAC3
inhibitor) (34) in combination with LPS exposure.

We first investigated the effects of these treatments on the excretion of the
cytokines TNF-a and IL-10 in the culture supernatant. LPS treatment resulted in
a significantly more excretion of the pro-inflammatory cytokine TNFa compared to
vehicle-treated controls, which was inhibited by pretreatment with KDAC3 inhibitor
RGFP966 but not by pretreatment with KDAC1,2 and 3 inhibitor MS275 (Figure
2A). Similar findings were found for IL-6 (supplementary data, Supplementary
Figure 1). Conversely, LPS treatment resulted in lower excretion of the anti-
inflammatory cytokine IL-10 compared to vehicle-treated control (Figure 2B).
Again, only KDAC3 inhibitor RGFP966 inhibited this effect of LPS significantly,
while MS275 had a minor effect that was not statistically significant. This was
specific for the combination of LPS and RGFP966 as treatment of unstimulated
macrophages with either KDAC inhibitor alone did not induce IL-10 excretion
(supplementary data Supplementary Figure 1)

We subsequently investigated the effect of KDAC inhibition on the expression of
additional anti-inflammatory factors, (i.e. SOCS3 and TGFf) (35—-37) by qPCR
to confirm an anti-inflammatory phenotypic shift in alveolar-like macrophages
after treatment with KDAC inhibitors upon LPS treatment. SOCS3 is an important
negative regulator of innate immune responses and is induced together with
pro-inflammatory cytokines during LPS stimulation in macrophages to control
inflammation and eventually induce resolution (38—40). LPS treatment indeed
induced the expression of SOCS3 in alveolar-like macrophages and this induction
was enhanced when macrophages were pretreated with KDAC1/2/3 inhibitor
MSz275, but not with KDAC3 inhibitor RGFP966 (Figure 3A). TGFf, produced
in an autocrine manner by adult alveolar macrophages, plays a critical role in
alveolar macrophage development (41) and is also an important anti-inflammatory



cytokine (42). While treatment with LPS did not induce TGF[3 expression (Figure
3B), pretreatment with KDAC1/2/3 inhibitor MS275, but not with KDAC3 inhibitor
RGFP966, resulted in significantly higher TGFp expression compared to LPS

treatment alone, further supporting an anti-inflammatory effect of MS275.
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Figure 2: Effects of LPS and/or KDAC inhibitors MS275 or RGFP966 on TNF-a and IL-10 excretion in culture
supernatant of alveolar-like macrophages. Alveolar-like macrophages were incubated with 1 ug/ml KDAC1/2/3
inhibitor MS275 (KDAC1+2+3i), KDAC3 inhibitor RGFP966 (KDAC3i), or vehicle for 16 h and then stimulated with
10 ng/ml LPS or vehicle for 4 h. (A) Effects on TNFa excretion. Colored dots indicate the different independent
replicates. (B) Effects on IL-10 excretion. Colored dots indicate the different independent replicates. A Wilcoxon
test was used to compare control versus LPS stimulation. Groups stimulated with or without KDAC inhibitors
were compared using a Friedman test with a Dunn’s correction for multiple testing (n=>5). P<0.05 was considered
significant.

Taken together, these results confirm previous observations in monocyte-derived
macrophages (20,21) and show that in alveolar-like macrophages, KDAC3 inhibition
blocks pro-inflammatory responses and stimulates anti-inflammatory ones, while
the effects of KDAC1/3 inhibition are mixed.



A) SOCS3 gene expression
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Figure 3: Effects of LPS and/or KDAC inhibitors MS275 or RGFP966 on SOCS3 and TGF mRNA expression
in alveolar-like macrophages. Alveolar-like macrophages were incubated with 1 ug/ml (1 uM) KDAC1/2/3
inhibitor MS275 (KDAC1+2+3i), KDAC3 inhibitor RGFP966 (KDAC3i), or vehicle for 16 h and then stimulated
with 10 ng/ml LPS or vehicle for 4 h. (A) Effects on SOCS3 mRNA expression. Colored dots indicate the different
independent replicates. (B) Effects on TGF3 mRNA expression. A Wilcoxon test was used to compare control versus
LPS stimulation. Colored dots indicate the different independent replicates. Groups stimulated with or without
KDAC inhibitors were compared using a Friedman test with a Dunn'’s correction for multiple testing (n=5). P<0.05
was considered significant.

KDAC inhibition and metabolic reprogramming

To understand the molecular mechanisms behind the anti-inflammatory effects
of KDAC inhibitors we performed an untargeted proteome analysis on proteins
isolated from macrophages (see Figure 1). We identified more than 4000 proteins
and determined differentially expressed proteins between control and different
treatment conditions.

We identified 318 significantly upregulated and 85 downregulated proteins in cells
treated with MS275+LPS compared to LPS (supplementary data, Supplementary
Table 1). The proteins were considered upregulated if their fold change was higher
than 1.5 and downregulated if the fold change was lower than 0.7 in combination
with g-values lower than 0.05. The resulting list of proteins was used for pathway



enrichment analysis and protein interaction network building (Figure 4A) (43).
The most significant cluster identified after MS275+LPS treatment compared to
LPS treatment alone was “Protein processing in endoplasmic reticulum” which
also encompasses “Modification-dependent macromolecule catabolic process” and
“cellular macromolecule catabolic process”. This cluster mainly comprised proteins
that take part in the ubiquitination of other proteins. The second most significant
cluster found was “Biosynthesis of amino acids”, which also includes “alpha-amino
acid biosynthetic process” and “2-oxocarboxylic acid metabolism” pathways. These
pathways comprise the mechanisms necessary to synthesize amino acids, including
glycolysis, the TCA cycle, and the pentose phosphate pathway. Other relevant
clusters were the “fructose 6-metabolic process” and the “tricarboxylic acid (TCA)
cycle and respiratory electron transport”. These pathways collectively include the
major metabolic pathways that are involved in macrophage polarization and that
provide energy to cells.

We only found 7 up- and 13 downregulated proteins in cells treated with
RGFP966+LPS compared to LPS (reported in the supplementary data,
Supplementary Table 2). Pathway enrichment analysis and protein interaction
network building (Figure 4B) once again showed that the most significant
cluster “Ub-specific processing proteases”, was related to the ubiquitination
and deubiquitination of proteins. The cluster “RNA polymerase Il transcription
regulator complex” was the second most significantly enriched pathway. This
cluster encompasses proteins that regulate transcription by RNA polymerase 11,
a process that is regulated by a number of mechanisms, including alterations of
chromatin structure (44), and therefore it is not surprising that inhibition of lysine
deacetylation leads to changes in proteins belonging to this pathway.



Chapter 3

A) Enriched ontology pathways after treatment with MS275 and gene network analysis
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B) Enriched ontology pathways after treatment with RGFP966 and gene network analysis
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Figure 4: Functional enrichment and interactome analyses of proteins upregulated or downregulated by
LPS treatment in combination with KDAC inhibitors. Alveolar-like macrophages were incubated with 1 ug/
ml KDAC1/2/3 inhibitor MS275 or KDAC3 inhibitor RGFP966, or vehicle for 16 h and then stimulated with 10 ng/
ml LPS or vehicle for 4 h. (A) Enriched ontology pathways and gene network analysis of 83 >1.5-fold upregulated
and 85 < 0.7-fold downregulated proteins in MS275+LPS compared to LPS treatment alone. (B) Enriched ontology
pathways and gene network analysis of 7 >1.5-fold upregulated and 13 < 0.7-fold downregulated proteins in
RGFP966+LPS compared to LPS treatment alone. A matched one-way ANOVA test was used to compare groups
with a Bonferroni’s correction for multiple testing. (n=6). The website Metascape was used to perform the
functional enrichment and interactome analyses (43).
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Class | KDAC inhibitors do not affect the levels of metabolic enzymes

Our untargeted proteomic analysis identified different metabolic pathways as
processes that may be affected by treatment with KDAC1/2/3 inhibitors. This is
interesting because metabolic reprogramming has been shown to be important
in determining pro-and anti-inflammatory responses in different types of
macrophages (45,46). We, therefore, investigated the metabolism of alveolar-like
macrophages after KDAC inhibition in more detail.

We first measured protein levels of enzymes that are part of the major metabolic
pathways depicted in Figure 5. To obtain absolute values for these proteins, we
used a targeted proteomic approach that used internal standards of concatenated
signature peptides encoded by QconCAT proteins (47). None of the 59 proteins
that we quantified (see Supplementary Table 3 and Supplementary Figure 3,
supplementary material) was expressed at significantly different levels in any of our
comparisons. These results suggest that even though a first exploratory proteome
analysis suggested that alveolar-like macrophages may have changes in metabolism
induced by LPS and/or KDAC inhibition, they did not seem to change their primary
metabolism in response to these treatments.

Figure 5: Proteins and metabolites measured in the context of macrophage metabolism. Macrophages can
rely on different metabolic pathways depending on their activation state. Here the glycolytic, pentose phosphate,
fatty acid oxidation, tricarboxylic acid, and electron transport chain pathways are depicted. Metabolites and
proteins that were measured in this study are indicated in bold. Figure created with Biorender.com.



KDAC inhibition has only a minor effect on the metabolism of alveolar-like
macrophages

Since protein levels alone may not suffice to determine whether metabolic activity
has changed upon LPS stimulation with or without KDAC inhibition, we assessed
cellular metabolic rates using extracellular flux analysis. We first measured
glycolytic function showing that LPS does not induce a glycolytic shift in alveolar-
like macrophages, in accordance with results in primary alveolar macrophages by
Woods et al (6) (Figure 6A-B). In addition, prior treatment with either KDAC3
or KDAC1/2/3 inhibitors did not affect glycolytic function, suggesting that the
shift from pro- to anti-inflammatory behavior in these macrophages was not
accompanied by a change in glycolytic activity (Figure 6).
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Figure 6: Effects of LPS and/or KDAC inhibitors MS275 or RGFP966 on glycolytic function of alveolar-like
macrophages. Alveolar-like macrophages were incubated with 1 ug/ml KDAC1/2/3 inhibitor MS275, KDAC3
inhibitor RGFP966, or vehicle for 16 h and then stimulated with 10 ng/ml LPS or vehicle for 4 h. Extracellular
acidification rates (ECAR) were measured with a glycolysis stress test using a Seahorse XF96 and normalized to
protein concentration in each well using a BCA assay. (A) Macrophages were treated sequentially with glucose,
oligomycin (ATP synthase inhibitor), and 2-DG (2-deoxyglucose, a glucose analogue). (B) Bars quantify glycolytic
function. Data represent three biological replicates which are the average of 6 technical replicates per biological
replicate. Colored dots indicate the different independent replicates. Glycolysis parameters were compared
among treatments using a Wilcoxon test for CTRL vs LPS and Friedman test with a Dunn’s correction for multiple
testing for LPS vs KDAC inhibitor+LPS. P<0.05 was considered significant.



We next assessed mitochondrial respiration in alveolar-like macrophages to
investigate whether LPS-induced production of inflammatory mediators was
fueled by oxidative phosphorylation and if so, whether this was affected by KDAC
inhibitors. Treatment with only LPS did not change any of the mitochondrial
respiration parameters compared to untreated controls (Figure 7). However,
pretreatment with KDAC3 inhibitor RGFP966 resulted in a slightly higher spare
capacity compared to treatment with LPS alone. Pretreatment with KDAC1/2/3
inhibitor MS275 did not affect mitochondrial respiration and neither did treatment
with the KDAC inhibitors in absence of LPS (Supplementary Figure 2).

A)
S
&
N Q ‘s
= - oM S N
= 250 ® &L <9 = LPS
g 200- MS275+LPS
s RGFP+LPS
£ 150
£
£ 100-H‘{—‘
o
£
£ 50
o
(%]
o 0 T 1
0 50 100
Time (minutes)
B) KDACi effect
i 4 P=0,0151
g
E m LPS
S 5004 V MS275+LPS
g & RGFP+LPS
E
3
£
g
"4
(%]
o
v
T

T T T T
Basal respirati il piration Spare capacity ATP production Proton leak

Figure 7: Effects of LPS and/or KDAC inhibitors MS275 or RGFP966 on mitochondrial respiration in
alveolar-like macrophages. Alveolar-like macrophages were incubated with 1 ug/ml KDAC1/2/3 inhibitor MS275,
KDAC3 inhibitor RGFP966, or vehicle for 16 h and then stimulated with 10 ng/ml LPS or vehicle for 4 h. Oxygen
consumption rates (OCR) were measured with a mitochondrial stress test using Seahorse XF96 and normalized to
protein concentration in each well using a BCA assay. (A) Macrophages were treated sequentially with oligomycin
(ATP synthase inhibitor), FCCP (carbonyl cyanide-p- trifluoromethoxyphenyl-hydrazon), and rotenone. (B) Bars
quantify mitochondrial respiration of macrophages treated with either LPS and/or KDAC inhibitors. Data represent
seven biological replicates which is the average of 6 technical replicates per biological replicate. Colored dots
indicate the differentindependent replicates. Mitochondrial parameters were compared among treatments using
a Friedman with a Dunn'’s correction for multiple testing for LPS vs KDACi+LPS. P<0.05 was considered significant.



KDAC inhibition does not affect the levels of metabolites in alveolar-like mac-

rophages

Pro-inflammatory activation of many types of macrophages is not only characterized
by a shift from oxidative phosphorylation to glycolysis, but also by interruptions
in the TCA cycle (48). Breaks after the generation of citrate and after succinate
(Figure 5) result in the accumulation of these two metabolites (48). To investigate
these responses in alveolar-like macrophages in the context of LPS stimulation and
KDAC inhibition, we investigated levels of the main metabolites of the TCA cycle
and of the amino acids that are substrates of the TCA cycle.

Stimulation of alveolar-like macrophages with LPS resulted in significantly more
succinate but no changes in citrate compared to untreated controls (Figure 8A).
However, we found significantly higher levels of a-ketoglutarate and malate after
LPS stimulation, key TCA cycle metabolites that support immune responses (49,50).
Pretreatment with either KDAC inhibitor prior to LPS stimulation did not change
the levels of any of the measured metabolites or amino acids compared to LPS
stimulation alone (Figure 8). Bar plots of individual metabolite levels can be found
in Supplementary Figure 4 and Supplementary Figure 5.
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Figure 8: Effects of LPS and/or KDAC inhibitors MS275 or RGFP966 on TCA cycle metabolite and amino
acid levels in alveolar-like macrophages. Alveolar-like macrophages were incubated with 1 ug/ml KDAC1/2/3
inhibitor MS275, KDAC3 inhibitor RGFP966, or vehicle for 16 h and then stimulated with 10 ng/ml LPS or vehicle
for 4 h. Metabolite concentration levels were measured (A) with GC-MS or (B) with HPLC. Data are represented as a
radar plot (as % of control, n=6). Levels of three metabolites were significantly higher in LPS-treated macrophages
compared to control, respectively (C) malate, (D) succinate, and (E) a-ketoglutarate. Colored dots indicate the
different independent replicates.



DISCUSSION

Our main aim was to investigate if anti-inflammatory effects of lysine deacetylase
inhibitors in alveolar-like macrophages were associated with metabolic changes
in these cells to elucidate their mechanism of action. We focused on macrophage
metabolism as metabolic adaptations are functionally important in many types of
macrophages and lysine acetylation is closely associated with cell metabolism. To
our knowledge, this is the first study to investigate the effects of lysine deacetylase
inhibitors in this context using a multi-omics approach. Our finding that alveolar-
like macrophage metabolism is mostly unchanged after a pro-inflammatory
stimulus like LPS was rather unexpected. It suggests that, even though metabolic
reprogramming is crucial in many other types of macrophages to respond to pro- and
anti-inflammatory stimuli, alveolar-like macrophages do not seem to rely on this
mechanism. This is in agreement with data reported by Woods et al. (6). Based on
our proteomics results, we hypothesize that other post-translational modifications,
such as ubiquitination, may be potential drivers of the anti-inflammatory effects
of KDAC inhibitors. Our data illustrate that a multi-omics approach is necessary
to discover how a complex cell model interacts with its environment. More detailed
studies investigating ubiquitination as a potential driver of KDAC inhibition may
help developing novel anti-inflammatory drugs for difficult to treat diseases such
as COPD.

Leus et al (20,21) previously showed that KDAC inhibitors MS275 and RGFP966
attenuated smoke- and LPS-induced inflammation in lung tissue. Our results
confirm that these inhibitors exert similar anti-inflammatory effects in alveolar-like
macrophages and they suggest further that KDAC3 inhibition by RGFP966 results
in a more pronounced inhibitory effect than inhibiting KDAC1, 2, and 3 by MS275 in
LPS-stimulated macrophages. This latter inhibitor only induced significantly higher
expression of SOCS3 mRNA, suggesting a time lag compared to RGFP966, that
already resulted in differential expression at the cytokine secretion level. This may
be related to the lower specificity of MS275, a fact that is corroborated by our finding
that MS275 treatment induced more changes to the proteome than RGFP966. In
fact, in a cell-free system MS275 inhibited KDAC1, 2, and 3 (IC50 0.228, 0.364, and
0.744 uM, respectively), while RGFP966 only selectively inhibited KDAC3 (IC50
2.686 uM) (51), and similar values were obtained in RAW264.7 macrophages (52).

Our proteomics results in conjunction with subsequent pathway analyses
suggest that MS275 and RGFP966 mediate their anti-inflammatory effects by
increasing protein ubiquitination and that this may be a potential driver of the
anti-inflammatory effects of KDAC inhibitors. Protein ubiquitination is a post-
translational modification process that plays a crucial role in maintaining cellular



homeostasis (53) and it has been shown that alterations in this process can lead
to changes in macrophage function, especially in generation of reactive oxygen
species (54). It has been reported that the activity of the TNFa signaling pathway
is controlled by ubiquitination and that_inhibiting protein ubiquitination leads to
increased inflammatory activity in macrophages (54—56). Since ubiquitination
and acetylation are mutually exclusive post-translational modifications, meaning
that they share the same modification site, i.e. the epsilon amino group of lysine
(57,58), it is conceivable that changing protein acetylation patterns results in a
modified ubiquitination pattern. The balance between protein acetylation and
protein ubiquitination plays an important role in regulating protein stability,
since an acetylated lysine residue cannot be ubiquitinated, therefore enhancing
protein stability. For acetylated lysine residues to be ubiquitinated, they need to be
deacetylated by KDAC and this process is blocked by treatment with the inhibitors.
This could be one of the reasons why many more proteins (403 versus 20) were
differentially expressed in macrophages pre-treated with MS275 compared to
those pre-treated with RGFP966, since MS275 has a broader activity spectrum
than RGFP966.

While pathway enrichment provided insights into possible biological mechanisms,
specific proteins that were strongly upregulated after MS275 and LPS treatment
may give further insights into particular responses. The top 3 most upregulated
proteins in alveolar-like macrophages pre-treated with MS275 compared to LPS-
only treatment, were INCA1 (Inhibitor Of CDK, Cyclin A1 Interacting Protein 1),
JAM-A (junctional adhesion molecule A), and MMP12 (macrophage metalloelastase
12). The function of INCA1 is still relatively unknown, but it has been reported to
inhibit the activity of cyclin-dependent kinases and cell proliferation (59). However,
no clear connection to the lung (60) has been described. JAM-A was shown to
have an important role in inflammatory processes, since it is a transmembrane
domain protein that is necessary for diapedesis at inflammatory sites (61). A
recent publication by Kiss et al. demonstrated that JAM-A expression increased
in tumors during monocyte-to-macrophage differentiation (62) indicating that
it may play a role in macrophage-mediated inflammation. Furthermore, JAM-A
was shown to play a key role in maintaining lung epithelial barrier function
(63), making this protein a potential candidate for further investigations in the
context of macrophage-epithelial communication. MMP12 is an endopeptidase
that plays a crucial role in smoke-induced inflammation in COPD by contributing
to alveolar tissue destruction and subsequent emphysema development (64). Its
higher expression after KDAC inhibitor treatment is therefore somewhat puzzling.
However, MMP12 has been reported to have a dual role by being associated with
both pro-inflammatory (65,66) and anti-inflammatory (65,66) effects, reflecting the



plasticity of alveolar macrophages. In our case, we found more MMP12 in cells that
have higher expression of anti-inflammatory genes. This could be one of the first
steps leading to an attenuation of inflammatory responses through downregulation
of recruitment of polymorphonuclear leukocytes in vivo (67).

The only significantly differentially expressed proteins affected by both KDAC
inhibitor treatments were Lims1 (LIM and senescent cell antigen-like-containing
domain protein 1) and Ltvi (low temperature viability protein 1), which were
downregulated in both cases. Lims 1, also known as Pinchi, is a focal adhesion
protein important in cellular processes like cell shape modulation, motility, and
survival (68). Ltv1 is an assembly factor, that together with ribosomal proteins helps
correct ribosome assembly (69). No direct correlation was found between Lims1
or Ltvi expression and macrophage activity, indicating two possible proteins of
interest to investigate further in alveolar macrophages.

The aim of our studies was to investigate whether anti-inflammatory effects of
KDAC inhibitors could be driven by metabolic changes in macrophages. Many
studies have shown that when macrophages polarize to an anti-inflammatory or
alternatively activated phenotype they rely on oxidative phosphorylation and on the
beta-oxidation of fatty acids to produce ATP, while they rely on glycolysis when they
polarize to a pro-inflammatory or classically activated phenotype. This dualistic
view is now recognized as being overly simplistic (46,70), since it has recently
been shown that tissue-resident alveolar macrophages do not rely on glycolysis to
respond to pro-inflammatory stimuli (6). Using a multi-omics approach allowed us
to confirm this recent finding in our model system and to study whether effects of
KDAC inhibitors depend on metabolic changes in alveolar-like macrophages from
many different angles. While we did not see any functional metabolic changes using
extracellular flux analysis, treatment with LPS resulted in higher levels of three
key intracellular metabolites of the TCA cycle. This finding is in line with pro-
inflammatory metabolic reprogramming with a broken TCA cycle, represented by
higher levels of succinate, and is also coupled with higher concentrations of malate
and a-ketoglutarate. These two latter metabolites correlated to inflammation in
macrophages by supporting the production of cytokines and other immune effector
molecules in previous studies (49,50), suggesting that the changes in metabolism in
alveolar macrophages may be too subtle to pick up with extracellular flux analysis.
Mitochondrial respiration at the spare respiratory capacity level was slightly higher
when cells were treated with KDAC inhibitor RGFP966. This deacetylase inhibitor
clearly inhibited release of proinflammatory cytokines in LPS-treated macrophages
and therefore the small but significant induction of mitochondrial respiration fits
with this metabolic reprogramming (71,72). One limitation of our study was the



use of self-propagating cells, which was necessary to obtain a sufficient protein
yield for proteomics analysis and metabolite production. However, it should be
noted that our model does not accurately replicate the in vivo environment as it
only represents a single immune cell population and lacks the complex matrix in
which the cells reside. Nonetheless, this model holds potential for investigating
the influence of lysine deacetylation on diseases regulated by macrophages and
exploring therapeutic interventions.

In conclusion, we found that inhibition of protein deacetylation and notably of
KDAC3 attenuates activation of LPS-stimulated alveolar-like macrophages but has
surprisingly little effect on macrophage metabolism. Other inhibitory mechanisms,
such as a reduced level of protein ubiquitination, may open new avenues for the
treatment of diseases characterized by chronic inflammation, like COPD, that do
not respond well to corticosteroids.
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Supplementary Figure 1: Effects of KDAC inhibitors MS275 or RGFP966 on TNF-a, IL-10, and IL-6 excretion
in culture supernatant of alveolar-like macrophages stimulated with lipopolysaccharide (LPS) for 4 hours.
(A) Effect of KDAC inhibition and LPS stimulation on IL-10 cytokine excretion levels. (B) Effect of KDACi inhibition
and LPS stimulation on TNF-a cytokine excretion levels. (C) Effect of KDACi inhibition and LPS stimulation on IL-6
cytokine excretion levels. A Wilcoxon test was used to compare control versus LPS stimulation. Groups stimulated
with or without KDAC inhibitors were compared using a Friedman test with a Dunn’s correction for multiple testing
(n=5). P<0.05 was considered significant. In panel (C) no statistical analysis was performed as only 2 biological
replicates were compared.
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Supplementary Figure 2: Effect of KDAC inhibitor pre-treatment on mitochondrial respiration in alveolar-
like macrophages. Bars quantify mitochondrial respiration of macrophages when treated with KDAC inhibitors.
Data represent seven biological replicates (n=6 separate wells per condition). Mitochondrial parameters were
compared among treatments and significance was calculated by Friedman test with a Dunn’s correction for
multiple testing for CTRL vs KDAC inhibition. All error bars are shown as mean + SD.
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Supplementary Figure 3: Protein expression of metabolic enzymes in alveolar-like macrophages after
KDAC inhibitor treatment in combination or not with LPS. Cells were incubated with KDAC inhibitors (MS275/
RGFP966) with or without LPS (LPS, control) for 16 h. After 16 h cells were stimulated with LPS (10 ng/mL). Protein
expression levels were measured with a targeted approach, using concatenated peptides as internal standards for
protein quantification. Data are represented as radar plots (as percentage of control, n=6). (A) Proteins belonging
to the glycolytic pathway, (B) proteins belonging to the connection between glycolysis and the TCA cycle as part of
the pyruvate dehydrogenase complex, (C) proteins belonging to the TCA cycle, (D) proteins belonging to the fatty
acid oxidation processes (FAO), and (E) proteins belonging to the electron transport chain (see Figure 5 for details).
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Supplementary Figure 4: Levels of TCA cycle metabolites in alveolar-like macrophages after KDAC
inhibitor treatment in the presence of absence of LPS. A Wilcoxon test was used to compare control versus
LPS stimulation. Groups stimulated with or without KDAC inhibitors were compared using a Friedman test with
a Dunn’s correction for multiple testing (n=6 for malate, succinate, fumarate, a-ketoglutarate, citrate; n=3 for
glutamate, aspartate, alanine, glutamine). P<0.05 was considered significant.
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Supplementary Figure 5: Levels of amino acids in alveolar-like macrophages after KDAC inhibitor
treatment in the presence or absence of LPS. A Wilcoxon test was used to compare control versus LPS
stimulation. Groups stimulated with or without KDAC inhibitors were compared using a Friedman test
with a Dunn’s correction for multiple testing (n=6). P<0.05 was considered significant.



Supplementary Table 1: Protein expression in alveolar-like macrophages after KDAC inhibitor treatment in
combination with LPS or not. Cells were incubated with and without KDAC inhibitor MS275 (MS275+LPS, LPS)
for 16 h. After 16 h cells were stimulated with LPS (10 ng/mL). Protein expression levels were measured with an
untargeted approach.

Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

Protein INCA1 0.038 15.78 15.74 19.22

Junctional adhesion molecule A 0.022 4.91 13.53 15.84

Macrophage metalloelastase 0.038 4.69 13.8 16.59

Glutamine synthetase 0.007 3.88 16.03 17.18

Hyccin 0.03 3.73 12.52 14.83

Plasminogen activator inhibitor 1  0.028 3.56 14.08 16.73

39S ribosomal protein L37, 0.031 3.43 13.69 15.54

mitochondrial

Cytoskeleton-associated protein 4 0.001 3.31 14.39 16.36

Platelet glycoprotein 4 0.006 3 14.69 16.57

Conserved oligomeric Golgi 0.029 2.99 12.82 14.46

complex subunit 4

2-(3-amino-3-carboxypropyl) 0.018 2.97 12.13 13.42

histidine synthase subunit 2

Cyclin-dependent kinase inhibitor 0.014 2.88 14.54 16.12

1

G protein-coupled receptor kinase 0.023 2.81 13.42 15.29

6

Fibronectin type III domain- 0.029 2.58 12.65 14.2

containing protein 3B

5-aminolevulinate synthase, 0.026 2.58 13.16 15.73

nonspecific, mitochondrial

Transmembrane protein 245 0.03 2.56 14.16 15.21

Microtubule-associated protein 0.014 2.49 14.86 16.15

RP/EB family member 3

CDGSH iron-sulfur domain- 0.048 2.41 14.19 15.49

containing protein 3,
mitochondrial

ER membrane protein complex 0.033 2.39 16.05 17.04
subunit 1

Uncharacterized protein 0.037 2.19 13 14.64
KIAAo0513

Vacuolar protein sorting- 0.036 2.18 15.27 15.92
associated protein 16 homolog

Bcl-2-like protein 11 0.04 2.17 14.13 14.82
Aldehyde dehydrogenase, dimeric  0.024 2.17 16.48 17.78
NADP-preferring

Microtubule-associated protein 0.01 2.1 14.64 15.93
RP/EB family member 2

Stimulator of interferon genes 0.047 2.07 14.75 15.5
protein

Store-operated calcium entry- 0.046 2.01 16.02 17.13
associated regulatory factor

ADP-ribosylation factor-like 0.038 1.95 17.41 18.82

protein 8B
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Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

Carbonic anhydrase 4 0.004 1.91 20.64 21.79

ATP-dependent zinc 0.005 1.9 15.28 16.39

metalloprotease YME1L1

Misshapen-like kinase 1 0.012 1.89 17.26 18.31

Protein transport protein Sec61 0.032 1.86 17.04 17.86

subunit beta

Nuclear pore membrane 0.007 1.84 15.87 16.83

glycoprotein 210

Melanoma inhibitory activity 0.039 1.82 12.9 13.87

protein 2

Myeloid leukemia factor 2 0.031 1.82 16.12 16.8

Dehydrogenase/reductase SDR 0.04 1.82 17.15 18.07

family member 1

Conserved oligomeric Golgi 0.034 1.81 12.94 13.88

complex subunit 2

Adhesion G protein-coupled 0.032 1.8 14.59 15.37

receptor L2

Disintegrin and metalloproteinase 0.012 1.79 14.56 15.27

domain-containing protein 10

Ras-related protein Rab-8B 0.03 1.78 15.76 16.35

Ubiquitin-conjugating enzyme 0.021 1.78 15.31 16.04

E2J1

NADH dehydrogenase 0.047 1.76 16.01 17.34

[ubiquinone] 1 beta subcomplex

subunit 5, mitochondrial

Serine/threonine-protein kinase =~ 0.045 1.76 12.04 13.42

Nek4

Vesicle-associated membrane 0.000525 1.75 14.77 15.68

protein 4

MAP kinase-activated protein 0.001 1.75 16.54 17.14

kinase 2

Tyrosine-protein kinase ABL2 0.037 1.75 14.07 14.5

Sentrin-specific protease 3 0.019 1.75 13.51 14.74

Unconventional myosin-Ie 0.046 1.74 16.12 17.37

Kinesin-like protein KIF1B 0.017 1.74 15.4 16.35

Complex I assembly factor 0.021 1.74 15.81 16.52

ACAD9, mitochondrial

Mitochondrial proton/calcium 0.001 1.73 16.55 17.29

exchanger protein

Prenylcysteine oxidase 0.008 1.72 16.19 17.38

Brain-specific angiogenesis 0.049 1.71 13.87 14.78

inhibitor 1-associated protein 2

Nardilysin 0.02 1.7 14.56 15.33

Dolichyl- 0.037 1.68 18.81 19.42

diphosphooligosaccharide-

-protein glycosyltransferase

subunit 1

Proteolipid protein 2 0.049 1.68 18.17 18.51

Long-chain-fatty-acid--CoA ligase 4 0.048 1.66 15.23 15.86

93



Chapter 3

Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

Citrate synthase, mitochondrial 0.002 1.64 18.9 19.5

Unconventional myosin-VI 0.017 1.63 15.59 16.15

Ubiquitin carboxyl-terminal 0.024 1.63 14.6 15.32

hydrolase MINDY-2

Vesicle transport through 0.041 1.61 15.26 15.8

interaction with t-SNAREs

homolog 1B

Cytoplasmic FMR1-interacting 0.007 1.61 12.66 13.34

protein 2

Selenocysteine-specific elongation 0.024 1.61 16.11 16.41

factor

ATP-dependent 0.015 1.6 17.84 18.48

6-phosphofructokinase, platelet

type

Supervillin 0.038 1.59 15.36 16.26

Branched-chain-amino-acid 0.032 1.58 16.69 17.51

aminotransferase, mitochondrial

Pyruvate carboxylase, 0.01 1.58 18.92 19.53

mitochondrial

Terminal uridylyltransferase 7 0.019 1.58 16.05 16.54

Sulfide:quinone oxidoreductase,  0.042 1.58 15.55 16.47

mitochondrial

E3 ubiquitin-protein ligase 0.033 1.57 14.59 15.21

ZNF598

N-alpha-acetyltransferase 25, 0.023 1.56 14.56 15.3

NatB auxiliary subunit

Septin-10 0.005 1.56 14.91 15.48

39S ribosomal protein L53, 0.017 1.56 15.98 16.62

mitochondrial

Lamina-associated polypeptide 0.035 1.55 17.54 18.43

2, isoforms beta/delta/epsilon/

gamma

Integrin beta-2 0.014 1.54 19.08 19.58

RNA polymerase 11 elongation 0.002 1.53 15.64 16.35

factor ELL

ATP-dependent 0.045 1.53 16.91 17.36

6-phosphofructokinase, liver type

GTPase KRas 0.02 1.53 15.46 15.77

Adipocyte plasma membrane- 0.024 1.53 15.66 16.12

associated protein

Hexokinase-1 0.02 1.52 17.01 17.76

Protein unc-45 homolog A 0.002 1.52 16.93 17.68

ERO1-like protein alpha 0.05 1.51 18.63 19.28

Cytochrome b-c1 complex subunit 0.026 1.51 17.32 17.77

8

Geranylgeranyl transferase type-2 0.039 1.51 13.71 14.51

subunit alpha

MAPK-interacting and spindle- 0.009 0.3 18.38 16.93

stabilizing protein-like
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Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

Transcription elongation factor 1 0.034 0.4 14.72 13.06

homolog

Probable RNA-binding protein 0.019 0.4 14.04 13.22

EIF1AD

Sorting nexin-15 0.028 0.4 15.2 14.22

LIM and senescent cell antigen-  0.05 0.4 16.22 15.16

like-containing domain protein 1

Eukaryotic translation initiation  0.044 0.41 19.92 18.11

factor 3 subunit J-A;Eukaryotic
translation initiation factor 3

subunit J-B

Desumoylating isopeptidase 1 0.047 0.42 17.66 16.62
Keratin, type I cytoskeletal 42 0.007 0.44 16.71 15.74
Protein SSXT 0.04 0.47 17.1 16.15
1,2-dihydroxy-3-keto-5- 0.006 0.47 16.26 14.94
methylthiopentene dioxygenase

S-phase kinase-associated protein 0.031 0.47 17.94 16.76
1

Protein LTV1 homolog 0.004 0.49 16.97 15.87
Mediator of RNA polymerase Il 0.049 0.49 14.5 13.4
transcription subunit 4

Protein Spindly 0.041 0.5 15.82 14.94
Uncharacterized protein C7orf50  0.047 0.5 15.29 14.76
homolog

Coagulation factor X 0.00022 0.51 15.73 14.66
G-protein-signaling modulator 3  0.033 0.51 16.23 15.32
Centrosomal protein of 55 kDa 0.016 0.51 16.06 14.67
Intraflagellar transport protein 22 0.045 0.52 15.64 14.32
homolog

Filamin A-interacting protein 0.007 0.53 13.75 13.05
1-like

Protein LZIC 0.019 0.53 17.39 16.68
Sperm-associated antigen 7 0.006 0.54 15.89 14.99
UV excision repair protein RAD23 0.009 0.55 19.02 18.25
homolog B

Tyrosine-protein phosphatase 0.021 0.55 17.52 16.57
non-receptor type 18

Zinc finger CCCH domain- 0.038 0.55 15.97 14.63
containing protein 14

Probable cytosolic iron-sulfur 0.026 0.55 16.51 15.76
protein assembly protein CIAO1

SAP30-binding protein 0.011 0.56 16.71 15.55
ETS-related transcription factor ~ 0.038 0.56 15.65 14.22
Elf-1

Coiled-coil domain-containing 0.01 0.56 16.16 15.61
protein 50

U3 small nucleolar RNA- 0.045 0.56 15.92 15.13

associated protein 15 homolog
Bromodomain-containing protein 7 0.021 0.57 15.11 14.53
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Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

Transducin-like enhancer protein 0.02 0.57 13.2 12.11
3
Protein dpy-30 homolog 0.000852 0.57 16.15 15.36
Lactoylglutathione lyase 0.049 0.57 14.97 14.36
Copper chaperone for superoxide 0.046 0.57 17.21 16.17
dismutase
E3 ubiquitin-protein ligase 0.028 0.58 12.92 11.96
RNF149
Pre-mRNA-splicing factor ISY1 0.041 0.58 16.88 15.81
homolog
Adapter molecule crk 0.013 0.59 17.64 16.45
Protein N-terminal asparagine 0.011 0.59 14.3 13.05
amidohydrolase
PSME3-interacting protein 0.006 0.59 15.78 15.17
Interferon regulatory factor 0.008 0.6 17.59 16.98
2-binding protein 2
Prefoldin subunit 2 0.037 0.6 18.72 18
Growth factor receptor-bound 0.024 0.61 19.26 18.55
protein 2
Protein canopy homolog 4 0.012 0.61 17.36 16.55
Protein PBDC1 0.041 0.61 18.79 18.17
EF-hand domain-containing 0.025 0.61 18.69 18.11
protein D2
Zinc finger protein ubi-d4 0.002 0.62 16.89 16.22
Astrocytic phosphoprotein PEA-15 0.012 0.62 15.92 15.57
SAM and SH3 domain-containing 0.016 0.62 17.06 16.09
protein 3
Nucleoplasmin-3 0.000666 0.62 17.3 16.52
Disabled homolog 2 0.043 0.63 20.87 20.32
SH3 domain-binding glutamic 0.037 0.63 17.24 15.98
acid-rich-like protein 2
Protein canopy homolog 2 0.046 0.63 17.39 16.93
Desmoplakin 0.03 0.64 16.71 15.69
Proteasome activator complex 0.032 0.64 17.99 17.21
subunit 3
Enhancer of rudimentary homolog 0.013 0.64 19.03 18.64
Growth arrest-specific protein7 ~ 0.019 0.64 14.84 14.21
Coiled-coil domain-containing 0.034 0.64 16.51 16.13
protein 25
CGG triplet repeat-binding protein 0.003 0.64 16.66 15.94
1
Interferon regulatory factor 0.032 0.64 13.58 12.86
2-binding protein 1
StAR-related lipid transfer protein 0.039 0.64 14.4 13.32
4
Translation machinery-associated 0.004 0.64 15.28 14.56
protein 16

NSFL1 cofactor p47 0.045 0.64 18.54 18.14
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Protein Corrected p Fold change Median LPS Median

value MS275+LPS vs (Log, MS275+LPS
LPS Intensity) (Log, Intensity)

MAP7 domain-containing protein 0.007 0.65 17.08 16.26

1

Nuclear autoantigenic sperm 0.006 0.65 19.17 18.38

protein

Ribonuclease H2 subunit C 0.022 0.65 14.76 14.02

Glutaredoxin-3 0.000369 0.65 17.05 16.41

Mitochondrial import inner 0.038 0.65 16.43 15.67

membrane translocase subunit

Tim10 B

MKI67 FHA domain-interacting  0.018 0.66 17.21 16.33

nucleolar phosphoprotein

Tetratricopeptide repeat protein 1  0.036 0.66 18.09 17.6

Pre-mRNA-splicing factor SYF2 ~ 0.038 0.66 15.15 14.66

DnaJ homolog subfamily B 0.009 0.66 17.13 16.47

member 1

Eukaryotic translation initiation ~ 0.022 0.66 19.72 19.11

factor 4H

Epididymis-specific alpha- 0.004 0.67 15.36 14.96

mannosidase

Transcription elongation factor 0.039 0.67 17.76 17.27

SPT5

Cellular nucleic acid-binding 0.048 0.67 18.7 17.91

protein

Thioredoxin domain-containing  0.014 0.67 16.94 16.44

protein 5

Zinc finger protein 593 0.043 0.67 16.88 16.27

DNA-directed RNA polymerases I 0.015 0.68 18.98 18.22

and III subunit RPAC1

Serine/arginine-rich splicing 0.047 0.68 20.1 19.72

factor 6

Poly(U)-binding-splicing factor 0.009 0.68 19 18.44

PUF60

Protein FAM76B 0.038 0.68 14.62 14.11

Mitochondrial import inner 0.043 0.68 20.38 19.62

membrane translocase subunit

Tim8 A

Cleavage stimulation factor 0.044 0.69 19.82 19.17

subunit 2

Aminoacylase-1 0.017 0.69 16.22 15.81

97



Chapter 3

Supplementary Table 2: Protein expression in alveolar-like macrophages after KDAC inhibitor treatment in
combination with LPS or not. Cells were incubated with and without KDAC inhibitor RGFP966 (RGFP966+LPS,
LPS) for 16 h. After 16 h cells were stimulated with LPS (10 ng/mL). Protein expression levels were measured with
an untargeted approach.

Protein Corrected p Fold change Median LPS Median

value RGFP+LPS vs LPS (Log, Intensity) RGFP+LPS
(Log, Intensity)

Pre-mRNA-splicing factor 0.041 2.49 13.97 16.6

38A

Protein spire homolog 1 0.011 2.19 11.44 12.13

Class E basic helix-loop-helix 0.017 2.01 12.17 13.08

protein 41

CUGBP Elav-like family 0.028 1.94 12.41 13.31

member 1

Prolactin-7C1 0.01 1.7 12.33 13.54

Ubiquitin carboxyl-terminal  0.015 1.59 14.8 15.39

hydrolase 10

NAD-dependent malic 0.036 1.57 15.63 16.51

enzyme, mitochondrial

Transcription initiation factor 0.029 0.48 16.21 14.92

TFIID subunit 10

Protein disulfide isomerase ~ 0.021 0.53 16.92 16.13

Creld2

Volume-regulated anion 0.018 0.55 15.66 15.22

channel subunit LRRC8C

Protein Dr1 0.036 0.55 15.86 15.29

LIM and senescent cell 0.017 0.6 16.22 15.5

antigen-like-containing
domain protein 1

U6 snRNA-associated Sm-like 0.05 0.61 16.03 15.41
protein LSm6

WASH complex subunit 3 0.034 0.62 15.84 15.28
Mediator of RNA polymerase 0.047 0.63 15 14.26
II transcription subunit 10

Acylphosphatase-1 0.02 0.64 16.93 16.32
Charged multivesicular body 0.031 0.66 16.68 15.98
protein 3

Protein LTV1 homolog 0.012 0.67 16.97 16.35
Guanylate-binding protein1  0.017 0.68 13.13 12.57
Calmodulin-1;Calmodulin- 0.006 0.68 17.65 17.01

2;Calmodulin-3
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Supplementary Table 3: Protein expression of metabolic enzymes in alveolar-like macrophages after KDAC
inhibitor treatment in combination with LPS or not. Cells were incubated with KDAC inhibitors (MS275/RGFP966)
with and without LPS (LPS, control) for 16 h. After 16 h cells were stimulated with LPS (10 ng/mL). Protein expression
levels were measured with a targeted approach, using concatenated peptides as internal standards for protein
quantification. Data reported as the percentage of control.

Proteins CTRL LPS MS275+ RGFP966+ p-value  Corrected Corrected
(%CTRL) (%CTRL) LPS LPS CTRLvs  p-value p-value
(%CTRL)  (%CTRL) LPS MS275+LPS RGFP966+
vs LPS LPS vs LPS
Aldolase 95.19 94.63 101.90 112.43 >0,999 >0,999 0,742
Phosphoglycerate Kinase  91.82 97.54 101.17 131.23 >0,999 0,527 0,527
Phosphoglycerate Mutase 121.66 171.53 136.66 104.34 0,844 0,742 >0,999
Enolase 96.65 95.48 129.77 108.68 0,844 >0,999 0,742
Pyruvate Kinase 129.11 113.63 115.39 114.46 0,844 >0,999 >0,999
Lactate dehydrogenase 151.49 202.41 123.19 102.28 0,688 0,147 0,088
Pyruvate dehydrogenase E1 99.05 87.96 96.93 123.47 0,438 0,773 0,773
subunit alpha
Dihydrolipoamide 132.41 153.35 105.81 95.92 0,844 0,773 0,167
S-Acetyltransferase
Dihydrolipoamide 97.94 95.85 115.87 93.82 0,688 >0,999 0,773
Dehydrogenase
Malate dehydrogenase 95.94 93.70 104.36 112.62 0,688 0,773 >0,999
Aconitase 94.08 91.12 129.31 123.77 0,438 0,773 >0,999
Succinyl-CoA synthetase  104.35 93.08 93.92 96.52 0,688 >0,999 0,773
Alpha-keto glutarate 95.77 89.38 109.49 117.86 0,844 0,087 0,298
dehydrogenase
Fumarase 109.35 108.58 99.26 113.23 0,563 >0,999 >0,999
Citrate Synthase 124.72 87.77 98.52 104.11 0,500 >0,999 >0,999
acyl-Coenzyme A 105.68 88.28 100.49 104.14 0,313 >0,999 >0,999
dehydrogenase
short-chain acyl-CoA 96.07 92.95 93.98 107.08 0,844 >0,999 >0,999
dehydrogenase
Enoyl-CoA Delta 128.55 98.64 111.86 106.98 0,563 >0,999 >0,999
Isomerase 1
3-hydroxyacyl-CoA 99.96 91.03 100.99 103.41 0,438 0,496 >0,999
dehydrogenase
Acetyl-CoA acyltransferase 116.47 86.80 85.65 101.49 0,500 >0,999 >0,999
2
ATP synthase 95.14 87.23 121.80 104.92 0,563 0,298 >0,999
Cytochrome c oxidase 101.80 93.18 90.47 113.76 0,688 >0,999 >0,999
Cytochrome ¢ 84.59 148.67 101.14 103.92 0,156 0,167 0,167
Electron-transfer- 124.28 133.36 104.00 104.15 0,844 0,773 0,773
flavoprotein
Glucose-6-phosphate 99.21 83.65 109.86 101.85 0,438 0,087 0,298
dehydrogenase
Glutathione reductase 90.36 92.56 95.40 107.42 0,563 0,496 0,298
Pyruvate carboxylase 109.64 112.12 126.14 101.54 >0,999 >0,999 0,773
Phosphoenolpyruvate 101.10 109.87 154.27 130.70 0,844 0,773 0,773
Carboxykinase 2
Phosphogluconate 123.30 105.77 109.17 96.53 0,563 >0,999 0,773
dehydrogenase
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Proteins CTRL LPS MS275+ RGFP966+ p-value  Corrected Corrected
(%CTRL) (%CTRL) LPS LPS CTRL vs p-value p-value
(%CTRL)  (%CTRL) LPS MS275+LPS RGFP966+
vs LPS LPS vs LPS
Peroxiredoxin 6 123.05 122.64 192.77 128.34 0,844 >0,999 >0,999
Succinate dehydrogenase  122.31 100.32 151.73 115.61 0,563 0,298 >0,999
[ubiquinone]
Superoxide dismutase 2 121.96 96.55 115.44 112.88 0,313 0,496 >0,999
UDP-Glucose 97.25 92.60 121.44 104.00 0,688 0,773 0,773
Pyrophosphorylase 2
Very long-chain acyl-CoA  97.82 101.10 107.48 95.56 >0,999 >0,999 >0,999
dehydrogenase
ATP Citrate Lyase 116.79 138.50 107.97 103.41 0,563 0,298 0,496
2,4-Dienoyl-CoA 112.03 103.07 166.51 155.27 0,438 0,773 0,773
Reductase 1
Enoyl-CoA Hydratase 136.28 85.76 96.54 107.75 0,313 >0,999 0,298
Electron Transfer 113.78 107.48 86.60 110.61 0,844 >0,999 >0,999
Flavoprotein
Dehydrogenase
Glycosylphosphatidylinositol  111.27 95.98 115.89 99.29 0,750 0,829 0,615
Glutathione Peroxidase 4  121.15 96.62 96.72 88.64 0,563 0,625 >0,999
Hydroxyacyl-CoA 93.15 90.66 133.22 75.52 0,500 0,829 0,829
Dehydrogenase
Hydroxyacyl-CoA 108.28 93.54 92.65 116.56 0,563 >0,999 0,497
Dehydrogenase
Trifunctional Multienzyme
Complex Subunit Alpha
Hydroxyacyl-CoA 113.16 103.12 115.04 103.80 0,563 0,773 0,773
Dehydrogenase
Trifunctional Multienzyme
Complex Subunit Beta
Hexokinase 1 105.92 120.26 87.72 105.64 >0,999 >0,999 >0,999
Hexokinase 2 159.59 122.77 146.52 105.82 0,438 >0,999 >0,999
Lactate Dehydrogenase B 96.82 91.97 96.78 145.49 >0,999 >0,999 0,298
NADH:Ubiquinone 129.64 80.19 97.10 93.88 0,500 0,828 >0,999
Oxidoreductase Core
Subunit S1
Phosphoenolpyruvate 109.58 85.08 100.82 107.00 0,750 0,441 0,441
Carboxykinase 1
Phosphoinositide- 103.86 98.15 111.24 106.87 0,438 >0,999 0,496
dependent kinase-1
Pyruvate Dehydrogenase  123.51 92.71 88.41 95.17 0,500 >0,999 >0,999
Kinase 3
Phosphofructokinase 131.34 112.18 110.32 78.32 0,844 >0,999 0,773
Phosphoglucomutase 2 112.16 08.88 198.58 116.76 0,688 0,298 0,087
Solute Carrier Family 25  91.66 117.11 144.88 127.98 0,844 0,773 0,773
Member 1
solute carrier family 25 100.19 105.25 164.85 90.73 >0,999 >0,999 >0,999
member 10
solute carrier family 25 113.16 103.96 179.42 112.78 0,844 0,298 >0,999

member 22
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Responses of alveolar-like macrophages to lysine deacetylase inhibition

Proteins CTRL LPS MS275+ RGFP966+ p-value  Corrected Corrected
(%CTRL) (%CTRL) LPS LPS CTRLvs p-value p-value
(%CTRL)  (%CTRL) LPS MS275+LPS RGFP966+
vs LPS LPS vs LPS
solute carrier family 25 87.37 86.65 109.02 98.94 >0,999 0,298 >0,999
member 5
Succinate-CoA Ligase 104.42 92.48 100.28 97.57 0,438 >0,999 >0,999
ADP-Forming
Succinate-CoA ligase 150.73 78.80 105.99 99.36 0,500 >0,999 >0,999
[GDP-forming]
Ubiquinol-Cytochrome C  137.83 76.94 97.91 100.49 0,500 0,828 >0,999

Reductase Core Protein 2
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ABSTRACT

Idiopathic pulmonary fibrosis is a progressive lung disease that causes scarring
and loss of lung function. Macrophages play a key role in fibrosis, but their
responses to altered morphological and mechanical properties of the extracellular
matrix in fibrosis is relatively unexplored. Our previous work showed functional
changes in murine fetal liver-derived alveolar macrophages on fibrous or globular
collagen morphologies. In this study, we applied differential proteomics to further
investigate molecular mechanisms underlying the observed functional changes.
Macrophages cultured on uncoated, fibrous, or globular collagen-coated plastic were
analyzed by liquid chromatography-mass spectrometry. The presence of collagen
affected expression of 77 proteins, while 142 were differentially expressed between
macrophages grown on fibrous or globular collagen. Biological process and pathway
enrichment analysis revealed that culturing on any type of collagen induced higher
expression of enzymes involved in glycolysis. However, this did not lead to a higher
rate of glycolysis, probably because of a concomitant decrease in activity of these
enzymes. Our data suggest that macrophages sense collagen morphologies and can
respond with changes in expression and activity of metabolism-related proteins.
These findings suggest intimate interactions between macrophages and their
surroundings that may be important in repair or fibrosis of lung tissue.

Keywords: Macrophage polarization, Topography, Fibrosis, Metabolism,
Extracellular matrix.



INTRODUCTION

Fibrosis is defined as excessive accumulation of extracellular matrix (ECM), which
eventually impairs the function of an affected organ. Idiopathic pulmonary fibrosis
(IPF) is a chronic and progressive lung disease with a short life expectancy of 2-3
years after diagnosis. Treatment options are limited, as only two drugs have been
approved that slow down disease progression: nintedanib and pirfenidone [1].

The characteristic excessive deposition of ECM proteins in fibrosis, mostly by
myofibroblasts, changes the biochemical composition of a tissue. However, it is
becoming clear that ECM can also be structurally different because of aberrant
post-translational modifications [2]. For example, fibrils of collagen type I, the most
abundant ECM protein in fibrosis, are structurally different in lung tissue from
patients with IPF compared to control lung tissue [3]. All changes in biochemical
composition and post-translational modifications also affect the biophysical
properties of fibrotic tissue, such as tissue stiffness and topography [4-6]. The
resulting biochemically and biophysically altered ECM can be sensed by resident
cells and subsequently change their behavior, resulting in constant two-way
interactions [7].

Macrophages are important regulators of ECM homeostasis, as they can stimulate
both the production and degradation of ECM proteins [8]. Their ability to prevent or
resolve fibrosis in combination with the aberrant macrophage polarization observed
in fibrosis, makes studying their possible role in the pathogenesis of fibrosis
crucial. Although the effect of fibrosis-related soluble factors (such as cytokines)
on macrophage polarization and function has been studied extensively [9,10], their
ability to respond to fibrosis-related morphological changes in the ECM is relatively
unexplored [10].

Previously, we have shown that changes in the morphology of collagen type I,
either globular or fibrous, can affect the shape, marker expression and behavior
of murine fetal liver-derived alveolar macrophages [11]. Higher expression of the
mannose receptor (CD206), known to be upregulated on alveolar macrophages in
IPF, was found when alveolar macrophages were cultured on globular collagen.
Fibrous collagen led to higher expression of Ym1, a murine marker of pro-healing
macrophages. Moreover, macrophage shape changed distinctly in response
to fibrous and globular collagen, with a more amoeboid appearance on fibrous
collagen and a more mesenchymal appearance with many filopodia on globular
collagen. In parallel with these alterations in macrophage shape, transmigration
was higher when macrophages were cultured on fibrous collagen compared to the
uncoated condition [11]. However, the exact mechanisms behind these characteristic
responses are still elusive. In this study, we applied differential proteomics and



metabolic analysis to further elucidate macrophage responses to distinct collagen
type | morphologies and to unravel possible molecular mechanisms by which the
altered ECM in fibrosis affects macrophage function.

MATERIALS AND METHODS
Substrate preparation

Sterile cell culture plates were coated with 75 pl/em? rat-tail collagen type I
(Ibidi, Martinsried, Germany) at a concentration of 2.8 mg/mL at pH 3 (globular
structured collagen layers) or pH 7 (fibrous collagen layers), as described before [11].
The desired pH was achieved by diluting the collagen type I stock in either 17.5 mM
NaOH or 17.5 mM CH,COOH. Collagen layers were incubated at 37 °C for one hour,
subsequently washed twice with sterile water and allowed to dry overnight at 37 °C.

Cell culture

Alveolar macrophages derived from fetal monocytes according to the protocol
of Fejer et al. [12] (a kind gift by Dr. G. Fejer) were cultured in RPMI (Gibco
Laboratories, Grand Island, USA) supplemented with 10% heat-inactivated FCS
(Biowest, Nuaille, France), 10 ug/mL gentamycin (Gibco Laboratories) and 20 ng/
mL murine GM-CSF (Peprotech, Rocky Hill, USA). Once a week, macrophages were
detached with 1 mM EDTA (Merck, Darmstadt, Germany) and reseeded at a density
of 1x10° cells/mL. The cells were incubated at 37 °C and 5% CO,, and cell culture
medium was refreshed after 4 days. Macrophages between passage number 6 and 12
were seeded at a density of 5.7x104 cells/cm? for proteomic analysis or at a density
of 35%104 cells/cm? for extracellular flux analysis.

Sample preparation for proteomic analysis

Macrophages were cultured on collagen-coated or non-coated surfaces for 72 hours
before harvesting for proteomic analysis. Cell culture medium was collected and
centrifuged to collect detached macrophages. The cell pellet was subsequently
washed in PBS. Adherent macrophages were washed five times in PBS, followed
by cell lysis with SDC lysis buffer: 1% w/v sodium deoxycholate (Sigma-Aldrich,
Zwijndrecht, the Netherlands) and 1 mM EDTA in 0.1 M triethylammonium
bicarbonate (TEAB) buffer (Thermo Fisher Scientific, Landsmeer, the Netherlands).
The lysate of the adherent macrophages was then added to the pellet of detached
macrophages and mixed. Subsequently, the total lysate was denatured at 98 °C
for 5 minutes and sonicated with a tip sonicator (Vibra-Cell, Sonics, Newton,
United States) for 3x10 seconds, 50% without pulse. Protein concentrations were



determined with a microplate BCA protein assay following the manufacturer’s
instructions (Pierce™ Microplate BCA Protein Assay Kit, Thermo Fisher Scientific).
For tryptic in-solution digestion, 50 ug of the samples was diluted in 0.1 M TEAB
(pH 8.3) to a final volume of 100 pL. For reduction, the samples were incubated
with 10 mM dithiothreitol (DTT, dissolved in 0.1 M TEAB, pH 8.3) on a shaker
(600 rpm) at 57 °C for 10 minutes. Afterwards, the samples were alkylated with
20 mM iodacetamide (0.1 M TEAB, pH 8.3) and incubated in the dark at room
temperature for 30 minutes. Subsequently, free iodoacetamide was quenched by
adding 10 mM of DTT (0.1 M TEAB, pH 8.3). For tryptic digestion, the samples were
incubated in 1 pL trypsin solution (0.5 pg/uL sequencing grade modified trypsin,
dissolved in trypsin resuspension buffer (Promega, Walldorf, Germany) at 37 °C for
16 hours. Afterwards, the samples were acidified by adding formic acid to a final
concentration of 1% and centrifuged at 16,000 g at room temperature for 5 minutes.
The supernatants were then transferred to a new reaction vial and evaporated to
dryness.

Liquid chromatography (LC)-mass spectrometry (MS)/MS analysis in data-de-
pendent acquisition mode

For data independent analysis (DIA), a macrophage-specific protein/peptide library
of the alveolar macrophages was generated using data dependent acquisition (DDA)
mode. For this purpose, 100 pg of a dried tryptic digest of an alveolar macrophage
reference sample was separated by high pH reversed-phase chromatography using
a Dionex Ultimate 3000 ultra-performance liquid chromatography (UPLC) system
equipped with a fraction collector. Peptides were separated with a C18 column
(ACQUITY UPLC BEH C18 Column, 130 A, 1.7 pm, 1 mm x 150 mm, Waters,
Manchester, UK, buffer A: 5% acetonitrile (ACN), dissolved in HPLC-H,0, pH 9.5
adjusted with N H,OH; buffer B: 95% ACN, dissolved in HPLC-H, 0, pH 9.5 adjusted
with NH,OH) using a gradient from 1-50% buffer B in 60 minutes and a flow-rate
of 100 pL/min. 30 fractions were collected with a volume of 200 pL. The fractions
were pooled into 13 fractions and evaporated to dryness.

For LC-MS/MS analysis in data-dependent acquisition mode, the samples were
dissolved in 20 pL of 0.1% formic acid and 1 pL was injected into a nano-ultra
pressure liquid chromatography system (Dionex UltiMate 3000 RSLCnano pro flow,
Thermo Fisher Scientific, Bremen, Germany) coupled via electrospray-ionization
source to a tribrid orbitrap mass spectrometer (Orbitrap Fusion Lumos, Thermo
Fisher Scientific, San Jose, CA, USA). The samples were loaded (15 pL/min) on a
trapping column (nanoE MZ Sym C18, 5 um, 180 um x 20 mm, Waters, Eschborn,
Germany, buffer A: 0.1% formic acid in HPLC-H,O; buffer B: 80% acetonitrile, 0.1%



formic acid in HPLC-H,0) with 5% buffer B. After sample loading, the trapping
column was washed with 5% buffer B for 2 minutes (15 pL/min) and the peptides
were eluted (250 nL/min) onto the separation column (nanoE MZ PST CSH C18, 130
A, 1.7 um, 75 pm x 250 mm, Waters) and separated with a gradient of 5-37.5% B in
90 minutes. The spray was generated from a steel emitter (Thermo Fisher Scientific,
Dreieich, Germany) at a capillary voltage of 1900 V. Full scan spectra were acquired
over a m/z range from 400-1000 with a resolution of 60k (at m/z 200) using a
normalized automatic gain control target of 100% and a maximum injection time of
50 ms. Fragment spectra were acquired in data-dependent acquisition mode with a
normalized high energy collision-induced dissociation energy of 28%, an orbitrap
resolution of 30k (at m/z 200), a normalized automatic gain control target of 100%,
a maximum injection time of 100 ms and an intensity threshold for the precursor of
5e4. Fragment spectra were acquired in top-speed mode, with a full scan spectrum
recorded every 3 seconds, and an exclusion time of 60 seconds.

Peptide and protein identification were performed with the Proteome Discoverer
software suite (Thermo Fisher Scientific, version 2.4) using the Sequest search
algorithm and PercolatorHT for false discovery rate calculation. The LC-MS/MS
data were searched against the SwissProt mouse database (17.023 protein entries,
UP000000589) and a contaminant database (235 entries) using the following
parameters: precursor mass tolerance: 10 ppm, fragment mass tolerance: 0.02 Da,
carbamidomethylation of cysteines was considered as a static modification, and
the following modifications were considered as variable modifications: methionine
oxidation, deamidation of glutamine and asparagine, GIn—>pyro-Glu as N-terminal
peptide modification, and an acetyl-loss, methionine-loss+Acetylation and a
methionine-loss as N-terminal protein modification. Peptides and proteins were
identified with a false discovery rate-cut-off of 0.01.

LC-data independent acquisition (DIA)-MS analysis and data analysis

For DIA analysis, 1 ug of tryptic peptides was injected into a nano-ultra pressure
liquid chromatography system and separated using the same parameters and
conditions as described above (LC-MS/MS analysis in data-dependent acquisition
mode). MS analysis was performed in DIA mode. Full scan spectra were acquired
from 400-1000 with a resolution of 60k (at m/z 200) using a normalized automatic
gain control target of 100% and a maximum injection time of 50 ms. DIA fragment
spectra were acquired with isolation windows of 10 m/z covering a m/z-range from
400-1000, a normalized high energy collision-induced dissociation energy of 28%,
an orbitrap resolution of 30k (at m/z 200), a normalized automatic gain control
target of 100% and a maximum injection time of 54 ms. Fragment spectra were



recorded over a m/z-range from 350-1500. One full spectrum was followed by a
DIA scan from m/z 400-700, followed by a full spectrum and a DIA scan from m/z
700-1000.

For protein identification and quantification, a library was created with Skyline
(MacCoss Lab, University of Washington, USA, version 19.1.0.193) based on the DDA
data. The Proteome Discoverer results were imported in Skyline and the peptide
library was generated using the following parameters: transition settings: precursor
charges: 2, 3, 4, 5; fragment ion charges: 1, 2; ion types: p (precursor), b, y; ion match
tolerance: 0.02 Da; minimum number of product ions: 4; m/z-range: 350-2000; the
DIA acquisition method file was uploaded to determine the DIA isolation scheme;
RT tolerance: 5 minutes. The generated library consisted of 6.310 proteins with at
least one unique peptide for each protein and 74.654 unique peptides, covering 37%
of the theoretical mouse proteome. The LC-DIA-MS files were imported and filtered
with a dotp-threshold of 0.85 (best match). Only proteins with at least one unique
peptide were kept. The Skyline results were exported for further data analysis in R
and Python. This included missing values imputations, median normalization and
log2 transformation of the protein intensities. For feature selection, partial least
squares discriminant analysis and statistical analysis were performed.

Extracellular flux analysis

The glycolytic rate was measured using an XFe96 Extracellular Flux Analyzer
(Agilent Technologies, Santa Clara, California). Alveolar macrophages were
seeded into Seahorse XF96 cell culture microplates that were coated with either
fibrous or globular collagen or left uncoated (control) and incubated for 72 hours.
To measure extracellular acidification and oxygen consumption rates, cells were
equilibrated for 1 hour in the absence of CO, at 37 °C in XF base media (Agilent
Technologies, Santa Clara, California). The manufacturer’s protocol for the XF
Glycolysis Stress Test was used to assess the glycolytic rate (Agilent Technologies).
After equilibration, macrophages were stimulated with sequential injections of
glucose (20 mM), oligomycin (1 uM), and 2-deoxy-D-glucose (50 mM). Glycolytic
function is represented as glycolysis, glycolytic capacity and glycolytic reserve.
Glycolysis was calculated as the difference between the maximal rate before
oligomycin addition and the last rate measurement before glucose addition.
Glycolytic capacity was calculated as the difference between the maximal rate after
oligomycin addition and the last rate measurement before glucose addition. The
glycolytic reserve was calculated as the difference between glycolytic capacity and
glycolysis. Measurements were normalized to the protein amount in each well using
a microplate BCA protein assay.



Glycolytic enzyme kinetics

Glycolytic enzyme-catalyzed reactions were measured by means of photometric
assays. Alveolar macrophages were seeded on plates coated with either fibrous or
globular collagen, or left uncoated (control) and incubated for 72 hours. Adherent
cells were then detached with imM EDTA, centrifuged, and washed twice with ice-
cold PBS. Cells were then resuspended in PBS containing protease inhibitors (Sigma-
Aldrich, cOmplete™ Protease Inhibitor Cocktail) and stored at -80 °C. On the day of
analysis, Triton X-100 (Sigma-Aldrich) was added to a final concentration of 0.1%
and the suspension was centrifuged at 21000 g for 10 min at 4 °C. The cell-free
supernatant was collected and used for the analysis. The enzyme activity, expressed
in pmol/min/mg protein was determined from the difference in the slope of NAD(P)
H absorbance (340 nm) before and after the addition of a substrate. The activities,
unless stated otherwise, were measured in buffers with 5 mM KCl, 1 M Tris-HCI,
0.15 M NaCl, 5 mM CaCl, and 0.1 M MgSO,, pH 7.4, 37 °C. The contents of the
reaction mixtures were as follows: the phosphofructokinase (PFK) reaction mixture
contained 0.1 M ATP, 15 mM NADH, 620 U/mL glycerol-3-phosphate dehydrogenase
(G3PDH), 330 U/mL aldolase, 1800 U/mL triosephosphate isomerase (TPI), and
0.1 M fructose-6-phosphate. The phosphoglycerate kinase mixture contained 0.1 M
ATP, 15 mM NADH, 800 U/mL glyceraldehyde-3P-dehydrogenase (GAPDH), and
0.125 M 3-phosphoglyceric acid. The aldolase mixture contained 15 mM NADH, 620
U/mL G3PDH, 1800 U/mL TPI, and 0.02 M of fructose-1,6-bisphosphate (F-1,6-
BP). The pyruvate kinase mixture contained 0.1 M ADP, 0.02 M of F-1,6-BP, 15
mM NADH, 9300 U/mL lactate dehydrogenase, and 0.02 M phosphoenolpyruvate.

Statistical analysis

Differentially expressed proteins by cells growing on collagen were investigated
by comparing macrophages grown on plastic with macrophages grown on any
type of collagen (globular + fibrous) using an unpaired two-sided two-sample
Wilcoxon test with a Benjamini-Hochberg correction for multiple testing. To
uncover differentially expressed proteins induced by a specific type of collagen,
we compared macrophages grown on globular collagen with macrophages grown
on fibrous collagen using a paired two-sided two-sample Wilcoxon test with a
Benjamini-Hochberg correction for multiple testing. A corrected p-value <0.05
was considered significant. No proteins were found to be significantly differentially
expressed when using this correction. For pathway analyses we therefore used
the uncorrected p-values and included all proteins that had an uncorrected
p-value <0.025 (collagen versus control) or <0.05 (fibrous versus globular) and
a fold change <0.875 or >1.25. Analyses were performed using R (version 4.2.0
(2022-04-22)—“Vigorous Calisthenics”).



Pathway analysis: Enrichment of biological processes and pathways was analyzed
by performing GO enrichment analysis with the annotation data sets ‘Panther
GO-Slim Biological Process’ and ‘Panther Pathways’, using a Fisher’s Exact test to
determine the p-value with a Benjamini-Hochberg correction to compensate for
the false discovery rate. Results with a corrected p-value <0.05 were considered
to be significant.

All other statistics: Experimental groups for other parameters were compared using
GraphPad Prism 8.0 (GraphPad Software, La Jolla, USA). Control macrophages
cultured on plastic were compared to macrophages cultured on any type of
collagen using a Mann-Whitney U test, while the effect of collagen morphology
was investigated by comparing macrophages grown on fibrous or globular collagen
using a Wilcoxon matched-pairs signed-rank test. A p-value <0.05 was considered
significant.

RESULTS

Proteome analysis

To investigate the effect of collagen morphology on the proteome signature of
macrophages, fetal liver-derived alveolar macrophages were cultured on tissue
culture plastic coated with either fibrous or globular collagen, or left uncoated
(control) for 72 hours. The reason for using this model instead of primary alveolar
macrophages was to eliminate any potential interference of transplantation effects
that primary alveolar macrophages may experience in cell culture [12]. Primary
alveolar macrophages that are removed from their lung-specific environment, which
includes exposure to air and cyclic stretch, may experience changes that could affect
their responses to collagen sensing. Cell lysates were analyzed by LC-MS in DIA
mode. After data processing using our fetal liver-derived alveolar macrophage-
specific protein library, 2.870 unique proteins were reproducibly quantified in the
three distinct conditions. Partial least squares discriminant analysis indicated that
all conditions could be separated based on their proteomic profile (Figure 1a) after
data normalization (Supplementary Figure 1).
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Figure 1: Effect of culturing conditions on the protein expression profile of macrophages. Alveolar
macrophages were cultured on uncoated, globular collagen-coated or fibrous collagen-coated tissue culture
plastic (h=6). a. Partial least squares-discriminant analysis plot of alveolar macrophages in the different conditions
showing that the 3 conditions cluster separately. b. Heatmap of 77 proteins that were differentially expressed
(p<0.025) between uncoated and collagen type I-coated conditions (fibrous and globular pooled). c. Heatmap
of 142 proteins that were differentially expressed (p<0.05) between macrophages cultured on fibrous or globular
collagen. Expressed as Log2 of the median values and statistically tested with an unpaired (b) or a paired (c)
Wilcoxon test.

We first investigated the effects of culturing macrophages on collagen versus
uncoated plastic. Culturing macrophages on collagen type I-coated tissue culture
plastic resulted in differential expression of 77 proteins compared to macrophages
on uncoated plastic (Figure 1b and Supplementary Table 1). 69 of these proteins
were more than 1.25-fold upregulated, whereas only three proteins were more than
1.25 fold downregulated (fold change >0.875) (Supplementary Table 1). To assess



collagen morphology-specific effects, we also compared protein expression levels of
macrophages cultured on fibrous or globular collagen. 142 proteins were found to be
differentially expressed (Figure 1c and Supplementary Table 2) and 101 of these
proteins were more than 1.25-fold upregulated in macrophages cultured on fibrous
collagen, whereas only 19 proteins were downregulated (Supplementary table 2).

Culturing macrophages on collagen results in higher expression of proteins
involved in glycolysis

Out of the 77 differentially expressed proteins between macrophages cultured on
collagen type I and uncoated controls, 30 proteins showed a more than two-fold
higher expression in collagen-coated conditions (Table 1). Three proteins even
increased more than ten-fold: pigment epithelium-derived factor (Serpfin1), protein
FAM118B (Fam118B), and guanylate-binding protein 4 (GBP4). Only the proteins
caspase-9 (Casp9), Rac GTPase-activating protein 1 (Racgap1), and SOSS complex
subunit B1 (Nabp2) were expressed at lower levels in macrophages cultured on
collagen-coated samples (Table 1).

Analysis of the biological processes in which the proteins that are upregulated by
culturing on collagen type | are involved (Supplementary Table 1), indicated
an effect on macrophage metabolism (Figure 2a). Pathway analysis revealed
enrichment of the glycolysis pathway under collagen-coated conditions (Figure
2b). The presence of either fibrous or globular collagen induced a more than
two-fold higher expression of liver type ATP-dependent 6-phosphofructokinase
(Pfkl), a key enzyme in glycolysis. Additionally, the expression levels of two other
members of the glycolysis pathway, fructose-biphosphate aldolase C (Aldoc) and
phosphoglycerate kinase-1 (Pgk1) were higher in the presence of collagen type I
(Figure 2c). An overview of the main enzymes involved in the glycolysis pathway
can be found in Figure 3a.



Chapter 4

Table 1: Effect of collagen type | on macrophage protein expression.

Gene name Protein name Fold change p-value

Serpinf1 Pigment epithelium-derived factor 35.82 4.74E-03
Fam118b Protein FAM118B 13.21 2.45E-02
Gbp4 Guanylate-binding protein 4 10.34 6.90E-03
Ndrg1 Protein NDRG1 6.22 4.74E-03
Syap1 Synapse-associated protein 1 6.02 2.45E-02
Nudtg ADP-ribose pyrophosphatase, mitochondrial 5.95 1.35E-02
Goltib Vesicle transport protein GOT1B 5.27 2.05E-03
Sptlel Serine palmitoyltransferase 1 5.18 3.23E-03
Arfgap3 ADP-ribosylation factor GTPase-activating protein 3 5.02 6.90E-03
Thop1 Thimet oligopeptidase 4.93 9.70E-03
Slain2 SLAIN motif-containing protein 2 4.49 6.90E-03
Ethe1 Persulfide dioxygenase ETHE1, mitochondrial 4.14 1.35E-02
Mrpsi4 28S ribosomal protein S14, mitochondrial 3.95 1.82E-02
Trmt2a tRNA (uracil-5-)-methyltransferase homolog A 3.37 3.23E-03
EmI2 Echinoderm microtubule-associated protein-like 2 3.19 6.90E-03
Aloxs Polyunsaturated fatty acid 5-lipoxygenase 3.19 4.74E-03
Ftl1 Ferritin light chain 1 3.11 1.82E-02
Ctnnd1 Catenin delta-1 2.52 1.82E-02
Nelfa Negative elongation factor A 2.45 9.70E-03
Pkl ATP-dependent 6-phosphofructokinase, liver type 2.38 9.70E-03
Esyt2 Extended synaptotagmin-2 2.35 6.90E-03
Grhpr Glyoxylate reductase/hydroxypyruvate reductase 2.34 3.23E-03
Acad8 Isobutyryl-CoA dehydrogenase, mitochondrial 2.26 2.45E-02
Tmosf3 Transmembrane 9 superfamily member 3 2.18 2.45E-02
Fami62a Protein FAM162A 2.12 1.82E-02
Agpat4 1-acyl-sn-glycerol-3-phosphate acyltransferase delta 2.11 2.45E-02
Armc10 Armadillo repeat-containing protein 10 2.10 6.90E-03
F13a1 Coagulation factor XIII A chain 2.06 1.82E-02
Erola ERO1-like protein alpha 2.04 9.70E-03
Lrp1 Low-density lipoprotein receptor-related protein 1 2.01 4.31E-04
Casp9 Caspase-9 0.46 1.35E-02
Racgap1 Rac GTPase-activating protein 1 0.38 1.29E-03
Nabp2 SOSS complex subunit B1 0.30 1.82E-02
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Figure 2: GO enrichment analysis of proteins upregulated by collagen type I. 69 proteins were >1.25-fold
upregulated by macrophages cultured on collagen-coated plates (fibrous and globular pooled), compared to
uncoated controls. a. PANTHER-Go Slim Biological Process analysis. b. PANTHER pathway analysis, indicating
significant enrichment of the glycolysis pathway. c. Three proteins of the glycolysis pathway were significantly
upregulated in macrophages grown on collagen (both types pooled, n=6 each) compared to macrophages grown
on plastic (control, n=6). Protein intensity expressed as normalized Log2 values and statistically tested with an
unpaired Wilcoxon test. p<0.025 was considered significant. Data represented as a box and whiskers plot, where
the box extends from the 25th to 75th percentiles and whiskers from min to max values.



Higher expression of hexokinase 2 and phosphoglycerate mutase family
member 5 by macrophages cultured on fibrous collagen as compared to
globular collagen.

Culturing macrophages on collagen type I clearly affected the expression of proteins.
Next, we investigated if the morphology type of collagen would influence protein
expression by comparing macrophages grown on fibrous collagen to macrophages
cultured on globular collagen. Fibrous collagen led to a more than two-fold higher
expression of 23 proteins compared to globular collagen (Table 2), with the
most pronounced fold-change observed for pigment epithelium-derived factor
(Serpinf1). The expression of four proteins was found to be at least two-fold lower
in macrophages grown on fibrous collagen. These proteins are pyridoxal kinase
(Pdxk), thioredoxin reductase 1, cytoplasmic (Txnrd1), nuclear cap-binding protein
subunit 1 (Ncbp1) and translocating chain-associated membrane protein 1 (Tram1).
Biological process and pathway analysis of the proteins with a >1.25-fold change
different expression (Supplementary Table 2) did not yield any significantly
enriched pathways.

However, as we found the glycolysis pathway significantly enriched in cells grown
on any type of collagen, we specifically investigated important metabolic enzymes
in the list of significant proteins (Supplementary Table 2) and found hexokinase
2 (Hk2) and phosphoglycerate mutase family member 5 (Pgams) to be differentially
expressed (Figure 3b). Therefore, glycolysis may again be one of the biological
processes affected by the culture conditions of macrophages (Figure 3b). In
addition, four proteins in the list are part of the mitochondrial respiratory chain
(Cytochrome b-c1, part of the ubiquinol-cytochrome c complex, elongation factor-
like GTPase 1, NADH dehydrogenase (ubiquinone), and V-type proton ATPase),
possibly pointing at changes in oxidative phosphorylation.



Proteomic signature of macrophages cultured on collagen type 1

Table 2: Effect of collagen morphology on the protein expression profile of macrophages.

Gene name Protein name Fold change F/G  p-value

Serpinf1 Pigment epithelium-derived factor 12.66 3.13E-02
Dctng Dynactin subunit 4 9.97 3.13E-02
Rbmg2 RNA-binding protein 42 9.86 3.13E-02
Mrpsis 28S ribosomal protein S15, mitochondrial 9.52 3.13E-02
Atp7a Copper-transporting ATPase 1 6.11 3.13E-02
Ppic Peptidyl-prolyl cis-trans isomerase C 4.97 3.13E-02
Prim2 DNA primase large subunit 3.83 3.13E-02
Trim23 E3 ubiquitin-protein ligase TRIM23 3.64 3.13E-02
Mmp8 Neutrophil collagenase 3.63 3.13E-02
Ubas Ubiquitin-like modifier-activating enzyme 5 3.40 3.13E-02
Plekha2 Pleckstrin homology domain-containing family A 3.12 3.13E-02

member 2

Tmsb4x Thymosin beta-4 3.09 3.13E-02
Unc45a Protein unc-45 homolog A 2.61 3.13E-02
Erccq DNA repair endonuclease XPF 2.51 3.13E-02
Retregs Reticulophagy regulator 3 2.41 3.13E-02
Cybc1 Cytochrome b-245 chaperone 1 2.25 3.13E-02
Yipfq Protein YIPF4 2.24 3.13E-02
Gdi1 Rab GDP dissociation inhibitor alpha 2.12 3.13E-02
Rdhi1 Retinol dehydrogenase 11 2.11 3.13E-02
Rab11b Ras-related protein Rab-11B 2.10 3.13E-02
Rtn3 Reticulon-3 2.05 3.13E-02
Wtap Pre-mRNA-splicing regulator WTAP 2.05 3.13E-02
Apoo MICOS complex subunit Mic26 (Apolipoprotein O) 2.02 3.13E-02
Pdxk Pyridoxal kinase 0.50 3.13E-02
Txnrd1 Thioredoxin reductase 1, cytoplasmic 0.44 3.13E-02
Ncbp1 Nuclear cap-binding protein subunit 1 0.41 3.13E-02
Tram1 Translocating chain-associated membrane protein 1 0.39 3.13E-02
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higher expressed in macrophages grown on fibrous collagen compared to macrophages grown on globular
collagen. Data are expressed as normalized Log2 values and statistically tested with a paired Wilcoxon test and
p<0.05 was considered significant (n=6). Data represented as a box and whiskers plot, where the box extends
from the 25th to 75th percentiles and whiskers from min to max values.



No functional metabolic differences between macrophages cultured on colla-
gen- or uncoated plastic

To investigate whether the higher expression of glycolytic proteins in macrophages
cultured on collagen-coated substrates translated into changes in cellular
metabolism, extracellular flux analysis was performed to assess glycolytic activity.
No significant differences were found in glycolytic function between alveolar
macrophages grown on collagen-coated or on uncoated wells (Figure 4a). Similarly,
no differences in glycolytic function were found between alveolar macrophages
cultured on either fibrous or globular collagen (Figure 4b). Furthermore, oxygen
consumption rates were tracked and here too, no differences were found between
macrophages cultured on plastic or macrophages cultured on either type of collagen
(Supplementary Figure 2).

As we found no differences in glycolytic function, we investigated whether the
activity of four of the differentially expressed glycolytic enzymes was affected
by culture conditions, i.e. hexokinase, phosphofructokinase, aldolase, and
phosphoglycerate kinase. First, we again compared macrophages cultured on any
type of collagen versus those cultured on uncoated plastic. We found that all enzyme
activities tended to be lower in macrophages cultured on collagen compared to the
uncoated control, but only the activity of aldolase was significantly lower (Figure
5a-d). We then investigated the effect of the collagen morphology on the activity
of glycolytic enzymes and found that macrophages grown on fibrous collagen had
significantly higher aldolase activity than macrophages grown on globular collagen
(Figure 5e-h). Opposite trends between protein expression and protein activity
were observed: when protein expression was higher, the activity was lower and vice
versa (compare Figure 2c, 3b, 5a-d, and 5e-h).



Figure 4: Extracellular acidification rate of alveolar macrophages cultured in collagen-coated or uncoated
wells. After 72 hours, extracellular acidification rate (ECAR) was measured by glycolysis stress test using an
XFe96 extracellular flux analyzer and rates were normalized to protein concentrations. Macrophages were
treated sequentially with glucose, oligomycin (ATP synthase inhibitor), and 2-DG (2-deoxyglucose). a. Kinetic
ECAR response of macrophages seeded in wells that were either coated with fibrous or globular collagen (data
combined) or left uncoated (control). Each data point represents mean + SD of 6 different experiments. Each single
experiment had 6 technical replicates that were averaged. b. Kinetic ECAR response of macrophages seeded in
wells that were either coated with fibrous or globular collagen. Each data point represents mean + SD of 6 different
experiments. Each single experiment had 6 technical replicates that were averaged. Data represented as a box
and whiskers plot, where the box and whiskers extend from the 10th to 90th percentile.



Figure 5: Activity of key glycolytic enzymes in alveolar macrophages in different culture conditions.
Macrophages were cultured in wells coated with either fibrous or globular collagen or uncoated. After 72 hours,
enzymatic activity of four different glycolytic enzymes was measured in cell lysates. a-d. Activity of glycolytic
enzymes compared between macrophages cultured in uncoated and collagen type I-coated conditions (fibrous
and globular pooled). Only the activity of aldolase was significantly lower in collagen-coated conditions. e-h.
Activity of glycolytic enzymes compared between macrophages cultured in fibrous collagen-coated and
globular collagen-coated conditions. Only the activity of aldolase was significantly higher in globular collagen-
coated conditions. Bars represent the mean rate of enzyme activity and each data point represents a different
biological replicate (n=4 for hexokinase, n=6 for phosphofructokinase, and n=8 for aldolase and phosphoglycerate
kinase). Groups were compared using a Mann-Whitney U test (a-d) or Wilcoxon test (e-h). p<0.05 was considered
significant. Data represented as a box and whiskers plot, where the box extends from the 25th to 75th percentiles
and whiskers from min to max values.



To investigate if there were any changes to proteins involved in oxidative
phosphorylation, we specifically investigated the 33 proteins found in our data
involved in the electron transport chain in mitochondria. We found only three
proteins higher expressed in macrophages cultured on either globular or fibrous
collagen compared to plastic (Cytochrome c oxidase subunit 4, mitochondrial,
NADH: Ubiquinone Oxidoreductase Subunit Bg, Ubiquinol-Cytochrome C
Reductase Core Protein 1) and three lower expressed in macrophages grown
on globular collagen compared to fibrous (Cytochrome C Oxidase Subunit 7A2,
Superoxide Dismutase 2, Ubiquinol-Cytochrome C Reductase Complex IIT Subunit
VII). Graphs of these six proteins can be found in Supplementary Figure 3.
The limited number of differentially expressed protein explains why the process
of oxidative phosphorylation was not found enriched.

DISCUSSION

In this study, we gained insight into the effects of collagen type | morphologies
on the proteomic signature of fetal liver-derived alveolar macrophages. Biological
process and pathway enrichment analysis revealed clear effects of collagen on the
expression of proteins involved in macrophage metabolism. Macrophages grown
on collagen favor the expression of proteins involved in glycolysis, although this
did not lead to increased glycolytic capacity, possibly because of a compensatory
decrease in activity of those proteins. In addition to changes related to the general
presence of collagen, fibrous and globular collagen also showed to have morphology-
specific effects on the proteomic profile with prominent induction of Serpinf1 and
prominent inhibition of Nabp2 on fibrous compared to globular collagen as the most
differentially expressed proteins.

Pathway enrichment analysis revealed that macrophages cultured on collagen
expressed higher levels of proteins involved in glycolysis and this was independent
of collagen morphology. The expression of ATP-dependent 6-phosphofructokinase,
liver type (Pfkl), a rate-limiting enzyme in glycolysis, was more than two-fold
higher in macrophages cultured on collagen type I. In macrophages, glycolysis is
generally associated with an activated, pro-inflammatory phenotype [13]. However,
we previously described higher expression of the mannose receptor CD206 and
lower expression of major histocompatibility complex I (MHCII) on macrophages
cultured on collagen type I, suggesting a more anti-inflammatory/pro-repair
phenotype in these alveolar macrophages [11]. This discrepancy may be explained by
the recent finding that alveolar macrophages do not depend on glycolysis to produce
pro-inflammatory mediators [14]. Furthermore, glycolysis has been associated with
a profibrotic macrophage phenotype in bleomycin-induced pulmonary fibrosis in



mice [15]. In our study, the higher levels of glycolytic enzymes in macrophages
grown on collagen did not functionally translate into higher glycolytic activity,
based on the extracellular acidification rate analysis. This may have been the
result of a compensatory lower activity of those enzymes, as there appeared to be a
negative correlation between enzyme expression and activity. However, for proper
correlation analysis, both analysis of enzyme concentration and activity would need
to be performed on the same sample, which was not the case in our study.

Explanations of why more protein expression did not translate into more
enzymatic activity could be found in changes in protein folding, post-translational
changes, regulatory changes [16], or allosteric regulation. For instance,
phosphofructokinase has been shown to be allosterically regulated by ATP, AMP,
fructose 1,6-bisphosphate, fructose 2,6-biphosphate, and citrate [17]. Another
possible explanation could be the contributions of different enzyme isoforms. All
enzymes of interest have more than one isoform, while the enzymatic activity tests
we performed are not isoform-specific. The proteome analysis, however, assessed
each specific isoform. Therefore, any difference in activity may have been obscured
by contributions of other isoforms. Importantly, our results highlight that using
only one analytical approach could lead to biased results when studying metabolic
behavior of macrophages. Multiple techniques should be used when possible to gain
complementary information [18].

Even though pathway analysis of differentially expressed proteins in macrophages on
fibrous versus globular collagen did not highlight any specific metabolic pathways,
four of those proteins are part of the mitochondrial respiratory chain. These were
cytochrome b-c1, part of the ubiquinol-cytochrome ¢ complex, elongation factor-
like GTPase 1, NADH dehydrogenase (ubiquinone), and V-type proton ATPase. The
mitochondrial respiratory chain is one of the main energy sources used by the cells
and is composed of five different multi-subunit respiratory complexes. Increased
oxidative phosphorylation and fatty acid oxidation are usually associated with an
alternatively activated, anti-inflammatory phenotype [19]. This is in line with our
previous finding demonstrating that Yma1 is increased in macrophages cultured on
fibrous collagen [11] and would further explain why we do not see any differences
in the glycolytic function.

The most affected protein by collagen and its morphology was the anti-angiogenic
glycoprotein pigment epithelium-derived factor (PEDF), encoded by the Serpinf1
gene. PEDF can be secreted by macrophages and is known to bind to collagen type |
in a microstructure-dependent manner. Therefore, it is suggested to be involved in
collagen fibril assembly [20]. Furthermore, treatment of macrophages with PEDF
has been shown to increase macrophage migration [21], which could explain the



higher levels of transmigration in macrophages cultured on fibrous collagen that we
found before [11], as they also express higher levels of PEDF. Interestingly, in lung
tissue of patients with IPF, more PEDF expression was found than in lung tissue of
controls [22]. PEDF is suggested to have a protective effect in the pathogenesis of
fibrosis [23] and therefore the higher levels found in fibrosis suggest a compensatory
mechanism trying to control fibrosis development. Indeed, two studies have shown
that increased expression of PEDF in macrophages attenuated collagen synthesis
by fibroblasts in a macrophage-mediated manner [24,25]. This ties in with recent
findings of downregulation of PEDF in acute exacerbations of IPF compared to
stable disease as these exacerbations predispose to rapid progression of fibrosis
[26].

In addition to PEDF, the proteins dynactin subunit 4, RNA-binding protein 42,
28S ribosomal protein S15, and copper-transporting ATPase 1 were also expressed
significantly more by macrophages on fibrous collagen than on globular collagen. No
relevant data were found connecting dynactin subunit 4, RNA-binding protein 42, or
28S ribosomal protein S15 with macrophage function or lung fibrosis. However, the
copper-transporting ATPase 1 (ATP7A) protein is of particular interest, since it has
been suggested to play an important role in macrophage wound healing responses.
In fact, ATP7A-downregulation inhibited macrophage infiltration in a mouse model
for dermal wounding [27]. The higher levels of ATP7A may therefore also be linked
to our previous results showing more migration in macrophages cultured on fibrous
collagen [11]. Furthermore, ATP7A was shown to be required for copper delivery to
members of the lysyl oxidase (LOX) family [28]. These copper-dependent enzymes
play an important role in collagen cross-linking and higher activity of these enzymes
has been described in patients with IPF [3,29,30]. Higher expression of ATP7A may
therefore contribute to remodeling of non-organized fibrous collagen by activating
members of the LOX family.

Only four proteins were expressed more than two-fold higher by macrophages
cultured on globular collagen than on fibrous collagen. Thioredoxin reductase-1
(Txnrd1) is an important component of the thioredoxin system, in which it reduces
and thereby activates thioredoxin by transferring electrons from NADPH. This
thioredoxin system has both anti-oxidative as well as anti-inflammatory properties
and has been associated with antifibrotic effects in bleomycin-induced pulmonary
fibrosis [31,32]. Cotreatment of macrophages with IL4 and recombinant thioredoxin
promoted the development of an anti-inflammatory phenotype characterized by
higher expression of CD206 [33]. It is therefore conceivable that the higher levels of
CD206 we previously found in macrophages cultured on globular collagen [11] are
related to the higher levels of Txnrd1. In addition to Txnrd1, three other proteins



were expressed significantly more by macrophages on globular collagen than by
macrophages on fibrous collagen. However, the role of these proteins remains to be
elucidated as their direct function in macrophages is not yet clear. Of those three,
only translocation-associated membrane protein-1 (Tram1) was found to have some
connection with fibrosis. This protein was shown to be involved in translocation of
proteins through the endoplasmic reticulum and in a study comparing patients with
IPF and healthy controls, higher levels of TRAM1 mRNA were found in IPF [34].
The authors hypothesized that TRAM1 is upregulated because IPF is characterized
by endoplasmic reticulum stress [34].

Our study had some limitations. The number of proteins that was reproducibly
quantified in all conditions was rather limited and only covered 17% (2.870 proteins)
of the theoretical mouse proteome database (17.023 proteins). Consequently,
GO enrichment analysis did not yield many hits. The absence of a cell cycle
synchronization step may have contributed to this issue, but serum starvation
is known to interfere with macrophage function and activation [35,36] and was
therefore intentionally omitted. As explained before, we tried to limit the variability
of macrophage responses to collagen types by using fetal liver-derived macrophages.
However, this does make translation to primary alveolar macrophages still an
open question. Furthermore, the current study does not provide insight into how
monocyte-derived macrophages would respond in comparison to fetal liver-derived
alveolar macrophages, which is a critical area of investigation. It is well-documented
that in cases of lung injury, monocyte-derived macrophages can replace fetal liver-
derived alveolar macrophages in the lungs and that these two types of macrophages
differ in their transcriptional and functional profiles [37,38].

In conclusion, this study shows that the presence as well as the morphology of
collagen type | have pronounced effects on the proteomic signature of alveolar
macrophages. Collagen type I induced expression of proteins associated with
macrophage metabolism, specifically glycolysis, while also collagen morphology
had specific effects on the macrophage proteome. Although the studied collagen
morphologies are not directly translatable to a healthy or fibrotic tissue in vivo,
it does indicate that changes in collagen morphology can have a major impact on
macrophage behavior. Several protein candidates have previously been described
to play a role in processes related to fibrosis. Further verification and exploration
of collagen type I-induced metabolic changes and morphology-dependent effects on
the macrophage proteome will provide better insight into the mechanisms behind
macrophage-matrix interactions and possibly yield new targets for the treatment
of fibrosis.
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Supplementary Figure 1: Data normalization. Log2 distributions of the proteins for each sample before and
after preprocessing. Uncoated (C), fibrous collagen type | (F) and globular collagen type | (G).

Supplementary Figure 2: Oxygen consumption rate of alveolar macrophages cultured in collagen-coated
or uncoated wells. After 72 hours, oxygen consumption rate (OCR) was measured during glycolysis stress test
using an XFe96 extracellular flux analyzer and rates were normalized to protein concentrations. Macrophages
were treated sequentially with glucose, oligomycin (ATP synthase inhibitor), and 2-DG (2-deoxyglucose). a. Kinetic
OCR response of macrophages seeded in wells that were either coated with fibrous or globular collagen (data
combined) or left uncoated (control). Each data point represents mean + SD of 6 different experiments. Each single
experiment had 6 technical replicates that were averaged. b. Kinetic OCR response of macrophages seeded in
wells that were either coated with fibrous or globular collagen. Each data point represents mean + SD of 6 different
experiments. Each single experiment had 6 technical replicates that were averaged. Data represented as a box
and whiskers plot, where the box and whiskers extend from the 10th to 90th percentile.

130



Supplementary Figure 3: Proteins of the electron transport chain that were significantly differentially
expressed in macrophages grown on plastics versus either fibrous or globular collagen or significantly
differentially expressed in macrophages grown on globular collagen versus either fibrous collagen.
Expressed as normalized Log2 values and statistically tested with a Mann Whitney U test (control versus
both collagen types combined) or a paired Wilcoxon test (fibrous versus globular collagen) and p<0.05 was
considered significant (n=6). Data represented as a box and whiskers plot, where the box extends from the 25th
to 75th percentiles and whiskers from min to max values. Cox4:Cytochrome c oxidase subunit 4; Ndufb9; NADH:
Ubiquinone Oxidoreductase Subunit B9; Uqgcrc1: Ubiquinol-Cytochrome C Reductase Core Protein 1; Cox7al:
Cytochrome C Oxidase Subunit 7A2; Sod2: Superoxide Dismutase 2; Uqcrg: Ubiquinol-Cytochrome C Reductase
Complex Il Subunit VII.



Supplementary Table 1. Morphology-independent effects of collagen type | on macrophage protein
expression. 77 proteins were differentially expressed by macrophages cultured on collagen type I-coated plastic
compared to the uncoated control. Statistically tested with an unpaired Wilcoxon test. p<0.025 was considered
significant.

Gene name Protein name Fold change p-value

Serpinf1 Pigment epithelium-derived factor 35.82 4.74E-03
Fam118b Protein FAM118B 13.21 2.45E-02
Gbp4 Guanylate-binding protein 4 10.34 6.90E-03
Ndrg1 Protein NDRG1 6.22 4.74E-03
Syap1 Synapse-associated protein 1 6.02 2.45E-02
Nudtg ADP-ribose pyrophosphatase, mitochondrial 5.95 1.35E-02
Goltib Vesicle transport protein GOT1B 5.27 2.05E-03
Sptle1 Serine palmitoyltransferase 1 5.18 3.23E-03
Arfgap3 ADP-ribosylation factor GTPase-activating protein 3 5.02 6.90E-03
Thop1 Thimet oligopeptidase 4.93 9.70E-03
Slain2 SLAIN motif-containing protein 2 4.49 6.90E-03
Ethe1 Persulfide dioxygenase ETHE1, mitochondrial 4.14 1.35E-02
Mrpsi4 288 ribosomal protein S14, mitochondrial 3.95 1.82E-02
Trmt2a tRNA (uracil-5-)-methyltransferase homolog A 3.37 3.23E-03
EmI2 Echinoderm microtubule-associated protein-like 2 3.19 6.90E-03
Aloxs Polyunsaturated fatty acid 5-lipoxygenase 3.19 4.74E-03
Ftl1 Ferritin light chain 1 3.11 1.82E-02
Ctnnd1 Catenin delta-1 2.52 1.82E-02
Nelfa Negative elongation factor A 2.45 9.70E-03
Pkl ATP-dependent 6-phosphofructokinase, liver type 2.38 9.70E-03
Esyt2 Extended synaptotagmin-2 2.35 6.90E-03
Grhpr Glyoxylate reductase/hydroxypyruvate reductase 2.34 3.23E-03
Acad8 Isobutyryl-CoA dehydrogenase, mitochondrial 2.26 2.45E-02
Tmosf3 Transmembrane 9 superfamily member 3 2.18 2.45E-02
Fami62a Protein FAM162A 2.12 1.82E-02
Agpat4g 1-acyl-sn-glycerol-3-phosphate acyltransferase delta 2.11 2.45E-02
Armc10 Armadillo repeat-containing protein 10 2.10 6.90E-03
F13a1 Coagulation factor XIII A chain 2.06 1.82E-02
Eroia ERO1-like protein alpha 2.04 9.70E-03
Lrp1 Prolow-density lipoprotein receptor-related protein 1 2.01 4.31E-04
Nnt NAD(P) transhydrogenase, mitochondrial 1.90 1.82E-02
Pchd2 Pterin-4-alpha-carbinolamine dehydratase 2 1.90 9.70E-03
Spcs2 Signal peptidase complex subunit 2 1.89 6.90E-03
Dhrs7 Dehydrogenase/reductase SDR family member 7 1.86 1.82E-02
Afgsl2 AFG3-like protein 2 1.80 2.45E-02
Basp1 Brain acid soluble protein 1 1.77 1.82E-02
Acotg Acyl-coenzyme A thioesterase 9, mitochondrial 1.76 1.35E-02
Tpm4 Tropomyosin alpha-4 chain 1.75 1.35E-02
Gsn Gelsolin 1.67 2.45E-02
Pgm1 Phosphoglucomutase-1 1.67 2.45E-02
Bclio B-cell lymphoma/leukemia 10 1.65 2.45E-02
Actng Alpha-actinin-4 1.64 2.45E-02

Atpsfie ATP synthase subunit epsilon, mitochondrial 1.61 9.70E-03




Proteomic signature of macrophages cultured on collagen type 1

Gene name Protein name Fold change p-value

Plaa Phospholipase A-2-activating protein 1.60 1.82E-02
1gf2bp2 Insulin-like growth factor 2 mRNA-binding protein 2 1.54 9.70E-03
Tagln2 Transgelin-2 1.53 1.82E-02
Nomo1 Nodal modulator 1 1.53 2.45E-02
Impa2 Inositol monophosphatase 2 1.52 9.70E-03
Hmox2 Heme oxygenase 2 1.52 3.23E-03
Itgas Integrin alpha-5 1.51 6.90E-03
Aldoc Fructose-bisphosphate aldolase C 1.50 9.70E-03
Psmdi1 268 proteasome non-ATPase regulatory subunit 1 1.49 1.35E-02
Anxa2 Annexin A2 1.48 2.15E-04
Pgki Phosphoglycerate kinase 1 1.46 1.35E-02
Erp44 Endoplasmic reticulum resident protein 44 1.44 1.35E-02
Acly ATP-citrate synthase 1.44 9.70E-03
Map4 Microtubule-associated protein 4 1.40 9.70E-03
Sumf1 Formylglycine-generating enzyme 1.38 2.45E-02
Naaz25 N-alpha-acetyltransferase 25, NatB auxiliary subunit 1.37 3.23E-03
Shmt2 Serine hydroxymethyltransferase, mitochondrial 1.36 9.70E-03
Pgd 6-phosphogluconate dehydrogenase, decarboxylating 1.32 2.45E-02
Pin1 Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 1.31 1.82E-02
Ppparia Serine/threonine-protein phosphatase 2A 65 kDa regulatory 1.31 1.82E-02

subunit A alpha isoform
Vat1 Synaptic vesicle membrane protein VAT-1 homolog 1.30 1.35E-02
Pak2 Serine/threonine-protein kinase PAK 2 1.29 1.82E-02
Itgal Integrin alpha-L 1.28 6.90E-03
Cybsrs NADH-cytochrome bs reductase 3 1.28 1.82E-02
Lmna Prelamin-A/C 1.27 1.35E-02
Stx7 Syntaxin-7 1.25 1.82E-02
Hars1 Histidine--tRNA ligase, cytoplasmic 1.22 9.70E-03
Gtfaft General transcription factor IIF subunit 1 1.21 1.35E-02
Cndp2 Cytosolic non-specific dipeptidase 118 1.35E-02
Rpn1 Dolichyl-diphosphooligosaccharide--protein 1.12 2.45E-02
glycosyltransferase subunit 1

Capzb F-actin-capping protein subunit beta 1.08 1.82E-02
Casp9 Caspase-9 0.46 1.35E-02
Racgap1 Rac GTPase-activating protein 1 0.38 1.29E-03
Nabp2 SOSS complex subunit B1 0.30 1.82E-02
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Supplementary table 2. Collagen morphology-specific upregulation of protein expression. 142 proteins
were differentially expressed by macrophages cultured on fibrous collagen type I-coated tissue culture plastic
compared to macrophages in globular collagen-coated conditions. Statistically tested with a paired Wilcoxon
test. p<0.05 was considered significant.

Gene name Protein name Fold change F/G  p-value
Serpinfl Pigment epithelium-derived factor 12.66 3.13E-02
Dctn4 Dynactin subunit 4 9.97 3.13E-02
Rbm42 RNA-binding protein 42 9.86 3.13E-02
Mrps15 288 ribosomal protein S15, mitochondrial 9.52 3.13E-02
Atp7a Copper-transporting ATPase 1 6.11 3.13E-02
Ppic Peptidyl-prolyl cis-trans isomerase C 4.97 3.13E-02
Prim2 DNA primase large subunit 3.83 3.13E-02
Trim23 E3 ubiquitin-protein ligase TRIM23 3.64 3.13E-02
Mmp8 Neutrophil collagenase 3.63 3.13E-02
Ubab Ubiquitin-like modifier-activating enzyme 5 3.40 3.13E-02
Plekha2 Pleckstrin homology domain-containing family A 3.12 3.13E-02
member 2
Tmsb4x Thymosin beta-4 3.09 3.13E-02
Unc45a Protein unc-45 homolog A 2.61 3.13E-02
Ercc4 DNA repair endonuclease XPF 2.51 3.13E-02
Retreg3 Reticulophagy regulator 3 2.41 3.13E-02
Cybcl Cytochrome b-245 chaperone 1 2.25 3.13E-02
Yipf4d Protein YIPF4 2.24 3.13E-02
Gdil Rab GDP dissociation inhibitor alpha 2.12 3.13E-02
Rdh11 Retinol dehydrogenase 11 2.11 3.13E-02
Rabllb Ras-related protein Rab-11B 2.10 3.13E-02
Rtn3 Reticulon-3 2.05 3.13E-02
Wtap Pre-mRNA-splicing regulator WTAP 2.05 3.13E-02
Apoo MICOS complex subunit Mic26 2.02 3.13E-02
Pgam5 Serine/threonine-protein phosphatase PGAM5,  2.00 3.13E-02
mitochondrial
Gltp Glycolipid transfer protein 1.97 3.13E-02
Pdhx Pyruvate dehydrogenase protein X component, 1.92 3.13E-02
mitochondrial
Fam1l77al Protein FAM177A1 1.91 3.13E-02
Crebbp Histone lysine acetyltransferase CREBBP 1.90 3.13E-02
Abcf3 ATP-binding cassette sub-family F member 3 1.90 3.13E-02
Bodll Biorientation of chromosomes in cell division 1.85 3.13E-02
protein 1-like 1
Efl1 Elongation factor-like GTPase 1 1.77 3.13E-02
Ftil Ferritin light chain 1 1.76 3.13E-02
Clgbp Complement component 1 Q subcomponent- 1.76 3.13E-02
binding protein, mitochondrial
Erola EROz1-like protein alpha 1.75 3.13E-02
Tyms Thymidylate synthase 1.75 3.13E-02
lggap?2 Ras GTPase-activating-like protein IQGAP2 1.74 3.13E-02
Sdf2l1 Stromal cell-derived factor 2-like protein 1 1.74 3.13E-02
Selil Protein sel-1 homolog 1 1.74 3.13E-02

Sarlb GTP-binding protein SAR1b 1.72 3.13E-02




Gene name Protein name Fold change F/G  p-value
Rhoc Rho-related GTP-binding protein RhoC 1.71 3.13E-02
Hghl Protein HGH1 homolog 1.70 3.13E-02
Itgam Integrin alpha-M 1.70 3.13E-02
Rps27 40S ribosomal protein S27 1.69 3.13E-02
Aimpl Aminoacyl tRNA synthase complex-interacting 1.68 3.13E-02
multifunctional protein 1
Phf8 Histone lysine demethylase PHF8 1.66 3.13E-02
Acot9 Acyl-coenzyme A thioesterase 9, mitochondrial 1.61 3.13E-02
Ddx6 Probable ATP-dependent RNA helicase DDX6 1.61 3.13E-02
Impa2 Inositol monophosphatase 2 1.60 3.13E-02
Uqcrq Cytochrome b-c1 complex subunit 8 1.59 3.13E-02
Nup50 Nuclear pore complex protein Nup50 1.57 3.13E-02
Chil3 Chitinase-like protein 3 1.57 3.13E-02
Aupl Lipid droplet-regulating VLDL assembly factor 1.56 3.13E-02
AUP1
Ctsb Cathepsin B 1.55 3.13E-02
F13al Coagulation factor XIII A chain 1.55 3.13E-02
Pcbd2 Pterin-4-alpha-carbinolamine dehydratase 2 1.54 3.13E-02
Ufsp2 Ufmz1-specific protease 2 1.53 3.13E-02
Actrla Alpha-centractin 1.52 3.13E-02
Ndufvl NADH dehydrogenase [ubiquinone] flavoprotein  1.51 3.13E-02
1, mitochondrial
Niban2 Protein Niban 2 1.50 3.13E-02
Tpr Nucleoprotein TPR 1.50 3.13E-02
Ptgsl Prostaglandin G/H synthase 1 1.50 3.13E-02
Sh3pxd2b SH3 and PX domain-containing protein 2B 1.48 3.13E-02
Xpnpepl Xaa-Pro aminopeptidase 1 1.47 3.13E-02
Dnajc2 DnaJ homolog subfamily C member 2 1.45 3.13E-02
Canx Calnexin 1.44 3.13E-02
Sod2 Superoxide dismutase [Mn], mitochondrial 1.43 3.13E-02
Nudt9 ADP-ribose pyrophosphatase, mitochondrial 1.43 3.13E-02
Srp9 Signal recognition particle 9 kDa protein 1.43 3.13E-02
Cand1l Cullin-associated NEDD8-dissociated protein 1 1.42 3.13E-02
Rab5c Ras-related protein Rab-5C 1.41 3.13E-02
Elp3 Elongator complex protein 3 1.41 3.13E-02
Anxa6 Annexin A6 1.40 3.13E-02
Npepps Puromycin-sensitive aminopeptidase 1.40 3.13E-02
Spcsl Signal peptidase complex subunit 1 1.40 3.13E-02
Lsm7 U6 snRNA-associated Sm-like protein LSm?y 1.39 3.13E-02
Ak2 Adenylate kinase 2, mitochondrial 1.38 3.13E-02
Eif3h Eukaryotic translation initiation factor 3 subunit  1.38 3.13E-02
H
Trpv2 Transient receptor potential cation channel 1.37 3.13E-02
subfamily V member 2
Hk2 Hexokinase-2 1.37 3.13E-02
Gsn Gelsolin 1.37 3.13E-02
Tptl Translationally-controlled tumor protein 1.35 3.13E-02
Mthfdl C-1-tetrahydrofolate synthase, cytoplasmic 1.35 3.13E-02
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Gene name Protein name Fold change F/G  p-value
Itgb5 Integrin beta-5 1.35 3.13E-02
Clta Clathrin light chain A 1.35 3.13E-02
Tm9sf3 Transmembrane 9 superfamily member 3 1.35 3.13E-02
Fkbpla Peptidyl-prolyl cis-trans isomerase FKBP1A 1.35 3.13E-02
Psmdl 268 proteasome non-ATPase regulatory subunit1 1.33 3.13E-02
Rrplb Ribosomal RNA processing protein 1 homolog B 1.33 3.13E-02
Atp2a2 Sarcoplasmic/endoplasmic reticulum calcium 1.32 3.13E-02
ATPase 2
Yarsl Tyrosine--tRNA ligase, cytoplasmic 1.31 3.13E-02
Myof Myoferlin 1.31 3.13E-02
Srsf9 Serine/arginine-rich splicing factor 9 1.31 3.13E-02
Anxa2 Annexin A2 1.30 3.13E-02
Arhgefl8 Rho guanine nucleotide exchange factor 18 1.30 3.13E-02
Arpc2 Actin-related protein 2/3 complex subunit 2 1.29 3.13E-02
Arl3 ADP-ribosylation factor-like protein 3 1.29 3.13E-02
Dnajbl DnaJ homolog subfamily B member 1 1.28 3.13E-02
Ctnnd1l Catenin delta-1 1.28 3.13E-02
Atp6vOal V-type proton ATPase 116 kDa subunit a 1 1.28 3.13E-02
Rab14 Ras-related protein Rab-14 1.27 3.13E-02
Hprtl Hypoxanthine-guanine phosphoribosyltransferase 1.27 3.13E-02
Prdx6 Peroxiredoxin-6 1.25 3.13E-02
Tmx1 Thioredoxin-related transmembrane protein 1 1.24 3.13E-02
Pstpip2 Proline-serine-threonine phosphatase-interacting 1.23 3.13E-02
protein 2
Glod4 Glyoxalase domain-containing protein 4 1.23 3.13E-02
RplpO 60S acidic ribosomal protein PO 1.23 3.13E-02
Ppp6c Serine/threonine-protein phosphatase 6 catalytic 1.22 3.13E-02
subunit
Ywhaq 14-3-3 protein theta 1.21 3.13E-02
Rps26 408 ribosomal protein S26 1.21 3.13E-02
Dyncli2 Cytoplasmic dynein 1 intermediate chain 2 1.21 3.13E-02
Ctps2 CTP synthase 2 1.21 3.13E-02
Casp6 Caspase-6 1.20 3.13E-02
Ik Protein Red 1.19 3.13E-02
Tmcol Calcium load-activated calcium channel 1.19 3.13E-02
Drapl Dri-associated corepressor 1.18 3.13E-02
Ptges3 Prostaglandin E synthase 3 1.18 3.13E-02
Myolg Unconventional myosin-Ig 1.17 3.13E-02
Arl6ipl ADP-ribosylation factor-like protein 6-interacting 1.16 3.13E-02
protein 1
Cox7a2 Cytochrome c oxidase subunit 7A2, mitochondrial 1.16 3.13E-02
Tmx3 Protein disulfide-isomerase TMX3 1.15 3.13E-02
Fabp4 Fatty acid-binding protein, adipocyte 1.15 3.13E-02
Noc2l Nucleolar complex protein 2 homolog 1.13 3.13E-02
Psmd5 268 proteasome non-ATPase regulatory subunit 5 1.09 3.13E-02
Inpp5f Phosphatidylinositide phosphatase SAC2 0.84 3.13E-02
Cul2 Cullin-2 0.84 3.13E-02
Rfc4 Replication factor C subunit 4 0.84 3.13E-02
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Gene name Protein name Fold change F/G  p-value

Psme2 Proteasome activator complex subunit 2 0.84 3.13E-02
Pld4 5'-3' exonuclease PLD4 0.81 3.13E-02
Parp9 Protein mono-ADP-ribosyltransferase PARP9 0.80 3.13E-02
Rpl6 60S ribosomal protein L6 0.79 3.13E-02
Fkbp3 Peptidyl-prolyl cis-trans isomerase FKBP3 0.77 3.13E-02
Hspbpl Hsp70-binding protein 1 0.76 3.13E-02
Thynl Thymocyte nuclear protein 1 0.76 3.13E-02
Trappcl2 Trafficking protein particle complex subunit 12 0.57 3.13E-02
Fam3c Protein FAM3C 0.55 3.13E-02
Uapl UDP-N-acetylhexosamine pyrophosphorylase 0.51 3.13E-02
Plcb3 1-phosphatidylinositol 4,5-bisphosphate 0.50 3.13E-02

phosphodiesterase beta-3

Enpp4 Bis(5'-adenosyl)-triphosphatase enpp4) 0.50 3.13E-02
Pdxk Pyridoxal kinase 0.50 3.13E-02
Txnrdl Thioredoxin reductase 1, cytoplasmic 0.44 3.13E-02
Ncbp1l Nuclear cap-binding protein subunit 1 0.41 3.13E-02
Traml Translocating chain-associated membrane protein 0.39 3.13E-02
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Metabolism is the process through which the body transforms food and drink into
energy by means of chemical reactions. Entire organisms and all living cells require
energy, even when in a resting state. Glycolysis was the first metabolic pathway to
be described in the 1940s [1]. Newsholme first studied the influence of metabolic
fluxes on metabolic pathways [2] and postulated that when product supply and
product formation are maintained, a steady-state condition is established with
metabolic intermediates being at a constant level. However, in an organism, its
organs, and the cells that compose them, steady-state conditions are almost never
reached and levels of metabolites change depending on numerous circumstances. In
fact, changes in cellular metabolism can contribute to complex pathological events,
such as metabolic syndrome, diabetes, and cancer. The same is true the other way
around; disease states result in changes in metabolism [3].

MACROPHAGE METABOLISM IS TISSUE-NICHE SPECIFIC.

Macrophages are cells of the innate immune system that are present in all tissues
and can rapidly answer to different stimuli. This requires them to adapt to different
nutritional resources and change their energy source by going through a process
defined as metabolic reprogramming. Macrophage metabolic reprogramming
has mostly been associated with the classical and alternative activation states of
macrophage polarization [4—7]. However, it is now believed that there is a continuous
spectrum of macrophage phenotypes [8]. In this thesis, I show that the traditional
view of macrophage metabolic reprogramming is too simplistic. A combination
of environmental and pathogenic signals determines macrophage phenotype and
metabolism, which in turn shapes the type and magnitude of the response. This
aspect has been investigated in the current thesis (Chapters 3 and 4).

To gain an overview of the impact of a given tissue niche on macrophage metabolism,
I used single cell RNA-seq data from the human protein atlas database (proteinatlas.
org) and Ensembl version 103.38 to investigate differences in macrophage metabolic
gene expression in different tissues [9]. I filtered for macrophages only and used the
Read.count values (representing transcript abundances) multiplied for the nTPM
(normalized Transcripts Per Million for each human cell type, used to estimate the
gene expression level) and averaged the results if more entries were available for
each tissue. After analyzing the data, I created a Gene-Z-Score and corresponding
heatmap. The Z score helps determine if a gene's expression level is higher or lower
than the mean across all tissues. Interestingly, major differences were found in
the expression levels of genes coding for proteins that play important roles in
energy metabolism belonging to the TCA cycle, the electron transport chain, and
the glycolytic pathway in 20 different tissues (as shown in Figure 1). Through



clustering, I identified two groups: cluster 1, consisted of macrophages from the
pancreas, lung, kidney, ovary, liver, and testis and derived from peripheral blood
mononuclear cells (PBMC) as being more similar than macrophages from the other
13 tissues that were analyzed, belonging to cluster 2. The tissues belonging to cluster
1 are characterized by a high expression of genes involved in the electron transport
chain, the TCA cycle, as well as in fatty acid oxidation. Even though we could group
the tissues based on similarities, it is clear that the expression of metabolic genes
greatly differs among different types of tissue-resident macrophages, even within
one cluster. Therefore, their metabolic state appears to be very tissue-specific.
Macrophages in cluster 1 all derive from fetal liver monocytes [10] except for
PBMC. However, it is difficult to find commonalities for all the tissues belonging
to this cluster. The liver and the pancreas have common endocrine and digestive
functions. Both the liver and pancreas play a role in the regulation of blood sugar
levels. In fact, the pancreas produces insulin and glucagon, which help to regulate
blood sugar levels, while the liver stores glucose and converts it to glycogen, which
can be released as needed to maintain blood sugar levels. The liver produces bile,
which helps to break down fats in the small intestine, while the pancreas produces
enzymes that help to break down carbohydrates, proteins, and fats. Other organs
that are part of the cluster play a key role in detoxification, are the kidneys, as they
help to remove waste products and excess fluid from the body. The lungs also have
a detoxifying function as they help remove waste gases such as carbon dioxide
from the body.

Moreover, tissues can communicate through circulating proteins, like cytokines and
hormones, in order to maintain tissue and organ homeostasis. The levels of these
signaling molecules change according to an individual’s metabolic status which is
altered under pathological conditions, altering therefore also the metabolic status
of tissue-resident macrophages [11].

Even though I acknowledge that organs are much more than their tissue-resident
macrophages, | hypothesized that macrophages from organs with similar functions
might have commonalities in terms of their metabolism, as evidence pointed out
that tissue-associated signature transcription factors also regulate metabolism
[12,13]. However, although similarities can be found between some of these organs,
there is something about the specific tissue niche that is important for macrophage
metabolism that we still do not understand.
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Figure 1: Heatmap of normalized expression of transcripts per million per macrophage of metabolic
genes in different tissues. On the x-axis are reported the genes belonging to the different metabolic pathways,
which are highlighted on the top part of the figure, on the y-axis the different organs that were investigated are
reported. A list of the analyzed genes is available in Supplementary Table 1.

Altogether, our data highlight the necessity to investigate immunometabolism in a
tissue-specific framework and emphasize that the mechanisms and consequences of
innate memory are influenced by the local microenvironment and disease setting.

MACROPHAGES SHIFT THEIR METABOLISM DEPENDING ON
STIMULI AND TISSUE ENVIRONMENT.

The work performed in this thesis has aided in gaining a better understanding of
macrophage metabolism in different contexts.

The literature review in Chapter 2 describes the classical view on macrophage
metabolic reprogramming, based on the classification of M1 pro-inflammatory
macrophages and M2 anti-inflammatory macrophages. M1 macrophages mainly
rely on glycolysis as an energy source and a TCA cycle that is broken at two points,
whereas M2 macrophages rely on fatty acid beta-oxidation and mitochondrial
oxidative phosphorylation for energy. The overview in Chapter 2 and the work
reported in this thesis show that this is an oversimplification. For example, adipose
tissue macrophages polarize to a metabolically activated phenotype in the context
of Diabetes Mellitus type 2 without obvious proinflammatory stimuli (Chapter
2), while alveolar-like macrophages respond to proinflammatory stimuli without
relying on glycolysis as an energy source but mainly using mitochondrial respiration
(Chapter 3), changing their metabolic sources based on the tissue environment,
namely different types of collagen (Chapter 4).



Adipose tissue macrophages, which are often described as metabolically activated
macrophages, are characterized by lipid uptake leading to foam cell formation
in the setting of metabolic dysfunction (Chapter 2). Elevated lipids and glucose
concentrations in the adipose tissue lead to changes in metabolism due to an
increased energy demand accompanied by increased glycolytic activity, increased
lactate production, increased oxidative phosphorylation, and activation of lysosomal
pathways to catabolize the free fatty acids when compared to adipose tissue
macrophages in lean individuals. Some of these metabolic changes are comparable
to those in macrophages when activated by inflammatory stimuli such as LPS,
including the use of glycolysis as the primary energy source, but the majority of
these metabolic changes are specific to metabolically activated macrophages.

In the lungs, there are three populations of macrophages: tissue-resident
alveolar macrophages, monocyte-derived alveolar macrophages, and interstitial
macrophages. Tissue-resident alveolar macrophages are the most abundant
macrophages in the lungs residing in the airspaces of the lung alveoli. They play
an essential role in defending the lung against foreign particles and pathogens and
are involved in the regulation of lung inflammation. Monocyte-derived alveolar
macrophages are derived from circulating monocytes and are recruited to the lungs
in response to inflammation or injury. Interstitial macrophages are found in the
lung connective tissue and are responsible for detecting and engulfing any foreign
substances that enter the lung interstitium, and for interacting with the adaptive
arm of the immune system [14].

In Chapters 3 and 4 tissue-resident alveolar-like macrophages were used as a
model to show how macrophages shift their metabolism in response to stimuli or
to different tissue environments. These cells, defined also as Max Plank Institute
(MPI) cells, are self-renewing and non-transformed cells originating from fetal
liver monocytes of C57BL/6J mice. MPI cells were used as a model of alveolar
macrophages, as they functionally and phenotypically closely resemble tissue-
resident alveolar macrophages [15].

In Chapter 3 we investigated how murine alveolar-like macrophages change their
metabolism after lipopolysaccharide (LPS)-induced activation in the presence or
absence of two different lysine deacetylase inhibitors. We first studied whether
these cells undergo classic metabolic reprogramming when treated with LPS as an
inflammatory stimulus. Surprisingly, we found that these alveolar-like macrophages
did not activate the glycolytic pathway, but rather undergo changes at the level of
the TCA cycle, since the metabolites malate, succinate, and a-ketoglutarate were
higher compared to control. This finding is in line with a break in the TCA cycle at
two points, namely after succinate and citrate/isocitrate leading to the accumulation



of these metabolites, as reported previously [4]. In our system, succinate and malate
concentrations increased and this has been reported to happen in pro-inflammatory
macrophages due to the inactivation of the enzyme succinate dehydrogenase (SDH).
SDH is a component of the electron transport chain that normally converts succinate
to fumarate. This reduction in SDH activity leads to the accumulation of succinate
and malate, which are used in several ways to support immune responses [16].
Succinate is a key signaling molecule that activates the transcription factor HIF-
1a, which in turn promotes the expression of pro-inflammatory genes encoding
for interleukin-1f (IL-1B) and tumor necrosis factor-a (TNF-a) [17]. Increased
levels of a-ketoglutarate in pro-inflammatory macrophages due to glutamine
anaplerosis, when glutamine is converted via a-ketoglutarate into succinate through
glutaminolysis or through an upregulated y-aminobutyric acid (GABA) shunt.
a-Ketoglutarate is a key metabolite that feeds into several biosynthetic pathways,
including amino acids and nucleotides synthesis, as well as ATP production. In
pro-inflammatory macrophages, the higher a-ketoglutarate levels may support the
production of cytokines and other immune effector molecules [18]. However, for
the other TCA breakpoint, we did not find any evidence in our system, as we did
not observe an accumulation of citrate and/ or an increased glycolytic function,
associated with the "“classically activated ** metabolic reprogramming [19]. This is in
line with recently published data showing that tissue-resident alveolar macrophages
do not rely on glycolysis to respond to LPS as a pro-inflammatory stimulus [20,21].

Since stimulation of alveolar-like macrophages with LPS resulted in higher
production of the pro-inflammatory cytokine TNF-a, which was inhibited by
cotreatment with two different lysine deacetylase inhibitors, we wanted to
investigate the role of metabolic changes in the anti-inflammatory response of
these cells. Treatment with the inhibitors also resulted in higher levels of the anti-
inflammatory cytokine IL-10. This finding is in agreement with earlier results
showing that these inhibitors have an anti-inflammatory effect in smoke-exposed
mice and in LPS-exposed lung slices [22,23] (further discussed in paragraph
“KDAC]i’s anti-inflammatory effect”).

The lysine deacetylase inhibitor (KDACi) RGFP966 had a significant effect on
mitochondrial respiration by increasing the spare respiratory capacity as well
as the level of maximal respiration compared to treatment with LPS alone. This
deacetylase inhibitor, which had a stronger anti-inflammatory effect at the cytokine
level among the KDACis used on LPS-treated macrophages, induced macrophage
repolarization towards an anti-inflammatory phenotype. This phenomenon is
thought to be accompanied by metabolic reprogramming, when macrophages rely
more on oxidative phosphorylation, as demonstrated by the higher mitochondrial



respiration. This is consistent with the current literature on immunometabolism
indicating that alveolar macrophages rely on oxidative phosphorylation for cytokine
production [21,24] and more generally with what has been shown to occur in
macrophages having an anti-inflammatory phenotype [25].

However, no changes were observed when the cells were pre-treated with MS275,
which may be because this KDACi has a weaker anti-inflammatory effect. In fact,
when cells were treated with this compound, only differences at the level of gene
expression were observed. It is possible that differences were observed at the gene
expression level but not in metabolism because the measurements were taken at
a specific time point, and transcription and translation still had to occur before
the effects of changes in gene expression are fully expressed in metabolism. In
fact, after a gene is transcribed, the resulting mMRNA molecule must be processed
and transported to the cytoplasm, where it is translated into a protein. The rate of
protein synthesis is influenced by several factors, including amino acids availability,
translation efficiency, and mRNA molecule stability. Therefore, if differences in
gene expression are observed but not in metabolism, it may be because the effects
of changes in gene expression have not yet been fully translated into changes in
the levels of metabolic enzymes or metabolites. In addition to the time required
for transcription and translation, other regulatory mechanisms can influence
the correlation between gene expression and metabolism. For example, post-
transcriptional and post-translational modifications can affect the stability
and activity of metabolic enzymes, even if their gene expression levels remain
unchanged.

After investigating how alveolar-like macrophages shift their metabolism in
response to different pro- and anti-inflammatory stimuli, we investigated how the
metabolic pathways would change depending on the morphological and mechanical
characteristics of the tissue.

In Chapter 4 alveolar-like macrophages were seeded on plastic, plastic coated
with fibrous collagen, or plastic coated with globular collagen. Fibrous collagen is
obtained at a neutral pH, while an acidic pH results in globular collagen. From a
previous study, it was already known that culturing macrophages on either type
of collagen coating led to a higher expression of surface markers associated with
M2-like polarization (CD206) compared to control macrophages seeded on an
uncoated surface [26], and this expression was higher in macrophages seeded on
globular collagen compared to fibrous. In macrophages seeded on fibrous collagen,
instead, higher levels of the surface marker YM1, a marker of anti-inflammatory,
pro-repair, macrophages, were demonstrated compared to macrophages seeded on
globular collagen. Accompanying these differences in marker expression changes



in the shape, and transmigration of these cells were shown, but no mechanistic
conclusions could be drawn on why these changes occurred and that is why |
proceeded to further investigate this system by applying differential proteomics and
metabolic analysis. The proteome data highlighted differences in the expression of
proteins involved in the glycolytic pathway across all culture conditions. Following
this finding, it was decided to investigate whether the glycolytic function was altered
by measuring the enzymatic activity of the altered glycolytic enzymes and by
performing extracellular flux analysis. Interestingly, no differences were observed
in glycolytic function, but it was observed that there were opposite trends between
protein expression and protein activity (when protein expression was higher, the
activity was lower, and vice versa) which explains why no functional differences
were observed.

Altogether, our results highlight not only the necessity to investigate
immunometabolism in a tissue-specific framework but also that multiple
experimental approaches are necessary to understand how macrophages respond
under specific conditions.

CHARACTERIZATION OF TISSUE-RESIDENT MACROPHAGES

Macrophages are highly versatile immune cells that can exhibit diverse
characteristics and functions depending on their microenvironment. It is important
to characterize macrophages to understand how they respond under different
circumstances, especially during inflammatory responses. As was exemplified
in Chapter 2 macrophage characterization involves various techniques, each
providing different insights into their behavior. However, no single technique
can provide a complete picture of macrophage responses, which is why | think
that it is necessary to use a combination of techniques to gain a more complete
understanding of their behavior.



Figure 2: Graphical overview of macrophage characteristics investigated in the experimental chapters.

As illustrated in Figure 2, in this thesis, macrophages have been characterized
by studying:

Cytokine Release: Macrophages release signaling molecules called cytokines in
response to infections or inflammatory stimuli. Measuring the types and amounts
of cytokines produced can provide information about the pro- or anti-inflammatory
state of the macrophage. This helps to understand their functional role during an
immune response. In Chapter 3, we investigated the cellular excretion of three
important cytokines involved in alveolar macrophage function: IL-10, IL-6, and
TNF-a. These cytokines play distinct roles in modulating macrophage activities,
and their balance is crucial for determining the outcome of immune responses.
IL-10 is primarily known as an anti-inflammatory cytokine; when released, it acts
as a negative feedback mechanism to reduce excessive immune responses and
inflammation. IL-10 suppresses the production of pro-inflammatory cytokines such
as TNF-q, IL-1, and IL-6 [27]. This helps prevent an exaggerated immune response
that can lead to tissue damage and chronic inflammation. IL-10 also promotes tissue
repair and the resolution of inflammation [28]. On the other hand, TNF-a is a potent



pro-inflammatory cytokine that plays a central role in initiating and amplifying
inflammatory responses by inducing the production of other pro-inflammatory
mediators [28]. For instance, TNF-a activates endothelial cells and, through the
production of chemokines by macrophages, other immune cells, such as neutrophils
are recruited to the site of infection or inflammation. TNF-a can also enhance
the phagocytic capacity of macrophages and their ability to eliminate intracellular
pathogens [29]. IL-6 is a pleiotropic cytokine that has pro-inflammatory functions
when it signals in trans via soluble IL-6 receptors binding to gp130 [30]. IL-6 can
be induced by other cytokines, including TNF-q, and controls the development of
chronic inflammatory diseases [31].

Protein Analysis: Techniques such as western blotting, immunoprecipitation,
and mass spectrometry can be used to study changes in protein expression and
post-translational modifications within macrophages. This helps to understand
changes in signaling pathways and the production of specific proteins involved
in the immune response. In Chapters 3 and 4 | investigated the intracellular
proteome of tissue-resident alveolar-like macrophages with the goal of gaining
insights into the molecular mechanisms leading macrophages behavior and their
roles in immune responses, in combination with KDACi treatment. I have made
use of both targeted and untargeted approaches. Untargeted proteomics involves
analyzing all detectable proteins in a sample. | started by employing this approach
as it provides a more comprehensive view of the proteome and it provided a
direction into which to further focus our research. In targeted proteomics, on the
other hand, | selected specific proteins of interest for analysis. This approach is
useful as | wanted to focus on a particular subset of proteins relevant to our study,
the proteins involved in macrophage metabolism. Using a targeted approach also
offers an increased detection sensitivity and improved protein quantification over
an untargeted approach.

Gene analysis: Gene expression profiling, also known as transcriptomics, is a
technique that simultaneously assesses the mMRNA expression levels for thousands
of genes. There are several approaches to studying mRNA: techniques such as
microarrays that can offer a snapshot of the transcriptome compared to a control
condition, and RNA sequencing (RNA-Seq) and reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) can quantify the expression levels of
(particular) genes. The identification of genes whose expression is increased or
downregulated during macrophage activation can provide insight into the pathways
and processes involved in macrophage activation. In Chapter 3, in order to validate
the effects of KDAC inhibition, we performed reverse transcription-quantitative



polymerase chain reaction (RT-qPCR) to investigate the expression of genes linked
to a macrophage anti-inflammatory phenotype.

Cellular Metabolism: Investigating macrophage metabolism is crucial for
understanding their functional state. Methods like Seahorse XF analysis or
13C-glucose tracing can assess parameters like mitochondrial respiration, glycolysis,
and fatty acid oxidation. These measurements help in deciphering the bioenergetic
changes occurring in activated macrophages. In Chapter 4 the extracellular flux
analysis was used to investigate how the metabolism of alveolar-like macrophages
changed when they were seeded on different surfaces and in Chapter 3 to explore
how it might change when treated with an inflammatory stimulus (LPS) combined
with anti-inflammatory agents (KDACis). This technique allows to measure
oxygen concentration (Oxygen Consumption Rate (OCR)) and pH (Extra Cellular
Acidification Rate (ECAR)) in the media of live cells in real-time, therefore indirectly
measuring energy metabolism.

Enzymatic Activity: Studying enzymatic activity can reveal how these enzymes
are regulated during macrophage activation and their contribution to metabolic
processes like glycolysis, oxidative burst, and lipid metabolism. In Chapter 4 the
activity of glycolytic enzymes was measured in alveolar-like macrophages that were

either seeded on plastic or on collagen-coated plastic.

Metabolite Analysis: Metabolomics allows researchers to analyze the metabolic

profile of macrophages. Changes in metabolites like glucose consumption, lactate
production, or lipid metabolism can indicate how macrophages are responding to
inflammation. Metabolite analysis provides insights into their energy requirements
and metabolic adaptations during activation. In Chapter 3 gas chromatography—
mass spectrometry (GC-MS) and high-performance liquid chromatography (HPLC)
with fluorescence detection were used to measure metabolites in the context of
alveolar-like macrophages stimulated with LPS and treated with KDAC inhibitors.
Major TCA cycle metabolites and the TCA cycle substrate amino acids were
quantified.

Other techniques that we have not applied in our manuscripts but that are of relevance
and described in Chapter 2 include measuring surface markers or antigens that
can be detected by techniques such as flow cytometry or immunohistochemistry,
the visualization of cellular morphology using microscopy techniques, or methods
using functional assays such as phagocytosis assays, oxidative burst assays, and
chemotaxis assays.



Although each of these techniques provides valuable information about
macrophages, none can provide a comprehensive view on their own. Indeed,
macrophage responses are highly dynamic and multifaceted. Using a combination
of techniques would allow researchers to gain a more complete and nuanced
understanding macrophage behavior under different conditions. By integrating
data from many different assays, researchers can get a more accurate picture
of macrophage activation, enabling the development of targeted therapies for
inflammatory diseases and infections.

KDACI'S ANTI-INFLAMMATORY EFFECT

In Chapter 3 we have applied the above-mentioned approaches and knowledge
to understand how lysine deacetylase inhibitors (KDACi) impact alveolar-like
macrophages in the context of inflammation and metabolism.

Our study confirmed the anti-inflammatory effects of MS275 (KDAC1,2, and 3
inhibitor) and RGFP966 (KDAC3 inhibitor) in combination with LPS exposure,
previously described by Leus et al. [22,23]. In fact, we observed decreased TNF-a
excretion in cells stimulated with LPS and treated with the inhibitors, and RGFP966
in particular, compared to cells that were only LPS-stimulated. Similar findings
were found for IL-6. We hypothesized that the inhibition of lysine deacetylation,
a post-translational modification, could affect, among other things, the stability
and activity of metabolic enzymes, therefore inducing changes in macrophage
metabolism. Unexpectedly, we observed minimal changes in macrophage
metabolism despite reduced inflammation upon KDACi treatment. This suggests
that alveolar-like macrophages might not rely heavily on metabolic reprogramming
in response to inflammation, contrary to other macrophage types.

Our proteomics analysis revealed that KDACI, especially KDAC3 inhibition, reduces
inflammation by potentially enhancing protein ubiquitination. This modulation
of ubiquitination could be a key driver of the anti-inflammatory effects of KDACI.
Additionally, we noted that specific proteins, like INCA1 (Inhibitor Of CDK, Cyclin
A1 Interacting Protein 1), JAM-A (junctional adhesion molecule A), and MMP12
(macrophage metalloelastase 12), were differentially expressed in response
to KDACI treatment, suggesting their roles in macrophage behavior. Our study
provides insights into the complex interplay between KDACI, inflammation, and
metabolism in alveolar-like macrophages.

In summary, KDAC], particularly KDAC3 inhibition, dampens inflammation in
alveolar-like macrophages, possibly through enhancing ubiquitination, without
drastically altering their metabolism. This highlights the potential of targeting



protein ubiquitination for treating chronic inflammatory diseases like COPD, which
are often unresponsive to traditional therapies.

CONCLUSION AND NEW PERSPECTIVES

Based on the results described in this thesis, | believe that studying macrophage
metabolic plasticity from multiple different angles is a promising direction
that should be implemented for developing more effective therapies for chronic
diseases and inflammatory disorders like COPD. In particular, new developments
such as single-cell metabolomics and transcriptomics can help study metabolic
plasticity at the single-cell level. This approach can reveal heterogeneity within
macrophage populations and provide insights into how different macrophage
subsets contribute to disease progression. It may also help identify novel metabolic
pathways that are dysregulated in specific disease contexts. In summary, | believe
that future research should consist of integrated multi-omics approaches, in which
metabolomics, proteomics, transcriptomics, and epigenomics data are combined
to produce comprehensive molecular profiles of macrophages in different disease
states. Integrating these data may help identify key regulators of macrophage
plasticity and potential therapeutic targets. In the future, it may be of interest to
develop and test drugs that target specific metabolic pathways in macrophages
and investigate the therapeutic potential of modulating macrophage metabolism
to reduce inflammation.

By pursuing these lines of research, the field can gain a deeper understanding
of macrophage metabolic plasticity in the context of chronic diseases. This
knowledge could pave the way for the development of more targeted and effective
treatments, thereby improving the prognosis and quality of life for patients with
these conditions.
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SUPPLEMENTARY MATERIAL

Pathway Genes

Glycolysis ALDH3B1; ALDOA; ALDOB; ALDOC; BPGM; DLD; ENO1; ENO2; GPI;
HK1; HK2; HKDC1; PFKFB1; PFKFB2; PFKFB3; PFKFB4; PFKL; PFKM;
PFKP; PGAM1; PGAM2; PGAM4; PGAM5; PGK1; PGK2; PKM; TPI1

TCA cycle MDHz1; ACO2; CS; FH; OGDH; PDHA1; SDHC; SUCLG1

Electron transport chain

Fatty acids oxidation

Pentose phosphate pathway

AFG1L; CCNB1; CDK1; COA6; COX411; COX412; COX5A; COX5B;
COX6A1; COX6A2; COX6C; COX7A1; COX7A2; COX7C; COX8A;
COX8C; CYC1; DGUOK; DLD; ENOX2; ETFRF1; ETFA; ETFB; ETFDH;
FDX1; FDX2; GBA; GPD1; IMMP2L; ISCU; MTCHz2; MT-CO1; MT-CO2;
MT-CO3; MT-ND1; MT-ND2; MT-ND3; MT-ND4; MT-ND5; MT-ND6;
MYBBP1A; NDUFAF1; NDUFS1; NDUFS2; NDUFA10; NDUFA12;
NDUFA5; NDUFA7; NDUFAS; NDUFB3; NDUFB6; NDUFBS; NDUFBo;
NDUFC2; NDOR1; PINK1; PLEC; POLG2; POR; PPARGC1A; PUM2;
SCO2; SDHA; SDHB; SDHC; SDHD; SOD2; THAP11; UQCC3; UQCR10;
UQCR11; UQCRB; UQCRC1; UQCRC2; UQCRFS1; UQCRH; UQCRQ
ABCD1; ABCD2; ABCD3; ABCD4; ACAA2; ACACB; ACAD10; ACAD11;
ACADM; ACADS; ACADVL; ACAT1; ACAT2; ACOX1; ACOX2; ACOX3;
ACOXL; ACSL5; ADH5; ADIPOR1; ADIPOR2; ALDH1L2; AUH; BDH2;
CPT1A; CPT2; CRAT; CROT; CYGB; DECR1; ECHDC1; ECI1; ECI2;
EHHADH; GCDH; HACL1; HADH; HADHA; HADHB; HSD17B10;
HSD17B4; ILVBL; MAPK14; PEX2; PEX5; PEX7; PHYH; POR; PPARD;
PPARG; PRKAA1; SCP2; SESN2; SLC25A17

H6PD; PGD; PGLS; PRPS1; PRPS2; RPE; RPIA; TALDO1; TKT

Supplementary Table 1: List of genes and corresponding metabolic pathways analyzed to create Figure 1
obtained from the KEGG (Kyoto Encyclopedia of Genes and Genomes) database.
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ENGLISH SUMMARY

Chronic obstructive pulmonary disease (COPD) and diabetes are widespread
chronic diseases worldwide. COPD, characterized by persistent airflow limitation,
significantly impacts lung function, causing respiratory symptoms and contributing
to comorbidities like cardiovascular disease, affecting patients’ quality of life.
Diabetes, encompassing type 1 and type 2 variations, results in high blood sugar
levels due to insulin imbalance, leading to various complications such as retinopathy
and nephropathy.

Both COPD and diabetes are characterized by chronic inflammation, marked,
among many features, by the presence of pro-inflammatory cytokines affecting
all tissues. Macrophages, cells of the immune system, play a pivotal role in chronic
inflammation and in the intricate relationship between immune and metabolic
processes in tissue. Chronic inflammation influences changes in energy metabolism
also through lysine acetylation in proteins, altering gene expression and impacting
cellular energy processes like glycolysis and fatty acid oxidation. This connection
highlights the interplay between immune responses and metabolic pathways in
these chronic conditions, emphasizing the significance of understanding their
complex interactions for developing targeted therapies.

This thesis aimed to deepen our understanding of macrophages within chronic
inflammation, focusing on their diverse phenotypes and metabolic huances across
various tissue niches.

In Chapter 2 the focus is on the involvement of macrophages in obesity and
type 2 diabetes mellitus. It describes distinct phenotypes associated with these
conditions and sheds light on variations in cellular metabolite levels, revealing how
microenvironments influence macrophage behavior. This chapter also illustrated
the most common ways to characterize macrophages, with particular attention paid
to their metabolism.

Subsequently, the investigation delved into the effects of KDAC inhibitors (KDACis)
on primary murine alveolar-like macrophages activated by lipopolysaccharide
(LPS), described in Chapter 3. While minimal metabolic changes were observed
between conditions, the study revealed that when macrophages were treated with
KDACis, a reduction in inflammatory mediators and an enhancement in proteins
related to ubiquitination was observed, potentially offering new therapeutic avenues
for COPD.

In Chapter 4 we explored how collagen morphology influences macrophage
behavior and metabolism. We uncovered changes in glycolysis-related protein



expression but no significant alterations in enzyme activity in this metabolic
pathway, again highlighting the intricate interplay between macrophages and their
microenvironment, critical in tissue repair to fibrosis in the lungs.

Overall, this thesis summarized the core findings of the field, emphasizing the
diverse metabolic adaptations of macrophages in conditions like obesity, type 2
diabetes mellitus, and lung disorders. It showcased the capacity of macrophages
to adapt their metabolism based on distinct tissue environments, significantly
influencing their behavior.

Furthermore, this thesis showcased the potential of KDACis in reducing
inflammation, offering promising avenues for treating chronic inflammatory
diseases like COPD. This thesis stressed the importance of employing various
techniques to characterize macrophage behavior under diverse conditions
comprehensively.

For future directions, this thesis suggests using single-cell metabolomics,
proteomics and transcriptomics to unravel macrophage population heterogeneity
and identify novel metabolic pathways crucial in disease states. It also advocates
for an integrated multi-omics approach, combining various omics techniques for
comprehensive macrophage profiling, potentially revealing crucial regulators and
therapeutic targets.

In conclusion, this thesis established a foundational understanding of macrophage
behavior within chronic diseases. It hinted at tailored treatments targeting
macrophage metabolism to alleviate chronic inflammation, potentially improving
patient prognosis significantly.



NEDERLANDSE SAMENVATTING

Chronische obstructieve longziekte (COPD) en diabetes zijn wijdverspreide
chronische ziekten. COPD, gekenmerkt door een aanhoudende obstructie
van de luchtwegen, heeft aanzienlijke invloed op de longfunctie, veroorzaakt
ademhalingsproblemen en draagt bij aan comorbiditeiten zoals hart- en vaatziekten.
Diabetes, zowel type 1 als type 2 varianten, leidt tot hoge bloedsuikerspiegels door
een gebrekkige insulineproductie of een gebrekkige respons op insuline, met als
gevolg verschillende complicaties zoals retinopathie en nefropathie.

Zowel COPD als diabetes worden gekenmerkt door chronische ontsteking met
aanwezigheid van pro-inflammatoire cytokines die alle weefsels aantasten.
Macrofagen, cellen van het immuunsysteem, spelen een cruciale rol in zowel
chronische ontstekingen als in de complexe relatie tussen immuun- en metabole
processen in weefsels. Chronische ontstekingen kunnen veranderingen veroorzaken
in zowel genexpressie als verscheidene metabole processen, zoals glycolyse en
vetzuuroxidatie. De wisselwerking tussen immuunreacties en metabole processen,
onder deze chronische ziekten, onderstreept het belang van het begrijpen van deze
complexe interacties voor de ontwikkeling van gerichte therapieén.

Het doel van dit proefschrift was het uitdiepen van de kennis omtrent de rol van
macrofagen binnen chronische ontsteking, met de nadruk op hun diverse fenotypen
en metabole nuances in verschillende situaties.

In Hoofdstuk 2 ligt de focus op de betrokkenheid van macrofagen bij obesitas
en type 2 diabetes mellitus. Het beschrijft verscheidene macrofaag fenotypen
geassocieerd met deze aandoeningen en werpt licht op variaties in niveaus van
cellulaire metabolieten, waarbij wordt onthuld hoe macrofagen beinvlioedt worden
voor de micro-omgeving. Dit hoofdstuk illustreert ook de meest voorkomende
manieren om macrofagen te karakteriseren, met speciale aandacht voor hun
metabolisme.

Vervolgens gaat het onderzoek in op de effecten van lysine deacetylase-
remmers (KDACis) op muis primaire alveolaire macrofagen geactiveerd door
lipopolysaccharide (LPS), zoals beschreven in Hoofdstuk 3. Hoewel er tussen
de verschillende omstandigheden slechts minimale metabolische veranderingen
worden waargenomen, toont de studie aan dat wanneer macrofagen worden
behandeld met KDACis, er een vermindering van ontstekingsmediatoren en
een toename van eiwitten gerelateerd aan ubiquitinatie wordt waargenomen.
Deze vindingen bieden nieuwe aanknopingspunten voor de ontwikkeling van
therapeutische ingangen voor COPD.



In Hoofdstuk 4 onderzoeken we hoe de morfologie van collageen het gedrag
en metabolisme van macrofagen beinvloedt. We ontdekken veranderingen in
de eiwitexpressie gerelateerd aan glycolyse. Er waren echter geen significante
veranderingen in enzymactiviteit in dit metabole pad. Dit benadrukt opnieuw de
ingewikkelde interactie tussen macrofagen en hun micro omgeving, die cruciaal is
voor weefselherstel, maar ook betrokken is bij de ontwikkeling van fibrose in de
longen.

Over het algemeen vat dit proefschrift de kernbevindingen van het vakgebied
samen en benadrukt het de diverse metabole veranderingen van macrofagen in
aandoeningen zoals obesitas, type 2 diabetes mellitus en longaandoeningen. Het
toont de capaciteit van macrofagen om hun metabolisme aan te passen op basis van
verschillende situaties die ze tegenkomen in weefsels.

Bovendien toont deze proefschrift de potentie van KDACis voor het verminderen
van ontsteking, wat veelbelovende mogelijkheden biedt voor de behandeling van
chronische inflammatoire ziekten zoals COPD. Daarnaast benadrukt dit proefschrift
het belang van het inzetten van verschillende technieken voor de uitgebreide
karakterisatie van macrofagen onder diverse omstandigheden.

Voor toekomstig onderzoek beveelt dit proefschrift het gebruik van single-
cell metabolomics, proteomics en transcriptomics aan. Dit is belangrijk om de
heterogeniteit van macrofaagpopulaties te ontrafelen en nieuwe cruciale metabole
routes te identificeren binnen ziektebeelden. Verder pleit het proefschrift ook voor
een geintegreerde multi-omics aanpak, waarbij verschillende omics-technieken
worden gecombineerd ter identificatie van macrofaagprofielen, en mogelijke
vervolgstappen in het vinden van cruciale regulatoren en therapeutische doelen.

Tot slot laat dit proefschrift een fundamenteel begrip van het gedrag van macrofagen
binnen chronische ziekten zien en wijst het op de potentie van op maat gemaakte
behandelingen, met name gericht op het metabolisme van macrofagen en de
verlichting van chronische ontstekingen en de potentie hiervan om de prognose
van patiénten aanzienlijk te verbeteren.



ITALIAN SUMMARY (RIASSUNTO IN ITALIANO)

La malattia polmonare ostruttiva cronica (detta anche broncopneumopatia cronica
ostruttiva (BPCO)), le malattie cardiovascolari e il diabete sono patologie croniche
diffuse in tutto il mondo. La BPCO, caratterizzata da una limitazione persistente del
flusso d'aria, influisce significativamente sulla funzione polmonare e sulla qualita
della vita, mentre il diabete, che comprende le varianti di Tipo 1 e Tipo 2, comporta
livelli elevati di zucchero nel sangue a causa di un disequilibrio dell'insulina,
portando a varie complicazioni.

Sia la BPCO che il diabete sono caratterizzati da infiammazione cronica,
contraddistinta, tra le molte caratteristiche, dalla presenza di citochine pro-
infiammatorie che influenzano tutti i tessuti. Nella BPCO, 1'esposizione a lungo
termine a irritanti attiva un‘infiammazione cronica, causando sintomi respiratori
e contribuendo a comorbilita come le malattie cardiovascolari. Allo stesso modo,
nel diabete, I'inflammazione si verifica nei tessuti coinvolti nella regolazione
dell'energia, portando a resistenza all'insulina e complicazioni come la retinopatia
e la nefropatia.

I macrofagi, cellule del sistema immunitario, giocano un ruolo fondamentale
nell'intricata relazione tra processi immunitari e metabolici. L'infiammazione
cronica influisce sui cambiamenti nel metabolismo energetico attraverso
l'acetilazione della lisina nelle proteine, alterando I'espressione genica e influenzando
processi energetici cellulari come la glicolisi e l'ossidazione degli acidi grassi. Questa
connessione evidenzia I'interazione tra le risposte immunitarie e le vie metaboliche
in queste patologie croniche, sottolineando I'importanza della comprensione delle
loro interazioni per lo sviluppo di terapie mirate.

Questa tesi aveva lo scopo di approfondire la nostra comprensione dei macrofagi
nell'ambito dell'infiammazione cronica, concentrandosi sui loro diversi fenotipi e
le loro sfumature metaboliche in vari contesti tessutali.

Nel Capitolo 2, l'attenzione é focalizzata sul coinvolgimento dei macrofagi
nell'obesita e nel diabete di Tipo 2 (T2DM). Si sono scoperti fenotipi distinti associati
a queste patologie e si ¢ fatta luce sulle variazioni dei livelli dei metaboliti cellulari,
rivelando come i microambienti influenzino i comportamenti dei macrofagi. Questo
capitolo ha anche illustrato i modi pit comuni per caratterizzare i macrofagi, con
particolare attenzione al loro metabolismo.

Successivamente, questa tesi ha investigato gli effetti degli inibitori delle
lisine deacetilasi (KDACis) sui macrofagi alveolari murini primari attivati dal
lipopolisaccaride (LPS), descritto nel Capitolo 3. Sebbene siano stati osservati



minimi cambiamenti metabolici tra le condizioni, lo studio ha rivelato che quando i
macrofagi sono stati trattati con i KDACis, si € osservata una riduzione dei mediatori
inflammatori e un potenziamento delle proteine correlate all'ubiquitinazione,
offrendo potenzialmente nuove strade terapeutiche per la BPCO.

Nel Capitolo 4 abbiamo esplorato come la morfologia del collagene influenzi il
comportamento e il metabolismo dei macrofagi. Abbiamo scoperto cambiamenti
nell'espressione proteica correlata alla glicolisi, ma nessuna alterazione significativa
nell'attivita degli enzimi coinvolti in questa via metabolica, evidenziando ancora
una volta l'interazione intricata tra macrofagi e il loro microambiente, fondamentale
nella riparazione dei tessuti e nella fibrosi polmonare.

Nel complesso, questa tesi ha riassunto le scoperte fondamentali nel campo,
evidenziando le diverse adattazioni metaboliche dei macrofagi in condizioni come
I'obesita, il T2DM e i disturbi polmonari. Ha dimostrato la capacita dei macrofagi
di adattare il loro metabolismo in base ai diversi ambienti tessutali, influenzando
significativamente il loro comportamento.

Inoltre, lo studio ha mostrato il potenziale dei KDACis nel ridurre l'infiammazione,
offrendo vie promettenti per il trattamento di patologie infiammatorie croniche
come la BPCO. Questo studio, e la tesi nel suo complesso, hanno sottolineato
I'importanza di impiegare varie tecniche per caratterizzare in modo esaustivo il
comportamento dei macrofagi in condizioni diverse.

Per il futuro, questa tesi suggerisce di utilizzare tecniche metabolomiche e
trascrittomiche a livello delle singole cellule per svelare I'eterogeneita delle
popolazioni di macrofagi e identificare nuovi percorsi metabolici cruciali nelle
malattie. Si propone anche un approccio multi-omico integrato, combinando
varie tecniche omiche per un profilo completo dei macrofagi, rivelando potenziali
regolatori cruciali e bersagli terapeutici.

In conclusione, questa tesi ha fornito una comprensione fondamentale dei
comportamenti dei macrofagi nelle malattie croniche e ha suggerito trattamenti
mirati che puntano al metabolismo dei macrofagi per alleviare I'infiammazione
cronica, migliorando potenzialmente significativamente la prognosi dei pazienti.
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