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1 Introduction 

1.1 Obesity and its epidemiology 

Obesity as a multifactorial and complex, but preventable disease (Kushner 2002), has been 

shown to decrease life expectancy by 5-20 years (Collaboration 2009, Berrington de 

Gonzalez et al. 2010, Kuk et al. 2011). As of 2016, overweight affected roughly 1.9 billion 

adults, where 650 million of those were categorized as obese (classifications are listed 

below). Additionally, 340 million children aged 5-19 were listed as overweight or obese by 

the World Health Organization (WHO). The number of people classified as clinically obese 

has tripled within the last 10 years (WHO 2020). It is projected for 2030 that, if this trend 

continues, the prevalence of obesity will reach around 38 % of the world’s population (Kelly 

et al. 2008). This makes obesity a fast-growing health issue in the Western World and Asia 

with every third person being affected by overweight or obesity (Stevens et al. 2012, Ng et 

al. 2014). The Centers for Disease Control and Prevention (CDC) defines obesity utilizing the 

body mass index (BMI), a value associated with the body weight (in kg) and the square of 

the height of a person (in meter) (CDC 2021). This system is widely accepted, since the WHO 

uses this classification to differentiate between overweight (BMI between 25 and 30) and 

obesity (BMI over 30) (WHO 2020). 

Generally, it is widely discussed, if obesity should be classified as a disease or a behavioral 

abnormality (Rosen 2014, Blüher 2019, Wilding et al. 2019). Obesity was categorized as a 

disease in the United States by the American Medical Association (AMA) House of 

Delegates (Pollack 2013) and in this context is classified utilizing the BMI. It is criticized that 

the BMI is an imperfect tool to measure the state of health (Gutin 2018), since it is not 

capturing the complexity of obesity. However, it is argued that the rationale behind this 

classification as a disease is that obesity should widely be accepted as a chronic disorder 

that leads on the one hand to comorbidities and on the other hand to a complex 

homeostatic mechanism that prevents weight loss and promotes further weight gain 

(Ochner et al. 2013, Seaman 2013, Blüher 2019). The mentioned comorbidities of obesity 

are classified as noncommunicable diseases, and include Type 2 Diabetes Mellitus (T2D) 

(Al-Goblan et al. 2014), dyslipidemia (Bays et al. 2013), coronary heart disease (Wilson et 

al. 2002), obstructive sleep apnea (Young et al. 1993, Sharma et al. 2006), osteoarthritis 
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(Spector et al. 1994, Szoeke et al. 2006) and even cancer (Ford 1999, Pergola and Silvestris 

2013). 

A scientific or clinical way to describe obesity without the need for an index like BMI, is as 

a state in which an over-accumulation of abdominal and subcutaneous adipose tissue 

occurs. These two types of adipose tissue are described as white adipose tissue (WAT), 

which is associated with hyperplasia and hypertrophy of adipocytes in obese patients 

(Parlee et al. 2014). An accumulation of WAT can be caused by overnutrition, in 

combination with reduced physical activity (Mitchell 1952, Samartıń and Chandra 2001, 

Mathur and Pillai 2019), while genetics also have been determined to be a risk factor for 

obesity (Hruby et al. 2016). Generally, overnutrition is defined as an excess intake of 

nutrients and food up to a point where the health is affected adversely due to an 

accumulation of body fat (Mathur and Pillai 2019). Besides personal risk factors, the rise of 

obesity as a global epidemic is driven by increased levels of processed food (Poti et al. 

2017), globalization (Fox et al. 2019), industrialization (Matthews 2012), urbanization 

(Congdon 2019) as well as inexpensive and readily-available food (Sturm and An 2014).  

 

1.2 Obesity related inflammation 

The first time obesity was linked to a state of inflammation was over half a century ago 

(Ogston 1964) when fibrinolysis was connected to obesity. This idea of inflammation as an 

effect of obesity was then picked up in the 1990s after the implication of tumor necrosis 

factor alpha (TNF-α) production in the adipose tissue with insulin resistance (Hotamisligil 

et al. 1993, Hotamisligil et al. 1994). Additionally to TNF-α, several other  

chemo-/cytokines and adipocytokines have been shown to be differentially expressed and 

produced in obese adipose tissue, such as monocyte chemoattractant protein-1 (MCP-1), 

interleukin 6 (IL-6), plasminogen activator inhibitor-1 (PAI-1), leptin and adiponectin 

(Müller et al. 2002, Spranger et al. 2003, Di Gregorio et al. 2005, Mertens and van Gaal 

2006, Rocha and Libby 2008). All these mediators can either act locally or systemically, 

contributing to pathophysiological changes associated with obesity. Further progress to 

understand the mechanisms behind obesity associated inflammation was made in a 

pioneer work in 2003. It was shown that these pro-inflammatory mediators can be 
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produced by adipocytes as well as M1 macrophages (Weisberg et al. 2003, Xu et al. 2003) 

and both cell types are accumulating in the adipose tissue. Nowadays, obesity is referred 

to and characterized as a state of chronic inflammation (Balistreri et al. 2010, Fain 2010, 

Fuentes et al. 2013, Han and Levings 2013, Ellulu et al. 2017). The interlaced connection 

between inflammation and metabolic pathways combines the described investigations 

regarding macrophages and adipocytes since both can produce adipocytokines. The reason 

for the coexistence of M1 macrophages and adipocytes in adipose tissue is the 

accumulation of M1 macrophages due to phagocytosis of dead cells. Death of adipocytes 

is an uncommon phenomenon in healthy persons, however, it occurs in obese individuals 

and has been linked to adipocyte hypoxia due to rapid expansion of WAT (Surmi and Hasty 

2008). Especially, hypoxia of adipocytes in obese individuals is associated with the onset of 

inflammation in these patients due to an increased level of adipocytokine production 

promoting pro-inflammatory gene expression which is succeeded by the death of 

adipocytes (Hosogai et al. 2007, Ye et al. 2007). Dead adipocytes are then surrounded by 

macrophages, a phenomenon described as crown-like structures present in human and 

mouse (Cancello et al. 2005, O'Rourke et al. 2011). In this context, obesity-related 

inflammation differs from the general consideration of inflammation being a protective 

mechanism and is described as para-inflammation or chronic low-grade inflammation in 

obesity. Para-inflammation diverges from inflammation in the aspects of typical signs of 

inflammation, however, it shares signaling pathways and inflammatory mediators 

(Hotamisligil 2006). 

 

1.3 Epidemiology of trauma based on multiple injuries 

In the population under 40 years of age trauma ranks as the leading cause of death while 

accounting for 10 % of the mortality worldwide (Kung et al. 2008, Norton and Kobusingye 

2013). Amongst those, thoracic traumas constitute about 20-25 % of deadly traumas 

(Demirhan et al. 2009) and are the third frequent cause of trauma-related mortality. The 

rate of mortality even increases with the addition of extra-thoracic injuries (Tataroglu et al. 

2018). Those kinds of traumas are described as polytrauma and are defined as different 

injuries of various regions of the body at the same time, whereas one of those injuries or 

the combination must be life threatening (Tscherne H 1988). This combination of injuries 
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can occur after severe accidents, such as car crashes and makes up to one percent of the 

callouts for emergency doctors. 10 % of those polytraumatic injuries end lethal 

(TraumaRegisterDGU(R) 2014 Oct). Over 95 % of patients suffering a trauma based on 

multiple injuries, endured a blunt injury. 

 

1.4 Influence of obesity on multiple traumatic injuries 

The treatment and life expectancy after polytraumatic injuries due to accidents is highly 

influenced by additional risk factors such as obesity. Obesity is a risk factor for several 

diseases and can influence regeneration processes in a negative manner (Hoffmann et al. 

2012, Xu et al. 2018, Gihring et al. 2020, Xu et al. 2020), most likely to be triggered by a 

state of chronic inflammation in obese individuals. Compositional and functional changes 

of adipose tissue resident cells can lead to an alternated profile of production and secretion 

of pro- and anti-inflammatory cytokines as well as fatty acids (Sampels et al. 2014, Werner 

et al. 2018). Furthermore, adipose tissue can directly affect the activation of stem cells like 

satellite cells due to decreased adenosine monophosphate activated protein kinase (AMPK) 

activity (Fu et al. 2016) as well as the regeneration of the injured tissue (Trendelenburg et 

al. 2012). It has been shown that these adverse effects in combination with a trauma lead 

to a poor outcome and a higher mortality (Glance et al. 2014). Since the number of obese 

individuals is rising at an alarming rate, it becomes more important to understand the 

implications of obesity in the regeneration after trauma injuries to provide a better 

treatment and care for obese patients. 

 

1.5 Early inflammatory immune response after trauma 

A polytraumatic injury triggers an immediate response of the immune system (Huber-Lang 

et al. 2018) leading to a systemic answer with complex host responses. Hereby, it is 

important that the systemic inflammatory response syndrome (SIRS) and the 

compensatory anti-inflammatory response syndrome (CARS) are tightly regulated to avoid 

damage to the patient by continuous inflammatory response (Osuchowski et al. 2006, 

Novotny et al. 2012), which could lead to severe complications, such as sepsis (Osborn et 

al. 2004), multiorgan failure (MOF) (Sauaia et al. 1994) or to an acute respiratory distress 
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syndrome (ARDS) (Wafaisade et al. 2011). In this context, it needs to be mentioned that 

ARDS is not limited to patients suffering a lung contusion (Rendeki and Molnár 2019). 

SIRS results from the rapid reaction of the immune system due to tissue damage and the 

accompanying release of damage-associated molecular patterns (DAMPs), including 

adenosine triphosphate (ATP), mitochondrial deoxyribonucleic acid (mtDNA) and IL-1α 

(Pittman and Kubes 2013), which can directly activate neutrophils and monocytes (Manson 

et al. 2012) as well as the complement system (Neher et al. 2011, Burk et al. 2012). This 

activation of the complement system and of inflammatory cells leads to the release of pro-

inflammatory cytokines, amongst them interleukins (IL), finally leading to the systemic 

response of the trauma that is described in SIRS (Ward 2004). To maintain homeostasis 

during the response to the trauma, the immune response to the trauma also relies on anti-

inflammatory aspects described as CARS, which is associated with increased levels of anti-

inflammatory cytokines, such as IL-10 (Xiao et al. 2011). Several migration patterns of 

immune cells such as neutrophils and monocytes as part of the innate immune response 

are described in combination to the systemic responses described as SIRS and CARS. 

Chemotaxis of neutrophils is triggered by high concentrations of pro-inflammatory 

cytokines (Reino et al. 2012) and by released DAMPs, which additionally elicit the release 

of chemoattractants, such as leukotriene B4 (LTB4) or the CXC motif chemokine ligand 8 

(CXCL8), by the surrounding tissue (Lämmermann et al. 2013, Heijink et al. 2015). Migrated 

neutrophils start to phagocytize cellular debris and further secret chemoattracting factors, 

amongst them azurocidin, a factor that can lead to recruitment of monocytes (Chertov et 

al. 1997, Soehnlein et al. 2008). However, it has been shown in mouse models, that the 

migration of monocytes to the site of inflammation is not compromised, when neutrophil 

migration is inhibited and the release of chemoattractants at the trauma site is therefore 

impeded (Henderson et al. 2003). 

Monocytes, which can differentiate into macrophages, are recruited to the traumatized 

tissue for tissue remodeling as well as immune defense (Ley et al. 2007). Circulating blood-

derived monocytes can be subcategorized based on their function as well as their surface 

expression as well as their function into pro-inflammatory classical monocytes (CD14+CD16- 

in humans, Ly6Chi in mice) and anti-inflammatory, or patrolling monocytes (CD14-CD16+ in 

humans, Ly6Clo in mice) (Passlick et al. 1989, Shi and Pamer 2011, Hulsmans et al. 2016). In 
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addition to these two subsets, a so-called intermediate subset can be found in humans that 

is described as a transitional subset and is identified with a double-positive phenotype 

(CD14+CD16+) (Wong et al. 2011, Mukherjee et al. 2015). Since the presented study is using 

an in vivo mouse model, the functions and marker expression for murine monocytes are 

depicted in the table 1. 
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Table 1: Definition, surface marker and chemokine receptor expression, functions, lifespan, and fate of murine 
monocytes. Murine monocytes are subsetted into classical and non-classical monocytes (Tsou et al. 2007, Ziegler-
Heitbrock et al. 2010, Yona et al. 2013, Yang et al. 2014, Gamrekelashvili et al. 2016, Mildner et al. 2016, Kawamura and 
Ohteki 2018). 

 Classical Non-classical 

Defined by Ly6Chi Ly6Clo 

Expression of 

surface 

marker 

CD43lo 

CD11b+ 

CD115+ 

CD62L+ 

CD11c- 

CD43hi 

CD11b+ 

CD115+ 

CD62L- 

CD11c-/+ 

Chemokine 

receptor 

expression 

CCR2hi 

CX3CR1lo 

CCR2lo 

CX3CR1hi 

Function Pro-inflammatory monocytes and 

phagocytosis 

Patrolling, early immune 

response, and tissue repair 

Lifespan ~ 20 h ~ 2.2 days 

Fate (i) Differentiation into Ly6Clo 

monocytes 

(ii) Migrate to tissue to become 

monocyte-derived 

macrophages 

(iii) Migrate to inflamed tissue 

and give rise to macrophages 

or dendritic cells (DCs) 

Migration to the tissue for 

ischemic tissue repair or 

after endothelial injury 
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After trauma, the recruitment of monocytes in human and mice is mainly MCP-1 (CCL2) 

driven (Hanna et al. 2011) and based on mobilizing monocytes from the bone marrow 

(Tacke et al. 2007) and the spleen (Swirski et al. 2009, Rizzo et al. 2020). Sterile 

inflammation and injury lead to monocyte migration to the inflamed tissue, which then 

convert into DCs and macrophages to promote inflammation and instigate tissue repair 

(Dai et al. 2002). Macrophages can be discriminated based on their polarization into pro- 

(M1) and anti-inflammatory or regenerative (M2) subsets. However, this is oversimplified 

and should be seen as a continuum and not as fixed states (Mantovani et al. 2004). Both 

subsets are important contributors for tissue repair of traumatized tissue (Wang and Kubes 

2016, Horckmans et al. 2017), nonetheless, a timed switch from M1 to M2 macrophages is 

crucial for tissue regeneration (Nahrendorf et al. 2007). It has been shown that a prolonged 

presence of pro-inflammatory monocytes and M1 macrophages can lead to complications 

during tissue regeneration and cause complications during recovery (Wang 2014). M1 as 

well as M2 macrophages can be reinforced by monocytes turning into so-called monocyte-

derived macrophages, a cell population which then shows either phagocytic or 

regenerative properties (Nahrendorf et al. 2007). The general initial immune response to a 

trauma with a focus on myeloid cells migration and movement is depicted in figure 1. 
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Figure 1: Early immune response to a trauma with a focus on myeloid cells. Trauma induces the release of damage 
associated molecular patterns (DAMPs), such as ATP, mitochondrial DNA (mtDNA) and IL-1, which activates the peripheral 
immune system. Activation of the immune system leads to accumulation of pro-inflammatory myeloid cells in the 
periphery, an effect that is accompanied by the release of pro-inflammatory cytokines. Neutrophils, as first line responders, 
accumulate in the periphery and start to migrate into the inflamed tissue. Besides phagocytosis of cellular debris, 
neutrophils further secret chemoattracting factors that promote migration of monocytes to the inflamed tissue. 
Monocytes can turn into monocyte-derived macrophages that can either act pro-inflammatory (M1 macrophages) or after 
regeneration started switch to regenerative M2 macrophages. The spleen functions as a reservoir for monocytes 
throughout the trauma related immune response, that can store or provide monocytes, while also being involved in anti-
inflammatory immune responses. 

 

1.6 Inflammatory reflex 

The inflammatory reflex was first described by Tracey (Tracey 2002) as a neuronal circuit 

limiting inflammation as a protective response by stimulation through the vagus nerve. This 

was investigated in a murine sepsis model, showing that activation of the vagus nerve leads 

to reduced systemic inflammation (Andersson and Tracey 2012a, b, Chavan et al. 2017, 

Pavlov and Tracey 2017). The inflammatory reflex gets initiated due to increased levels pro-

inflammatory cytokines, an incidence that occurs during inflammation for example as a 

response to injury. This leads to signaling through the afferent vagus nerve to the brain, 

where activation of the efferent vagus nerve is caused. The efferent vagus nerve is 

connected to several organs, amongst them the intestines, liver, stomach, and the spleen 

(Pavlov and Tracey 2012). The splenic response is of particular interest for the study 
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presented in this work. Vagus nerve stimulation in the spleen results in the release of 

norepinephrine (NE), a mechanism that was reported early during the investigation of the 

inflammatory reflex (Andersson and Tracey 2012a, Tracey 2016, Chavan et al. 2017, Pavlov 

and Tracey 2017). It has been shown that a splenic subset of CD4+ T cells expressing choline 

acetyltransferase (ChAT) is crucial for the reflex and the transduction of the impulse of the 

vagus nerve (Rosas-Ballina et al. 2011). These ChAT+ CD4+ T cells release acetylcholine 

(ACh), which in return is binding the nicotinic acetylcholine receptor alpha 7 (α7nAChR) of 

macrophages and inhibits, among others, the production of TNF-α (Wang et al. 2003). In 

this context, it has been shown that administration of nicotine exhibits the same anti-

inflammatory effect compared to vagus nerve stimulation (Wang et al. 2003, Wang et al. 

2004). The splenic response to the inflammatory reflex, the crucial involvement of the 

ChAT+ CD4+ T cells and signaling through the α7nAChR of macrophages is depicted in 

figure 2.  
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Figure 2: Splenic pathway of the inflammatory reflex. Events, such as a traumatic injury, that leads to an increased level 
of pro-inflammatory cytokines, signals through the afferent vagus nerve to the central nervous system (CNS). The CNS 
then signals through the efferent vagus nerve to various organs, amongst them the spleen, which leads to a release of 
norepinephrine. This signal gets picked up by specific CD4+ T cells that express choline acetyltransferase (ChAT), which 
leads to the release of acetylcholine (ACh). This molecule signals through the nicotinic acetylcholine receptor 
alpha 7 (α7nAChR) of macrophages and reduces the amount of produced pro-inflammatory cytokine, such as tumor 
necrosis factor alpha (TNF-α). 

 

1.7 Mass cytometry as a novel tool for high-dimensional immunophenotyping 

The unique combination of metal-labelled antibodies with mass spectrometry as it is the 

case for mass cytometry, or cytometry by time of flight (CyTOF), has enabled increased 

resolution of phenotyping immune cells, while simultaneously obtaining single-cell data 

(Bandura et al. 2009, Ornatsky et al. 2010). Recent improvements have shown that CyTOF 

can deliver new insights for studies focused on phenotyping (Schulte-Schrepping et al. 

2020, Wang et al. 2020), phosphorylation cascades after stimulation (Mingueneau et al. 

2014, Lun et al. 2019) as well as activity-based detection of receptors (Gärtner et al. 2020, 

Poreba et al. 2020). 

The purity of metal isotopes as well as the detection of ions instead of fluorescence 

overcomes shortcomings of regular flow cytometry, such as spectral overlap, and increases 

the amount of simultaneously detectable antigens (Bendall et al. 2012, Newell and Davis 
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2014). However, enhanced resolution of single cell analysis is associated with new 

challenges due to the increased dimensionality of the produced data set. This leads to the 

confrontation with normalization, identification of cell subsets and visualization of high-

dimensional data (Bendall et al. 2011, Finck et al. 2013, Atkuri et al. 2015, Chen et al. 2016). 

Especially visualization is challenging due to the need of m*(m-1)/2 biaxial plots 

(m = number of markers) to describe all possible marker combinations. Therefore, new 

analysis techniques relying on computational approaches to deal with various 

dimensionality reduction methods need to be utilized and developed (Shekhar et al. 2014, 

Chen et al. 2016). This work uses dimensionality reduction techniques for visualization and 

clustering of mass cytometry data like uniform manifold approximation and projection for 

dimension reduction (UMAP) (McInnes et al. 2018), as well as analysis of flow or mass 

cytometry data using a self-organizing map (FlowSOM) (van Gassen et al. 2015). UMAP is 

used to display single cell data in two dimensions while preserving global structure of the 

data set, which lifts this algorithm over competitors such as t-distributed stochastic 

neighbor embedding (t-SNE) (Amir et al. 2013, McInnes et al. 2018). The data can then be 

displayed based on different cell clusters describing the immune subset defined by 

clustering using FlowSOM. FlowSOM is an unsupervised, automatic clustering algorithm, 

which compares itself to viSNE (Amir et al. 2013) and spanning-tree progression analysis of 

density-normalized events (SPADE) (Qiu et al. 2011), but is combining the clustering 

approach with visualization aid to correctly name the cluster without the need of biaxial 

scatter plots (van Gassen et al. 2015). The general workflow starting at the stained cell up 

to the visualization and data analysis is depicted in figure 3. 
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Figure 3: Visual representation of the CyTOF workflow. The mass-tagged cell (A) is injected into the CyTOF machine, 
where a nebulizer creates a spray containing single-cell droplets (B). The single cell spray is then analyzed utilizing a time 
of flight (TOF)- inductively coupled plasma mass spectrometry (ICP-MS) (C) and the elemental masses are measured for 
each cell (D). The data is then exported from originally IMD files to FCS, which enables the display of the multidimensional 
data in plots with limited dimensions (E). FlowSOM clustering is used to identify cell clusters with comparable expression 
profile (F). The clustered data then can be visualized using a dimensionality reduction technique UMAP to display the data 
set in a biaxial plot (G). Single clusters can get identified and analyzed at a higher resolution to focus on marker expression 
in these subsets, a method that allows comparison between lean (LFD) and obese (HFD) mice (H).  

Nevertheless, FlowSOM clustering and subsequent visualization by UMAP is relying on 

further statistics that are calculated after the analysis is performed. An analysis tool that is 

including a data-driven approach on high-dimensional cell analysis is Citrus (Bruggner et al. 

2014), which is able to identify relevant cell subsets that are associated with different 

groups or with an experimental endpoint of interest. This algorithm was used in this study 

to perform unsupervised analysis of CyTOF data with the goal to define cell signatures that 

can be associated with obesity during an immune response to a combined muscle and 

thorax trauma. 

 

1.8 Mouse model to investigate the implication of obesity on posttraumatic immune 

response 

The effect of obesity on polytraumatic injuries is difficult to investigate in humans due to 

the nature of variation of these injuries. Furthermore, the lack of controls of time points 

before injury complicates the analysis as well as the possibility to track immune cells in 

various tissues throughout the trauma response. Therefore, an established mouse model 
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was used to enable phenotyping and categorization of immune cells after traumatic injuries 

in a controlled setting. This mouse model utilizes C57BL/6J mice with and without diet-

induced obesity (DIO). DIO is achieved by different diets, a normal or lean fat diet with 10 % 

of the caloric intake derived from fat, and a high fat diet, where 60 % of the caloric intake 

is derivative from fat. After the mice are 16-weeks old, these different diets lead to a 

significant weight difference between the two groups, and a combined blunt thorax and 

muscle trauma was induced to simulate a traumatic injury. The muscle trauma is induced 

utilizing a drop tower leading to a blunt trauma without risking bone fracture (Werner et 

al. 2018, Xu et al. 2018), while the thorax trauma is set by applying a blast wave to the 

thorax (Xu et al. 2020). The combination of these two traumas to set up a combined trauma 

has been shown to be successful in a previous study (Gihring et al. 2020). This way of setting 

up a sterile and blunt thorax and muscle trauma in lean and obese C57BL/6J mice allows a 

controllable and reproducible environment for immune cell analysis and tracking.  
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1.9 Aim of the study 

Obesity and the associated chronic inflammation can influence mortality after 

polytraumatic injury. It is important to understand and elucidate the mechanisms behind 

obesity-related inflammation to provide obese patients with better care options. Although 

progress was made regarding obesity dependent inflammation, the involved mechanisms 

are still unknown and differences in the immune response are not well described or 

categorized. Therefore, to address this issue, a mouse model with diet-induced obesity was 

used for an induction of a combined thorax and muscle trauma to investigate the effects 

of obesity on the immune response.  

The main hypothesis addressing this topic was that obesity due to its chronic inflammation 

leads to significant differences in the immune response to a combined thorax and muscle 

trauma. This hypothesis was addressed with various sub-hypotheses: 

 

• DIO influences the immune cells at baseline without an additional trauma and leads 

to phenotypical shifts as well as differences in the state of activation 

• Chronic inflammation in obese mice leads to an increased inflammatory potential 

of immune cells, which results in a prolonged pro-inflammatory phase 

• Differences in the immune response in the periphery translates to shifts in the 

macrophage polarization continuum due to monocyte migration 

 

Since a focus was put on the macrophage polarization continuum as well as the early pro-

inflammatory response, phenotyping of monocyte as well as macrophages associated with 

their characterization were in the core of this conducted study. Since these are highly 

plastic cells, their phenotype might provide hints to alterations in the immune environment 

that are caused by obesity. This comprehensive phenotyping project was approached by 

combining regular flow cytometry with mass cytometry and aimed at describing differences 

in the immune response of obese and lean female mice to a combined muscle and thorax 

trauma. Furthermore, a focus was put on underlying mechanisms and functional 

differences caused by DIO with the objective to suggest novel treatment options based on 

the new insights gained by this study. Therefore, the final chapter of this thesis presents 
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efforts to translate the results achieved from the in vivo mouse model to human. It was 

expected that this study provides new modifications caused by DIO on the immune system 

and the immune response to a combined muscle and thorax trauma, with a focus on a 

mechanistic implication of the inflammatory reflex. 
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2 Methods  

2.1 Consumables 

6-well plates, Corning     SigmaAldrich, St. Louis, MI, USA 

96-deep-well plates seeling    Ratiolab, Dreieich, Germany 

96-deep-well plates     Ratiolab, Dreieich, Germany 

96-well plates, Corning    SigmaAldrich, St. Louis, MI, USA 

Amicon Ultra-0.5 Centrifugal Filter 0.1 µm  SigmaAldrich, St. Louis, MI, USA 

Amicon Ultra-0.5 Centrifugal Filter 3K  SigmaAldrich, St. Louis, MI, USA 

Amicon Ultra-0.5 Centrifugal Filter 50K  SigmaAldrich, St. Louis, MI, USA 

Centrifuge tubes 15 ml and 50 ml   SigmaAldrich, St. Louis, MI, USA 

Falcon Polystyrene round-bottom tube (5 ml) Becton Dickinson, Franklin Lakes, NJ, 

USA 

KimTech      Kimberly-Clark, Irving, TX, USA 

Luna Counting Slides     BioCat, Heidelberg, Germany 

MACS Pre Separation Filters 30 µm Miltenyi Biotec, Bergisch Gladbach, 

Germany 

MACSQuant® Running buffer Miltenyi Biotec, Bergisch Gladbach, 

Germany 

MACSQuant® Storage buffer Miltenyi Biotec, Bergisch Gladbach, 

Germany 

MACSQuant® Washing buffer Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Microscopy slides, Superfrost +   FisherScientific, Waltham, MA, USA 

Pipette tips (0.1 µl - 1000 µl)    Eppendorf, Hamburg, Germany 



Methods 

18 

Pipettes (0.1 µl – 1000 µl)    Eppendorf, Hamburg, Germany 

Pluriselect, cell strainer 40, 70, 100 µm pluriSelect, Leipzig, Germany 

Sample tubes 1.3 ml K3E Sarstedt, Nümbrecht, Germany 

QIAxpert Slide-40     Qiagen,Hilden, Germany 

Reaction tubes, 0.5 ml, 1.5 ml and 2 ml  Eppendorf, Hamburg Germany 

Scalpels  B. Braun Sharing Expertise, Melsungen, 

Germany 

Serological pipettes, sterile, 5 ml, 10 ml, 25 ml SigmaAldrich, St. Louis, MI, USA 

Sterican® G18 B. Braun Sharing Expertise, Melsungen, 

Germany 

Sterican® G21 B. Braun Sharing Expertise, Melsungen, 

Germany 

Syringe, 1 ml Becton Dickinson, Franklin Lakes, NJ, 

USA 

 

2.2 Buffers and media 

Complete RPMI   RPMI, 10 % FCS, Pen-Strep, glutamine 

CyFACS 1x Ultrapure PBS without heavy metal 

contamination, 1 % BSA, 2 mM EDTA 

and 0.05 % sodium azide 

CyPBS 1x Ultrapure PBS without heavy metal 

contamination 

FACS buffer      1x PBS, 0.5 % BSA, 0.02 % Sodium azide 

Glucose buffer RPMI with D-Glucose, 10 % FCS, 1 % L-

Glu and 1 % PenStrep 
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Glucose-free media RPMI without D-Glucose, 10 % FCS, and 

1 % PenStrep 

Lung digestion media RPMI, 10 % FBS, 1 % non-essential 

amino acids, 1 % sodium-pyruvate, 1 % 

L-glutamine, 1 % PenStrep and 1 % 

HEPES buffer 

Muscle digestion media HBSS containing 2 µg/ml collagenase A, 

2.4 U/ml dispase I, 10 ng/ml DNase I, 

0.4 mM CaCl2 and 5 mM MgCl2 

 

2.3 Reagents and chemicals 

2-NBDG Thermo Fisher, Waltham, MA, USA 

Bond Breaker TCEP Solution Thermo Fisher, Waltham, MA, USA 

Brefeldin A Merck, Darmstadt, Germany 

BSA VWR, Radnor, PA, USA 

CaCl2 Merck, Darmstadt, Germany 

Calibration Beads, EQTM Four ELEMENT  Fluidigm, South San Francisco, CA, USA 

Candor Antibody stabilizer CANDOR Bioscience, Wangen im 

Allgäu, Germany 

Collagenase A Merck, Darmstadt, Germany 

D-Glucose SigmaAldrich, St. Louis, MI, USA 

Dispase I Merck, Darmstadt, Germany 

DNase I Roche, Basel, Switzerland 

EDTA Carl Roth, Karlsruhe, Germany 

FCS Pan-Biotech, Aidenbach, Germany 

HBSS Thermo Fisher, Waltham, MA, USA 
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HEPES buffer SigmaAldrich, St. Louis, MI, USA 

Intracellular Staining and Perm&Wash buffer (10x) BioLegend, San Diego, CA, USA 

Ionomycin Merck, Darmstadt, Germany 

L-glutamine      SigmaAldrich, St. Louis, MI, USA 

LPS Merck, Darmstadt, Germany 

MgCl2 (Fluka) SigmaAldrich, St. Louis, MI, USA 

Nicotine Merck, Darmstadt, Germany 

Non-essential aminoacids VWR, Radnor, PA, USA 

PenStrep Invitrogen, Carlsbad, CA, USA 

PFA, methanol-free Thermo Fisher, Waltham, MA, USA 

PMA Merck, Darmstadt, Germany 

RBC lysis buffer  Santa Cruz Biotechnology, Dallas, TX, 

USA 

RPMI VWR, Radnor, PA, USA 

Sodium Azide SigmaAldrich, St. Louis, MI, USA 

Sodium-pyruvate Thermo Fisher, Waltham, MA, USA 

Ultrapure PBS Rockland Inc, Gilbertsville, PA, USA 

 

2.4 Anesthesia and supplies for mice 

10 % kcal fat diet (D12450J) Research Diets Inc., New Brunswick, NJ, 

USA, Distributed by Brogaarden®, 

Gentofte, Denmark 

60 % kcal fat diet (D12492) Research Diets Inc., New Brunswick, NJ, 

USA, Distributed by Brogaarden®, 

Gentofte, Denmark 
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C57BL/6J Jackson Laboratories 

Isoflurane AbbVie, Wiesbaden, Germany 

SevoraneTM  Abbott, Wiesbaden, Germany 

Temgesic®  Reckitt Bensicker, Berkshire, Great 

Britain 

 

2.5 Kits 

LEGENDplexTM Human Inflammation Panel  BioLegend, San Diego, CA, USA 

LEGENDplexTM Mouse Inflammation Panel  BioLegend, San Diego, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 142Nd  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 150Gd  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 153Gd  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 155Gd  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 161Dy  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 163Dy  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 171Yb  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 173Yb  Fluidigm, South San Francisco, CA, USA 

Maxpar® X8 Antibody Labeling Kit, 175Lu  Fluidigm, South San Francisco, CA, USA 

 

2.6 Antibodies, dyes, and isotypes 

Anti-PE (155Gd)      Fluidigm, South San Francisco, CA, USA 

Ir-DNA intercalator (191Ir and 193Ir)  Fluidigm, South San Francisco, CA, USA 

Isotype control APC (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 
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Isotype control APC-Vio 770 (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control FITC (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control PE (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control PerCP (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control PE-Vio 770 (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control VioBlue (REA)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Isotype control VioGreen (REA) Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse anti-TNF-α antibody (FITC)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CCR2 (171Yb)     RnD, Minneapolis, MN, USA 

Mouse CD115 (144Nd)     Fluidigm, South San Francisco, CA, USA 

Mouse CD117 (166Er)     Fluidigm, South San Francisco, CA, USA 

Mouse CD11b (148Nd)     Fluidigm, South San Francisco, CA, USA 

Mouse CD11b (PE)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD11b (VioGreen)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD11c (209Bi)     Fluidigm, South San Francisco, CA, USA 

Mouse CD11c (VioBlue) Miltenyi Biotec, Bergisch Gladbach, 

Germany 
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Mouse CD127 (174Yb)     Fluidigm, South San Francisco, CA, USA 

Mouse CD19 (149Sm)     Fluidigm, South San Francisco, CA, USA 

Mouse CD192/CCR2 (APC)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD206 (155Gd)    FisherScientific, Waltham, MA, USA 

Mouse CD25 (151Eu)      Fluidigm, South San Francisco, CA, USA  

Mouse CD3 (APC-Vio770) Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD3 (FITC)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD31 (165Ho)     Fluidigm, South San Francisco, CA, USA 

Mouse CD34 (175Lu)      NovusBio, Littleton, CO, USA 

Mouse CD3e (152Sm)     Fluidigm, South San Francisco, CA, USA  

Mouse CD4 (145Nd)      Fluidigm, South San Francisco, CA, USA 

Mouse CD4 (PE-Vio770)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD45 (147Sm)     Fluidigm, South San Francisco, CA, USA 

Mouse CD45R/B220 (PerCP-Vio700)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse CD62L (160Gd)     Fluidigm, South San Francisco, CA, USA 

Mouse CD69 (143Nd)     Fluidigm, South San Francisco, CA, USA 

Mouse CD86 (172Yb)      Fluidigm, South San Francisco, CA, USA 

Mouse CD8a (168Er)      Fluidigm, South San Francisco, CA, USA 

Mouse CD8a (VioGreen)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 
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Mouse CD90 (161Dy)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse ChAT (Alexa-Fluor 488)   Abcam, Cambridge, United Kingdom 

Mouse CX3CR1 (164Dy)     Fluidigm, South San Francisco, CA, USA 

Mouse F4/80 (146Nd)     Fluidigm, South San Francisco, CA, USA 

Mouse F4/80 (APC)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse FoxP3 (158Gd)     Fluidigm, South San Francisco, CA, USA 

Mouse Integrin a-7 (PE) Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse Ly6A/E (169Tm)     Fluidigm, South San Francisco, CA, USA 

Mouse Ly6C (162Dy)      Fluidigm, South San Francisco, CA, USA  

Mouse Ly6C (APC-Vio770)  Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Mouse Ly6G (141Pr)      Fluidigm, South San Francisco, CA, USA 

Mouse MyoD (142Nd)     NovusBio, Littleton, CO, USA 

Mouse NK1.1 (170Er)     Fluidigm, South San Francisco, CA, USA 

Mouse NKkp46 (167Er)     Fluidigm, South San Francisco, CA, USA 

Mouse Pax7 (173Yb)      Bosterbio, Pleasonton, CA, USA 

Mouse pSTAT1 (163Dy)     RnD, Minneapolis, MN, USA 

Mouse pSTAT3 (153Eu)     Sigma Aldrich, St. Louis, MO, USA 

Mouse pSTAT6 (150Nd)     RnD, Minneapolis, MN, USA 

Mouse TCRγδ (159Tb)     Fluidigm, South San Francisco, CA, USA 

Mouse TER-119 (154Sm)    Fluidigm, South San Francisco, CA, USA 

Zombie Aqua Fixable Viability Kit   BioLegend, San Diego, CA, USA 
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2.7 Devices 

Anesthesia device Vapor Drägerwerk AG, Lübeck, 

Germany 

Centrifuge 5415 R     Eppendorf, Hamburg, Germany 

Centrifuge 5430     Eppendorf, Hamburg, Germany 

Helios, CyTOF system     Fluidigm, South San Francisco, CA, USA 

Luna Automated Cell counter   BioCat, Heidelberg, Germany 

MacsQuant Analyzer 10 Miltenyi Biotec, Bergisch Gladbach, 

Germany 

Megafuge 1.0R     Heraeus Instruments, Hanau, Germany 

QIAxpert System     Qiagen,Hilden, Germany 

Thermomixer comfort    Eppendorf, Hamburg, Germany 

 

2.8 Software 

Cytobank      Beckman Coulter, Brea, CA, USA 

CyTOF© Software v7.0    Fluidigm, South San Francisco, CA, USA 

FlowJo_v.10.7.1     FlowJo LLC, Ashland, OR, USA 

GraphPad Prism 8 Graphpad Holdings LLC, San Diego, CA, 

USA 

Legendplex Qognit Version 2020.12.15. © 2019 Qognit, 

Inc., San Carlos, CA, USA 

MACSQuantifyTM Software Miltenyi Biotec, Bergisch Gladbach, 

Germany 

R       R Core Team, Vienna, Austria 

Rstudio      Rstudio, Boston, MA, USA 
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2.9 R Version and plugins 

R Version 3.6.1 (R Core Team, Vienna, Austria) implemented in R studio IDE (1.4.1106, 

RStudio, Boston, MA, USA) using the following plugins with all installed dependencies. 

Dependencies are not listed. 

AnnotationHub (Version 2.18.03)   Bioconductor 

Biobase (Version 2.46.0)    Bioconductor 

BiocFileCache (Version 1.10.2)   Bioconductor 

BiocGenerics (Version 0.32.0)   Bioconductor 

BiocStyle (Version 2.14.4)    Bioconductor 

CATALYST (Version 1.10.3)    Bioconductor 

cowplot (Version 1.1.1) CRAN (Comprehensive R Archive 

Network) 

Dbplyr (Version 2.1.0)    Bioconductor 

DelayedArray (Version 0.12.3)   Bioconductor 

diffcyt (Version 1.6.6)     Bioconductor 

ExperimentHub (Version 1.12.0)   Bioconductor  

flowCore (Version 1.52.1)    Bioconductor 

GenomeInfoDb (Version 1.2.2)   Bioconductor 

GenomicRanges (Version 1.38.0)   Bioconductor 

ggplot2 (Version 3.3.3)    CRAN  

IRanges (Version 2.20.2)    Bioconductor 

Knitr (Version 1.3.1)     CRAN  

matrixStats (Version 0.58.0)    CRAN  

Readxl (Version 1.3.1)    CRAN  

S4Vectors (Version 0.24.4)    Bioconductor 
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Scater (Version 1.14.0)    Bioconductor 

SingleCellExperiment (Version 1.8.0)  Bioconductor 

SummarizedExperiment (Version 1.10.1)  Bioconductor 

Umap (Version 0.2.7.0)    CRAN  

Uwot (Version 0.1.10)    CRAN  

Plugins were integrated in an analysis pipeline for mass cytometry data called 

CyTOFworkflow described by Nowicka et al (Nowicka et al. 2017). The R code was adapted 

for this project and is displayed in the supplement (Suppl. R Code 1). 

 

2.10 Animal model and breeding 

All animal studies that were used to collect samples for this study were approved by local 

and state authorities (Ulm University/license numbers: 1183 and 1493). Animal 

experiments conducted for this study were performed according to local regulations and 

ARRIVE guidelines. As part of the initial application of the animal experiments, a power 

analysis (nominal power: 0.8, nominal alpha: 0.025) was conducted to determine the 

number of mice needed for each group. To investigate the effect of DIO on the immune 

system after a combined muscle and thorax trauma, a mouse model was used consisting 

of female, non-genetically modified C57BL/6J mice. For the induction of obesity, parental 

animals received either a low-fat diet (LFD), where 10 % of the caloric intake is received 

from fat or a high-fat diet (HFD), where 60 % of the caloric intake was received from fat, 

one week prior to breeding. It was shown that this procedure increases the susceptibility 

of the litter to DIO, moreover, influencing prenatal development (Tamashiro et al. 2009). 

Progeny were weaned after three weeks and received either LFD or HFD based on the 

parental diet. Keeping conditions were a 12 h light/dark cycle at 22.5 ± 1 °C, with access to 

water and food ad libitum. Assessment of the weight by weekly check-ups was used for 

determining the success of the DIO. Once mice reached an age of 16 ± 1 weeks, they were 

randomly grouped into control and trauma animals for trauma induction.  
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2.11 Induction of a combined muscle and lung trauma 

An anesthesia tube was used for anesthesia of the mice with a mixture of 

2.5 vol% sevoflurane and 97.5 vol% oxygen. Anesthesia was continued throughout the 

trauma induction with a rodent anesthesia mask. Buprenorphine (0.3 mg/ml) was injected 

subcutaneously to reduce the pain for the mice. The chest area and the left upper hind leg 

were shaved. The experimental procedure stopped at this point for the control mice. 

However, the experiment was proceeded with the trauma mice. A combined trauma was 

induced beginning with a blunt skeletal muscle trauma, which was succeeded by a blunt 

thorax trauma. The blunt muscle trauma was induced in the left hind leg extensor iliotibialis 

anticus utilizing a drop tower, a procedure that has been previously described (Werner et 

al. 2018, Xu et al. 2018, Gihring et al. 2020). A scaffold was used in combination with a 

wedge to fix the left hind leg, which was subsequently pierced by the wedge due to a falling 

weight (40 g) which was dropped from a defined height of 104 cm. Bone fractures were 

avoided by a spacer of 3 mm that limited the penetration depth of the weight. To set the 

thorax trauma, a blast wave generator was used, a procedure that has been described 

previously (Gihring et al. 2020, Xu et al. 2020). A gas cylinder linked to a pressure reducer 

(13 bar) connected to a high-speed valve was manually triggered to hit the sternum of the 

mouse centrally. Carbon dioxide (CO2) euthanasia was used to kill control and trauma mice 

at the specific time points (1 h, 6 h, 24 h, 72 h or 192 h post trauma). Blood as well as tissue 

samples of spleen, lung and muscle were collected from control and trauma mice. 

 

2.12 Cell preparation for cytometry staining and intracellular cytokine staining 

The heart was directly punctured to draw blood into two ethylenediaminetetraacetic 

acid (EDTA) tubes. One of the tubes was used for cytometry analysis, the other one was 

used for plasma generation. After a resting phase of at least 30 min, the EDTA tube was 

centrifuged at 1300 x g for 5 min, the supernatant (plasma) was transferred and stored at 

-80 °C until utilized for cytokine determination using LEGENDplex. Blood from the other 

EDTA tube was incubated with red blood cell (RBC) lysis buffer for 10 min at room 

temperature (RT) and afterwards used for the specific staining – either regular flow 

cytometry or mass cytometry staining. 
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Single cell suspension of the spleen was achieved by mechanical grinding (Nicolle et al. 

2012) followed by several filtration steps with continuously decreased diameters of the 

used filter: 100 µm, then 70 µm followed by 40 µm. After a 10 min incubation at RT in RBC 

lysis buffer the suspension was used for the specific cytometry staining - flow or mass 

cytometry - or for the lipopolysaccharide (LPS) stimulation assay utilizing intracellular 

cytokine staining (ICS). 

After harvesting the right lung (superior, middle, and inferior lobe), the tissue was 

enzymatically digested using lung digestion medium and subsequently filtered (100 µm, 

then 70 µm followed by 40 µm) to get to a single cell suspension. The suspension was 

incubated in RBC lysis buffer for 10 min at RT and used for mass cytometry staining.  

Mechanical (mincing with scalpels) as well as enzymatical (muscle digestion medium for 

90 min at 37 °C) digestion was used to treat the left hind leg extensor iliotibialis anticus 

after extraction. This procedure was adapted from a published protocol optimizing mouse 

muscle digestion for mass cytometry staining by Spada et al. (Spada et al. 2016). To achieve 

a single cell suspension the digested muscle went through filtration (100 µm, then 70 µm 

followed by 40 µm). The cells were incubated in RBC lysis buffer for 10 min and 

subsequently used for mass cytometry staining. 

 

2.13 Flow Cytometry staining 

After 10 min of incubation in RBC lysis buffer, 1 ml of FACS buffer was added to the cells. 

Subsequently, cells were centrifuged (300 x g, 7 min, RT) and the supernatant was 

discarded. The cell pellet was resuspended in 1 ml FACS buffer and counted to transfer 

1.5*106 cells to a fresh tube. The volume was adjusted to 1 ml with FACS buffer for 

centrifugation (300 x g, 7 min, RT), the supernatant was discarded, and the cell pellet used 

for staining. The cells were stained in a volume of 100 µl antibody containing master mix 

for 30 min on ice in the dark. The master mix for staining immune subsets to categorize the 

immune response after trauma in blood and spleen samples is listed in table 2. 
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Table 2: Master mix for immunophenotyping of spleen and blood during the trauma response using flow cytometry. 
The different antibodies and fluorescent dyes as well as the dilution of the antibodies are provided. 

Antibody against Fluorescent dye Dilution 

CD11c VioBlue 1:20 

CD8a VioGreen 1:33 

CD3 FITC 1:20 

CD11b PE 1:20 

CD45R/B220 PerCP-Vio700 1:10 

CD4 PE-Vio770 1:20 

CCR2 APC 1:20 

Ly6C APC-Vio770 1:20 

 

The master mix for staining ChAT+ CD4+ T cells contained the following antibodies, listed in 

table 3. 

Table 3: Master mix for phenotyping of ChAT+ CD4+ T cells in the spleen at baseline using flow cytometry. The different 
antibodies, fluorescent dyes as well as the dilution of the antibodies are provided. 

Antibody against Fluorescent dye Dilution 

CD11b VioGreen 1:50 

ChAT Alexa Fluor 488 1:20 

CD4 PE 1:20 

F480 APC 1:20 

CD3 APC-Vio770 1:50 

 

Samples were washed twice with FACS buffer and centrifuged at 300 x g for 8 min at RT. 

The stained cell pellet was resuspended in 500 µl FACS buffer and the samples were 
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immediately acquired at the MacsQuant Analyzer 10. 500.000 events were measured, the 

FCS files exported and analyzed using FlowJo v10.7.1. 

 

2.14 Glucose uptake assay 

After RBC lysis was complete, cells were washed twice in glucose-free media (300 x g, 

8 min, RT) and subsequently resuspended at a concentration of 2.5 x 106 cells/ml in 

glucose-free media. Two wells were prepared for each sample by placing 200 µl of this 

solution in an individual well of a 96-well plate and placed in the incubator at 37 °C for 

30 min. The 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (NBDG) probe 

was prepared in a 1:1000 dilution in glucose-free media. The plate was spun down at 

300 x g for 8 min at RT, the supernatant discarded and one well from each sample was 

resuspended in medium containing the 2-NBDG probe, while the other well was 

resuspended with RPMI containing D-glucose (2 g/l). The cells were resuspended and 

incubated at 37 °C for 20 min. The plate was spun down (300 x g for 8 min at RT), 

transferred to a FACS staining tube and washed twice with FACS buffer. The staining 

procedure for these cells was performed as described above with the antibody containing 

master mix depicted in table 4. 

Table 4: Master mix containing all antibodies used for stainings of samples after glucose uptake assay. The different 
antibodies, fluorescent dyes as well as the dilution of the antibodies are provided. 

Antibody against Fluorescent dye Dilution 

CD11c VioBlue 1:20 

CD11b PE 1:20 

Ly6C APC-Vio770 1:20 

CCR2 APC 1:20 

 

Samples were washed once with FACS buffer (300 x g for 8 min at RT) and immediately 

acquired at the MacsQuant Analyzer 10, the FCS files exported and analyzed using FlowJo 

v10.7.1. 
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2.15 Mass cytometry staining 

Mass cytometry was performed for traumatized tissue, spleen, and blood after they were 

harvested and prepared as described above. The single cell suspension was resuspended 

in CyFACS buffer at a cell concentration of 3 x 107 cells per ml. 100 µl of this cell dilution 

was stained by adding 100 µl of the master mix containing surface CyTOF antibodies 

(table 5). Antibodies that are not from Fluidigm were conjugated to the respective metal 

utilizing a Maxpar® X8 antibody labeling kit from Fluidigm. Supplier’s instructions were used 

for labeling. Self-conjugated antibodies were stored in antibody stabilizing solution and 

used at a concentration of 0.5 mg/ml. 
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Table 5: List of all surface antibodies used for immunophenotyping of blood, spleen, muscle, and lung for mass 
cytometry. The different antibodies (antigens detected by antibodies are listed as marker), metals, clones, company, and 
item number as well as the dilution of the antibodies are provided. 

Metal Marker Clone Company  Item # Dilution 

141Pr Ly6G 1A8 Fluidigm 3141008 1:100 

143Nd CD69 H1.2F3 Fluidigm 3143004 1:100 

144Nd CD115 AFS98 Fluidigm 3144012 1:100 

145Nd CD4 RM4-5 Fluidigm 3145002 1:150 

146Nd F4/80 BM8 Fluidigm 3146008 1:150 

147Sm CD45 30-F11 Fluidigm 3147003 1:150 

148Nd CD11b[MAC1] M1/70 Fluidigm 3148003 1:150 

149Sm CD19 6D5 Fluidigm 3149002 1:100 

151Eu CD25 3C7 Fluidigm 3151007 1:100 

152Sm CD3e 145-2C11 Fluidigm 3152004 1:100 

154Sm TER-119 TER119 Fluidigm 3154005 1:200 

155Gd CD206 MR5D3 FisherScientific 13246099 1:100 

PE Integrin α-7 3C12 Miltenyi Biotec 130-102-716 1:10 

159Tb TCRγδ GL3 Fluidigm 3159012 1:100 

160Gd CD62L MEL-14 Fluidigm 3160008 1:100 

161Dy CD90 His51 Miltenyi Biotec 130-094-524 1:100 

162Dy Ly6C HK1.4 Fluidigm 3162014 1:150 

164Dy CX3CR1 SA011F11 Fluidigm 3164023 1:150 

165Ho CD31 390 Fluidigm 3165013 1:150 

166Er CD117 2B8 Fluidigm 3166004 1:100 

167Er NKkp46 29A1.4 Fluidigm 3168003 1:100 

168Er CD8a 53-6.7 Fluidigm 3168003 1:150 

169Tm Ly6A/E D7 Fluidigm 3169015 1:100 
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170Er NK1.1 PK136 Fluidigm 3170002 1:150 

171Yb CCR2 475301 RnD MAB55381 1:150 

172Yb CD86 GL1 Fluidigm 3172016 1:100 

174Yb CD127 A7R34 Fluidigm 3174013 1:100 

175Lu CD34 MEC 14.7 NovusBio NB600-1071 1:100 

176Yb CD45R/B220 RA3-6B2 Fluidigm 3176002 1:100 

209Bi CD11c N418 Fluidigm 3209005 1:100 

 

After an incubation period of 30 min at RT in the dark, samples were washed twice with 

1 ml CyFACS at 300 x g at RT for 8 min. Supernatant was discarded and leftover volume was 

used to resuspend the cell pellet and cells were stained with the secondary antibody (anti-

PE, Clone PE001, Fluidigm, 3156005, 1:100) in a volume of 100 µl as well as incubated at RT 

in the dark for 20 min. Subsequently, samples were washed twice using 1 ml CyFACS 

(300 x g for 8 min) and then fixed in 500 µl PFA (3.7 %) at RT for 2 hours. After this fixation 

step, 1 ml of ice-cold methanol (-20 °C) was added to the samples and cells were stored at 

-80 °C overnight to permeabilize the cells. On the next day, 1 ml CyFACS buffer was added, 

and the samples were washed (600 x g for 8 min). This procedure was repeated once. Cells 

were successively stained with 50 µl of intracellular antibody master mix at RT in the dark 

for 20 min (table 6). Again, all antibodies with suppliers differing from Fluidigm were mass-

tagged using the respective Maxpar® X8 antibody labeling kit from Fluidigm following the 

instructions provided from the supplier. Self-conjugated antibodies were stored in 

antibody stabilizing solution and used at a concentration of 0.5 mg/ml. 
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Table 6: List containing all intracellular antibodies used for immunophenotyping of spleen, blood, muscle, and lung for 
mass cytometry. The different antibodies, metals, clones, company, and item number as well as the dilution of the 
antibodies are provided. 

Metal Marker Clone Company  Item # Dilution 

142Nd MyoD  SPM427 NovusBio NBP2-32882 1:25 

150Nd pSTAT6 Tyr641 RnD MAB55381 1:25 

153Eu pSTAT3 pSer727 SigmaAldrich SAB4300034 1:25 

158Gd Foxp3 FJK-16s Fluidigm 3165024 1:25 

163Dy pSTAT1  Y701 RnD AF2894 1:25 

173Yb Pax7  HGH-16 Bosterbio M00845-1 1:25 

 

Staining period was succeeded with two washing steps using 1 ml CyPBS (600 x g, 8 min) 

and subsequently with the DNA staining using Cell-ID intercalator-Ir (1:2000 in CyPBS). 

500 µl of this dilution was used for each sample and then incubated at RT for 20 min. 

Successively, CyPBS was used to wash cells twice (600 x g for 8 min). Afterwards, 1 ml 

freezing medium (RPMI, 10 % DMSO) was used to resuspend the cell pellet and store it at 

-80 °C until the day of acquisition. On the day of acquisition cells were thawed and washed 

twice with 1ml CyFACS as well as three times with 1 ml Millipore water (600 x g for 8 min). 

Samples were acquired at 300 events/second on a Helios, CyTOF system. 

 

2.16 Intracellular cytokine staining 

The spleen was harvested and prepared as described above and 2*106 cells were seeded 

in 200 µl complete RPMI (RPMI, 10 % FBS, 1 % Pen-Strep, 1 % glutamine) into a  

96-deep-well plate. An unstimulated control and six additional stimulation wells were used 

for each sample. After overnight rest (14 h) at 37 °C in a CO2 incubator, cells were 

stimulated with secretion inhibitor (Brefeldin A, final concentration of 10 µg/ml) as well as 

activation reagents as shown in table 7. 



Methods 

36 

Table 7: Used treatments for specified conditions during LPS stimulation of splenocytes and the simultaneous treatment 
with nicotine. For each condition either a combined treatment of PMA/Ionomycin, LPS or none as it is the case for the 
unstimulated samples were used. Furthermore, different concentrations of nicotine were utilized. 

Condition Treatment 

Unstimulated - 

PMA/Ionomycin 100 ng PMA / 2 µg Ionomycin  

PMA/Ionomycin 

[Low concentration of nicotine] 

100 ng PMA / 2 µg Ionomycin 

10-7 mol/L nicotine 

PMA/Ionomycin 

[High concentration of nicotine] 

100 ng PMA / 2 µg Ionomycin 

10-6 mol/L nicotine 

LPS 2 µg LPS 

LPS 

[Low concentration of nicotine] 

2 µg LPS 

10-7 mol/L nicotine 

LPS 

[High concentration nicotine] 

2 µg LPS 

10-6 mol/L nicotine 

 

After stimulation, the samples were incubated in a CO2 incubator at 37 °C for 5 h. 

Subsequently, EDTA (final concentration of 2 mM) was added, and the cells were incubated 

at RT for 15 min. After two washing steps with PBS (centrifuged at 300 x g at RT for 8 min), 

the samples were stained with 1 µl Zombie Aqua Fixable Viability Kit and incubated for 

20 min in the dark. Thereafter, the cells were washed once with PBS (centrifugation at 

300 g for 8 min at RT) and fixed in 200 µl 3 % PFA at RT in the dark for 30 min. Two washing 

steps with FACS buffer (centrifugation at 300 x g, 8 min, RT) were performed. Thereafter, 

surface staining was conducted using CD3 (APC-Vio770, Miltenyi Biotec, 130-119-793), 

CD11b (VioGreen, Miltenyi Biotec, 130-113-811) and CD11c (VioBlue, Miltenyi Biotec,  

130-110-843) at RT in the dark for 30 min. Cells were washed twice in 2 ml FACS buffer 

(centrifuged for 300 x g at RT at 8 min). Afterwards, the cell pellet was resuspended in 

500 µl ice-cold permeabilizing solution (BioLegend Perm-2 buffer, 421002) and centrifuged 

at 350 x g at 4 °C for 8 min. After discarding the supernatant, the wash in permeabilizing 
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solution was repeated twice. Each sample was then intracellularly stained utilizing an anti-

TNF-α antibody (FITC, Miltenyi Biotec, 130-124-212) on ice in the dark for 60 min. 

Subsequently, three washing steps with 2 ml FACS buffer (centrifuged at 600 x g at 4 °C for 

8 min) were performed. After the last washing step, cell pellets were resuspended in 200 µl 

FACS buffer and immediately analyzed using a MacsQuant Analyzer 10 acquiring 

500.000 events. FCS files were exported and analyzed using FlowJo v10.7.1. 

 

2.17 Mass cytometry data acquisition and processing 

Mass cytometry data was transformed from IMD files to FCS files, which were cleaned of 

the calibration beads (EQTM Four Element Calibration Beads, Fluidigm #201078). DNA 

staining was utilized to identify cell events by gating on DNA-double positive events 

(191Ir and 193Ir). This was succeeded by gating on single cells using the residual as well as the 

event length utilizing a procedure based on gaussian gating (Bagwell et al. 2020). For this 

study, immune cells were defined as CD45 positive cells and non-immune cells, which were 

analyzed in the muscle of control and traumatized mice, as CD45 negative cells. An 

exemplary gating scheme can be found in figure 4.  
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Figure 4: Gating example to clean-up FCS files before analysis. FCS files were cleaned from the calibration beads, debris, 
doublets, and non-immune cells. CD45- cells are defined as non-immune cells, analysis was only performed in the 
traumatized muscle. CD45+ cells are referred to as immune cells and were analyzed in blood, spleen, muscle, and lung. 

 

2.18 Data analysis of FCS files 

MACSQuant Analyzer 10 generated FCS files during experiments, which were analyzed with 

FlowJo 10.7.1. An internal compensation matrix was utilized from the software to directly 

compensate the data; therefore, no additional compensation was needed (Suppl. table 1). 

The background staining and the cut-off values for a true positive staining were determined 

utilizing isotope controls, or in case of the ICS with the respective unstimulated negative 

control. Different stainings utilized altered gating schemes for analysis, while the gating 

scheme for immune cell phenotyping of blood and spleen during the trauma response was 

the same (figure 5). 
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Figure 5: General gating scheme for blood and spleen samples after immunophenotyping using flow cytometry. Gating 
scheme is depicting a blood sample; however, the same scheme was used for spleen samples. Immune cells of interest 
were defined using forward scatter (FSC) and side scatter (SSC), followed by a gate for singlets utilizing FSC-A and FSC-H. 
Single cells were separated by CD11b expression. CD11b+ cells were further subcategorized using SSC into SSChi neutrophils 
and SSClo cells. SSClo cells were then divided by the expression of CD11c. Monocytes were defined as CD11clo immune cells. 
Ly6C was used to differentiate the monocytes into Ly6Chi monocytes and Ly6Clo monocytes. CD11b- cells were further 
categorized into T cells (CD3+) and B cells (CD3-, CD45R/B220R+). T cells were further subsetted into CD4+ T cells (CD4+, 
CD8-) and CD8+ T cells (CD8+, CD4-). 
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The detection of ChAT+ CD4+ T cells in the spleen was performed using the gating scheme 

shown in figure 6 A, while TNF-α production after LPS stimulation in splenic macrophages 

was analyzed using a scheme specific for the ICS staining which can be seen in figure 6 B. 

 

Figure 6: Gating scheme for flow cytometry data analyzing ChAT expression on CD4+ T cells (A) and TNF-α production 
in splenic macrophages after LPS stimulation and nicotine treatment (B). (A) Gating scheme uses FSC-SSC to define the 
cells of interest, followed by a gate for singlets with FSC-A and FSC-H. T cells are then identified by CD3 expression and 
subcategorized into CD4+ T cells by CD4 expression. Expression of ChAT was then measured on CD4+ T cells (CD3+, CD4+). 
(B) Gating scheme uses FSC and SSC for identification of cells of interest. Singlets were identified by FSC-A and FSC-H and 
living cells were identified utilizing Zombie Dye and defined as negative for this live/dead staining. Living cells were gated 
for CD3- cells and macrophages were identified by being CD11b+ and F480+. TNFa production was then measured in the 
macrophages. 
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Mass cytometry data analysis was conducted using automated approaches using R as well 

as by manual gating utilizing FlowJo 10.7.1. To verify the procedure used for manual gating 

as well as the R code used for automated unsupervised analysis, the percentages achieved 

by both methods were plotted against each other and are shown in figure 7. 

 

Figure 7: Comparison of manual gating versus machine gating. Graph displays the percentages for identified immune 
cell subsets with manual gating after FlowJo gating and after unsupervised clustering using FlowSOM of lean and obese 
control mice. Slope was calculated with a simple linear regression, while forcing the line to go through x = 1 and y = 1. 

The manual gating scheme of mass cytometry data analyzing immune cells using FlowJo 

can be found in the supplement for blood (Suppl. figure 1), spleen (Suppl. figure 2), lung 

(Suppl. figure 3), and muscle (Suppl. figure 4) analysis. The gating scheme of mass 

cytometry data for non-immune cells, which were analyzed in traumatized muscle, is 

depicted in the supplement as well (Suppl. figure 5). However, when generalizing the gating 

procedure for automated clustering as well as manual gating, immune cell populations 

were identified as depicted in table 8. 
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Table 8: List of all identified immune subsets using mass cytometry in combination of the utilized marker combinations. 
Lineage marker (LIN) are defined characteristic molecules for the specific cell lineage, such as CD3 (T cells), CD19 and B220 
(B cells), NK1.1 (NKT), NKkp46 (NK), CD11b (myeloid), Ly6G (neutrophils), CD11c (DC), CD115 (monocytes) and F480 
(macrophages).  

Population Name Marker Combination 

Alveolar macrophage 

(AM) 

LIN-, F480+, CD11bmed, CD11c+ 

B-cells LIN-, CD19+ 

Interstitial 

macrophage (IM) 

LIN-, F480+, CD11b+, CD11c- 

CD11bhi IM  LIN-, F480+, CD11bhi, CD11c-, CD206- 

CD206+ IM LIN-, F480+, CD11b+, CD11c-, CD206+ 

Monocytes LIN-, CD11b+, CD115+, F480- 

Ly6Chi Monocytes LIN-, CD11b+, CD115+, F480-, Ly6Chi 

Ly6Clo Monocytes LIN-, CD11b+, CD115+, F480-, Ly6Clo 

Neutrophils LIN-, Ly6G+, CD11b+ 

NK cells LIN-, NK1.1+, NKkp46+ 

NKT cells LIN-, NK1.1+, NKkp46- 

pDCs LIN-, CD11b-, CD11c+ Ly6C+ 

T cells LIN-, CD3+ 

CD4+ T cells LIN-, CD3+, CD4+, CD8- 

CD8+ T cells LIN-, CD3+, CD4-, CD8+ 

γδT cells LIN-, CD3+, TCRγδ+ 
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Unsupervised clustering approaches using R were performed following the basic principle 

described by Nowicka et al. (Nowicka et al. 2017). The described code was utilized and 

changed appropriately to fit the objectives of this research. Furthermore, Citrus 

implemented in Cytobank was utilized to investigate differences in the immune response 

between lean and obese mice (Bruggner et al. 2014). The identification of non-immune cell 

subsets in the traumatized muscle was supported by viSNE analysis, which was used in its 

Cytobank implemented version (Amir et al. 2013). 

 

2.19 Human polytrauma study 

Human plasma samples were collected from polytrauma patients as part of a polytrauma 

cohort, which was granted ethical approval by the Local Ethics Committee of Ulm University 

(#65/20). Whole blood was collected at different time intervals after admittance to the 

intensive care unit including 0 h (blood drawn within 30 min after admission to the 

emergency room), 4 h, 8 h, 12 h, 24 h, 48 h, 120 h, and 240 h. The blood was collected in 

EDTA tubes, and plasma collected by centrifugation (5 min at 1300 x g) and stored at -80 °C 

until cytokine analysis was LEGENDplex was performed. 

 

2.20 LEGENDplex 

LEGENDplex, a bead based immunoplex assay (Biolegend), was performed to analyze 

several pro-inflammatory cyto- and chemokine levels in mouse and human plasma. For this 

purpose, the V-bottom plate-based mouse inflammation panel and human inflammation 

panel was applied. Staining as well as acquisition was performed following the 

manufacturer specifications (LEGENDplexTM, Mouse Inflammation Panel with V-bottom 

Plate, 10/2020 and Human Inflammation Panel with V-bottom Plate, 02/2021). The cloud-

based online analysis tool from LEGENDPlex Version 2020.12.15. (©Qognit, Inc. 2019) was 

used for evaluation of the data. 
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2.21 Statistical information 

Statistical evaluation as well as graphical presentation of the data was performed with 

Graphpad Prism 8.0. For each analysis, the used statistical test is listed below the graph in 

the figure legend. Generally, whenever several time-dependent comparisons were made, 

a two-way ANOVA with an uncorrected Fisher’s LSD test (α = 0.05) as post-hoc test was 

used, while whenever lean and obese mice or patient groups were compared at a specific 

time point, an unpaired Student’s t-test was used. Data regarding the trauma mouse model 

is depicted as Mean ± SEM and, if stated, baseline-corrected by calculation of the ratio to 

the respective control. Data sets, in which biological variance contributes to the variation, 

for example patient data, are depicted as Mean ± SD. Baseline-corrected graphs indicate 

the control level, which is set to one, with a dotted line. The following indicators were used 

for all statistical tests: . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, 

*** indicates p ≤ 0.001, **** indicates p ≤ 0.0001. When heatmaps are used for graphical 

presentation, they are either depicting ratio-normalized data using the control mice or  

z-score normalized data to emphasize the relative variation between lean and obese. The 

specific utilized method is always stated in the figure legend. Furthermore, each figure 

legend contains the t values for every statistically significant comparison – ANOVA or 

t-test – as well as the sample size that was used for the analysis.  
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3 Results 

Obesity as a constant inflammatory trigger causes chronic inflammation, a state that can 

alter immune responses (Andersen et al. 2016). To investigate the influence of obesity on 

the immune response after a combined thorax and muscle trauma, a DIO mouse model 

was utilized. Obesity was induced based on different diets, where lean mice received a  

low-fat diet (LFD), receiving 10 % of the caloric intake from fat, while obese mice received 

a high-fat diet (HFD), receiving 60 % of the caloric intake from fat. The trauma was set once 

the female mice reached an age of 16 ± 1 weeks, the weight differences between LFD and 

HFD mice at that time point reached statistical significance (figure 8). 

 

Figure 8: Weight distribution of lean (LFD) and obese (HFD) female C57BL/6J mice. Final weight at the time of the 
experiment, which was conducted at 16±1 week, is depicted for LFD (n = 91) and HFD (n = 74) female mice. An unpaired t 
test was performed to evaluate statistical differences between the groups (t = 19.23). **** indicates p ≤ 0.0001. Data is 
depicted as Mean ± SEM. 

The presented study focused on the characterization of immune cells at baseline as well as 

at defined time points post trauma. Furthermore, it combined phenotyping methods such 

as regular flow cytometry alongside mass cytometry to evaluate and characterize immune 

cells in blood, spleen, and the traumatized tissues muscle as well as lung. The methods used 

for the different experiments with the individual tissue are depicted in the study workflow 

(figure 9). 
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Figure 9: Study workflow indicating the use of mass and flow cytometry during the analysis of blood, spleen, muscle, 
and lung. Overview depicts analyses and time points at which either mass cytometry or regular flow cytometry was 
conducted. Blood and spleen were analyzed with both cytometric methods, while the traumatized tissues of muscle and 
lung were only analyzed using mass cytometry. 

  



Results 

47 

3.1 Influence of DIO on the peripheral immune system 

The effect of DIO on the immune system was analyzed by unsupervised clustering of mass 

cytometry data as well as evaluated by assessing the state of activation of peripheral blood 

cells utilizing glucose uptake assays. 

 

3.1.1 Differences amongst the circulating immune cell populations  

Blood of lean and obese control (CTRL) mice (no trauma) was analyzed using mass 

cytometry to evaluate the influence of DIO on circulating immune cells. A multidimensional 

scaling (MDS) plot was generated (figure 10 A) as well as a principal components analysis 

(PCA) was performed to generate a non-redundancy score (NRS) (figure 10 B). Both 

methods were used to analyze similarities between samples as well as variance within the 

multidimensional data set and if the variance can be explained by the different groups. 

Furthermore, the NRS was used to determine specific markers that contribute to the 

variance within the analyzed data set (Levine et al. 2015) (figure 10). 
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Figure 10: Unsupervised and manual gating approaches to analyze mass cytometry data with a focus on the effect of 
DIO on the peripheral immune system. A multidimensional scaling (MDS) plot was generated to evaluate the immune 
system of lean (LFD) and obese (HFD) mice (A). The observed differences were further characterized with a non-redundancy 
score (NRS) after generation of a principal components analysis (PCA) (B). Manual gating was performed to evaluate 
differences in population percentages in individual mice in a heatmap after z-normalization (C) as well as grouped into 
lean and obese as percentage of CD45+ immune cells (D). Unsupervised clustering using FlowSOM was visualized in a 
UMAP (E) to depict the state of the immune system after influence of DIO. Statistics: unpaired two-tailed Student’s t-test 
(CD4+ T cells, t = 3.174; Ly6Clo monocytes, t = 2.8; neutrophils, t = 2.605; monocytes, t = 2.601; NK cells, t = 2.534; B cells, 
t = 2.145). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample sizes: LFD CTRL: n = 5, HFD CTRL: n = 5. 
Data is displayed as Mean ± SEM. 
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The MDS plot shows a clear separation of the two groups LFD and HFD at baseline in the 

blood stream (figure 10 A) indicating that an impact of DIO on the peripheral blood immune 

system exists. The NRS showed that especially the markers Ly6C, CD19, CD11b, Ly6G and 

CD4 are contributing to the variability of the data and might be useful to determine 

differences between lean and obese mice. Additionally, CD115, although ranked as tenth 

marker, showed a clear separation between the two groups (figure 10 B). The data set was 

clustered using FlowSOM and visualized with the UMAP algorithm (figure 10 E). 

Furthermore, the percentages of various immune cells were calculated after manual gating 

to evaluate the received results (figure 10 C and D). Both variants of analyzing CyTOF data 

displayed an increase of monocytes, especially Ly6Clo anti-inflammatory monocytes, 

accompanied by a decrease of CD4+ T cells, neutrophils, and NK cells in the peripheral blood 

of obese mice. Especially myeloid cells appeared to be potent for differentiating the 

immune system of obese mice from lean mice. To further categorize the activity of myeloid 

cells in lean and obese mice, a glucose uptake assay was performed. 

 

3.1.2 Glucose uptake of myeloid blood cells in lean and obese mice 

Immune cells do express the insulin receptor, but they are not dependent on insulin 

stimulation to take up glucose (Calder et al. 2007). Generally, increased uptake of glucose 

is associated with activation of immune cells, since energy can be derived easier from 

glucose compared to other energy source and glucose receptors get upregulated during a 

state of activation. A glucose uptake assay utilizing a fluorescent glucose analog  

(2-NBDG) was used to evaluate the percentage of myeloid blood cells that take up glucose 

(figure 11 A) as well as the amount of glucose that was taken up (figure 11 B). 
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Figure 11: Glucose uptake assay (GUA) of myeloid immune cells in lean (LFD) and obese (HFD) female mice. The 
percentage for glucose positive cells (A) as well as the amount of glucose that was taken up determined by mean 
fluorescence intensity (MFI) (B) is depicted to evaluate the activity of myeloid cells. Statistics: Student’s t-test (%-positives: 
neutrophils, t = 2.345; monocytes, t = 5.153; Ly6Chi monocytes, t = 7.515; Ly6Clo monocytes, t = 3.103; MFI: monocytes, t 
= 2.361; Ly6Chi monocytes, t = 3.301). * indicates p ≤ 0.05, *** indicates p ≤ 0.001, **** indicates p ≤ 0.0001. Sample sizes: 
LFD CTRL: n = 5, HFD CTRL: n = 5. Data is depicted as Mean ± SEM. 

All investigated myeloid blood cells (neutrophils, total monocytes, Ly6Chi and Ly6Clo 

monocytes) showed statistically increased percentages of glucose positive cells in obese 

mice compared to lean mice. Additionally, all analyzed immune subsets of obese mice took 

up more glucose compared to the respective myeloid cell population in lean mice, a trend 

that is statistically significant in the combined monocyte compartment as well as the pro-

inflammatory Ly6Chi monocytes. This is an evidence that myeloid blood cells of obese mice 

show increased activation compared to lean mice. This effect can additionally be explained 

due to glucose intolerance, insulin intolerance and increased glucose levels in the blood of 

obese mice, an observation that was made after feeding C57BL/6 mice with a high fat diet 

(Lang et al. 2019). 

  



Results 

51 

3.2 Influence of DIO on the immune response after combined muscle and thorax 

trauma 

The immune response to the combined thorax and muscle trauma was categorized in the 

blood circulation, the spleen, the lung as well as the muscle to identify the influence of DIO. 

Different cytometric techniques were used for classification of the immune response, 

regular flow cytometry as well as mass cytometry. 

 

3.2.1 Circulating myeloid cells discriminate the immune response of obese mice from lean 

mice after a combined thorax and muscle trauma 

The immune response to the trauma in the blood was categorized using regular flow 

cytometry throughout the observation time of this study (192 h). The results are presented 

in figure 12. 

 

Figure 12: Heatmap displaying the immune response of lean (LFD) and obese (HFD) mice to the combined muscle and 
thorax trauma. The percentage of circulating blood immune cells (neutrophils, monocytes, Ly6Chi and Ly6Clo monocytes 
as percentages of total monocytes, T cell, CD4+ and CD8+ T cells as percentages of total T cells, as well as B cells) 
ratio-normalized to the individual CTRL group is depicted for LFD and HFD mice. Values over 3 are depicted at the same 
color as 3. 

Heatmaps displaying the major identified immune cell populations using flow cytometry 

throughout the observed time period revealed that myeloid cells can be used to 

discriminate the immune response of lean and obese mice. Generally, the immune 

response was based on an early reaction due to an expansion of neutrophils and pro-

inflammatory monocytes. However, obese mice exhibited a prolonged expansion of 

circulating neutrophils as well as an increased level of pro-inflammatory monocytes. These 
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differences become more apparent if the timeline for neutrophils, monocytes, and the ratio 

of pro- to anti-inflammatory (Ly6Chi to Ly6Clo) monocytes is depicted separately (figure 13). 

 

Figure 13: Time-lapse of percentages of myeloid immune subsets in the blood analyzed by flow cytometry in lean (LFD) 
and obese (HFD) female mice. Data is depicted as ratio-normalized to the respective control group, while the control level 
is shown as a dotted line for the level of neutrophils (A), monocytes (B), as well as the ratio of Ly6Chi to Ly6Clo monocytes 
(C). Statistical differences to the control were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as 
post-hoc test (neutrophils: LFD, CTRL vs 1 h, t = 8.618; HFD, CTRL vs 1 h, t = 3.590; CTRL vs 6 h, t = 2.429; monocytes: 
LFD, CTRL vs 1 h, t = 5.25, CTRL vs 72 h, t = 2.210; Ly6Chi/lo monocytes: LFD, CTRL vs 6 h, t = 2.312; HFD, CTRL vs 1 h, 
t = 2.015; CTRL vs 6 h, t = 11.07), the indicators for significance are depicted directly over the bars. Differences between 
lean and obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (neutrophils: 1 h, 
t = 2.191; 6 h, t = 3.277; monocytes: 1 h, t = 2.257; 72 h, t = 4.550; Ly6Chi/lo monocytes: 6 h, t = 4.437, 72 h, t = 2.084, 192 h, 
t = 1.978), indicators for statistical significance are depicted above a connector line. . indicates p < 0.1, * indicates p ≤ 0.05, 
** indicates p ≤ 0.01, *** indicates p ≤ 0.001, **** indicates p ≤ 0.0001. Sample sizes: LFD CTRL: n = 8, LFD 1 h: n = 7, 
LFD 6 h: n = 5, LFD 24 h: n = 5, LFD 72 h: n = 5, LFD 192 h: n = 8, HFD CTRL: n = 7, HFD 1 h: n = 5, HFD 6 h: n = 5, 
HFD 24 h: n = 6, HFD 72 h: n = 5, HFD 192 h: n = 5. Data is depicted as Mean ± SEM.  

1 h post trauma, lean mice exhibited an almost significantly higher increase of circulating 

neutrophils compared to obese mice, however, they managed to return to baseline already 

6 h post trauma, while obese mice still exhibited significantly increased levels of 

neutrophils in the peripheral blood at that time point. Based on levels of circulating 

monocytes, a bimodal response to the trauma can be reported for lean mice, with an 

increased level already after 1 h and a secondary reaction at 72 h after injury. Obese mice 

did not show a reaction to the trauma based on the level of circulating monocytes; 

1 h 6 h 24 h 72 h 192 h
0

1

2

3

4

5

6

Neutrophils

Ra
tio

-n
or

m
al

iz
ed

 to
 C

TR
L ****

***
*

.

*

1 h 6 h 24 h 72 h 192 h
0

1

2

3

4

Monocytes

Ra
tio

-n
or

m
al

iz
ed

 to
 C

TR
L

****

*

*

***

1 h 6 h 24 h 72 h 192 h
0

2

4

6

8

10

Ly6Chi/lo monocytes

Ra
tio

-n
or

m
al

iz
ed

 to
 C

TR
L

*

****

*

**

. .

LFD HFD

A B

C



Results 

53 

however, it needs to be mentioned that obese mice already show a statistically significantly 

increased level of blood monocytes at baseline, an observation that was also detectable 

6 h post trauma (Suppl. figure 6). Furthermore, differences in the monocytic 

subpopulations were detected (figure 13 C). Subsetting based on the expression of Ly6C 

leads to two distinct monocytic subsets, the pro-inflammatory Ly6Chi monocytes and the 

anti-inflammatory Ly6Clo monocytes. 6 h post trauma obese mice showed an increased 

level of Ly6Chi monocytes, which led to a drastic increase of the ratio of  

pro- to anti-inflammatory monocytes at that time point. All observations regarding myeloid 

subsets indicate a prolonged and increased inflammatory response to the trauma in obese 

mice. 

To further categorize monocytes during the trauma immune response, the expression of 

CCR2 on the surface of pro-inflammatory Ly6Chi monocytes was evaluated since it is the 

receptor responsible for MCP-1 (CCL2) dependent migration to the site of injury (figure 14).  

 

Figure 14: CCR2 expression on Ly6Chi monocytes in lean (LFD) and obese (HFD) female mice. Data is depicted as ratio-
normalized to the respective control group, while the control level is depicted as a dotted line. Statistical differences to the 
control were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (HFD, CTRL vs 6 h, 
t = 8.212), the indicators for significance are depicted directly over the bars. Differences between lean and obese mice at 
a specific time point were calculated utilizing an unpaired Student’s t-test (6 h, t = 11.0), indicators for statistical 
significance are depicted above a connector line. **** indicates p ≤ 0.0001. Sample sizes: LFD CTRL: n = 8, LFD 1 h: n = 7, 
LFD 6 h: n = 5, LFD 24 h: n = 5, LFD 72 h: n = 5, LFD 192 h: n = 8, HFD CTRL: n = 7, HFD 1 h: n = 5, HFD 6 h: n = 5, HFD 24 h: 
n = 6, HFD 72 h: n = 5, HFD 192 h: n = 5. Data is depicted as Mean ± SEM. 

Obese mice showed increased expression of CCR2 on the surface of pro-inflammatory 

Ly6Chi monocytes 6 h post trauma, indicating that these cells not only have a  
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pro-inflammatory phenotype, but are also phenotypically capable of migrating to the site 

of inflammation based on an MCP-1 gradient.  

 

3.2.2 Spleen functions as a monocytic reservoir during the immune response after 

traumatic injury 

It has been shown in various studies that the spleen can function as a reservoir for 

monocytes without triggering their transition to macrophages or DCs (Swirski et al. 2009, 

Blomster et al. 2013, Li et al. 2018, Teh et al. 2019). To evaluate the influence of DIO on 

splenic monocytes as well as their potential migration, they were categorized 

(Ly6C expression) and phenotyped (CCR2 on the surface) throughout the trauma response 

using flow cytometry (figure 15). 
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Figure 15: Monocyte phenotyping in the spleen of lean (LFD) and obese (HFD) mice throughout the trauma response. 
Data is depicted as ratio-normalized to the respective control group, while the control level is as dotted line, and is showing 
the time-lapse for Ly6Chi monocytes (A), Ly6Clo monocytes (B) and the expression of CCR2 on Ly6Chi monocytes (C). 
Statistical differences to the control were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as  
post-hoc test (Ly6Chi monocytes: LFD, CTRL vs 1 h, t = 4.279, HFD, CTRL vs 6 h, t = 4.635; Ly6Clo monocytes: LFD, CTRL vs 
1 h, t = 4.425, CTRL vs 72 h, t = 3.096, HFD, CTRL vs 1 h, t = 2.788, CCR2 expression: LFD, CTRL vs 72 h, t = 2.102, HFD, 
CTRL vs 6 h, t = 4.507), the indicators for significance are depicted directly over the bars. Differences between lean and 
obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (Ly6Chi monocytes: 1 h, t = 2.426; 
Ly6Clo monocytes: 72 h, t = 1.972; CCR2 expression: 6 h, t = 14.91, 72 h, t = 5.279), indicators for statistical significance are 
depicted above a connector line. . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, *** indicates p ≤ 0.001, 
**** indicates p ≤ 0.0001. Sample sizes: LFD CTRL: n = 13, LFD 1 h: n = 6, LFD 6 h: n = 5, LFD 24 h: n = 5, LFD 72 h: n = 6, 
LFD 192 h: n = 6, HFD CTRL: n = 14, HFD 1 h: n = 5, HFD 6 h: n = 5, HFD 24 h: n = 7, HFD 72 h: n = 5, HFD 192 h: n = 8. Data is 
depicted as Mean ± SEM. 

Regular flow cytometry showed an early accumulation of Ly6Chi as well as Ly6Clo monocytes 

in the spleen of lean mice (figure 15 A, B). In contrast, obese mice exhibited a delayed 

accumulation of pro-inflammatory Ly6Chi monocytes in the spleen 6 h post trauma, at the 

same time as the increase of Ly6Chi monocytes was detected in the peripheral blood of 

obese mice. Furthermore, these pro-inflammatory monocytes displayed an increased 

expression of CCR2, which fits the phenotype that was prevalent in the blood of obese mice 

(figure 15 C). The data suggests that the spleen functions as a storage for circulating 

monocytes from the periphery during these early time points. However, during later time 
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points, namely 72 h post trauma, a secondary response based on monocyte movement 

could be observed in the spleen of lean mice. A drop in Ly6Clo monocytes might indicate a 

migration of these anti-inflammatory monocytes from the spleen into the periphery and 

possibly to the site of trauma. This secondary reaction to the trauma was absent in obese 

mice during the observed time points. 

So far, flow cytometry analysis at various time points indicates a prolonged pro-

inflammatory phase in obese mice, which is characterized by persistent accumulation of 

circulating neutrophils and an increased level of pro-inflammatory monocytes in the blood. 

Furthermore, different accumulation and migration patterns can be observed in the spleen. 

While obese mice show an accumulation of pro-inflammatory Ly6Chi monocytes with 

increased expression of CCR2 6 h post trauma, which is in accordance with observations in 

the peripheral blood, they lack a secondary response to the trauma which is associated 

with a potential migration of anti-inflammatory Ly6Clo monocytes into the periphery in lean 

mice 72 h post trauma induction.  

 

3.2.3 High resolution phenotyping of monocytes in the blood after trauma 

Flow cytometry revealed 6 h post trauma to be the time point at which the effect of DIO 

on the immune response is most prevalent, therefore, this time point was used to further 

categorize and phenotype myeloid cells using mass cytometry. First, the results achieved 

with flow cytometry were confirmed by analyzing the level of circulating neutrophils and 

pro-inflammatory Ly6Chi monocytes in the blood at this time point. The analysis showed 

the same increased level of neutrophils and Ly6Chi monocytes in obese mice as it was 

observed with flow cytometry. The respective analysis and graph can be found in the 

supplement (Suppl. figure 7). Furthermore, the high resolution of mass cytometry was 

applied to further categorize the pro-inflammatory monocytes by the surface expression 

of CCR2, CX3CR1 and CD62L. The first analysis was generated using the Cytobank 

implemented version of Citrus and is depicted in figure 16. 
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Figure 16: Citrus analysis of monocytes in the blood of lean (LFD) and obese (HFD) mice 6 h post trauma. Citrus analysis 
was performed implemented in Cytobank with CD115+ monocytes (LIN-, CD11b+, CD115+, F480-) and based on the 
clustering markers CD115, CD11b, CCR2, CX3CR1, CD62L and Ly6C. The data shown in this graph is based on the R 
implementation of the prediction analysis for microarrays (PAMR). The generated clusters are depicted in a tree with 
marked areas that differentiate the immune response from lean and obese mice (LFD and HFD) (A). The first three of 13 
stratifying features are listed (B), indicating increased number of cluster 2799 in obese mice and increased levels of cluster 
2803 and 2798 in lean mice. Surface expression of all markers used for clustering are listed for these three clusters in 
histograms (C), while the blue distribution is indicating the background expression in the samples, the red distribution is 
displaying the expression in the specific cluster. Sample size: LFD 6 h: n = 7, HFD 6 h: n = 4. 

The citrus algorithm identified three different areas with redundant clusters that can be 

used to differentiate between the immune response of lean and obese mice 6 h post 

trauma. The analysis shown in figure 16 is based on the R implementation of the prediction 

analysis for microarrays (PAMR) and is depicting the so-called “cv-1se”, which is 

corresponding to the model with the lowest number of features with a cross validation 

error rate that is one standard error (1se) higher than the minimum. The generated models 

with the respective cross validation error rate and the feature false discovery rate are 
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depicted in the supplement (Suppl. figure 8). The algorithm identified three areas of 

redundant clusters to be able to differentiate the state of the immune system of lean mice 

from obese mice (figure 16 A). The clustered areas were labeled based on the expression 

profile of the nodes (Suppl. figure 9). The three highest ranked clusters to stratify between 

the immune response of lean and obese mice (figure 16 B) represent each of the three 

identified areas: CX3CR1+Ly6Clo monocytes, CX3CR1-Ly6Clo monocytes and 

Ly6Chi monocytes. These clusters were identified based on their surface expression of all 

markers used for the clustering algorithm (figure 16 C). This gave a first hint towards further 

differences between monocytes in the periphery of lean and obese mice 6 h post trauma 

based on heterogeneity based on surface expression of chemokine markers. Therefore, 

these cells were analyzed using another unsupervised method by FlowSOM clustering and 

subsequent visualization with UMAP. FlowSOM clustering was performed with the same 

surface markers that were used for Citrus analysis: CD11b, CD115, CCR2, CX3CR1, CD62L 

and Ly6C (figure 17). 
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Figure 17: Unsupervised analysis of monocytes in the blood of lean (LFD) and obese (HFD) mice 6 h post trauma. 
FlowSOM clustering (CD11b, CD115, Ly6C, CCR2, CX3CR1 and CD62L) of monocytes (LIN-, CD11b+, CD115+, F480-) visualized 
by UMAP was used to cluster anti-inflammatory Ly6Clo monocytes and pro-inflammatory Ly6Chi monocytes based on their 
expression of CCR2, CX3CR1 and CD62L (A). Data was exported and different subsets were depicted and analyzed for Ly6Clo 
(B) and Ly6Chi monocytes (C). Statistics: unpaired two-tailed Student’s t-test (Ly6Clo monocytes:  
CCR2-CX3CR1-CD62L-: t = 4.470, CCR2+CX3CR1+CD62L-: t = 2.648; Ly6Chi monocytes: CCR2-CX3CR1-CD62L-: t = 3.048,  
CCR2-CX3CR1+CD62L+: t = 3.493, CCR2-CX3CR1-CD62L-: t = 2.648). * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample sizes: 
LFD 6 h: n = 7, HFD 6 h: n = 4. Data is displayed as Mean ± SEM. 

FlowSOM clustering revealed differences within the Ly6Clo and Ly6Chi monocytes regarding 

surface expression of CCR2, CX3CR1 and CCR2. Ly6Clo monocytes showed an increased 

proportion of all negative cells (CCR2-CX3CR1-CD62L-) and CCR2+CX3CR1+CD62L- monocytes 

in lean mice. This all-negative subset was also detectable amongst the Ly6Chi monocytes 

and was increased in lean mice as well. Furthermore, two subsets showed increased levels 

in the blood of obese mice, namely CCR2-CX3CR1+CD62L+Ly6Chi and 

CCR2+CX3CR1+CD62L+Ly6Chi monocytes indicating an increased circulation of CD62L+ 

monocytes in obese mice. CD62L is a molecule important for migration behavior of 

monocytes since it binds to the endothelium of the blood vessel (Puri et al. 1997). An 
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increased expression could hint towards an increased migratory potential of inflammatory 

monocytes to the site of injury due to upregulation of CD62L. 

In general, mass cytometry could strengthen the observations that were made with regular 

flow cytometry regarding a prolonged pro-inflammatory phase in obese mice 6 h post 

trauma. Furthermore, the increased resolution of CyTOF revealed an increased expression 

of CD62L amongst Ly6Chi monocytes of obese mice during the trauma response, leading to 

a key signature of circulating CCR2varCX3CR1+CD62L+Ly6Chi monocytes in the blood of obese 

mice as a response to the combined thorax and muscle trauma.  

 

3.2.4 Cytokine profiles in the plasma of lean and obese mice during the first 6 h of trauma 

response 

Besides phenotyping immune cells, cytokine levels of several pro- and immunoregulatory 

cytokines were analysed in the plasma of lean and obese mice during the early response to 

the trauma. Cytokines were analysed utilizing a bead-based immunoplex assay from 

Biolegend called LEGENDplex (figure 18). 
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Figure 18: Baseline corrected (ratio) cytokine profiles in the plasma of lean and obese mice during the early response 
to trauma. A volcano plot of the baseline corrected cytokines at 6 h post trauma with difference depicted as lean (LFD) 
minus obese (HFD) (A). Heatmap displaying all measured cytokines in lean and obese mice 6 h post trauma (B). Timelapse 
of cytokine levels of GM-CSF (C), IL-6 (D) and IL-10 (E) in lean and obese mice after trauma. The dotted line depicts the 
control value, which is set to one. Statistics: differences to the control were evaluated using a two-way ANOVA with an 
uncorrected Fisher’s LSD test as post-hoc test (GM-CSF: LFD, CTRL vs 6 h, t = 3.003; IL-10: HFD, CTRL vs 6 h, t = 2.273; IL-6: 
LFD, CTRL vs 6 h, t = 3.457), the indicators for significance are depicted directly over the bars. Differences between lean 
and obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (IL-27: 6 h, t = 3.321, IFNβ: 
6 h, t = 3.090, IL-17A: 6 h, t = 3.492, GM-CSF: 1 h, t = 2.467, 6 h, t = 2.902; IL-10: 6 h, t = 1.866), indicators for statistical 
significance are depicted above a connector line. . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample 
sizes: Each group at each time point: n = 5. Data is displayed as Mean ± SEM. 

Based on the volcano plot, all measured cytokines showed a higher increase in obese mice 

compared to lean mice 6 h post trauma, while IL-27, granulocyte-macrophage colony-

stimulating factor (GM-CSF), interferon-beta (IFNβ) and IL-17A were statistically 

significantly increased in obese mice at that time point (figure 18 A). The baseline corrected 

heatmap indicates that while obese mice still show increased levels of most of the 

measured cytokines lean mice returned to baseline or even exhibit decreased levels of pro-

inflammatory cytokines compared to the control (figure 18 B). An emphasis is put on the 

time lapse of GM-CSF (figure 18 C), IL-6 (figure 18 D) and IL-10 (figure 18 E). GM-CSF 

showed elevated levels in obese compared to lean mice 1 h as well as 6 h post trauma. This 
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might be a contributing factor of the reported increased level of Ly6Chi monocytes in these 

mice, since it has been shown that this cytokine can promote a pro-inflammatory profile in 

monocytes, which is described in human (Lotfi et al. 2020) and mice (Mausberg et al. 2009). 

IL-6 is a cytokine that has been implicated with lung injury and is systemically released 

immediately after traumatic injury (Gebhard et al. 2000). The initial release of IL-6 1 h after 

traumatic injury was comparable between lean and obese mice, but while lean mice 

managed to start to decrease this level 6 h post trauma, IL-6 even increased in obese mice 

at that time point leading to a statistically significant elevation compared to the control. 

However, obese mice did not spiral into an uncontrolled pro-inflammatory response, since 

the immunoregulatory cytokine IL-10 also exhibited increased levels 6 h post trauma in 

these animals.  

Generally, cytokine profiles fit into the observations being made when phenotyping 

immune cells during the immune response to a combined trauma. Obese mice exhibit 

increased levels of circulating neutrophils and pro-inflammatory Ly6Chi monocytes 6 h post 

trauma and an increased pro-inflammatory cytokine profile compared to lean mice, 

contributing to the enhanced pro-inflammatory immune response after a traumatic injury 

in obese mice.  

 

3.3 Immune response and cell migration patterns in the traumatized tissues 

The described differences between the immune response of lean and obese mice to the 

trauma implicate a prolonged inflammation phase. The effects of these changes on the 

migration of immune cells to the traumatized tissue and the inflammation as well as 

regenerative processes that are ongoing after traumatic injury will be elucidated in the next 

chapter. It needs to be noted that the investigated time points were adapted for these 

analyses. Lung and muscle tissue was investigated at baseline as well as 6 h, 72 h and 192 h 

post trauma utilizing mass cytometry. 
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3.3.1 Infiltration of myeloid immune cells in the traumatized lung of lean and obese mice 

The infiltration of immune cells in the traumatized lung was examined using mass 

cytometry at the time points 6 h, 72 h, 192 h post trauma as well as at baseline. The 

infiltration of neutrophils in the lung as well as the surface expression of CD62L and CD11b 

of infiltrating neutrophils at 6 h post trauma is depicted in figure 19. 

 

Figure 19: Neutrophil infiltration and surface phenotyping using mass cytometry. Time lapse of baseline-corrected level 
of neutrophils in the lung of traumatized animals (A). Surface expression of CD62L and CD11b on neutrophils infiltrating 
the lung 6 h post trauma (B). The dotted line depicts the control value, which is set to one. Statistics: differences to the 
control were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (LFD: CTRL vs 6 h, 
t = 2.969; HFD: CTRL vs 6 h, t = 3.988), the indicators for significance are depicted directly over the bars. Differences 
between lean and obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (CD11b: 
t = 2.597). * indicates p ≤ 0.05, *** indicates p ≤ 0.001. Sample sizes: LFD CTRL: n = 5, LFD 6 h: n = 5, LFD 72 h: n = 6, LFD 
192 h: n = 5, HFD CTRL: n = 5, HFD 6 h: n = 5, HFD 72 h: n = 4, HFD 192 h: n = 5. Data is displayed as Mean ± SEM. 

Neutrophil infiltration in the lung did not show any differences between lean and obese 

mice. Early infiltration 6 h post trauma was observed in both groups, as well as a return to 

baseline level 72 h post trauma (figure 19 A). However, differences between lean and obese 

mice can be found among lung infiltrating neutrophils 6 h post trauma, namely an 

increased expression of CD11b on the cell surface (figure 19 B). CD11b is involved in the 

adhesion process to activated endothelial cells at sites of inflammation by binding Thy-1 

(CD90) (Wetzel et al. 2004). Furthermore, it has been associated with aged neutrophils 

(Rosales 2018). Besides neutrophils, monocytes were analyzed during the trauma response 

and their infiltration into the lung was evaluated (figure 20).  
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Figure 20: Infiltration of different monocyte subsets in the lung of traumatized lean (LFD) and obese (HFD) mice. 
Baseline-corrected (ratio) infiltrating monocytes (A), ratio of Ly6Chi/lo monocytes (B), CD62L+ monocytes (C) and CCR2+ 
monocytes (D). The dotted line depicts the control value, which is set to one. Statistics: two-way ANOVA with an 
uncorrected Fisher‘s LSD test as follow-up was used to compare the level to the respective CTRL, significance indicators 
are displayed directly above the bar (monocytes: LFD, CTRL vs 72 h, t = 2.055; Ly6Chi/lo ratio: HFD, CTRL vs 6 h, t = 2.092; 
CD62L+ monocytes: HFD, CTRL vs 6 h, t = 2.827; CCR2+ monocytes: LFD, CTRL vs 72 h, t = 3.500), unpaired two-tailed 
Student‘s t-test was used for comparison of lean and obese mice at a specific time point, significance indicators are 
displayed above a connector line (monocytes: 6 h, t = 3.701, 72 h, t = 2.061; Ly6Chi/lo ratio: 6 h, t = 3.248; CD62L+: 6 h, 
t = 3.425, 72 h, t = 3.101, CCR2+: 72 h, t = 3.534). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample 
sizes: LFD CTRL: n = 5, LFD 6 h: n = 5, LFD 72 h: n = 6, LFD 192 h: n = 5, HFD CTRL: n = 5, HFD 6 h: n = 5, HFD 72 h: n = 4, 
HFD 192 h: n = 5. Data is displayed as Mean ± SEM. 

Monocytes showed an increased infiltration in the traumatized lung in obese mice 6 h post 

trauma, while lean mice exhibited higher levels of monocytes in the lung 72 h post trauma. 

Furthermore, infiltrating monocytes resembled a pro-inflammatory phenotype leading to 

an increased ratio of Ly6Chi/lo monocytes in obese mice 6 h post trauma and in lean mice 

72 h post trauma, however, this shift is not statistically significant in lean mice. Further 

differences between the immune response of lean and obese mice were found amongst 

infiltrating monocytes based on the surface expression of CCR2 and CD62L. While 

infiltrating monocytes in obese mice were characterized by an increased population of 
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CD62L+ monocytes, this population was not detectable in lean mice. However, infiltrating 

monocytes in lean mice harbored an increased population of CCR2+ monocytes. 

3.3.2 Infiltration of myeloid immune cells in the lung of traumatized lean and obese mice 

Besides immune cell infiltration in the traumatized lung, muscle tissue of the left hind leg 

extensor iliotibialis anticus was analyzed before and after trauma. The number of immune 

cells (CD45+) in the muscle is relatively low, especially at steady state in the controls. Since 

the data is presented baseline-corrected, it is highly influenced by variation in the control 

group. Nevertheless, the infiltration of neutrophils as well as the ratio of 

Ly6Chi/lo monocytes amongst infiltrating monocytes was analyzed 6 h, 72 h and 192 h post 

trauma (figure 21). 

 

Figure 21: Infiltration of neutrophils (A) and the ratio of Ly6Chi/lo monocytes in the traumatized muscle of lean (LFD) and 
obese (HFD) mice. The dotted line depicts the control value, which is set to one. Statistics: differences to the control were 
evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (Neutrophils: LFD: CTRL vs 6 h, 
t = 2.716; HFD: CTRL vs 6 h, t = 8.062, CTRL vs 72 h, t = 3.512, Ly6Chi/lo monocytes: LFD: CTRL vs 72 h, t = 3.998, HFD: 
CTRL vs 6 h, t = 2.758), the indicators for significance are depicted directly over the bars. Differences between lean and 
obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (Neutrophil: 6h, t = 4.284, 72 h, 
t = 2.925; Ly6Chi/lo monocytes: 6h, t = 2.509, 72 h, t = 2.413). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01, 
**** indicates p ≤ 0.0001. Sample sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 6, LFD 192 h: n = 4, HFD CTRL: n = 5, 
HFD 6 h: n = 4, HFD 72 h: n = 4, HFD 192 h: n = 4. Data is displayed as Mean ± SEM. 

Significant infiltration of neutrophils into the traumatized muscle was observable in lean as 

well as obese mice 6 h post trauma. However, this infiltration was significantly increased in 

obese mice, a phenomenon that was observable 6 h as well as 72 h post trauma. Even 

though lean and obese mice exhibited decreased levels of neutrophils over time, they did 

not manage to return to baseline 192 h post trauma. Regarding the ratio of pro- to anti-

inflammatory monocytes a significant increase was described 6 h post trauma in obese and 

72 h post trauma in lean mice.  
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Generally, monocyte infiltration patterns regarding the ratio of Ly6Chi/lo monocytes were 

comparable between the muscle and the lung. An early increase of this ratio was described 

in obese mice 6 h post trauma, while lean mice exhibited an increased ratio 72 h post 

trauma. However, infiltration patterns of neutrophils differed in lung and muscle. While 

the lung did not show any difference between lean and obese regarding neutrophil 

infiltration, an increased as well as prolonged presence of neutrophils was detectable in 

traumatized muscle of obese mice.  
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3.4 Influence of different monocyte migration patterns to the lung on macrophage 

polarization 

The pool of tissue-resident macrophages can be refilled and supported by blood-derived 

monocytes. This effect especially occurs during inflammation, which facilitates migration 

of monocytes to the inflamed tissue and the subsequent rise of macrophages. The increase 

in pro-inflammatory monocytes during the immune response to the trauma in obese mice 

can influence the polarization continuum of macrophages during inflammatory and 

regenerative processes. This was investigated in the traumatized lung of lean and obese 

mice. Macrophages in the lung can be separated into interstitial macrophages (IM) and 

alveolar macrophages (AM). The interstitial macrophages can further be subdivided into 

inflammatory M1-like CD11bhi IMs and anti-inflammatory M2-like CD206+ IM (Misharin et 

al. 2013, Schyns et al. 2018). An exemplary gating scheme is depicted in figure 22. 

 

Figure 22: Gating strategies for lung macrophages. Gating of LIN-, F480+ cells utilizing CD11b and CD11c to differentiate 
between interstitial macrophages (IM, CD11b+CD11c-) and alveolar macrophages (AM, CD11blo, CD11c+) (A). IMs can be 
further categorized by CD11b and CD206 expression into inflammatory M1-like macrophages (CD11bhi) and regenerative 
M2-like macrophages (CD206+).  

Lung resident macrophages were analyzed based on these categorizations in lean and 

obese mice post trauma (figure 23). 
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Figure 23: Subsets of lung macrophages after trauma in lean (LFD) and obese (HFD) mice. Baseline-corrected (ratio) 
levels of alveolar macrophages (A), interstitial macrophages (IM) (B), CCR2+CD62L+ IMs (C), and CCR2+CD62L- IMs (D). The 
dotted line depicts the control value, which is set to one. Statistics: differences to the control were evaluated using a two-
way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (Interstitial macrophages: LFD: CTRL vs 72 h, t = 3.063; 
HFD: CTRL vs 6 h, t = 2.881, CCR2+CD62L+IM: HFD: CTRL vs 6 h, t = 3.124), the indicators for significance are depicted 
directly over the bars. Differences between lean and obese mice at a specific time point were calculated utilizing an 
unpaired Student’s t-test (Interstitial macrophages: 6 h, t = 2.601, 72 h, t = 1.910; CCR2+CD62L+IM: 6 h, t = 2.630, 72 h, 
t = 2.076, 192 h, t = 3.139; CCR2+CD62-IM: 72 h, t = 3.773). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. 
Sample sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 6, LFD 192 h: n = 4, HFD CTRL: n = 5, HFD 6 h: n = 4, HFD 72 h: 
n = 4, HFD 192 h: n = 4. Data is displayed as Mean ± SEM. 

Levels of AMs did not change significantly in lean nor obese mice as a response to the 

trauma. However, differences between lean and obese mice were observed regarding 

increased levels of IMs in the traumatized lung. While obese mice exhibited a statistically 

increased level of IMs 6 h post trauma, lean mice indicated elevated levels 72 h post 

trauma. These increased levels of IMs at different time points in lean and obese mice might 

reflect the infiltration of monocytes in the lung, since obese mice showed an increased 

monocyte infiltration 6 h and lean mice 72 h after trauma induction, which suggests that 

the increase of IMs is caused by monocyte-derived macrophages. This hypothesis of 

monocytes migrating to the traumatized tissues further manifests after IMs were 
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categorized based on their CD62L and CCR2 expression. Obese mice showed increased level 

of CCR2+CD62L+ IMs 6 h after displaying increased numbers of infiltrating 

CD62L+ monocytes. Lean mice demonstrated increased numbers of CCR2+CD62L- IMs while 

exhibiting high numbers of infiltrating CCR2+ monocytes at the same time point. These 

results indicate that obese mice show migration of monocytes to the traumatized lung 6 h 

post trauma that are subsequently turning into macrophages. Lean mice show the same 

effect 72 h post trauma. Therefore, monocyte migration occurs at different time points in 

lean and obese mice, which can influence the polarization of these macrophages. To further 

investigate these effects, IMs were categorized in inflammatory M1-like CD11bhi 

macrophages and regenerative M2-like CD206+ macrophages (figure 24). 

 

Figure 24: Ratio of regenerative M2-like macrophages to inflammatory M1-like macrophages in lean (LFD) and obese 
(HFD) mice after trauma. The dotted line depicts the control value, which is set to one. Statistics: differences to the control 
were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (LFD: CTRL vs 72 h, 
t = 3.425, CTRL vs 192 h, t = 1.866), the indicators for significance are depicted directly over the bars. Differences between 
lean and obese mice at a specific time point were calculated utilizing an unpaired Student’s t-test (6 h, t = 2.163). . indicates 
p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 6, LFD 192 h: 
n = 4, HFD CTRL: n = 5, HFD 6 h: n = 4, HFD 72 h: n = 4, HFD 192 h: n = 4. Data is displayed as Mean ± SEM. 

The ratio of regenerative M2/inflammatory M1 macrophages exhibited a significant rise in 

lean mice 72 h post trauma indicating that on phenotypical level, regeneration was favored. 

This increase was not observable in obese mice, which even exhibited a decreased ratio of 

M2/M1 macrophages. Throughout the observed period of the study, this ratio did not rise 

significantly above control level in obese mice, indicating that these mice did not enter the 

state of regeneration during the first 192 h post trauma.   
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3.5 Mass cytometry as a tool to phenotype the trauma response of stem and 

progenitor cells in the muscle tissue 

Besides phenotyping immune cells and tracking their path and fate throughout the trauma 

response in the periphery as well as the traumatized tissues, the CyTOF panel was utilized 

to phenotype non-immune cells in the muscle. However, since the worldwide focus of mass 

cytometry was generally put on phenotyping human immune cells, this is mainly uncharted 

territory with only few exceptions. This part of cell analysis using mass cytometry is only 

focusing on CD45- cells from control and traumatized muscle tissue of lean and obese mice. 

The marker set of CD45, CD31, Sca-1 (Ly6A/E) and Integrin α-7 was used to perform a viSNE 

analysis of control animals. For this purpose, all cells acquired for either lean or obese mice 

were concatenated and are depicted in figure 25. 
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Figure 25: viSNE analysis (CD45, CD31, Sca-1 and Integrin α-7) of CD45- cells of the muscle from control lean (LFD) and 
obese (HFD) mice. Depiction of the viSNE plots for lean and obese control mice, separated into Integrin α-7 (A), while the 
color of dot represents the expression of the respective marker. The marker expression enables to separate the analyzed 
cells into epithelial cells (CD31+, Sca-1+, Integrin α-7-), fibro/adipogenic progenitors (FAPs, CD31-, Sca-1+, Integrin α-7-) 
and satellite cells (CD31-, Sca-1-, Integrin α-7+). All cells from lean and obese mice were concatenated for this analysis. 

Mass cytometry enabled the identification of epithelial cells (CD31+, Sca-1+, Integrin α-7-), 

fibro/adipogenic progenitors (FAPs, CD31-, Sca-1+, Integrin α-7-) and satellite cells 

(CD31+, Sca-1+, Integrin α-7+). In this context epithelial cells contain various subtypes, which 

cannot be identified with the used and established CyTOF panel, therefore they will not be 

further analyzed and categorized. The other two populations, however, are of interest 
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especially for the regeneration process of the muscle. Satellite cells are mononucleated 

stem cells that are maintained in a quiescent state in homeostatic conditions but are 

activatable by tissue injury (Sacco et al. 2008). Therefore, they are important contributors 

and players during regeneration since they have the potential to differentiate into 

myoblasts and regenerate damaged tissue (Bar-Nur et al. 2018). Another population that 

is sitting in the skeletal muscle are FAPs, a cell type that is described as a non-myogenic 

multipotent progenitor with a mesenchymal origin (Uezumi et al. 2014). They can aid 

during muscle fiber maturation and specification (Joe et al. 2010) and are able to undergo 

either fibrogenic or adipogenic differentiation (Uezumi et al. 2010). Both, satellite cells and 

FAPs, are activated by inflammatory immune cells that migrate to the inflamed tissue after 

injury (Heredia et al. 2013, Mounier et al. 2013). Nevertheless, it is critical that the pro-

inflammatory shifts to a regenerative environment to provide proper wound healing, a 

process that usually takes place 2-3 days after injury (Arnold et al. 2007, Varga et al. 2016). 

To investigate the impact of increased early infiltration of pro-inflammatory myeloid cells 

such as neutrophils and Ly6Chi monocytes in the traumatized muscle of obese mice, FAPs 

and satellite cells were analyzed throughout the trauma response in lean and obese mice 

(figure 26).  
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Figure 26: Regenerative cells in the traumatized muscle of lean (LFD) and obese (HFD) mice. Baseline-corrected (ratio) 
percentages of (A) fibro/adipogenic progenitors (FAPs, CD31-, Sca-1+, Integrin α-7-) and (B) satellite cells (CD31-, Sca-1-, 
Integrin α-7+) in the traumatized muscle. Control level is depicted as a dotted line. Statistics: differences to the control 
were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (FAPs: HFD: CTRL vs 192 h, 
t = 2.430; satellite cells: LFD: CTRL vs 72 h, t = 2.931, HFD: CTRL vs 72 h, t = 2.602), the indicators for significance are 
depicted directly over the bars. Differences between lean and obese mice at a specific time point were calculated utilizing 
an unpaired Student’s t-test (FAPs: 72 h, t = 3.016). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates p ≤ 0.01. Sample 
sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 5, LFD 192 h: n = 4, HFD CTRL: n = 5, HFD 6 h: n = 4, HFD 72 h: n = 4, 
HFD 192 h: n = 3. Data is displayed as Mean ± SEM. 

The level of FAPs dropped below baseline level in lean mice 72 h post trauma leading to a 

statistically significantly increased level in obese mice at that time point compared to lean 

mice. Furthermore, obese mice showed an increased number of FAPs 192 h post trauma 

compared to baseline level. Regarding the level of satellite cells, an increase was observed 

72 h post trauma in lean and obese mice, which indicates that both groups entered a state 

of regeneration in the traumatized muscle. However, based on the level of satellite cells no 

impact of DIO on muscle regeneration was observed. To further assess the activation state 

of satellite cells in the traumatized tissue, the intra-cellular expression of Pax7 was 

evaluated. Pax7 is a marker for quiescent satellite cells and gets down-regulated during 

activation (Olguin and Olwin 2004). The analysis is depicted is figure 27. 
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Figure 27: Pax7+  satellite cells in the traumatized muscle of lean (LFD) and obese (HFD) mice. Baseline-corrected (ratio) 
level of Pax7 expressing satellite cells. The dotted line depicts the control value, which is set to one. Statistics: differences 
to the control were evaluated using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (LFD: 
CTRL vs 6 h, t = 1.889, HFD: CTRL vs 6 h, t = 2.550), the indicators for significance are depicted directly over the bars). 
. indicates p ≤ 0.1, * indicates p ≤ 0.05. Sample sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 5, LFD 192 h: n = 4, 
HFD CTRL: n = 5, HFD 6 h: n = 4, HFD 72 h: n = 4, HFD 192 h: n = 3. Data is displayed as Mean ± SEM. 

An early decrease in Pax7 expressing satellite cells further confirms that the muscle-

resident stem cells were activated, lost their quiescent state, and started proliferation to 

promote regeneration of the damaged tissue. However, regarding the expansion and 

activation of satellite cells, no effect of obesity was observable, since lean and obese mice 

exhibited comparable percentages of Pax7+ satellite cells. 

Furthermore, FAPs were analyzed at higher resolution, since it has been shown that this 

subset harbors additional micro-heterogeneity based on the surface markers CD90 and Sca-

1. Even though Sca-1 is used as a marker to identify FAPs, it can further be utilized to subset 

FAPs into Sca-1lo and Sca-1hi FAPs. The separation of FAPs into further subsets is depicted 

in the following graph (figure 28). 
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Figure 28: Analysis of FAPs and subsetting based on expression of Sca-1 and CD90. Micro-heterogeneity is investigated 
based on surface marker expression into Sca-1loCD90+, Sca-1loCD90-, Sca-1hiCD90+ and Sca-1hiCD90- cells. 

The differentiation of FAPs into Sca-1loCD90+, Sca-1loCD90-, Sca-1hiCD90+ and Sca-1hiCD90- 

cells enables to track these subsets through the trauma response, which is depicted in 

figure 29. 

  



Results 

76 

 

Figure 29: Micro-heterogeneity of fibro/adipogenic progenitors (FAPs) based on Sca-1 and CD90 expression in the 
traumatized of lean (LFD) and obese (HFD) mice. Baseline-corrected (ratio) level of Sca-1hiCD90- FAPs (A),  
Sca-1hiCD90+ FAPs (B), Sca-1loCD90- FAPs (C) and Sca-1loCD90+ FAPs in lean and obese mice throughout the trauma 
response. The dotted line depicts the control value, which is set to one. Statistics: differences to the control were evaluated 
using a two-way ANOVA with an uncorrected Fisher’s LSD test as post-hoc test (Sca-1hiCD90- FAPs: LFD: CTRL vs 192 h, 
t = 2.266, Sca-1loCD90+ FAPs: LFD: CTRL vs 6 h, t = 2.229, CTRL vs 72 h, t = 2.303, CTRL vs 192 h, t = 3.113; HFD, CTRL vs 6 h, 
t = 2.548), the indicators for significance are depicted directly over the bars. Differences between lean and obese mice at 
a specific time point were calculated utilizing an unpaired Student’s t-test (Sca-1hiCD90- FAP: 192 h, t = 2.379,  
Sca-1hiCD90 FAPs; 192 h, t = 5.310, Sca-1loCD90+ FAPs, 6 h = 4.142). . indicates p ≤ 0.1, * indicates p ≤ 0.05, ** indicates 
p ≤ 0.01. Sample sizes: LFD CTRL: n = 4, LFD 6 h: n = 6, LFD 72 h: n = 5, LFD 192 h: n = 4, HFD CTRL: n = 5, HFD 6 h: n = 4, 
HFD 72 h: n = 4, HFD 192 h: n = 3. Data is displayed as mean ± SEM. 

Separation of FAPs into further subsets based on the expression of CD90 and Sca-1 reveals 

further differences between lean and obese mice. Most notably is the statistically 

significant increased level of Sca-1hiCD90- FAPs. Sca-1hi FAPs (or SCA1-High-FAPs) are 

associated with increased differentiation into adipocytes and show increased COL1A1 

mRNA expression after a fibrogenic stimulus (Giuliani et al. 2021). These differences 

between the Sca1lo and Sca-1hi FAPs were defined in vitro, additionally it was shown ex vivo 

that Sca-1hi FAPs proliferate more extensively (Giuliani et al. 2021). Similar properties have 

been described for CD90+ FAPs which are accredited with high proliferation and 

clonogenicity, as well as increased production of extracellular matrix (Farup et al. 2020). 

The observed populations that were increased in lean mice compared to obese mice 192 h 
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post trauma were Sca-1hiCD90- as well as SCA-1hiCD90+ FAPs, suggesting that FAPs in lean 

mice exhibited increased proliferative capacities as well as an increased capability to 

produce extracellular matrix components including collagen.  

 

3.6 Inflammatory reflex as an underlying mechanism to contribute to inflammation 

in obese mice 

Obese mice exhibited a prolonged inflammatory phase with increased levels of pro-

inflammatory immune cells and cytokines in the blood as a response to the combined 

trauma. Furthermore, they displayed alterations in monocyte migration patterns to the 

traumatized tissues, as well as from the spleen into the periphery. Especially a secondary 

reaction to the trauma, which was detectable in lean mice 72 h post trauma based on 

increased levels of circulating monocytes as well as a migration of anti-inflammatory 

Ly6Clo monocytes from the spleen into the periphery, was missing in obese mice. The 

splenic response to the inflammatory reflex was now centralized to investigate a potential 

underlying mechanism behind these observed changes. Generally, the inflammatory reflex 

describes a neuronal circuit that was first described by Tracey and regulates the immune 

response to injury or bacterial invasion by, among others, dampening inflammation by 

reducing the amount of produced pro-inflammatory cytokines, among others (Tracey 

2002). The splenic response to signaling is different to many other tissues that are 

regulated through this interaction, because the vagus nerve releases noradrenaline in the 

spleen, which is detected by ChAT expressing CD4+ T cells. Subsequently, they secrete 

acetylcholine, which signals through the α7nAChR of macrophages and leads to a reduced 

production of pro-inflammatory cytokines such as TNF-α. The functionality of this signal 

transduction in the spleen was investigated in lean and obese mice (figure 30). 
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Figure 30: Signal transduction of the inflammatory reflex in the spleen. Percentage of acetyltransferase (ChaT) 
expressing CD4+ T cells in the spleen of lean (LFD) and obese (HFD) mice (A). Production of TNF-α in splenic macrophages 
after LPS stimulation with additional treatment with no (- nicotine), low (lo nicotine) or high (hi nicotine) concentrations 
of nicotine (B). Statistics: differences to LPS without nicotine were evaluated using a two-way ANOVA with an uncorrected 
Fisher’s LSD test as post-hoc test (LFD: No nicotine vs hi nicotine, t = 2.405), the indicators for significance are depicted 
directly over the bars. Differences between lean and obese mice for a specific staining or condition were calculated utilizing 
an unpaired Student’s t-test (ChaT+ CD4+ T cells: t = 3.200; LPS and high nicotine: t = 1.489). * indicates p ≤ 0.05. Sample 
sizes for each analysis and each condition: LFD: n = 5, HFD: n = 5. Data is displayed as Mean ± SEM. 

ChaT+ CD4+ T cells are crucial for the splenic response to the inflammatory reflex, since they 

are converting noradrenaline signaling from the vagus nerve into acetylcholine, which 

interacts with macrophages. This cell subset was statistically significantly decreased in 

obese mice compared to lean mice. Furthermore, the interaction of acetylcholine with 

macrophages was investigated. Since nicotine signals through the same receptor and leads 

to comparable results - a reduced production of pro-inflammatory cytokines – it was used 

to analyze the responsiveness of macrophages after stimulation with LPS. LPS stimulation 

leads to TNF-α production in splenic macrophages, while simultaneous stimulation with 

nicotine should result in a reduction of the produced cytokine. This anti-inflammatory 

effect of nicotine was detectable in splenic macrophages from lean mice and leads to a 

significant reduction of TNF-α in these cells after treatment with higher concentrations of 

nicotine. A reduction after treatment with nicotine was not detectable in obese mice at any 

concentration. These two results indicate a reduced splenic response to the inflammatory 

reflex due to diminished signal transduction and responsiveness to the signal. The data 

suggests that these observed impairments in crucial parts of the spleen in this neuronal 
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circuit of obese mice contribute to the prolonged inflammation after trauma in these 

animals. 

 

3.7 Transferring the observed implications of DIO during trauma response from the 

mouse model to human 

To conclude the observations made in the in vivo mouse model dealing with the implication 

of DIO on the immune response after a combined thorax and muscle trauma, several 

conclusions can be drawn:  

 

(i) Obese mice exhibited an impairment of the inflammatory reflex and displayed 

increased TNF-α production in this context. 

(ii) Regarding the immune response after trauma, a prolonged inflammation phase 

was described with increased number of circulating neutrophils and pro-

inflammatory monocytes.  

(iii) Furthermore, the cytokine profile of obese mice exhibited an increased level of 

pro-inflammatory cytokines 6 h post trauma, further suggesting shifts in the 

inflammatory response after trauma.  

(iv) Differences in the peripheral immune response influenced the regeneration 

phase in the lung resulting in an impaired M1/M2 switch in obese mice 

 

To investigate the translatability of these results, plasma samples of normal and overweight 

patients suffering from a polytraumatic injury (PT patients) were analyzed with regards to 

the cytokine profile of pro-inflammatory cytokines. The two groups were defined by their 

BMI, the official definition of the WHO was utilized with a cut-off value of 25. BMI lower 

than 25 is defined as normal weight and BMI between 25 and 30 is defined as overweight. 

Unfortunately, neither tissue samples nor baseline samples could be collected for these 

patients. Furthermore, the injury severity score (ISS) almost shows a statistically significant 

difference between the two groups of patients. The information of the analyzed patients 

including their age, BMI, ISS, and gender are included in the following table 9. 
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Table 9: Clinical information of patients included in the analysis of pro-inflammatory cytokines in the plasma during 
the first 10 days post trauma. Age, BMI, and ISS shown as mean [Minimum - Maximum]. Gender is depicted as total 
number of males [percentage of the study group]. Statistics: Unpaired Student’s t-test was performed to evaluate the 
difference between the two groups normal weight and overweight PT patients. P-values as well as t-values are listed for 
each comparison. p ≤ 0.05 is associated with statistical significance. Sample size: n = 5 for each group. 

 Normal weight  

PT patients 

Overweight  

PT patients 

Statistics 

Student’s t-test 

Age  

[years] 

43.80 [25 - 63] 48.80 [33 - 58] t = 0.5782 

p = 0.579038 

BMI 

[𝒌𝒈
𝒎𝟐] 

23.64 [22.6 - 24.7] 29.13 [28 - 30.86] t = 8.462 

p = 0.000029 

ISS 41.20 [29.0 - 50.0] 32.30 [27.0 - 38.0] t = 2.295 

p = 0.050874 

Gender 4 [80 %] 4 [80 %] t = 0.0 

p > 0.999999 

 

Plasma was analyzed from the two groups from several time points after trauma. To 

maximize the sample size for each analyzed time point, the time points measured after 

admission to the intensive care unit (ICU) were combined as follows: 0-4 h, 8-12 h, 24 h, 

48 h, 120 h (5 days), and 240 h (10 days) after admission to the ICU. LEGENDplex was 

performed utilizing the human pro-inflammatory cytokine panel. The graphs depicting the 

time lapse of all analyzed cytokines are shown in the supplement (Suppl. figure 10 and 11). 

Throughout the analysis it is observable that pro- as well as anti-inflammatory cytokines, 

such as IL-6 and IL-10 respectively, are increasing in waves. This effect has been described 

before (Antoniades et al. 2008, Mathias et al. 2015) and can result in a syndrome called 

persistent inflammation, immunosuppression, and catabolism (PICS) (Rosenthal and 

Moore 2016), if hypo-inflammation continues. However, the time points at which the 

cytokines showed elevated levels differ between the two groups. The time points 48 h, 

120 h and 240 h after admission to ICU are depicted in figure 31.  
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Figure 31: Cytokines in the plasma of normal weight and overweight PT patients. MFI of each measured cytokines is 
depicted in combination with the respective volcano plot displaying the differences [difference = Mean of normal weight 
– Mean of overweight] against the negative logarithm of the p-value (- log(P value)) for patients 48 h (A), 120 h (B), and 
240 h (C) after admittance to the ICU. Statistics: Differences between the two groups for each cytokine were calculated 
utilizing an unpaired Student’s t-test (48 h: IL-1β, t = 2.318, IFN-α, t = 2.988, IL-8, t = 3.159, IL-18, t = 5.874, IL-23, t = 2.418, 
IL-33, t = 2.531; 120 h, IL-8, t = 2.643; 240 h: IL-8, t = 3.178, IL-12p70, t = 2.761, IL-6, t = 2.416). * indicates p ≤ 0.05, *** 
indicates p ≤ 0.001. Sample sizes: Normal weight: 48 h: n = 5, 120 h: n = 4, 240 h: n = 5; overweight: 48 h: n = 5, 120 h: n = 
5, 240 h: n = 5. Data is displayed as Mean ± SD. 
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The volcano plot depicts the difference between the two compared groups against the 

negative logarithm of the p-value. The horizontal dotted line illustrates the cut-off value to 

reach statistical significance (p ≤ 0.05). A positive difference indicates an elevated level in 

normal weight patients, while a negative value shows an increased level of that cytokine in 

overweight patients. The three depicted time points indicate the differences between the 

two groups, showing that 48 h after entering ICU all analyzed cytokines were increased in 

normal weight patients. This trend switches, and 120 h post trauma all analyzed cytokines 

are increased in overweight patients, however, this difference is rather slightly for the vast 

majority. At the last investigated time point – 240 h after admission to the ICU – all 

cytokines, except MCP-1, were increased in normal weight patients again. It needs to be 

mentioned that later time points indicate less statistical differences between the two 

groups, which is beneficial for the analyzed patients, since it indicates the return to 

homeostasis of pro- and anti-inflammatory response and a prevention of entering a state 

of PICS. Furthermore, to assess the inflammatory state of the immune system of analyzed 

PT patients, the IL-6 to IL–10 ratio was calculated and is depicted in figure 32. 
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Figure 32: Ratio of IL-6 to IL-10 in normal weight and overweight PT patients. The individual ratio of IL-6 to IL-10 was 
calculated for each patient at each specific time points. The ratios are depicted for the time points 0 – 4 h, 8 – 12 h, 24 h, 
48 h, 120 h, and 240 h. Sample sizes: Normal weight: 0-4 h: n = 4, 8–12 h: n = 4, 24 h: n = 5, 48 h: n = 5, 120 h: n = 4, 240 h: 
n = 5; overweight: 0-4 h: n = 5, 8–12 h: n = 4, 24 h: n = 4, 48 h: n = 5, 120 h: n = 5, 240 h: n = 5. Data is displayed as 
Mean ± SD. 

Although, the two curves depicting the IL-6/IL-10 ratio did not show statistically significant 

differences, overweight patients showed an increased ratio compared to normal weight PT 

patients starting at 8 h until 120 h after admittance to the ICU, indicating an increased  

pro-inflammatory response to the polytraumatic injury. This observation is comparable to 

the results achieved from the mouse model, in which obese mice indicated an enhanced 

initial pro-inflammatory phase.  

The data received from analyzing the plasma of normal and overweight PT patients 

suggests that these two groups undergo different phases of inflammatory trauma response 

at different time points. This could be caused by a prolonged initial inflammatory immune 

response as it was observed in the mouse model, however, this can only be hypothesized 

based on the generated data. Further investigation of PT patients would be valuable to gain 

additional insight in the impact of obesity on the immune response in human PT patients.  
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4 Discussion 

The aim of this thesis and the presented study was investigating various implications of DIO 

on the immune system regarding the response to a combined muscle and thorax trauma 

examined by a comprehensive phenotyping approach utilizing regular flow and mass 

cytometry. In general, a prolonged inflammatory phase can be described in obese mice, 

which leads to increased numbers of circulating neutrophils and pro-inflammatory 

Ly6Chi monocytes in the peripheral blood as well as the traumatized tissues. The key 

signature of an early expansion of CCR2varCX3CR1+CD62L+Ly6Chi monocytes that was 

associated with the immune response in obese mice was detectable not only in the 

periphery, but also in the traumatized lung. Furthermore, an impaired switch of M1 to 

M2 macrophages can be described in the lung of obese mice. Analyzing non-immune cells 

in the traumatized muscle revealed differences in the micro-heterogeneity of FAPs 

between lean and obese mice. Furthermore, a focus was put on the splenic response to the 

inflammatory reflex as an underlying mechanism contributing to inflammation, which 

showed a decreased level of ChAT expressing CD4+ T cells in obese mice accompanied by a 

modified response to nicotine treatment by splenic macrophages. This modification 

manifests in obese mice in an absent attenuation of the TNF-α production due to LPS 

stimulation and simultaneous nicotine stimulation. This obesity-related modification of the 

inflammatory reflex might contribute to the observed prolonged inflammation phase and 

the systemically increased pro-inflammatory cytokines in obese mice. Additionally, first 

steps were taken to translate the observation of the in vivo study to human. Analyzing pro-

inflammatory cytokines in the plasma of normal weight and overweight PT patients, 

revealed an increased ratio of IL-6/IL-10 suggesting translatability of the results achieved 

by the mouse model. 
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4.1 Impact of DIO on the immune system 

Even without the additional trigger of a combined muscle and thorax trauma, numerous 

implications of DIO on the immune system were elucidated. Several of these observations 

are compatible with published analysis of the immune populations in the spleen, namely 

increased levels of B cells and decreased numbers of CD4+ T cells in DIO 

(JacksonLaboratory). Furthermore, effects such as monocytosis and increased level of anti-

inflammatory myeloid cells have been described in human obese individuals as well 

(Nagareddy et al. 2014). The impact of DIO on the immune system in the utilized mouse 

model are therefore in line with observations made in comparable models and in human. 

Especially the latter offers opportunities regarding translational conclusions of this study 

to improved treatment options for obese patients suffering from severe trauma.  

Besides phenotypical differentiation of immune cell lineages in lean and obese mice, the 

activation state of myeloid cells was screened as well as utilizing a glucose uptake assay, a 

procedure that has been established by Zou et al (Zou et al. 2005). This uptake was 

determined using a fluorescent glucose analog (2-NBDG), which is measurable with 

conventional flow cytometry after cell uptake. Increased glucose uptake is associated with 

an increased usage of the glycolytic metabolic pathway, which is faster but less effective 

when compared to oxidative phosphorylation (Zheng 2012) and therefore reflects the 

activation state of the cell. Furthermore, during inflammation an enhanced utilization of 

the glycolytic pathway is observed in activated cells (Calder et al. 2007). The glucose uptake 

assay shows an increased state of activation based on the percentage of cells that took up 

glucose in all analyzed myeloid immune cells, namely neutrophils and monocytes as a 

combined population as well as in each respective monocytic subset. The data suggests an 

activated state of myeloid cells in obese mice without an additional trauma.  

 

4.2 Myeloid cells discriminate the early immune response between lean and obese 

mice after trauma 

Generally, the immune response after trauma is comparable to any inflammatory process. 

Neutrophils as first responders are increasing in their number in the periphery and infiltrate 

the inflamed tissue, which is followed by the migration of monocytes leading to an 
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inflammatory environment (Prame Kumar et al. 2018). This process was detectable in the 

peripheral blood of lean and obese mice as a response to the trauma. However, while 

circulating neutrophils of lean mice returned to baseline level 6 h post trauma, obese mice 

still exhibited an increased neutrophil level. Furthermore, pro-inflammatory 

Ly6Chi monocytes were elevated in their abundance in obese mice at this time point.  

High-resolution phenotyping of these cells revealed the immune cell signature of 

CCR2varCX3CR1+CD62L+Ly6Chi monocytes that was associated with the immune response of 

obese mice to the trauma. The widely used discrimination of Ly6Clo and Ly6Chi monocytes 

associates CX3CR1 expression only with the anti-inflammatory Ly6Clo subset. However, this 

terminology, which was used as an analogy to human non-classical (CD14-CD16+) 

monocytes (Appleby et al. 2013), does not reflect the expression of CX3CR1 on murine 

monocytes. Unsupervised clustering of monocytes showed CX3CR1 expression across the 

monocyte compartment in the study presented here. This was also recently reported by 

Meghraoui-Kheddar et al., who performed multiparametric analysis of murine monocytes 

and were not able to use CX3CR1 as a discriminatory marker between Ly6Chi and 

Ly6Clo monocytes (Meghraoui-Kheddar et al. 2020). Furthermore, it needs to be 

emphasized that the marker that is differentiating monocytes between lean and obese 

mice is the expression of CD62L in obese mice. In general, the identified population of 

CCR2varCX3CR1+CD62L+Ly6Chi correspond to the pro-inflammatory population of classical 

monocytes in humans (Geissmann et al. 2003). However, different mechanisms may be 

responsible for the increased population in obese mice. This population might be increased 

due to an elevated pro-inflammatory response of these mice to the trauma, which would 

hint towards an increased migratory potential of these cells based on the surface 

expression of the chemokine receptors CCR2 and CX3CR1, as well as CD62L, which has been 

shown to be crucial for rolling efficiency and migration to the site of inflammation (Ley et 

al. 1995, Xu et al. 2008). Another hypothesis regarding this subset involves the shedding of 

CD62L during early activation (Griffin et al. 1990, Spertini et al. 1991, Zhao et al. 2001), 

which leads to cleavage of CD62L from the cell surface. An impairment of this process may 

further contribute to an increased level of this CCR2varCX3CR1+CD62L+Ly6Chi monocyte 

subset. However, simply measuring the amount of soluble CD62L (sCD62L) is not sufficient 

to target this hypothesis since the major source of sCD62L are activated neutrophils 

(Smalley and Ley 2005), which would overshadow possible differences in the shedding of 
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CD62L on activated monocytes. The implication of CD62L in immune processes regarding 

obesity-related inflammation is additionally interesting since it has been shown that CD62L 

is amongst the key molecules in the development of non-alcoholic steatohepatitis (NASH) 

in mouse models and in humans (Drescher et al. 2020). NASH is a comorbidity that is highly 

associated with obesity (Estes et al. 2018). It has been shown that CD62L-/- mice are 

protected from diet induced NASH (Drescher et al. 2020). Such a knockout model utilizing 

CD62L-/- mice would provide further insight in the importance of the 

CCR2varCX3CR1+CD62L+Ly6Chi monocytic subset that is increased in the peripheral blood of 

obese mice during the immune response to the combined thorax and muscle trauma and 

would elucidate their role in the prolonged inflammatory phase that results in an impaired 

switch from M1 to M2 macrophages in the lung of obese mice, which will be discussed in 

chapter 4.4.  

Besides analyzing and describing differences between lean and obese mice based on cell 

profiling, cytokine levels in the plasma of control and traumatized mice were investigated 

as well. In this regard, obese mice exhibited increased levels of all analyzed cytokines 6 h 

post trauma indicating an increased immune response to the combined muscle and thorax 

trauma. The level of IL-6 after a thorax trauma is systemically released (Gebhard et al. 2000) 

and has been shown to be a predictor for patient survival and immunological complications 

(Qiao et al. 2018). The initial increase of this cytokine is comparable between lean and 

obese mice, however, while lean mice already started to exhibit decreased levels 6 h post 

trauma, the IL-6 level even increased in obese mice, further indicating an increased pro-

inflammatory initial immune response. However, this observation contradicts observations 

that were made in a study investigating the implication of severe obesity in humans after 

severe trauma (Winfield et al. 2012). The authors of this study report decreased level of 

IL-6 during the response to the trauma in obese patients. Furthermore, they link this 

observation to an increased risk of nosocomial infections and MOF (Winfield et al. 2012). 

Discrepancies between the here presented study and the published human study may be 

explained by differences regarding the injuries that were used in the mouse model and as 

inclusion criteria for the patient study.  

Especially intriguing in context of increased levels of pro-inflammatory Ly6Chi monocytes 

are the elevated levels of GM-CSF in the plasma of obese mice 6 h post trauma, since it has 

been shown that GM-CSF promotes a pro-inflammatory profile in monocytes in humans 
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(Lotfi et al. 2020) and mice (Mausberg et al. 2009). Analysing cytokine levels in the plasma 

suggests an additional contribution to promote a pro-inflammatory environment in obese 

mice and to give rise to the observed CCR2varCX3CR1+CD62L+Ly6Chi subset of monocytes. 

 

4.3 Increased tissue infiltration of pro-inflammatory monocytes and neutrophils after 

trauma in obese mice 

Besides increased levels of pro-inflammatory cytokines and immune cells in the blood of 

obese mice during the early response to the trauma, differences between lean and obese 

mice were detected regarding the infiltration of the traumatized tissue by immune cells. 

However, not all populations that exhibited increased levels in the peripheral blood in 

obese mice also indicated enhanced tissue infiltration. Furthermore, differences were 

observed between the two analyzed tissues lung and muscle. While neutrophils circulated 

in the blood in increased numbers, enhanced infiltration of the lung was not observable 

even though neutrophils exhibited increased levels of CD11b surface expression in obese 

mice. While CD11b has been shown to be increased during hyperlipidemia associated 

inflammation (Mazor et al. 2008), circulating CD11b expression is associated with 

neutrophilic response and migration to the airways in inflammatory settings after 

endotoxin inhalation (Alexis et al. 2003) and ozone exposure (Alexis et al. 2004). Hereby, 

the complex of CD11b and CD18 enables monocytes and neutrophils to depart the 

circulation and migrate to the pulmonary tissue (Doerschuk 2001). However, the increased 

expression of CD11b on lung infiltrating neutrophils in obese mice did not affect their 

migratory potential, since comparable numbers of neutrophils were detected 6 h post 

trauma in lean and obese mice. Furthermore, the clearance of infiltrated neutrophils 

between the two groups was comparable in the lung, since both lean and obese mice 

returned to baseline 72 h post trauma. In contrast, the data suggests enhanced infiltration 

of neutrophils in the muscle of obese mice after trauma. Neutrophils were detectable in 

the traumatized muscle in increased numbers and did not return to baseline in their 

number until 192 h post trauma. This indicates a prolonged inflammation and a delay in 

regenerative processes, since neutrophils should be replaced by macrophages during the 

regeneration phase after trauma (Gillitzer 2001, García-Ramallo et al. 2002).  
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Monocyte migration to the traumatized tissues exhibited differences between lean and 

obese mice while showing comparable phenotypical profiles in lung and muscle. An 

increased ratio of Ly6Chi/lo monocytes was detectable in obese mice in both traumatized 

tissues 6 h post trauma, while lean mice exhibited an increased ratio of Ly6Chi/lo monocytes 

72 h post trauma. Further phenotyping of infiltrating monocytes in the lung using CD62L 

and CCR2 revealed that the monocyte population in obese mice consists of an increased 

population of CD62L expressing monocytes, while infiltrating monocytes in lean mice 

showed enhanced percentages of CCR2+ monocytes. The early infiltration of 

CD62L+ monocytes comply with the observation of an increased population of 

CCR2varCX3CR1+CD62L+Ly6Chi monocytes in the blood of obese mice, indicating that these 

cells not only harbor surface markers needed for migration, but end up migrating to the 

traumatized lung. However, no differences are described in the literature regarding 

CCR2-dependent or CD62L-mediated migration. Nevertheless, differences in monocyte 

migration patterns can influence the polarization of macrophages resulting in modification 

of the switch from pro-inflammatory M1 to regenerative M2 macrophages, since 

monocytes can replenish the pool of macrophages by differentiation (Yang et al. 2014). 

 

4.4 Impaired switch of M1 to M2 macrophages in the lung of obese mice after trauma 

The macrophage continuum can be oversimplified utilizing two major states M1 and M2. 

Herein, M1 represents the pro-inflammatory compartment, while M2 macrophages 

promote an anti-inflammatory environment and are in the context of trauma response also 

referred to as regenerative macrophages (Mills et al. 2000). While being highly plastic cell 

types, both subsets are crucial for regeneration. M1 macrophages can be induced by 

Th1 cytokines and are necessary for initial inflammatory processes by production of pro-

inflammatory factors as well as crucial for clearing debris (Sica and Mantovani 2012). 

M2 macrophages are inducible by Th2 cytokines and are characterized by the production 

of anti-inflammatory molecules (Sica and Mantovani 2012). However, it is crucial for 

successful regeneration of the traumatized tissue that a correctly timed switch from M1 to 

M2 macrophages occurs. Phenotyping of interstitial lung macrophages during this study 

indicates a switch to M2 macrophages in lean mice 72 h post trauma, assessed by an 

increased ratio of M2/M1 polarized macrophages; a phenomenon that was absent and not 
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detectable in obese mice. Shifts of the M2/M1 polarization towards pro-inflammation have 

been described before, however, mainly in the adipose tissue (Chylikova et al. 2018). 

Additionally, it was shown that high fat diet itself increases the number of macrophages in 

the lung and favors a M1-like phenotype with increased production of IL-1β (Kim et al. 

2014), proving that DIO also influences the polarization states of macrophages in other 

tissues than the white adipose tissue. The observed impaired switch from M1 to 

M2 macrophages in the lung of obese mice offers new possibilities to interfere with the 

onset of ARDS, which can occur after lung injuries. In this context, it has been shown that 

obese patients suffering from a lung injury are more likely to develop ARDS (Gong et al. 

2010, Anzueto et al. 2011), which is associated with a rapid onset of wide-spread 

inflammation (Han and Mallampalli 2015). Although the pathophysiological development 

of ARDS is associated with various immune cell populations (Nanchal and Truwit 2018), the 

inflammation during the acute phase is, inter alia, driven by macrophages, which are 

M1 polarized releasing inflammatory triggers (Patel et al. 2017). If the observations of this 

study are translatable to the human situation, this will offer new therapeutic approaches 

by interfering with the switch towards M2 macrophages. The idea of manipulating 

macrophages and using M2 macrophages for applications due to their anti-inflammatory 

potential is widely discussed and tested for its utilization in various settings such as 

atherosclerosis (Bi et al. 2019) and myocardial infarction (Kimbrough et al. 2018). However, 

especially in tissue repair due to their ability to secrete tissue remodeling factors such as 

vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-β), and 

fibroblast growth factor (FGF) (Mantovani et al. 2003) interfering with the M2 polarization 

might be a narrow balancing act, since increased numbers of M2 macrophages have been 

associated with excessive collagen deposition which can lead to fibrosis (Bellón et al. 2011). 
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4.5 Micro-heterogeneity in FAPs exhibit proliferative phenotype in lean mice after 

trauma 

The CyTOF panel was utilized to analyze non-immune cells in the traumatized muscle as 

well. The panel was used to broadly identify satellite cells as well as FAPs and to further 

investigate the micro-heterogeneity of FAPs based on Sca-1 and CD90 expression. In 

general, it has been shown in adult mice that removing Pax7+ satellite cells block 

regeneration of myofibers (Lepper et al. 2011, Sambasivan et al. 2011). Analysis of the mass 

cytometry data revealed an increase of the number of satellite cells 72 h post trauma in 

both lean and obese mice indicating regenerative processes in the traumatized muscle 

based on satellite cell expansion at that time point. Furthermore, a decreased level of 

Pax7+ satellite cells was observed during the response to the trauma, indicating an 

activation of these cells, since only quiescent satellite cells are expressing Pax7 (Olguin and 

Olwin 2004). However, no effect of DIO was observable on the activation and expansion of 

satellite cells.  

Besides the significance of satellite cells for regenerative processes, growing evidence 

indicate the importance of complex extracellular matrix interactions (Joe et al. 2010). A cell 

population that has been shown to contribute to the extracellular matrix, described as non-

myogenic progenitor cells resident in the skeletal muscle are FAPs. They have shown to be 

crucial players in muscle regeneration after injury (Joe et al. 2010). Furthermore, FAPs have 

been accredited micro-heterogeneity based on CD90 and Sca-1 expression. Micro-

heterogeneity describes cell-to-cell variability that cannot be explained by genetic 

differences. Sca-1hi FAPs were characterized in a mouse model of Duchenne muscular 

dystrophy (DMD, mdx mouse) and displayed increased ability to differentiate into 

adipocytes as well as expressing elevated mRNA levels of COL1A1 after fibrogenic 

stimulation (Giuliani et al. 2021). CD90+ FAPs have been shown to be highly proliferative 

and to exhibit increased production of extracellular matrix. An expansion of these cells has 

been shown to be responsible for muscle degeneration in type 2 diabetic patients (Farup 

et al. 2020). In this context, these CD90 expressing FAPs show a platelet-derived growth 

factor (PDGF) mimetic phenotype. PDGF signaling in FAPs leads to proliferation and 

collagen secretion at the cost of adipogenesis (Mueller et al. 2016). The described 

population of Sca-1hiCD90- FAPs in lean mice is therefore destined to undergo adipogenesis 
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and produce increased levels of collagen based on their phenotype. This appears 

counterintuitive at first since these cells were increased in the muscle of lean mice and not 

of obese mice, however, it fits to observations that have been described by Gihring et al., 

namely an increased level of COL1A1 in lean mice 72 h and 192 h post trauma (Gihring et 

al. 2020). This suggests that the observed population of Sca-1hiCD90- FAPs in lean mice is 

not only phenotypically capable of collagen production and complies with the statement 

that obese mice lack a proper buildup of extracellular matrix as a response to blunt trauma 

(Gihring et al. 2020, Xu et al. 2020). 

 

4.6 Modification of the inflammatory reflex in obese mice 

Linking the inflammatory reflex with metabolic regulation and disorders, such as obesity, is 

not a new endeavor, since it has been postulated before by Pavlov and Tracey in the year 

of 2012 (Pavlov and Tracey 2012). Even in previous decades, before the principle of the 

inflammatory reflex was known, obesity was linked to reduced activity of the vagus nerve 

in various studies (Richter et al. 1996, Karason et al. 1999, Ziegler et al. 2006). The vagus 

nerve is the tenth cranial nerve (cranial nerve X) and is part of the parasympathetic nervous 

system and has therefore an pivotal role on the homeostasis of metabolism (Székely 2000). 

Furthermore, Tracey was the first to describe the involvement of the vagus nerve in a 

neuronal circuit later termed inflammatory reflex (Tracey 2002). The study presented in 

this thesis does not focus on the signaling through the vagus nerve itself but concentrates 

on two crucial parts of signal transduction in the spleen. In the spleen, in contrast to other 

tissues and organs that respond to the inflammatory reflex, stimulation through the vagus 

nerve leads to a release of norepinephrine, which triggers ChAT expressing CD4+ T cells to 

release acetylcholine (Rosas-Ballina et al. 2011). Acetylcholine signals through the 

α7nAChR of macrophages to prevent the production of pro-inflammatory cytokines, such 

as TNF-α. Flow cytometry revealed fewer ChaT+ CD4+ T cells in obese mice. Furthermore, 

obese mice did not show to respond to nicotine treatment after LPS stimulation with 

regards to TNF-α production of splenic macrophages. Nicotine signals through the 

α7nAChR of macrophages and has comparable anti-inflammatory effects than stimulation 

through the vagus nerve as part of the inflammatory reflex (Wang et al. 2003, Wang et al. 

2004, Wang et al. 2011). This anti-inflammatory effect was observable in splenic 
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macrophages of lean mice. These observations suggest that the splenic inflammatory reflex 

is impaired and that its modification contributes to the prolonged and enhanced 

inflammatory phase that is observable in obese mice during the immune response to the 

trauma. These observations are in accordance with other mouse studies focusing on the 

inflammatory reflex and obesity. Mice without the α7nAChR were fed HFD and 

subsequently exhibited increased M1 macrophage infiltration accompanied by increased 

expression of TNF-α and CCL2 (Wang et al. 2011). Further mechanistic links between the 

inflammatory reflex and obesity could be made when nicotine treatment of these α7nAChR 

knockout mice showed no effect regarding obesity related increased expression of pro-

inflammatory genes in macrophages (Wang et al. 2011). Furthermore, it was shown that 

treatment of Leprdb/db mice with TC-7020 - an α7nAChR agonist - results in a reduction of 

food intake and weight gain accompanied by a diminished level of blood glucose, glycated 

hemoglobin (HbA1c) and triglycerides (Marrero et al. 2010). Linking these results with the 

observations made in this study offers novel treatment options of obese patients by 

attenuating inflammation by interfering with the inflammatory reflex. Pharmacologic 

approaches involve application of acetylcholinesterase inhibitor galantamine, which acts 

centrally, to stimulate the efferent arm of the inflammatory reflex (Pavlov et al. 2009) by 

promoting signaling in the brain facilitated by cholinergic muscarinic receptors leading to 

an increased activity of the vagus nerve (Waldburger et al. 2008). The effectiveness of 

galantamine treatment in relation to obesity-dependent inflammation was already proven 

in a mouse model leading to a reduced level of IL-6 and CCL2 expression (Satapathy et al. 

2011). All these observations highlight the implication of the inflammatory reflex in obesity 

related inflammation not only during trauma response, but also during the pathogenesis of 

obesity and its associated comorbidities. Pharmacological options for interfering with 

obesity would supplement existing treatment strategies, which, at the current state of art, 

mainly includes bariatric surgery (Maciejewski et al. 2016). Attenuating inflammation by 

interfering with the inflammatory reflex offers a huge potential that is already investigated 

in several disease settings (Meregnani et al. 2011, Sun et al. 2013, Levine et al. 2018) and 

first non-invasive stimulation devices have been approved in Europe (Xana, Grant 

agreement ID: 781703). 
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4.7 Conclusion of the conducted mouse study on phenotypical and mechanistic level 

Besides effects of DIO on the phenotype of immune cells and their distribution as well as 

the activation level of peripheral blood cells, several differences regarding the immune 

response after a combined muscle and thorax trauma could be described between female 

lean and obese mice.  

These modifications caused by DIO were investigated on phenotypical level in the 

peripheral blood, spleen, and the traumatized tissues. Additionally, the cytokine profile 

present in the periphery during the early immune response was characterized. Hereby, it 

needs to be emphasized that the cytokines present in the blood can influence the 

circulating immune cells and vise versa. Furthermore, effects of alterations in the monocyte 

compartment of obese mice during the immune response on the macrophages polarization 

continuum in the lung were investigated. The non-immune cells of the traumatized muscle 

were phenotyped to assess the regenerative capacity of satellite cells and FAPs. 

Finally, the splenic response to the inflammatory reflex was investigated as an underlying 

mechanism that influences and contributes to the prolonged and enhanced inflammatory 

environment that was detectable in obese mice during the trauma response.  

All results achieved by the presented in vivo mouse study regarding the implication of DIO 

on the immune response after a combined muscle and thorax trauma are depicted in a 

graphical overview in figure 33. 
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Figure 33: Overview of results regarding implications of diet induced obesity (DIO) on the immune response and 
regenerative processes to the combined muscle and thorax trauma. Trauma induction leads to activation of an immune 
response in the peripheral blood and the spleen, which is used as a monocyte reservoir in this context as well as a 
contributor of monocytes. This results in increased inflammation and migration of neutrophils and monocytes to the 
traumatized tissues. The described regeneration processes differ between lung and muscle, while pro- (M1) and anti-
inflammatory (M2) macrophages are analyzed in the lung, regeneration of the muscle tissue was assessed by the 
activation of satellite cells and the micro-heterogeneity of fibro/adipogenic progenitors (FAP). Furthermore, trauma-
related inflammation triggers the inflammatory reflex through the afferent arm of the vagus nerve, resulting in signal 
transduction in the central nervous system (CNS) and subsequent signaling through the efferent arm of the vagus nerve, 
which blocks TNF-α production of splenic macrophages. 
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4.8 Translational approaches of study results received from the mouse model to the 

human 

After a successfully conducted mouse study, approaches are initiated to translate the 

results from the mouse model to the human. Mouse models enable investigation of a 

specific disease, or - in the case of the here conducted study - implication of a disease on 

the immune response to trauma, by eliminating challenges such as biological variability and 

variation due to alterations in the trauma conduction. However, not all conclusions made 

in translational mouse models can be converted back to humans, since evolutionary 

differences between the two species unquestionably exist, which is also notable in the 

immune system. While some immune cell population differ slightly between the two 

species, as it is the case for monocytic subsets (Kawamura and Ohteki 2018), discrepancies 

can also be found amongst chemokines (Han and Mallampalli 2015) and cytokines (Mestas 

and Hughes 2004). Therefore, to find a starting point of proving the principles and 

modifications identified in the DIO mouse model in human, plasma samples from normal 

weight (19 kg/m2 < BMI < 25 kg/m2) and overweight (BMI > 25 kg/m2) PT patients were 

analyzed during a time frame of 240 h after admittance to the ICU. Cytokine analysis of 

these plasma samples revealed an increased ratio of IL-6 to IL-10 in overweight patients, 

indicating an increased pro-inflammatory response in these individuals. This ratio is used 

in various diseases to discriminate between potential outcomes or disease states (Brito et 

al. 2016, Suyasa et al. 2017) and an increased ratio is associated with poorer outcome in 

patients suffering from SIRS (Taniguchi et al. 1999). The data suggests an analogous 

observation regarding an increased pro-inflammatory response to the trauma in 

overweight humans as it was observed in the mouse model in obese mice.  

Furthermore, analyzing differences in the cytokines profile during later time points of the 

investigated time frame, revealed an increase of cytokines in PT patients in waves, a 

phenomenon that is well described (Antoniades et al. 2008, Mathias et al. 2015) and is 

associated with PICS (Rosenthal and Moore 2016). However, the time points exhibiting 

increased level of cytokines differ between normal weight and overweight PT patients. 

During the investigated time points, normal weight patients showed higher levels of 

analyzed cytokines 48 h as well as 240 h after admittance to the ICU, while overweight 

patients revealed higher cytokine levels compared to normal weight patients 120 h after 
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admission to the ICU. The BMI associated shift in the immune response to the polytrauma 

suggests that the two analyzed groups undergo different phases of the immune response 

to the traumatic injury at different time points. However, it can only be hypothesized if this 

shift is caused due to an initial increased pro-inflammatory response, as it was described 

and characterized in the mouse model during this study. Nonetheless, utilizing 

observations achieved from the mouse model and combining them with the results from 

the PT patient leads to new working hypothesis for continuation of this project with a focus 

on the implication of obesity on the human immune system. This working hypothesis is 

depicted graphically in the figure 34. 

 

Figure 34: Graphical presentation of a new working hypothesis after translation of results from the in vivo trauma 
model combined with observations in normal weight and overweight PT patients. Immune reaction of normal weight 
(grey) and overweight (light blue) PT patients is depicted regarding the pro- and anti-inflammatory response. Initial 
response indicates the situations termed as systemic inflammatory response syndrome (SIRS) and the compensatory anti-
inflammatory response syndrome (CARS) which are triggered by trauma. Furthermore, the graph depicts the two options 
of uncontrolled pro-inflammatory response leading to multiorgan failure (MOF) associated with early death and recovery 
if the immune system returns to a state of homeostasis.  

The proposed working hypothesis for continuation of this project is focusing on the initially 

prolonged pro-inflammatory phase, which leads to a shift in the response phases of the 

immune system and shows increased pro-inflammation compared to the anti-

inflammatory response.  
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This first approach to convert the results achieved by the DIO mouse model to the human 

need to be seen as preliminary results and interpreted with precaution, since the two 

groups almost showed a significant difference in the ISS, which is utilized to assess the 

severity of the trauma. Furthermore, the study size was rather small for investigating a 

human population which is exhibiting biological variation. Nevertheless, the results 

achieved by analyzing PT patients are encouraging regarding translation of the results 

achieved by the mouse model to the human indicating analogous enhanced pro-

inflammatory response in overweight PT patients.  
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5 Summary 

Obesity as a state of chronic inflammation has been shown to alter and influence the 

immune response. Due to the increasing prevalence of obesity, it is crucial to understand 

the ongoing alterations and modifications of the immune system to provide better care 

options for obese patients. The study presented in this thesis elucidated the implication of 

DIO on the immune response after a combined muscle and thorax trauma in vivo mainly 

utilizing regular flow cytometry and the novel mass cytometry. Mechanistically, an effect 

of DIO that could be revealed during this study is an attenuated splenic response to 

stimulation through the vagus nerve as part of the inflammatory reflex, likely contributing 

to the observed prolonged initial inflammation phase in obese mice. This is suggested by 

data demonstrating a reduction of ChAT+ CD4+ T cells in the spleen of obese mice 

accompanied by a reduced responsiveness to nicotine treatment after lipopolysaccharide 

stimulation, which should result in a diminished TNF-α production of splenic macrophages.  

Generally, a prolonged inflammation phase could be described in obese mice which is 

characterized by enhanced numbers of circulating neutrophils as well as increased 

percentages of pro-inflammatory CCR2varCX3CR1+CD62L+Ly6Chi monocytes in obese mice. 

Furthermore, increased cytokine levels are detectable in the periphery of obese mice, 

further promoting a pro-inflammatory environment and contributing to an enhanced pro-

inflammatory response to the combined trauma. These described changes in the periphery, 

especially the shifts to inflammation in the monocyte compartment, influence immune cell 

migration to the inflamed tissues. These changes result in an impairment of the switch of 

pro-inflammatory M1 to regenerative M2 macrophages in the lung of obese mice. 

Besides phenotyping immune cells, non-immune cells were analyzed in the muscle showing 

a lacking expansion of highly proliferative, fibrogenic Sca-1hiCD90- fibro/adipogenic 

progenitors as a response to the trauma in obese mice, which is in accordance with 

previously published gene profiling results achieved with the same mouse model during 

preceding research. Furthermore, an expansion as well as activation of satellite cells was 

evident in the traumatized muscle of both lean and obese mice indicating a comparable 

regenerative effort of these stem cells. The overall implications of diet-induced obesity are 

graphically represented in figure 33. 
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Even though, translatability of the mouse model to the human has not been shown to full 

extent, first steps were taken and an enhanced pro-inflammatory response to a 

polytraumatic injury was observable in overweight polytrauma patients by an increased  

IL-6/IL-10 ratio. Furthermore, shifts in the immune response phases were detected in 

overweight compared to normal weight polytrauma patients. These shifts were apparent 

based on analyzing the cytokine profile in the plasma of these polytrauma patients. These 

results offer new working hypothesis regarding the implication of obesity on the human 

immune response that can be focused on in future studies (figure 34). 

Based on these results, several new potential treatment options can be suggested that 

could be utilized in trauma care as well as other comorbidities caused by obesity. Especially, 

the idea of attenuating inflammation by interfering with the inflammatory reflex offers a 

huge potential regarding future treatment options starting at the pathophysiology of 

obesity as well as during trauma care. The procedure of artificial stimulation through the 

vagus nerve can be achieved by non-invasive devices, a method that already has been 

approved as a medical contraception in Europe. 

Furthermore, observations regarding an impaired switch of M1 to M2 macrophages in the 

lung of obese mice offers new therapeutic approaches. Interfering with the impaired switch 

of M1 to M2 macrophages in the lung could provide possibilities to reduce the implication 

of acute respiratory distress syndrome development in obese patients after lung injury. 

This procedure would also focus on attenuating the inflammatory response by facilitating 

and anti-inflammatory phenotype of M2 macrophages. 

The results gained in my thesis show a disturbance of the monocytic compartment during 

the early immune response to the trauma, as well as a weakened response of the spleen 

to the inflammatory reflex caused by diet-induced obesity. Interfering with these two major 

implications of diet induced obesity on the immune system, offers novel treatment options 

to provide better care for obese trauma patients.  
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6 Supplement 

Suppl. table 1: Compensation matrix for a full panel of cytometry staining acquired on the MACSQuant Analyzer 10. 
Compensation matrix was applied to the acquired FCS file directly after acquisition of the sample. No further compensation 
was necessary for analysis with FlowJo. 

 VioBlue VioGreen FITC PE 
PerCP-
Vio770 

PE-
Vio770 

APC 
APC-

Vio770 

V1 0.722 0.120 0.009 0.000 0.000 0.000 0.002 0.005 

V2 0.274 0.843 0.081 0.006 0.006 0.000 0.006 0.013 

B1 0.001 0.012 0.821 0.016 0.000 0.001 0.000 0.001 

B2 0.000 0.008 0.069 0.796 0.000 0.005 0.000 0.001 

B3 0.001 0.010 0.017 0.163 0.615 0.018 0.011 0.002 

B4 0.001 0.004 0.002 0.019 0.101 0.896 0.002 0.015 

R1 0.000 0.004 0.000 0.000 0.237 0.003 0.853 0.080 

R2 0.000 0.000 0.001 0.000 0.040 0.076 0.126 0.884 
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Suppl. figure 1: Gating scheme for immune cells of blood samples after mass cytometry. Gating scheme utilizes cleaned-
up FCS files, procedure is shown in figure 4. 
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Suppl. figure 2: Gating scheme for immune cells of spleen samples after mass cytometry. Gating scheme utilizes cleaned-
up FCS files, procedure is shown in figure 4. 
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Suppl. figure 3: Gating scheme for immune cells of lung samples after mass cytometry. Gating scheme utilizes cleaned-
up FCS files, procedure is shown in figure 4. 
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Suppl. figure 4: Gating scheme for immune cells of muscle samples after mass cytometry. Gating scheme utilizes cleaned-
up FCS files, procedure is shown in figure 4. 
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Suppl. figure 5: Gating scheme for non-immune cells of muscle samples after mass cytometry. Gating scheme utilizes 
cleaned-up FCS files, procedure is shown in figure 4. 
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Suppl. figure 6: Number of monocytes in the blood of lean (LFD) and obese (HFD) mice. Data is not baseline corrected 
and depicts the percentage of monocytes in association to singlets. Statistics: unpaired two-tailed Student’s t-test (CTRL: 
t = 3.468, 6 h: t = 5.357). ** indicates p ≤ 0.01, *** indicates p ≤ 0.001. Sample sizes: LFD CTRL: n = 8, LFD 1 h: n = 7, LFD 
6 h. n = 5, LFD 24 h: n = 5, LFD 72 h: n = 5, LFD 192 h: n = 8, HFD CTRL: n = 7, HFD 1 h: n = 5, HFD 6 h: n = 5, HFD 24 h: n = 
6, HFD 72 h: n = 5, HFD 192 h: n = 5. Data is depicted as Mean ± SEM. 

 

 

Suppl. figure 7: Investigating the comparability of mass cytometry results and observations made with regular flow 
cytometry. Baseline corrected (ratio) depicts the level of neutrophils (A) and Ly6Chi monocytes (B) in the blood of lean 
(LFD) and obese (HFD) mice at control level as well as 6 h post trauma. Statistics: unpaired two-tailed Student’s t-test 
(Neutrophils: 6h, t = 2387; Ly6Chi monocytes: 6h, t = 5.263). * indicates p ≤ 0.05, *** indicates p ≤ 0.001. Sample sizes: 
LFD: CTRL: n = 5, 6 h: n = 7, HFD CTRL: n = 5, 6 h: n = 4. Data is displayed as Mean ± SEM. 
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Suppl. figure 8: Generated models and the respective cross validation error rate and the feature false discovery rate of 
the Citrus analysis focusing on blood monocytes. Cross validation error rate is depicted in red, while the feature false 
discovery rate is shown in blue. cv.1se was used for further analysis since it shows acceptable values for cross validation 
error rates as well as feature false discovery rate with the minimum number of model features.  
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Suppl. figure 9: Citrus generated redundant clusters. The clustered groups were labeled based on the expression profile 
of the specific node. The expression is depicted for the utilized markers CD11b, CD115, CD62L, CX3CR1, CCR2 and Ly6C. 
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Suppl. figure 10: First set of results achieved by LEGENDplex analysis of plasma from PT patients. Graphs depicts the 
mean fluorescence intensity (MFI) of the following cytokines for normal weight and overweight patients: IL-1b (A), IFNa2 
(B), IFNγ (C), TNF-α (D), MCP-1 (E) and IL-6 (F). Any performed statistical tests are depicted and described in figure 31. 
Data is displayed as Mean ± SD. 
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Suppl. figure 11: Second set of results achieved by LEGENDplex analysis of plasma from PT patients. Graphs depicts the 
mean fluorescence intensity (MFI) of the following cytokines for normal weight and overweight PT patients: IL-8 (A), IL-10 
(B), IL-12p70 (C), IL-17A (D), IL-18 (E), IL-23 (F) and IL-33 (G). Any performed statistical tests are depicted and described in 
figure 31. Data is displayed as Mean ± SD. 
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Suppl. R Code 1: R code used for the analysis of CyTOF data. R code and construct is based on the CyTOFworkflow 
procedure as described by Nowicka et al. (Nowicka et al. 2017). General information is labelled with two hashtags (##) 
and further code explanation is labelled with one hashtag (#). All additional information is written in blue.  

 

RNGversion("3.5.3")  

## Set Workingdirection 

setwd("XXX") 

##General Information 

md <- read_excel("XXX") 

head(data.frame(md)) 

##FlowDataset 

fs = read.flowSet(md$file_name, transformation = FALSE, truncate_max_range = FALSE) 

##Panel 

panel <- read_excel("XXX") 

head(data.frame(panel)) 

# spot check that all panel columns are in the flowSet object 

all(panel$fcs_colname %in% colnames(fs)) 

# specify levels for conditions & sample IDs to assure desired ordering  

md$condition <- factor(md$condition, levels = c("LFD", "HFD")) 

md$sample_id <- factor(md$sample_id, levels = md$sample_id[order(md$condition)])  

# construct SingleCellExperiment     

sce <- prepData(fs, panel, md, features = panel$fcs_colname) 

#Generate Plots based on expression 

p <- plotExprs(sce, color_by = "condition") 

p$facet$params$ncol <- 4                    
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p    

#Number of cells per file 

n_cells(sce) # or, equivalently, `metadata(sce)$experiment_info$n_cells` 

plotCounts(sce, color_by = "condition") 

#MDS plot 

CATALYST::plotMDS(sce, color_by = "condition") 

plotExprHeatmap(sce, bin_anno = TRUE, row_anno = TRUE) 

#Markers based on non-redundancy score 

plotNRS(sce, features = type_markers(sce), color_by = "condition") 

#FlowSOM 

set.seed(1234) 

sce <- cluster(sce, features = type_markers(sce), xdim = 10, ydim = 10, maxK = 50, seed = 

1234) 

#Marker Heatmap 

plotClusterHeatmap(sce, hm2 = NULL, k = "meta50", m = NULL, cluster_anno = TRUE, 

draw_freqs = TRUE) 

plotClusterExprs(sce, k = "meta50", features = "type") 

plotClusterHeatmap(sce, hm2 = "Ly6C", k = "meta50", draw_freqs = TRUE) 

# run t-SNE/UMAP  

set.seed(1234) 

sce <- runDR(sce, dr = "TSNE", cells = 1000, features = "type") 

sce <- runDR(sce, dr = "UMAP", cells = 1e5, features = "type") 

plotDR(sce, "TSNE", color_by = "meta50") 

plotDR(sce, "UMAP", color_by = "meta50") 
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p1 <- plotDR(sce, "TSNE", color_by = "meta50") + theme(legend.position = "none")  

p2 <- plotDR(sce, "UMAP", color_by = "meta50") 

lgd <- get_legend(p2 guides(color =  guide_legend(ncol = 2, override.aes = list(size = 3))))  

p2 <- p2 + theme(legend.position = "none")  

plot_grid(p1, p2, lgd, nrow = 1, rel_widths = c(5, 5, 2)) 

## Facet per sample   

plotDR(sce, "UMAP", color_by = "meta50")  + facet_wrap("condition") guides(color = 

guide_legend(ncol = 2, override.aes = list(size = 3)))  

## Facet per condition 

plotDR(sce, "TSNE", color_by = "meta50") + facet_wrap("condition") + guides(color = 

guide_legend(ncol = 2, override.aes = list(size = 3)) 

## Rename clusters 

merging_table1 <- read_excel("XXX.xlsx") 

head(data.frame(merging_table1)) 

# convert to factor with merged clusters in desired order  

merging_table1$new_cluster <- factor(merging_table1$new_cluster, levels = 

c("Ly6CloF480","Ly6ChiF480","Ly6Clo","Ly6Chi","Ly6Cint","CD11c+Ly6C+Macro","Ly6Chi

Macro","Ly6CloMacro","CD11c+Macro","Ly6CNK","NK","Macrophages","CD11bloMacro",

"CD11bhiMacro","DC1","DC2","Granulocytes", "Double 

positives","Ly6CloMono","CD11c+CD11b-

","CD11cBcells","Bcells","Ly6ChiMono","CD11b","gdTcells","Ly6Cpos","pDCs","CD8T","gd

T","CD4T","IM","AM"))  

# apply manual merging  

sce <- mergeClusters(sce, k = "meta50”, table = merging_table1, id = "merging1") 

plotCodes(sce, k = "merging1") 

plotDR(sce, "UMAP", color_by = "CCR2") 
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plotDR(sce, "TSNE", color_by = "merging1") 

p1 <- plotDR(sce, "TSNE", color_by = "merging1") + theme(legend.position = "none”)  

p2 <- plotDR(sce, "UMAP", color_by = "merging1")  

lgd <- get_legend(p2 + guides(color =  guide_legend(ncol = 2, override.aes = list(size = 3)))) 

p2 <- p2 + theme(legend.position = "none")  

plot_grid(p1, p2, lgd, nrow = 1, rel_widths = c(5, 5, 2)) 

plotDR(sce, "UMAP", color_by = "merging1") + facet_wrap("condition") + guides(color = 

guide_legend(ncol = 2, override.aes = list(size = 3)))  

plotDR(sce, "TSNE", color_by = "merging1") + facet_wrap("condition") + guides(color = 

guide_legend(ncol = 2, override.aes = list(size = 3)))  

plotClusterHeatmap(sce, k = "merging1") 
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