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Abstract 

Monocyte differentiation and macrophage activation play a central role during initial 

inflammatory responses and subsequent wound healing processes. Recent studies suggest 

that elevated CO2 suppresses immune cell activity during inflammation. However, little is 

known about how monocytes and macrophages sense and adapt upon different CO2 levels. In 

the present thesis, it was found that elevated CO2 reduced monocyte differentiation and 

macrophage activation, which subsequently diminished their ability to migrate and promote 

wound healing in a cell culture model of intestinal epithelial cell injury. Mechanistically, CO2 

reduced protein kinase C (PKC) activity in a manner dependent upon decreased extra- and 

intracellular pH. Elevated CO2 levels resulted in reduction of both extra- and intracellular pH, 

indicating a coupled pH response in monocytes and macrophages. Pharmacological and 

genetic inhibition of carbonic anhydrases (CA) uncoupled the CO2-elicited intracellular pH-

response, thereby preventing CO2-sensitivity during monocyte differentiation activation, and 

cell migration. CRISPR technology-driven genetic up-regulation of CA2 enhanced CO2-

sensitivity in intestinal epithelial cells, which under untreated conditions only marginally 

express CA2 and did not respond to increased CO2 levels. Patients with chronic lung diseases 

and elevated systemic CO2 levels, were at risk developing anastomotic leakage following 

gastro-intestinal surgery, indicating impaired wound healing in patients with high intraoperative 

CO2 levels. Furthermore, intraoperative CO2 levels negatively correlated with macrophage 

infiltration. The negative CO2-associated correlation with macrophage infiltration was not 

evident in patients with low epithelial CA2 expression. In contrast, the negative CO2-associated 

correlation with macrophage infiltration was even more pronounced in patients with high 

mucosal CA2 expression. Taken together, CO2 is immuno-modulatory and sensed in 

monocytes and macrophages by a CA2-dependent coupled intracellular pH-response. 
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1 General Introduction 

1.1 A BRIEF HISTORY OF THE “GREEN” EVOLUTION OF OXYGEN AND CARBON 

DIOXIDE WITHIN OUR ATMOSPHERE 

Over geological time, atmospheric carbon dioxide (CO2) levels were considerably higher when 

compared to levels measured today (Allègre and Schneider, 1994) (Figure 1.1). In contrast, 

oxygen (O2) levels were lower and increased over time (Taylor and McElwain, 2010). 

Importantly, in Hawaii, the Mauna Loa Observatory repeatedly measured unprecedented CO2 

inclines over recent years with peaks of more than 400 ppm (i.e., atmospheric concentrations 

of 0.04%) (Falkowski, 2005; Foster et al., 2017; Goldblatt, 2018; Scott and Glasspool, 2006).  

 

 

The evolutionary rise of photosynthesizing bacteria (i.e., cyanobacteria – green algae of the 

earth's oceans) and later plants that then generated energy by using CO2 and producing O2, 

thereby, constantly enriching the earth’s atmosphere with O2 (“the oxidation event”) is the main 

reason for the drastic decline in CO2 levels (Lyons et al., 2014). Since the atmospheric CO2 

and O2 levels markedly changed over time, it is likely that evolving organisms must have 

developed a sensing mechanism that allows them to react and adapt to differences concerning 

their gaseous microenvironment. Indeed, the molecular mechanism allowing cells to adapt to 

low O2 levels (also known as hypoxia) is well understood. Briefly, during hypoxia the hypoxia-

inducible factor (HIF) pathway is up-regulated protecting cells from hypoxia-mediated 

detrimental effects by enhancing the gene expression of several hundred HIF-target genes, 
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Figure 1.1. Graph of the evolution of estimated atmospheric concentrations of oxygen (black lines; in %) 
and carbon dioxide (red lines, in ppm). While oxygen levels in our atmosphere continued to rise to today 
21%, carbon dioxide concentrations overall dropped to 0.03-0.04% (i.e., 300-400 ppm). Note, that data 
concerning oxygen and carbon dioxide concentrations are derived from different models, and thus can 
only be seen as approximations (red and black shadowing). This graph is adapted from Scott and 
Glasspool, 2006 (dashed black lines), from Falkowski et al., 2005 (continuous black line) and from Foster 
et al., 2017 (red line). Schematic modified from Strowitzki on elisagenie.com. 
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which in turn induce, for example, oxygen supply (stimulated erythrocytosis and angiogenesis) 

or reduce oxygen consumption due to altered glucose metabolism (Cummins et al., 2020). 

Contrary to the understanding of hypoxia-adaptive pathways, our understanding of unique 

CO2-sensing mechanisms is more limited (Cummins et al., 2020, 2014). Plants, fungi, and 

bacteria, however, have likewise developed CO2-sensing capacities during their evolution. 

Plants, for example, use one of the most abundant enzymes on earth, ribulose-1,5-

bisphosphate carboxylase/oxygenase (RuBisCO), to fix CO2 into biomass during the Calvin 

Cycle (Cummins et al., 2014; Ellis, 1979). There is, however, only limited knowledge on how 

mammalian and especially immune cells sense and react to high levels of CO2.  

 

1.2 KNOWN CO2-SENSING MECHANISM  

1.2.1 INDIRECT EFFECTS OF CO2 MEDIATED BY PH CHANGES 

Known CO2-sensing mechanisms can be divided into pH-dependent and -independent 

signaling mechanisms. Carbon dioxide in water (H2O) rapidly dissolves into bicarbonate 

(HCO3
-) and proton molecules (H+), which finally leads to an acidification (pH�) of aqueous 

environments, such as blood or tissue (Lindskog and Coleman, 1973) (Figure 1.2). In plants, 

bacteria, and mammalian, this 

reaction is catalysed by 

carbonic anhydrase (CA) and 

considered one of the quickest 

enzymatic reactions in living 

organisms (Cummins et al., 

2014; Lindskog and Coleman, 

1973) (Figure 1.2). As CO2 is highly permeable and able to freely diffuse into cells over short 

distances (Missner and Pohl, 2009) and thus likewise able to alter the existing pH, mammals 

have several potent blood buffer systems including bicarbonates, phosphates, and proteins 

functioning as either donors or acceptors of hydrogen ions or protons, maintaining a pH 

equilibrium of approximately 7.35 to 7.45 (Elkinton, 1956). In a closed system and if other 

metabolic parameters, such as the cells’ metabolic state (aerobic versus anaerobic glycolysis) 

are known and stable, pH changes can therefore be considered as a surrogate parameter for 

different CO2 levels. Since many enzymes and enzymatic reactions are involved in signal 

transduction and metabolism and have a characteristic pH optimum upon which their catalytic 

activity is known to be the most efficient, CO2-mediated pH changes potentially impact the 

biological function of all organisms experiencing changes in CO2 levels (Phelan et al., 2021). 

Importantly, in mammals, great amounts of CO2 are generated during oxidative 

decarboxylation of pyruvate (the end product of glycolysis) to acetyl-CoA, which links glycolysis 

!"# + %#"	 ⇌ %!"() + %*!+

Figure 1.2. Enzymatic reaction in aqueous solutions. Reversible hydration 
of carbon dioxide (CO2) catalyzed by carbonic anhydrase (CA) producing 
bicarbonate (HCO3-) and protons (H+). Taken from Strowitzki on 
elisagenie.com. 
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to the tricarboxylic acid (TCA) cycle during aerobic respiration (Phelan et al., 2021). Moreover, 

CO2 is produced during the TCA cycle itself and under normal conditions cells limit the amount 

of produced CO2 to a certain level (Cummins et al., 2020; Phelan et al., 2021). Excess CO2 

will either freely diffuse out of the cell into the extracellular space or is converted into 

bicarbonate which in turn is transported out of the cells by specialized bicarbonate transporters 

(e.g., Cl−/HCO3
− exchanger, AE1) (McMurtrie et al., 2004). The reason for the strict control of 

specific CO2 levels is that CO2 per se alters cell metabolism. For example, increased levels of 

CO2 (40-120mmHg) decrease O2 consumption and ATP production in human fibroblasts and 

lung epithelial cells independent of acidosis or hypoxia, suggesting mitochondrial dysfunction 

due to down-regulation of isocitrate dehydrogenase 2 (IDH2) mRNA and protein levels, a key 

enzyme within the TCA cycle (Vohwinkel et al., 2011). This example likewise shows that under 

many physiological and pathophysiological conditions it remains extremely difficult to 

discriminate between pH-dependent and -independent CO2-driven signaling and cellular 

mechanisms.  

 

1.2.2 DIRECT EFFECTS OF CO2 ON PROTEIN FUNCTION  

Enzymes, utilizing CO2 as a (co-)substrate (for example, CA in mammals or RuBisCO in plants) 

represent potential cellular CO2-sensors. Interestingly, CO2 on its own seems to directly act 

upon protein function via non-enzymatic carboxylation (also known as carbamylation) 

(Jimenez-Morales et al., 2014; Linthwaite et al., 2018). One of the best understood examples 

of direct CO2-driven effects in mammalian physiology is the impact of CO2 on conformational 

changes of haemoglobin and subsequently protein function (Bohr et al., 1904; Kilmartin and 

Rossi-Bernardi, 1969; Riggs, 1988). As outlined above, elevated levels of CO2 result in 

increases of protons, which indirectly induce accelerated O2 dissociation from haemoglobin 

(“Bohr effect”) to improve critical tissue and organ oxygenation (Riggs, 1988). Ten to twenty 

percent of total CO2 is carried by haemoglobin at its four α-NH2-terminal residues, bound as 

carbamino groups, which affect protein conformation and stabilize the so called T state, 

thereby lowering haemoglobin’s O2 affinity (Riggs, 1988; Vandegriff et al., 1991). This process 

overall facilitates the transport of CO2 from the tissues to the lungs (Vandegriff et al., 1991). 

According to recent studies from Linthwaite and colleagues substrate trapping, via 

triethyloxonium (TEO) treatment, increased the mass spectrometry-based detection of protein 

carboxylation (Linthwaite et al., 2018). Applying this approach, the authors confirmed that 

haemoglobin is indeed non-enzymatically carboxylated at the known reaction sites due to high 

levels of CO2. Subsequent small scale proteome analysis utilizing extracts isolated from the 

plant Arabidopsis thaliana could additionally reveal novel carboxylated proteins including 

peroxidase and iron superoxide dismutase 1 (Linthwaite et al., 2018). In mammalian cells, the 
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same group showed that CO2 binds to the highly conserved protein ubiquitin, which regulates 

protein activity and degradation through conjugation to target proteins. CO2 forms carbamates 

on ubiquitin N terminus and ε-amino groups of lysine-residues 6, 33, 48, and 63. Biologically 

relevant increases of CO2 downregulated NFκB signaling by reducing ubiquitin conjugation at 

lysine-residue 48 (Linthwaite et al., 2021). Notably, estimations based on bioinformatics and 

protein structure analysis suggest that approximately 1-2% of all large proteins could 

potentially be carboxylated by elevated CO2 levels (Jimenez-Morales et al., 2014). 

In conclusion, it seems to be more likely that direct molecular CO2-sensing is mediated by 

carboxylation of numerous distinct protein interactions, thereby affecting their function, rather 

than single cellular proteins functioning as a ubiquitously expressed “CO2-sensor”. 

 

1.2.3 THE ROLE OF CARBONIC ANHYDRASES DURING “CO2-SENSING”  

Carbonic anhydrases (CAs) are a family of 15 ubiquitously expressed zinc (Zn2+)-containing 

isoenzymes catalysing the interconversion of CO2 and HCO3
-. This enzymatic reaction is 

extremely fast with rate constants between 105 to 106 per second. In contrast, the CA-

independent reversible hydration of CO2 is relatively slow but still occurs within seconds to 

minutes (Lindskog, 1997; Lindskog and Coleman, 1973). Therefore, CAs promote rapid proton 

buffering and thus stabilize pH-sensitive cellular processes. However, CAs don’t seem to alter  

alter pH levels per se. Due to their sub-cellular localization, the CA isoenzymes members can 

be separated into four groups: Cytosolic (CA1, CA2, CA3, CA7, CA8, CA10, CA11, and CA13), 

mitochondrial (CA5a and CA5b), secretory (CA6), and membrane-associated (CA4, CA9, 

CA12, CA14, and CA15) CAs (Occhipinti and Boron, 2019). Notably, three of the cytosolic CAs 

(CA8, CA10, and CA11) are catalytically inactive, due to the absence of critical amino acids 

(e.g., Histidine residues, which coordinate Zn2+ to the reaction centre of CAs). These inactive 

CAs seem to interact with other cytosolic proteins. However, their exact physiological role is 

unknown (Occhipinti and Boron, 2019; Tashian et al., 2000). The enzymatic reaction catalysed 

by CAs is fundamentally important to life and CAs are therefore involved in numerous biological 

processes, including respiration, CO2 carriage in erythrocytes (Meldrum and Roughton, 1933), 

transmembrane CO2 movements and fluid transport across (kidney) epithelia (Occhipinti and 

Boron, 2019). Intriguingly, micro-injection of recombinant human CA2 (Musa-Aziz et al., 

2014a) or CA4 (Musa-Aziz et al., 2014b) into xenopus oocytes with low basal expression of 

CAs enhanced intracellular pH changes upon CO2 challenge by facilitating CO2 membrane 

diffusion. In this context, CA2 represents the main CA with the fastest enzymatic CO2 hydration 

rate (Maren, 1967; Musa-Aziz et al., 2014a; Supuran, 2008). Moreover, in cancer cells with 

high intracellular CA activity, extracellular fluctuations of CO2 evoked quicker and higher 

intracellular pH oscillations compared to cancer cell lines with low intracellular CA activity were 
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described (Hulikova et al., 2014). Nonetheless, there is still a debate as to whether CAs should 

be defined as true CO2-sensors or rather -transducers. Moreover, the exact cell-type and 

tissue-specific CA expression pattern and its effect on CO2-evoked intracellular pH changes 

remains largely unclear.  

 

1.3 EFFECTS OF CO2 ON THE HUMAN BODY  

Acute hypercapnia (HC; i.e., increased CO2 levels) and HC-mediated acidosis (in clinical 

practice also known as hypercapnic acidosis; HA) have prompt adverse effects on the human 

body ranging from dizziness and deficiency in motor performance to irreversible coma and 

finally death of the organism (Case and Haldane, 1941). In addition to these central nervous 

effects, HC and HA significantly impact the cardio-vascular system and lead to an acceleration 

in heart rate and output and increased pulmonary and decreased systemic vascular tone, 

which overall improves tissue and organ oxygenation (Kavanagh and Laffey, 2006) (Figure 

1.3).  

Central and peripheral nervous chemoreceptors detect elevated CO2 blood levels within the 

human body and prompt an immediate up-regulation of breathing rate and depth in order to 

normalize CO2 blood levels. Thereby, the CO2-driven breathing stimulus prevents troublesome 

HC and accompanied deleterious pH changes (Cummins et al., 2014). Importantly, the 

breathing stimulus mediated by chemoreceptors, which are able to detect dangerously high 

CO2 levels, is more sensitive compared to the breathing stimulus induced by low O2 levels. 

Figure 1.3. Schematic overview of CO2-mediated effects. High levels of CO2 (i.e., 
hypercapnia) impair neurological functions (left), affect the cardio-vascular system 
(middle) and mitigate lung injury due to overall immuno-suppressive effects (right). 
Note, that some of these effects are pH-dependent. Modified from Strowitzki on 
elisagenie.com.  

CO2 ↑

• Dizziness
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• Motor performance ↓ 
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• Heart rate ↑
• Cardiac output ↑
• Systemic vascular 

resistance ↓
• Organ perfusion ↑

Organ:
• Pulmonary vascular resistance ↑
• Breathing rate and depth ↑
• Lung injury ↓ (pH dependent 

and dependent on bacterial or 
sterile infection)

Cellular level:
• Proliferation and migration of 

alveolar epithelial cells ↓
• Wound healing ↓
• Immune cell function of 

macrophages and neutrophils ↓
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While a decrease of 20-40mmHg in partial pressure of oxygen (pO2) is necessary to induce a 

significant ventilatory response, an increase of only a few mmHg (up to 10mmHg) in partial 

pressure of carbon dioxide (pCO2) is sufficient to induce the same response (Cummins et al., 

2020; De Vito et al., 1998; Wilson et al., 2005). This relatively increased sensitivity of 

chemoreceptors towards CO2-changes in comparison to O2-changes indicates that the 

physiological “window” of CO2 levels (i.e., blood levels of CO2 that can be well tolerated) is in 

fact considerably smaller than the one of changing O2 levels. Thus, the physiological control 

of CO2 seems to be stricter than the control of O2. One possible explanation could be that this 

strict CO2-mediated control of breathing , cerebral and systemic blood flow regulation are 

responses to pre-empt and prevent reductions in O2 supply and delivery.  

 

1.4 THE CLINICAL SIGNIFICANCE OF CO2 AND EFFECTS ON THE IMMUNE SYSTEM 

1.4.1 GENERAL ASPECTS  

In patients, HC and HA can occur due to a wide range of pathological states such as chronic 

obstructive pulmonary disease (COPD) and obstructive sleep apnoea (OSA) (Cummins et al., 

2014). Importantly, both conditions COPD and OSA are likewise associated with low oxygen 

blood levels. The net effects of HC on the immune is partly conflicting. Clinical studies on the 

one hand showed that HC is associated with adverse clinical outcome in patients with sepsis 

due to, for example, pneumonia (Tiruvoipati et al., 2018) (Figure 1.3). Moreover, patients with 

chronic obstructive pulmonary disease or obstructive sleep apnoea have a higher risk to 

develop postoperative complications after surgery (Gooszen et al., 2018). One explanation for 

the HC-associated mortality increase in those patients might be that HC and HA significantly 

impair immune cell function of macrophages and neutrophils, thereby leading to an overall 

immuno-suppressive phenotype (Casalino-Matsuda et al., 2015; Gates et al., 2013; Helenius 

et al., 2009) (Figure 1.3). For this reason, there are currently several clinical trials investigating 

the benefits and efficiency of extra-corporal CO2 removal in critically ill patients with lung 

diseases (Tiruvoipati et al., 2018). On the other hand preclinical animal studies indicate that 

HA significantly reduces lung injury in several models of systemic abdominal sepsis (Curley et 

al., 2010) (Figure 1.3). This protective effect was only evident upon additional antibiotic 

treatment of the underlying bacterial infection (Curley et al., 2010). Additionally, the organ 

protective effects seem to be restricted to HA (and not HC), as buffered hypercapnia further 

enhances pulmonary injury in models of lung sepsis (Nichol, 2018, 2011; Nichol et al., 2009). 

HC likewise affects the wound healing capacity after organ injury in animals. For example, 

proliferation of fibroblasts and alveolar epithelial cells was reduced by HC due to mitochondrial 

dysfunction (Vohwinkel et al., 2011) (Figure 1.3). Mechanistically, the beneficial effects of HA 

on inflammatory cells extend to the humoral response during systemic inflammation, since pro-
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inflammatory (eventually organ damaging) cytokines, such as interleukin (IL) 6 and tumour 

necrosis factor (TNF) α, are reduced by HA during sepsis models (Curley et al., 2010).  

While the biological effects of CO2 in vivo have been described, it remains in part unclear 

whether above-mentioned effects on immune cell function are dependent on pH changes or 

solely mediated via CO2. Moreover, so far no ubiquitous molecular mechanism has been found 

which would explain how immune cells sense and adapt to CO2 changes. In this context, our 

research group recently showed that HC significantly attenuates pro-inflammatory NFκB 

signaling most likely by enhancing translocation of IKK (inhibitor of κB kinase) α and RelB into 

the nucleus. IKK (inhibitor of κB kinase) α and RelB are both family members of the non-

canonical NFκB pathway and potent inhibitors of NFκB activity (Cummins et al., 2010; Keogh 

et al., 2017). Interestingly, these HC-elicited effects were pH-independent and reversible. 

Therefore, CO2-mediated effects on NFκB signaling could represent one promising CO2-

sensing mechanism of immune cells. Taken together, the immuno-modulatory (pro- versus 

anti-inflammatory) effects of CO2 are highly context- and cell-type-specific (Figure 1.3). 

Moreover, it is very likely that immune cells have evolved a molecular CO2-sensing mechanism 

independent and/or dependent of pH changes.  

 

1.4.2 THE ROLE OF CO2 DURING ABDOMINAL SURGERY  

Today, increasing numbers of abdominal operations are performed using minimal-invasive 

procedures like laparoscopic surgery (Vittimberga et al., 1998). For this, the patients’ 

abdominal cavity is insufflated with CO2 to generate a so called capnoperitoneum, which 

guarantees sufficient space and view to navigate our surgical tools and operate on the patient 

during laparoscopy (Vittimberga et al., 1998; Yu et al., 2017). Laparoscopic surgery is known 

to be safe (even in septic patients with peritonitis) and shows certain advantages that positively 

influence the patients’ postoperative course. For example, patients who underwent 

laparoscopic surgery, have a lower risk of developing postoperative, peritoneal adhesions and 

experience an improved wound healing with less wound healing disorders compared to 

patients who underwent “open” surgery (Vittimberga et al., 1998). Overall, the beneficial effects 

of laparoscopic surgery thus reduce the hospital stay of patients (Vittimberga et al., 1998). 

Indeed, the applied capnoperitoneum seems to be responsible for these protective effects, 

since pro-inflammatory cytokines, such as TNF-α and systemic inflammatory responses are 

reduced during laparoscopic surgery (Vittimberga et al., 1998; West et al., 1997).  

Despite this positive development due to minimal-invasive surgery, up to 7-10% of all patients 

undergoing colorectal surgery still suffer from anastomotic leakage (AL) and need to undergo 

re-operation (van Vugt et al., 2014). AL after abdominal surgery is a potentially life-threatening 
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complication and significantly increases the mortality after colorectal surgery (Welsch and 

Büchler, 2011). The exact pathomechanism of AL remains unclear. Pre-clinical data suggests 

that local impaired blood perfusion with subsequent oxygen deprivation (i.e., ischemia) within 

the intestinal anastomoses and septic-like conditions favour the development of AL (Boyle et 

al., 2000; Schrock et al., 1973; Sheridan et al., 1987; Strowitzki et al., 2019b).  

A beneficial local microenvironment seems to be paramount for sufficient healing of intestinal 

anastomoses (Strowitzki et al., 2019b). This microenvironment is profoundly characterized by 

the existing concentrations of O2 and CO2 (Figure 1.4).  

Figure 1.4. Role of the gaseous microenvironment during intestinal healing, inflammation and fibrosis. 
Intestinal inflammation is associated with enhanced mucosal hypoxia and disruption of the epithelial barrier 
impairing intestinal healing. Profibrotic activation of intestinal fibroblasts to an 𝛼SMA-positive 
myofibroblastic phenotype is mediated by transforming growth factor beta (TGF-𝛽), supporting intestinal 
healing. Presumably, reduced epithelial mesenchymal transition of intestinal mesothelial cells contributes 
to a reduced pool of intestinal (myo-)fibroblasts in the context of intestinal fibrosis. Modified from Strowitzki 
et al., Pharmacol Res 2019.  
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Interestingly, measurements of gastro-intestinal gas concentrations in animal models showed 

that during ischemia and sepsis of the stomach or the gut not only mucosal O2 tensions 

significantly dropped, but also the mucosal CO2 levels markedly increased (Guzman et al., 

1998; Knichwitz et al., 1996) (Figure 1.4). Data from animal experiments showed that the 

capnoperitoneum further impairs healing of intestinal anastomoses independent of O2 

concentrations (Tytgat et al., 2012).  

Next to other inflammatory cells like neutrophils and fibroblasts the differentiation and 

activation of circulating and resident macrophages, which migrate into the anastomotic tissue 

during the initial inflammatory response play an important role for healing of intestinal 

anastomoses (Shi et al., 2018). For example, pro-inflammatory (M1) macrophages enhance 

collagen degradation and thereby weaken the strength of intestinal anastomoses (Shi et al., 

2018). In contrast, immuno-modulatory (M2) macrophages improve the healing of dermal 

wounds and intestinal anastomoses by stimulating the collagen production of local fibroblasts 

and epithelial cells (Shi et al., 2018). We recently showed that the infiltration of immune cells 

and macrophages into the anastomotic tissue is directly proportional to the collagen content 

and tissue strength of intestinal anastomoses both under septic or ischemic conditions 

(Strowitzki et al., 2021) (Figure 1.5).  

 

 

Targeting differentiation and activation of macrophages thus represents an interesting 

therapeutic option to improve healing of intestinal anastomoses and prevent AL in patients 

undergoing colorectal surgery. The exact clinical significance of CO2 in the context of healing 

of intestinal anastomoses is unknown. Given that CO2 seems to be rather immuno-

suppressive, it is quite conceivable that different intraoperative CO2 levels per se could affect 

healing of intestinal anastomoses and thus AL rates after colorectal surgery. In this context, it 

is, however, important to first understand the role of CO2 on monocyte differentiation and 

macrophage activation, as both greatly affect macrophage infiltration.  
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Figure 1.5. (A + B) Correlation analysis of individual bursting pressure values with either collagen capsule 
thickness (A, left graph) or 𝛼SMA-positive cells – a marker for myofibroblast infiltration (A, right graph) and 
correlation of individual capsule thickness with either CD45- (B, left graph) or F4/80-positve cells (B, right graph) 
– markers for leukocyte and macrophage infiltration, respectively (n = 25 animals; correlation was calculated by 
“Best-fit” logistic regression, significance level and R2 values are given as Pearson’s correlation coefficients). 
Modified after Strowitzki et al., JCI Insight (2021). 
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1.5 MONOCYTE DIFFERENTIATION AND MACROPHAGE ACTIVATION  

Monocytes and macrophages play a central role in the resolution of inflammation and the 

promotion of wound healing (Isidro and Appleyard, 2016; Mantovani et al., 2013). Circulating 

monocytes attach to the endothelium at sites of inflammation facilitated by the up-regulation of 

surface proteins like CD11b, CD18, and CD29 (main ligands on the endothelial cells are 

ICAM1- and -2) and differentiate into macrophages (Gerhardt and Ley, 2015). Upon activation, 

macrophages migrate into the inflamed site where they play a role in clearing the tissue of 

bacteria and other pathogens as well as contributing to wound healing (Gerhardt and Ley, 

2015; Strowitzki et al., 2019b). This activation is driven by pro-inflammatory stimuli, such as 

interferon (IFN)-γ or microbial lipopolysaccharides (LPS) (Barton and Kagan, 2009). LPS, for 

instance, bind to toll-like receptors (TLRs) (for example, TLR4 with its co-receptor CD14) on 

the surface of macrophages, eventually increasing the transcriptional activity of NFκB or 

activator protein 1 (AP-1) (Barton and Kagan, 2009; Fitzgerald et al., 2003; Kumar et al., 2009). 

M1-polarized macrophages secrete pro-inflammatory chemokines such as CXCL9 and 

CXCL10 to attract other inflammatory cells (Mantovani et al., 2004; Martinez et al., 2006). In 

mice, metabolic changes in M1-macrophages induce the production of nitric oxide (NO), which 

elicits killing and phagocytosis of bacteria and other pathogens (MacMicking et al., 1997; 

Strowitzki et al., 2019b) (Figure 1.6).  
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Figure 1.6. Schematic overview of the concept of macrophage activation and polarization. Showing key 
differences between inflammatory (M1) and immuno-modulatory (M2) macrophages regarding cell 
metabolism and cytokine expression. Arg-1 arginase 1; FIZZ1 resistin like beta; HIF Hypoxia-inducible 
factor; Ym1 Chitinase 3 Like 1.  
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After the resolution of inflammation the macrophage population gets skewed towards immuno-

modulatory M2-polarized macrophages (Isidro and Appleyard, 2016). The enzyme arginase 

confers key metabolic changes, which support cell proliferation and growth (Galván-Peña and 

O’Neill, 2014) (Figure 1.6). M2-macrophages induce cellular collagen production or EMT, thus 

promoting wound healing. Of note, for similar reasons M2-macrophages are also known to 

stimulate tumour growth (Isidro and Appleyard, 2016; Strowitzki et al., 2019b) (Figure 1.6). 

As macrophages migrate into a site of inflammation, these cells can experience profound 

changes in local O2 and CO2 levels. While circulating monocytes are exposed to approximately 

21% O2 and 5% CO2 in the blood, macrophages recruited to an inflamed site may experience 

rather hypoxic conditions (~1% O2) and up to 10% CO2 partly due to impaired microperfusion 

(Cummins et al., 2020; Guzman et al., 1998; Mari et al., 2019; Sola et al., 2001). Importantly, 

the role of hypoxia and hypoxia-adaptive pathways during macrophage activation has already 

been extensively studied (Cummins et al., 2020; Strowitzki et al., 2019b). For example, HIF-1 

and -2 play significant roles in macrophage polarization (Galván-Peña and O’Neill, 2014). 

Numerous pro-inflammatory cytokines and stimuli are inducers of HIF-1α activity (Blouin et al., 

2004; Hellwig-Bürgel et al., 1999; Jung et al., 2003). While HIF-1α drives M1 polarization, HIF-

2α is more associated with a M2-polarized macrophage phenotype (Cramer et al., 2003; 

Galván-Peña and O’Neill, 2014). Interestingly, elevated CO2 attenuated HIF-1 protein stability 

and HIF target gene expression both in mice and cultured cells in a pH-dependent manner that 

seemed to be independent of the canonical O2-dependent HIF-degradation (Selfridge et al., 

2016). Since inflamed sites are likewise characterized by elevated CO2 levels, it was 

hypothesized that immune cells such as monocytes and macrophages may have developed a 

sensing mechanism comparable to the HIF signaling pathway allowing them to detect and 

respond to different levels of CO2 and adjust their inflammatory response accordingly. 

 

1.6 PROTEIN KINASE C  

Protein kinase C is a subfamily of AGC (protein kinase A, protein kinase G, and protein kinase 

C) kinases, encompassing 10 kinase isoenzymes sharing a highly conserved catalytic kinase 

domain, and a less conserved regulatory domain which confers binding to activators and to 

anchoring proteins (Steinberg, 2008). PKC isoenzymes are divided into three sub-classes of 

serine/threonine kinases (classical, novel, and atypical). Classical (also known as 

conventional) PKC (cPKC) isoenzymes (PKCα, β (I and II), and γ) contain motifs for 

diacylglycerol (DAG) and calcium-dependent phospholipid binding, and thus require both DAG 

and calcium for activation (Figure 1.7). Due to structural differences novel and atypical PKCs 

are less dependent on calcium as a co-substrate (Newton, 2001). Since PKCs are key 

cytoplasmic signal transducers during immune cell signaling pathways in the innate and 
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adaptive immune system and cell differentiation (Lim et al., 2015; Mischak et al., 1993), the 

present project focused on PKCs. 

 

 

1.6.1 PROTEIN KINASE C AND PRO-INFLAMMATORY SIGNALING  

While PKCs are ubiquitously expressed, each PKC isoenzyme shows a cell-type specific 

expression pattern, indicating their specific function and non-redundant roles in the immune 

system. For example, phorbol 12-myristate 13-acetate (PMA) and LPS induce monocyte 

differentiation and macrophage activation by stimulating protein kinase C (PKC) signaling. 

Pedrinaci et al., showed already in 1990 that PMA markedly increases the expression of 

surface proteins and differentiation markers CD14, CD11a, CD11b, and CD18 in the monocytic 

cell line U937 (Pedrinaci et al., 1990). The inhibitory effect of the calcium antagonist verapamil 

and of chlorpromazine, an antagonist of calcium-binding proteins, supports a role for calcium-

dependent protein kinase C in the up-regulation of CD14 and CD11, and CD18 surface 

expression (Pedrinaci et al., 1990). Upon activation, for example due to PMA, PKC binds to 

the cell membrane and catalyses the phosphorylation of numerous proteins including 

transcription factors that are involved during cell differentiation (Dempsey et al., 2000). This 

activation step of PKC enzymes seems to be highly pH-dependent (Steinberg, 2008; Wen et 

al., 2011). Cell culture experiments with myeloid cells overexpressing different PKC 

isoenzymes showed that PKCα or PKCδ are required for the ability to become mature 

macrophages after cell differentiation was induced by 12-O-tetradecanoylphorbol-13-acetate 

(TPA) (Mischak et al., 1993). Moreover, monocyte differentiation and macrophage activation 

by, for example, macrophage colony-stimulating factor results in phosphorylation of p65, a 

[Ca2+]i ↓↓

[Ca2+]e ↑

Phospholipase C

PIP2

IP3

DAG

Figure 1.7. Schematic overview of signal transduction and activation of classical PKC involving 
calcium-dependent membrane association. Hydrolysis of Phosphatidylinositol4,5-biphosphate 
(PIP2) releases inositol-1,4,5-triphosphate (IP3) from the membrane, activating IP3 receptors on 
the smooth endoplasmic reticulum (ER) and facilitating a release of intracellular calcium stores 
and activation of protein kinase C (PKC). DAG diacylglycerol.  

PKC 
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family member of NFκB signaling, at S276 by PKCα, which is important for NFκB signaling 

activity (Y. Wang et al., 2011). Notably, isoenzyme-specific pharmacologic PKC inhibitors exist 

and are currently tested in clinical trials to minimize acute rejection after renal transplantation 

(Cruzado et al., 2011).  

 

1.7 HYPOTHESIS & AIMS 

Sufficient monocyte differentiation and macrophage activation is crucial for organisms during 

the immediate immune response and subsequent wound healing. During these processes 

monocytes and macrophages experience different gaseous microenvironments, ranging from 

considerably moderate CO2 concentrations (~5% CO2) within the blood stream to high CO2 

concentrations (~10% CO2) in inflamed tissue or organs upon infiltration. The governing 

hypothesis was that monocytes and macrophages must have developed a distinct 
sensing mechanism to adapt upon different microenvironmental CO2 levels. The present 

thesis, therefore, firstly investigated, whether different CO2 concentrations affect monocyte 

differentiation and macrophage activation. It was next determined whether CO2-mediated 

effects on monocyte differentiation and macrophage activation are dependent on extra- or 

intracellular pH changes. Since previous studies already suggested inhibitory effects of CO2 

on immune cells, I further aimed to unravel a possible ubiquitous cellular mechanism by which 

monocytes or macrophages sense and adapt to different CO2 levels. Finally, the clinical 

significance of high intraoperative CO2 levels (also known as hypercapnia) was analysed in 

patients undergoing colorectal surgery. Specifically, the following three aims were addressed 

in the present thesis to test the governing hypothesis: 

 

(i) Analysis of the in vitro effects of high CO2 levels (i.e., 10% CO2) on monocyte 

differentiation and macrophage activation.  

(ii) Investigation of a potential cellular or molecular CO2-sensing mechanism during 

monocyte differentiation and macrophage activation.  

(iii) Identification of the clinical significance of different intraoperative CO2 levels in patients 

undergoing colorectal surgery. 
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2 MATERIALS & METHODS 

2.1 MATERIALS 

2.1.1 CONSUMABLES, CHEMICALS, REAGENTS AND KITS 

Table 2.1. List of consumables, chemicals, reagents and kits. 

Product Manufacturer Ref. No./LOT 

0.22µm “sterile” filter unit (Millex-GP) Merck SLGP033RS 

1-Bromo-3-chloropropane Sigma-Aldrich/Merck B9673-200ML 

1.5ml Reaction tube  Greiner Bio-One 
International 616201 

12 well plate Greiner Bio-One 
International 665180 

15ml Centrifuge Tubes(Greiner) Conical  Greiner Bio-One 
International 188261 

2-Propanol Sigma-Aldrich/Merck 24137-2.5L-M 

50ml Falcon Tube  Greiner Bio-One 
International 210270 

50mL Dimethylsulfoxide (DMSO), LC-MS grade Fisher Scientific  85190 

6 well plate Greiner Bio-One 
International 657160 

BD Plastipak™ 1ml Syringe  Becton Dickinson S.A.  300013  

Bromophenol blue  Sigma-Aldrich/Merck B-5525  

Cell Scrapers, Sterile Greiner Bio-One 541070G 

Compressed gas (carbon dioxide)  Boc EC204-696-9 

Compressed gas (nitrogen)  Boc EC231-783-9 

Corning™ Disposable Vacuum Filter/Storage Systems Fisher Scientific  10268951 

Cryo tubes  Corning  CORN430488  

Disposable forceps  Servoprax  H7301  

DNase I (100u) Invitrogen 18068015 

dNTP Mix Promega PR-U1515 

DPBS 500ml; w/o Mg/Ca Gibco 14190-094 

Dulbecco’s Modified Eagle’s Medium - High Glucose - Powder Sigma-Aldrich/Merck D1152-10X1L 

Dulbecco’s Modified Eagle’s Medium High Glucose  Sigma-Aldrich/Merck D5796  

Dulbecco’s Modified Eagle’s Medium Nutrient Mixture F-12 HAM  Sigma-Aldrich/Merck D8062  

Dulbecco’s phosphate buffered saline  Sigma-Aldrich/Merck D8537 

Ethanol 99,8%  Honeywell Fluka  02860-2.5L 

Eukitt® quick-hardening mounting medium  Honeywell Fluka  03989-100ML 

Falcon™ Standard Tissue Culture Dishes, 10cm  Corning  353003  

Foetal bovine serum  Sigma-Aldrich/Merck F7524-500ML 

Filter Tips Racked(Starlab) 0.1-20µl Starlab S1120-1810 

Filter Tips Racked(Starlab) 1000µL Starlab S1122-1830 

Filter Tips Racked(Starlab) 200µL Starlab S1120-8810 

Filter Tips Racked(Starlab) 20µL Starlab S1120-3810 

Foetal Calf Serum(Store -20c) Per 500ml. Bottle Gibco 10270-106 
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Formaldehyde 4%  Gibco  10270-106  

Gibco™ Penicillin-Streptomycin (10,000u/mL) Gibco  11548876 

Gloves  Sempermed  816780637 

Glycerine  Fischar  27279  

GlycoBlue™ Coprecipitant (15mg/mL) Invitrogen AM9516 

Human BD Fc Block™ BD Pharmingen™ 564219 

Hydrochloric acid  Honeywell Fluka  30721-2.5L 

Interleukin 4 (mouse) Sigma-Aldrich/Merck I1020-5UG 

Ionomycin Sigma-Aldrich/Merck I0634-1MG 

M-MLV Reverse Transcriptase (10,000u) Promega M1701 

MicroAmp™ Optical 384-Well Reaction Plate with Barcode Thermo Fisher Scientific  4343814 

Microscope Cover Glasses 15x15mm  Marienfeld  0101010  

Microscope Cover Glasses 24x50mm  VWR International 631-0137 

Microscope slides Superfrost plus 75x25x1mm  Thermo Fisher Scientific  J1800AMNZ  
Microtest TM Tissue Culture Plate, 96 Well, Flat bottom with low 
evaporation lid  Becton Dickinson Labware  35 3072  

MX35 Ultra Microtome blades  Thermo Fisher Scientific  12191830 

Normal horse serum 20ml  Thermo Fisher Scientific  78833  

Normal rabbit serum 20ml  Vector Laboratories  S-2000  

Opti-MEM®|Reduced Serum Medium  Gibco  31985-062 

PageRuler™ Prestained Protein Ladder (10 – 170 kDa)  Thermo Fisher Scientific  31985062  

Pap Pen  Kisker  MKP-1  

PCR Tubes Strips 0.2ml  VWR International 211-0338 

Penicillin Streptomycin Soln. 5000un(Store -20c) Per 100ml Bottle Gibco 15070-063 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich/Merck 79346-1MG 

Pierce BCA Protein Assay Kit  Thermo Fisher Scientific  23227 

Pipettes 10ml (Individually Wrapped) Greiner Bio-One 
International 607180 

Pipettes 25ml (Individually Wrapped) Greiner Bio-One 
International 760180 

ProLong® Gold Antifade Mountant with DAPI  Thermo Fisher Scientific  P36935 

Protease Inhibitor Cocktail powder Sigma-Aldrich/Merck P2714-1BTL 

Random Primers Invitrogen 48190011 

Recombinant Human IL-4 Protein R&D Systems 204-IL-010 

RIPA 10x  Millipore Corporation  20-188  

RNaseOUT™ Recombinant Ribonuclease Inhibitor Invitrogen 10777019 

RPMI 1640 Medium (GlutaMAX™ ) Gibco 61870-010 

Skim milk powder  Sigma-Aldrich/Merck 70166-500G 

Sodium Azide  Sigma-Aldrich/Merck 438456 

Sodium chloride  Sigma-Aldrich/Merck  

Sodium dodecyl sulfate  Sigma-Aldrich/Merck L-4390  

Sodium hydroxide standard solution  AppliChem  2517-1000 

Sterile Pasteur Pipettes  LP Italilana SPA  135138  

SuperSignal West Pico Chemiluminescent Substrate  Thermo Fisher Scientific  34077  

T.C. Flasks 175cm with Filter Cap Greiner Bio-One 
International  660175G 
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T.C. Flasks 75cm with Filter Cap Greiner Bio-One 
International 660175-120G 

Thapsigargin Sigma-Aldrich/Merck T9033-1MG 

Tri-Reagent (Trizol) Sigma-Aldrich/Merck T9424-200ML 

Tris Pufferan® ≥ 99,9%, p.a.  Roth  4855.2  

Tris-HCl  Roth  9090.2  

Triton™ X-100 Thermo Fisher Scientific  T/3751/08 

Trypan blue  Biochrom AG  L6323  

Trypsin 0.05% EDTA E-Z Hold (100ml) Gibco 25300054 

Tween 20  Sigma-Aldrich/Merck P9416-50ML 

Ultrapure LPS, E. coli 0111:B4 InvivoGen tlrl-3pelps 

β-Mercaptoethanol  Sigma-Aldrich/Merck M6250  

 

2.1.2 TECHNICAL EQUIPMENT 

Table 2.2. List of technical equipment. 

Product Manufacturer Ref. No./LOT 

Accuri™ C6 Plus flow cytometer  BD Biosciences  

Accuri™ C6 Plus software  BD Biosciences  

Airstream class II BSC Esco 2016-111400 

AxioCam MRc  Carl Zeiss  426508-9901-000  

Axiostar Plus Microscope  Carl Zeiss  3109006870  

Carbon dioxide controller  Coy Laboratory Products AC100 

CellSens software Standard 1.15 Olympus - 

Centrifuge 5417 R  Eppendorf  54070024311 

CLARIOstar Plus BMG labtech 430-0302 

Hot water tray  Medrax  25900  

Hypoxic glove box Coy Laboratory Products -  

Ice flaker  Scotsman  MF36 

Incubator  Sanyo - 

Leica DM IL LED  Leica  11090137002  

Magnetic stirrer  Stuart CB161 

Milli-Q Academic  Millipore Corporation  -  

MJ Research PTC-200 Thermal Cycler Marshall Scientific  EN008621 

Multipette® plus  Eppendorf  - 

NanoDrop 2000  Thermo Fisher Scientific  91-ND-2000  

Neubauer cell counting chamber  Marienfeld  430160  

Nunc™ Lab-Tek™ II Chamber Slide™ System Thermo Fisher Scientific  154526 

Olympus BX51 Olympus 94383/1 

Olympus DP71 Olympus 7CO1617 

Oxygen controller  Coy Laboratory Products - 

pH meter Hanna instruments - 

Pipetman P10, 1-10μl  Gilson  F144802  
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Pipetman P100, 20-100μl  Gilson  F123615  

Pipetman P1000, 200-1000μl  Gilson  F123602  

Pipetman P20, 2-20μl  Gilson  F123600  

Pipetman P200, 50-200μl  Gilson  F123601  

QuantStudio 7 Flex Real-Time PCR System Thermo Fisher Scientific  44846443 

Rocker 25 Labnet international 14061739 

Roller Mixer  CAT Ing  60207-00  

Rotofix 32A Hettich Z601438EU-1EA 

Spectrafuge™ mini-centrifuge Sigma-Aldrich/Merck S7816 

Staining Tray with black lid Pyramid Innovation R64001-E 

VX100 Vortex Mixer Labnet international SN30204078 
 

2.2 METHODS 

2.2.1 CELL CULTURE 

All cells were cultured in humidified cell incubators at 37°C in the cell culture facility of the UCD 

Conway Institute. The effects of CO2 on different cell types (immune cells versus epithelial 

cells) were determined to detect potential cell type specific effects. One could, for example, 

speculate that epithelial cells residing close to the alveolar bronchiole (such as A549 cells) 

experience more rapid and drastic changes in CO2 when compared to epithelial cells within 

the intestine (such as Caco-2 cells) or immune cells. It was thus hypothesized that lung 

epithelial cells might behave differently compared to intestinal epithelial cells or immune cells 

when treated with different CO2 levels. If not otherwise indicated gas concentrations were kept 

at 21% O2 and 5% CO2. During cell handling, for example for passaging or cell treatment, cells 

were placed under a laminar flow hood (Airstream class II BSC, Esco, Singapore, Singapore; 

#2016-111400) using sterile techniques. Cells were grown in the respective media as 

recommended by the distributor (Table 2.3). All cells were passaged at 80-90% confluency. If 

necessary, cells were detached by rubber policeman (Greiner Bio-One International, 

Frickenhausen, Germany; #541070G) or trypsin (Gibco, Waltham, USA; #25300054). Regular 

testing for mycoplasma contamination was performed. All cell culture experiments were 

repeated at least three times with different cell passage numbers (i.e., “biological replicates”). 

Presented graphs in the results section depict pooled data from multiple individually performed 

experiment. 
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Table 2.3. Different cell lines purchased from ATCC and primary cells, and respective growth medium. 

Cell line and cells Cell type Growth medium 

THP-1 Human monocytes RPMI with 10% FCS (heat-inactivated), 
1% P/S 

Primary bone-marrow 
derived macrophages Murine macrophages RPMI with 10% FCS (heat-inactivated), 

1% P/S, 10% L929 

Human peripheral blood 
mononuclear cells 
(PBMCs) 

Human monocytes M199 Media (containing 10% Human 
Serum and 1% P/S and 1% L-Glut) 

Hek-293 Human embryonic kidney 
cells 

DMEM with 10% FCS (heat-inactivated), 
1% P/S 

A549 Human lung epithelial 
cells 

DMEM with 10% FCS (heat-inactivated), 
1% P/S 

Caco-2 Human intestinal epithelial 
cells 

DMEM with 10% FCS (heat-inactivated), 
1% P/S 

 

2.2.2 CELL DIFFERENTIATION EXPERIMENTS 

For cell culture experiments, human monocytes (THP-1 cell line; Sigma-Aldrich/Merck, 

Darmstadt, Germany; #88081201-CDNA-20UL) were counted by trypan blue (Biochrom AG, 

Berlin, Germany; #L6323) staining and 2 x 106 cells per dish were seeded in 6cm dishes. After 

24h of resting, cells were differentiated by 32nM (if not otherwise indicated) phorbol 12-

myristate 13-acetate (PMA; Sigma-Aldrich/Merck; #79346-1MG) for an additional 24h (Lund et 

al., 2016). During PMA treatment cells were placed in air sealed gas chambers (Coy 

Laboratory Products, Grass Lake, USA) and simultaneously treated with different 

concentrations of CO2 (0.04%, 5%, and 10% CO2; Boc, Dublin, Ireland; #EC204-696-9). The 

oxygen (O2) concentration and temperature within the chambers were kept constant at 21% 

O2 and 37°C, respectively. At the end of the experiment cells were analysed by microscopy 

(compare 2.2.6), flow cytometry (2.2.7), or harvested for further RNA and protein isolation 

(2.2.8, 2.2.9, and 2.2.10). During some experiments CA activity was reduced by treating cells 

with the different concentrations of the pharmacologic pan-CA-inhibitor acetazolamide (ACTZ). 

For this, ACTZ was first dissolved in DMSO and then further diluted with (phenol-free) cell 

culture. The rest amount of DMSO present was thereby minimal.  

 

2.2.3 ISOLATION OF PRIMARY (MURINE) MACROPHAGES  

Primary bone marrow-derived macrophages (BMDMs) were isolated and identified as 

previously described (Strowitzki et al., 2017). Mice were euthanised by cervical dislocation and 

placed on a clean plastic board. The skin was first disinfected with ethanol to avoid 



Chapter 2 – Material & Methods                                                 Moritz J. Strowitzki 

 20 

contamination and then sharply removed at both legs. After dislocation of hip and knee joints 

on both sides, the muscles were carefully removed. Both femurs and tibias were in toto excised 

and washed in sterile PBS (Sigma-Aldrich/Merck; #D8537). Subsequently, bones were 

transferred to a sterile cell culture hood at the special handling facility of the UCD Conway 

Institute. Epiphyses were removed and medullary cavity was flushed with cold sterile PBS 

using a 27G needle. The flow-through was collected in a 50ml tube (Greiner Bio-One 

International; #210270). The cell suspension was centrifuged at 500g for 10min and the 

supernatant was discarded. After lysing of erythrocytes and repeated centrifugation cells were 

resuspended in RPMI-1640 (Merck) with 10% FCS, 1% Penicillin/Streptomycin, 2mM L-

Glutamine and 10ng/ml mM-CSF. Pooled cells of one mouse were seeded in one T-75 flask 

(Greiner Bio-One International; #660175-120G) and split after 48h. After 7 days in culture cells 

were harvested and identified by F4/80 immunostaining. Human peripheral blood mononuclear 

cells (PBMCs) were isolated from blood samples of healthy patients/volunteers and 

spontaneously differentiated into human macrophages using 10% human serum as described 

before (de Gaetano et al., 2015; Fitzsimons, 2020). The study was approved by the local 

ethical review committee (S-649/2012) and in accordance with the Helsinki Declaration of 1975 

(as revised in 1996). 

 

2.2.4 POLARIZATION OF (PRIMARY) MACROPHAGES 

After isolation, differentiation, and identification of BMBMs, murine macrophages were further 

polarized to analyse the effect of CO2 on macrophage polarization. To induce macrophage 

polarization, 5 x 105 cells per well were seeded in 12 well plates (Greiner Bio-One International; 

#665180) and placed within gas chambers at different CO2 concentrations (5% versus 10% 

CO2). After 6h of CO2 treatment primary murine macrophages were polarized into pro-

inflammatory (M1) macrophages and immuno-modulatory (M2) macrophages using 

lipopolysaccharides (LPS; 100ng/ml; InvivoGen, San Diego, USA; #tlrl-3pelps) and interleukin 

4 (IL-4; 10ng/ml; Sigma-Aldrich/Merck; #I1020-5UG), respectively, for additional 18h. At the 

end of the experiments, cells were harvested for RNA isolation to analyse mRNA levels of M1 

and M2 markers (compare 2.2.8). In some experiments, macrophage polarization was induced 

utilizing human macrophages. For this, human monocytes (THP-1 cells) were previously 

differentiated with 320nm PMA for 3 days into macrophages. Subsequent experiments were 

performed analogous to polarization experiments with BMDMs. Notably, human (and not 

mouse) interleukin 4 (IL-4; 10ng/ml; R&D Systems, Minneapolis, USA; #204-IL-010) was used 

to induce M2 polarization.  
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2.2.4.1 CO-CULTURE EXPERIMENTS 

Wound healing capacity of human intestinal epithelial cells (Caco-2; ATCC; #HTB-37™) was 

analysed by monolayer scratch assays using conditioned medium (CM) derived from CO2-

treated macrophages (5% versus 10% CO2). CM was generated by first differentiating human 

monocytes (THP-1 cell line) into macrophages with 320nM PMA for 3 days. Macrophages were 

subsequently M1 polarized as outlined above. LPS- and simultaneous CO2-treatment was 

performed for 24h and the CM was finally collected, filtered [0.22μm sterile filter unit (Millex-

GP, Merck; #SLGP033RS)], aliquoted, and stored at -80°C for later experiments. For 3 days, 

5 x 105 Caco-2 cells were seeded in 12 well plates and were grown to confluency. Caco-2 cells 

were scratched utilizing a 200µl pipette tip to induce a standardized “wound” as described 

previously (Gebäck et al., 2009). After washing cells with PBS to remove floating (dead) cells, 

Caco-2 cells were treated with CM from CO2-treated human macrophages (THP-1) in a 1:1 

ratio (CM: fresh medium). After 0h, 8h, and 24h, gap closure was documented by microscopy. 

Open wound areas were measured using the software TScratch (Gebäck et al., 2009) in a 

blinded fashion. For each well, 10 images were taken at 40x magnification and assessed. 

Arithmetical means for each well, as well as differences over time were calculated. In some 

experiments, co-culture was repeated under buffered conditions to determine pH-dependent 

effects (2.2.5).  

 

2.2.5 CELL CULTURE EXPERIMENTS WITH BUFFERED GROWTH MEDIUM 

Since high levels of CO2 rapidly induce acidification of aqueous solutions, including blood and 

cell culture medium (Lindskog and Coleman, 1973), previously established buffered medium 

was applied as indicated to determine whether the effects of CO2 were pH dependent or not 

(Cummins et al., 2010). Stocks of buffered medium were prepared by dissolving DMEM 

powder (Sigma-Aldrich/Merck; #D1152-10X1L) in autoclaved water. Afterwards, different 

concentrations of sodium chloride (Sigma-Aldrich/Merck) and sodium bicarbonate (Sigma-

Aldrich/Merck) were added (Table 2.4). Buffered cell culture medium was mixed with 

penicillin/streptomycin (P/S) (Gibco; #15070-063) and FCS (Sigma-Aldrich/Merck; #F7524-

500ML) aliquots, and filter-sterilised before aliquoting the stock solution into 50ml falcon tubes. 

Aliquots were stored at -20°C and thawed upon application. pH values of cell culture medium 

were monitored in 0.5ml samples of growth medium and respective buffered growth medium 

as indicated with a pH meter (Hanna instruments, Woonsocket, USA).  
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Table 2.4. Composition of buffered medium. 

CO2 [%] DMEM solution [ml] P/S [ml] FCS [ml] NaHCO3 [g] NaCl [g] 

0.04 445 5 50 0.48 1.21 

5 445 5 50 1.23 0.71 

10 445 5 50 2.21 0 

 

2.2.6 MORPHOLOGICAL ANALYSIS OF CELL DIFFERENTIATION 

After treatment with PMA and different concentrations of CO2 (if not otherwise indicated 5% or 

10%, representing the physiological range of CO2 levels) cell morphology of differentiated 

macrophages was analysed by light microscopy (Leica, Wetzlar, Germany; #11090137002). 

For this, 20 images (40x magnification, one high power field, HPF) of cultured cells were taken 

with a mounted camera and analysed regarding morphological signs indicating cell 

differentiation, for example, “spindle-like” cell shape and cell attachment (Figure 2.1) (Grytting 

et al., 2019). Total cells and cells with morphological signs for cell differentiation were counted 

per HPF and a quotient was built, resulting in percent cell differentiation [%] of all cultured cells. 

Thus, morphological changes of cells were compared between vehicle- and PMA-treated upon 

different levels of CO2. 

 

Figure 2.1. Representative image of human monocytes (THP-1 cells) 
treated with PMA showing differentiated cells with spindle-like cell shape 
(white arrows) and undifferentiated cells (white arrow heads). Scaler bar 
represents 50𝜇m.  
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2.2.7 FLOW CYTOMETRY 

The basic principle of flow cytometry is the passage of single, live cells in front of a laser. These 

cells can thereby be detected and counted, and specific cell components, which have been 

fluorescently labelled can then be excited by a laser to emit light at varying wavelengths to 

characterise individual cells in a high-throughput manner. To analyse protein expression of cell 

surface markers of cell differentiation and inflammation flow cytometry was performed. In 

addition, kinetics of intracellular levels of free calcium were detected by real-time flow 

cytometry (Orbán et al., 2016; Vines et al., 2010). Cells were stained with different fluorescence 

antibodies and finally analysed according to the following protocol.  

 

2.2.7.1 FLUORESCENCE STAINING FOR FLOW CYTOMETRY   

For flow cytometry, 2 x 106 cells (THP-1) were grown in 6 well plates (Greiner Bio-One 

International; #657160) to induce monocyte differentiation as described above. At the end of 

the experiments, cells were gently detached by scratching, and the cell suspension was 

transferred into an ice-cold 15ml falcon tube (Greiner Bio-One International; #188261), which 

was tightly sealed. The following protocol represents staining of one sample and was 

performed within the gas chamber unless otherwise indicated or during centrifugation steps. 

The cell suspension was centrifuged at 1,000g for 5min and washed once with ice-cold PBS 

to prevent internalization of surface proteins. The supernatant was removed and 5ml ice-cold 

PBS was added to subsequently count the cells by trypan blue staining. To guarantee equal 

staining 400,000 cells were resuspended in 992µl of “FACS buffer” consisting of dPBS (Gibco; 

#14190-094) and 10% FBS (Sigma-Aldrich/Merck; #F7524-500ML) in a 1.5ml reaction tube 

(Greiner Bio-One International; #616201). To prevent non-specific binding of the primary 

antibody, antigen blocking was performed by adding 1µl of diluted flow cytometry blocking 

reagent (1:10; BD Pharmingen™, San Jose, USA; #564219). The suspension was gently 

mixed and incubated at room temperature for 10min. No additionally washing was performed. 

Then 2µl of 1:24 diluted CD14 primary antibody and 5µl of 1:10 diluted CD11b primary antibody 

were added to the cell suspension and vortexed (Labnet international, Edison, USA; 

#SN30204078). The following steps were performed outside the gas chambers and tubes were 

kept in the dark. Tubes were incubated at 8°C for 10min. Adding 1ml of FACS buffer and 

centrifugation at 1,000g for 10min stopped the staining process. The supernatant was 

discarded and the cell pellet was washed using ice-cold PBS. Ultimately, 299µl of FACS buffer 

and 1µl of the viability dye Draq7 were added. The suspension was incubated for 10min. No 

washing was needed. Since the primary antibodies were conjugated with a fluorochrome 

(Table 2.5), adding secondary antibodies was not necessary.  
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Table 2.5. Fluorescence antibodies and dyes for flow cytometry. 

Target Target cell/marker Reactivity Conjugation Dilution Company Product code 

Anti-CD11b Macrophages Human BB515 1:100 BD Biosciences BDB564517 

Anti-CD14 Macrophages Human APC 1:100 Miltenyi Biotec 130-113-143 

Anti-HLA-DR Macrophages Human FITC 1:100 BD Biosciences BDB555558 

Anti-CD86 Macrophages Human PE 1:100 BioLegend 374206 

DRAQ7 Cell viability All species Unconjugated 1:200 BioLegend 424001 

 

2.2.7.2 FLOW CYTOMETRY ANALYSIS   

After fluorescence staining, tubes containing the cell suspensions were transferred on ice to 

the Flow Cytometry Core Facility of the UCD Conway Institute, which is run by Dr. Alfonso 

Blanco. Scatter characteristics and fluorescence signals were detected using the Accuri™ C6 

Plus flow cytometer (BD Biosciences) at “slow” flow rate (14µl/min, 10µm core size). 

Compensation for multi-colour flow cytometry was performed before experimental analysis. 

Before each flow-through, cell suspensions were gently vortexed to increase the amount of 

single cells preventing doublets during flow cytometry analysis. Then viable single cells were 

gated by scatter characteristics and negative selection of Draq7-positive cell population 

utilizing a predefined gaiting strategy (Figure 2.2). Subsequently, 10,000 cells were analysed 

regarding the median fluorescence intensity of CD14 and CD11b to quantify protein 

expression. During monocyte differentiation, cells develop increasing numbers of cellular 

vesicles containing, for example, cytokines. This enhanced cell complexity positively correlates 

with the side scatter of each cell, as increasing numbers of vesicle and granules “scatter” the 

light more easily (Lund et al., 2016). Therefore, median values of the side scatter were 

determined reflecting cell complexity and, thus, cell differentiation (Lund et al., 2016). Accuri™ 

C6 Plus software (BD Biosciences) was applied to plot 2D graphs and calculate median values. 

Statistical analysis was performed as described below (see 2.2.19).  
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Figure 2.2. Gating strategy for flow cytometry experiments. Utilizing scatter characteristics [side scatter 
(SSC) area (A), forward scatter (FSC) area (A) and height (H)] and Draq7 labelling viable, single cells 
were gated.  

 

2.2.8 REAL-TIME QUANTITATIVE POLYMERASE CHAIN REACTION (RT-QPCR) 

RT-qPCR was performed to quantify mRNA levels of markers for monocyte differentiation and 

macrophage polarization upon CO2 treatment. Prior to performing RT-qPCR analysis, RNA 

was isolated at the end of the respective experiments and synthesised to cDNA. 

 

2.2.8.1 RNA ISOLATION  

RNA isolation was performed by Trizol extraction in accordance with the manufacturer’s 

instruction. To reduce the impact of changing gas concentrations the following protocol was 

performed within the gas chamber unless otherwise stated. Since human monocytes are 

suspension cells and do not regularly attach without stimulation, both cells attached to the 

plastic dish and cells remaining in suspension were lysed. Both fractions were pooled upon 

successful cell lysing as outlined below.  

Firstly, supernatants of each cell culture dish were aspirated and transferred into 15ml falcon 

tubes. Tubes were tightly sealed and transferred to a centrifuge outside the chamber. Tubes 

were centrifuged at 10,000g for 5min and the supernatant was discarded after transferring the 

tubes back to the gas chambers. The cell pellet within the tubes was covered with 0.5ml Trizol 

(Sigma-Aldrich/Merck; #T9424-200ML). After homogenization of the suspension by pipetting 

it back and forth using a 1,000µl pipette, the suspension was transferred into a fresh 1.5ml 
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reaction tube. In the meanwhile, the remaining medium covering the cell dishes was removed 

and attached cells were washed once with ice-cold, sterile PBS to remove dead cells. 

Depending on the size of the cell culture dish, different amounts of Trizol were added. The 

following describes the protocol for 6cm cell culture dishes. Culture dishes were covered with 

1ml Trizol and the suspension was gently mixed. The suspension was transferred and pooled 

into the 1.5ml reaction tube already containing the lysed fraction of previously attached cells. 

Reaction tubes containing pooled suspensions rested for 5min and were transferred to a fume 

hood outside the gas chambers. Secondly, 0.125ml of 1-bromo-3-chloropropane (Sigma-

Aldrich/Merck; #B9673-200ML) was added and tubes were vortexed for 15s, followed by 

resting at room temperature for 15min under the fume hood. Samples were centrifuged at 

12,000g for 15min at 8°C for density phase separation of RNA, DNA, and protein. During 

centrifugation 1µl of glycogen (Invitrogen, Waltham, USA; #AM9516) was added into fresh, 

labelled 1.5ml reaction tubes to facilitate pelleting during the following steps. Upon successful 

centrifugation three separate phases, which contained RNA (aqueous phase at the top), DNA 

(solid phase in the middle), and protein (aqueous phase at the bottom), were generated. DNA 

and protein isolations were discarded. Approximately 500µl of the aqueous phase at the top 

containing RNA were transferred into the new 1.5ml reaction tubes. Tubes were centrifuged at 

12,000g for 10min at 8°C and supernatant was removed. The pellet was washed by adding 

1ml of ice-cold 75% ethanol (diluted from 99% ethanol; Honeywell Fluka, Shanghai, China; 

#02860-2.5L) and subsequent vortexing. Then tubes were centrifuged at 7,500g for 5min at 

8°C. The supernatant was completely removed and the pellet was dried under the fume hood. 

Finally, 25µl of nuclease-free water was added and the RNA concentration was measured 

utilizing nanodrop (Thermo Fisher Scientific, Waltham, USA; #91-ND-2000). RNA samples 

were kept on ice during concentration measurements. After determining the RNA 

concentration and quality, all samples were normalized to 125ng/µl by adding the appropriate 

amounts of nuclease-free water. RNA was stored at -70°C.  

 

2.2.8.2 CDNA SYNTHESIS  

RNA samples were thawed and kept on ice during the cDNA synthesis. A 1µl aliquot of DNAse 

I (Invitrogen; #18068015) and 1µl of 10x buffer were added to 8µl of RNA sample in PCR tubes 

(VWR International, Dublin, Ireland; #211-0338). This step was repeated for each RNA sample 

resulting in a second tube, which reflected the corresponding negative control during cDNA 

synthesis. Tubes were vortexed and briefly centrifuged with a bench centrifuge for 3s. Tubes 

were then placed in a PCR thermocycler (Marshall Scientific, Hampton, USA; #EN008621) and 

incubated at 21°C for 15min. Afterwards, 1µl of EDTA (Sigma-Aldrich/Merck) was added to 

each tube, followed by a brief vortex and centrifugation step. DNAse I was inactivated by 
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placing the tubes in a PCR cycler at 65°C for 10min. In the meanwhile, two master mixes were 

prepared for cDNA synthesis, one containing reverse transcriptase (RT; Promega, Madison, 

USA; #M1701) and one without RT (negative control). Mastermix for cDNA synthesis for one 

RNA sample contained 4µl of 5x buffer, 1µl of RT, 1µl of RNAse inhibitor (Invitrogen; 

#10777019), 1µl of dNTBs (10nM; Promega; #PR-U1515), and 1µl of nuclease free water. 

Mastermix for negative control of the respective RNA sample contained 4µl of 5x buffer and 

5µl of nuclease free water. Next, 1µl of random primer (Invitrogen; #48190011) was added to 

tubes prepared for cDNA synthesis only. Tubes were placed in the PCR cycler at 65°C for 

5min. Finally, 8µl of mastermix with RT were added to the tubes for cDNA synthesis and 9µl of 

mastermix without RT were added to negative controls. Tubes were placed in the PCR cycler 

and incubated at alternating temperature cycles: 25°C for 5min, 50°C for 45min and 70°C for 

15min. Upon completion cDNA was stored at -70°C or immediately analysed by RT-qPCR. 

 

2.2.8.3 RT-QPCR  

RT-qPCR was used to amplify selected cDNA-sequences to calculate back to the mRNA levels 

of certain genes. During replication cycles, DNA-double strands where divided, primers 

annealed to the matching DNA-single strands, and genes of interest were amplified by a 

thermostable DNA-polymerase. The fluorescent SYBR Green dyes DNA-double strands with 

the fluorescence intensity correlating with the amount of cDNA in each well. RT-qPCR was 

performed at the Genomics Core Facility of the UCD Conway Institute, which is run by 

Professor Brendan Loftus and Catherine Moss.  

For preparation, the whole bench was cleaned with ethanol to avoid contamination. Primers 

were diluted (1:40) in advance by adding 1µl of forward primer, 1µl of reverse primer, and 38µl 

of nuclease free water. Diluted primers were gently mixed and stored at -20°C until usage. If 

the primers had not been validated before, primer amplification efficiency was determined 

separately. For primer validation, primers were serially diluted and incubated with a mix of 

standardized cDNA samples. RT-qPCR was performed (see below) and amplification 

efficiency (in percent) was measured based on the slope of the standard curve using GraphPad 

Prism version 7 (GraphPad® Software) and a web-based calculator provided by Thermo 

Fisher Scientific. Amplification efficiency of tested primers ranged between 80% and 125% 

(Table 2.6) and was thus within an acceptable range for RT-qPCR utilizing SYBR green 

fluorescence and the delta CT (ΔCT)-method. 
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Table 2.6. Primer sequences and amplification efficiency. 

Gene Synonym Forward sequence Reverse sequence Amplification 
efficiency [%] 

18S 18S 5’AAACGGCTACCACATCCAAG3’ 5’CCTCCAATGGATCCTCGTTA3’ 107 

Actb β-Actin 5’GCTGTATTCCCCTCCATCGT3’ 5’AGGTGTGGTGCCAGATCTTC3’ n/a 

Arg1 Arginase-1 5’CATCGTGTACATTGGCTTGC3’ 5’CTTCCATCACCTTGCCAATC3’ n/a 

CD11b CD11b 5’GCCTTGACCTTATGTCATGGG3’ 5’CCTGTGCTGTAGTCGCACT3’ 80 

CD14 CD14 5’ACGCCAGAACCTTGTGAGC3’ 5’GCATGGATCTCCACCTCTACTG3’ 98 

CD68 CD68 5’GGAAATGCCACGGTTCATCCA3’ 5’TGGGGTTCAGTACAGAGATGC3’ n/a 

CD206 CD206 5’TCCGGGTGCTGTTCTCCTA3’ 5’CCAGTCTGTTTTTGATGGCACT3’ n/a 

Cxcl1 CXCL-1 5’TCTCCGTTACTTGGGGACAC3’ 5’GCTGGGATTCACCTCAAGAA3’ 125 

IL1B IL-1β 5’ATGATGGCTTATTACAGTGGCAA3’ 5’GTCGGAGATTCGTAGCTGGA3’ 98 

Il6 IL-6 5’ACAAAGCCAGAGTCCTTCAGAG3’ 5’TCCTTAGCCACTCCTTCTGTG3’ 105 

Il10 IL-10 5’TGAATTCCCTGGGTGAGAAG3’ 5’CATGGCCTTGTAGACACCTTG3’ n/a 

Nos2 iNOS 5’GGAAGAAATGCAGGAGATGG3’ 5’AGCTGCTTTTGCAGGATGTC3’ n/a 

Tgfb1 TGF-β1 5’CCACCTGCAAGACCATCGAC3’ 5’CTGGCGAGCCTTAGTTTGGAC3’ n/a 

Tnfa TNF-α 5’GGCATGGATCTCAAAGACAACC3’ 5’CAGGTATATGGGCTCATACCAG3’ n/a 

CD cluster of differentiation; CXCL-1 C-X-C motif chemokine ligand 1; iNOS inducible nitric oxide synthase; IL 

interleukin; S Svedberg unit; TGF-𝛽1 transforming growth factor beta 1; TNF-𝛼 Tumour necrosis factor alpha. 

 

Upon validation RT-qPCR analysis of respective cDNA samples was performed by preparing 

a mastermix of each individual primer in a fresh 1.5ml reaction tube. For one sample 10µl of 

SYBR green mastermix (Sigma-Aldrich/Merck), 8µl of nuclease free water, and 1µl of diluted 

primer was added to the tube and gently mixed by vortexing and spinning. 19µl of each primer 

mastermix were pipetted into each well of a 384 well plate (Thermo Fisher Scientific; 

#4343814). Then, 9.5µl of each cDNA sample or nuclease free water (negative control) were 

pipetted into two consecutive wells generating technical duplicates. The plate was sealed with 

a plastic membrane and spun for 20s. Finally, the plate was placed within the light cycler 

(Thermo Fisher Scientific; #44846443) and RT-qPCR was started using a standardized 

program. 

The expression of the genes of interest was analysed relatively to the expression of 

housekeeping genes (Table 2.6), which are stably expressed and are, therefore, not affected 

by the treatment (Maess et al., 2010). The light cycler measured fluorescence intensity of each 

sample after an amplification cycle and the cycle, upon which the signal reached a specifically 

defined threshold, was defined as the CT value. The CT value inversely correlated with the 

transcriptional activity of the gene of interest. Signal specificity was validated by analysing the 
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melting curve of each primer. Results were, thus, only included if the primer binding showed a 

single characteristic peak and if the negative control showed no amplification.  

mRNA transcript levels were calculated applying the ΔCT-method, which is based on the 

difference between the housekeeping gene and the gene of interest (Schmittgen and Livak, 

2008). The following formula was used:  

Transcript	level	=	2(Ct	–	value	gene	of	interest	-	Ct	–	value	of	housekeeping	gene)	

 

2.2.9 ANALYSIS OF TARGETED TRANSCRIPTOMICS 

Isolation and culture of BMDMs were performed as described above. Total RNA isolation was 

achieved using trizol (TRI Reagent®; Sigma-Aldrich/Merck). RNA samples were subsequently 

analysed in the UCD Veterinary Sciences Centre (Transcriptomics Laboratory, SFI Research 

Infrastructure15/RI/3215) on the NanoString nCounter® platform run by Prof. Stephen Gordon 

and Dr. John Browne. The Metabolic Pathways Panel (XT-CSO-MMP1-12; NanoString 

Technologies, Seattle, USA) was utilized for analysis and encompassed 768 pro-inflammatory 

and metabolic genes and 20 internal reference genes for data normalization. Normalization of 

absolute mRNA counts was accomplished by using the nSolver software (advanced analysis 

module version 2.0.134). The log2 transformed output data were analysed using R (version 

3.3.2). Genes with normalized expression values below 20 were removed. The remaining 

genes were utilized for global gene set analysis, pathway score analysis, and individual gene 

expression analysis. In some analysis, openly available RNA-Seq data was downloaded and 

Nx expression data were descriptively plotted in a graph to compare CA expression patterns 

in different cell types.  

 

2.2.10 IMMUNOFLUORESCENCE  

Immunostaining was performed to identify BMDMs and to quantify the effects of CO2 on PMA-

enhanced protein kinase c alpha (PKCα) protein expression in human monocytes. For 

immunostaining, 5 x 105 cells per well were grown on chamber slides and treated as described 

above (compare for example 2.2.2). At the end of the experiment, cytospin was applied outside 

the chamber to deposit a predefined amount of untreated control cells, that were normally 

growing in suspension (THP-1 cells), onto a glass slide. Cells were washed with PBS to 

remove dead cells and then fixed with 4% formaldehyde (Gibco; #10270-106) at room 

temperature for 10min. Afterwards, the cells were transferred to a fume hood to finalize the 

staining. Next, formaldehyde was aspirated and the cells were washed three times with PBS. 

Each time, the chambers were covered with PBS and placed on a rocker (Hettich, Stockholm, 
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Sweden; #Z601438EU-1EA) for 2min. After the final washing step, the slides were covered 

with PBS to prevent the cells from drying. Cells were then permeabilized and blocked with 

0.1% Triton™ X-100 (Thermo Fisher Scientific; #T/3751/08), 1% BSA (Sigma-Aldrich/Merck; 

diluted in PBS) at room temperature for 1h. Cells were washed three times. Then, primary 

antibodies labelling murine macrophages (F4/80; 1:100; Abcam, Cambridge, UK; #ab6640) or 

protein kinase C alpha (PKCα; 1:50; Cell Signaling Technology, Danvers, USA; #2056) were 

added and incubated at 4°C overnight. Primary antibodies were previously diluted in blocking 

solution (0.1% Triton™ X-100, 1% BSA) as indicated. Negative staining controls were 

incubated with blocking solution alone. The next day cells were washed three times with PBS. 

From this point on every step was performed in the dark using a staining tray (Pyramid 

Innovation, Polegate, UK; #R64001-E). Appropriate secondary antibodies were added (F4/80: 

TRITC, anti-rat, 1:100; Sigma Aldrich/Merck; #T4280 or PKCα: Alexa-Flour 488, anti-rabbit, 

1:000; Thermo Fisher Scientific; # A-21206) and incubated at 37°C for 1h. Cells were washed 

three times and nuclei counterstained with Dapi (1:1000; Sigma-Aldrich/Merck) for 2min. 

Finally, the walls of the chamber slides were removed and staining was halted by dripping the 

glass slides into a container of ultra-pure MiliQ water (Millipore Corporation, Burlington, USA). 

Coverslips (VWR International; #631-0137) were mounted with a drop of Mowiol (Sigma-

Aldrich/Merck; #81381). The next day images were taken with a fluorescence microscope 

(BX51, Olympus, Tokyo, Japan; #94383/1) and a mounted camera (Olympus; #7CO1617) at 

a standardized sensitivity (Iso). PKCα fluorescence intensity of at least 20 HPFs per treatment 

group was quantified using ImageJ software (National Institutes of Health) at a predefined 

threshold of 1.15.  

 

2.2.11 PROTEIN KINASE C AND PROTEIN KINASE A ACTIVITY ASSAY 

The effects of CO2 on enzymatic PKC and PKA activity were determined by non-radioactive 

measurement utilizing commercially available kinase activity kits (PKC: Enzo Life Sciences, 

Exeter, UK; #ADI-EKS-420A or PKA: Enzo Life Sciences; #ADI-EKS-390A).  

 

2.2.11.1 PROTEIN EXTRACTION  

Fresh crude protein lysates were generated and analysed according to the manufacturer’s 

instructions. For protein extraction, a specific non-denaturing lysis buffer [20mM MOPS 

(Sigma-Aldrich/Merck), 50mM β-glycerophosphate (Sigma-Aldrich/Merck), 1% Triton™ X-100, 

1mM PMSF (Sigma-Aldrich/Merck), and 50mM NaF (Sigma-Aldrich/Merck); pH set at 7.5] was 

prepared and aliquoted (-20°C). Importantly, PMSF was freshly prepared and added to the 

lysis buffer right before protein extraction. Cells were grown in 6 well plates as described 
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above. Since cultured cells consisted of attached cells and suspension cells, both fractions 

were lysed separately. The following steps except centrifugation were performed within the 

chambers on ice. Media containing suspension cells were transferred to a 15ml falcon tube 

and the cell suspension was pelleted by centrifugation at 1200rpm for 10min at 4°C. The 

supernatant was discarded. Then 200µl of lysis buffer was added to the pellet. In the 

meanwhile, 300µl of lysis buffer was added to attached cells and incubated for 10min. After 

incubation, the cells were scraped and the resulting cell suspension was transferred to the 

15ml flacon tube, already containing lysed suspension cells. Finally, the tubes were centrifuged 

at 13,000rpm for 15min at 4°C. On average, 400µl of clear supernatant, containing protein, 

was transferred to a prechilled 1.5.ml reaction tube and stored at -70°C. 

 

2.2.11.2 MEASUREMENT OF PROTEIN CONCENTRATION  

Protein concentrations were determined by Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific; #23227). Protein samples were diluted 1:10 with water in a fresh reaction tube and 

a standard curve consisting of the following protein concentrations was prepared: 2mg/ml, 

1mg/ml, 0.5mg/ml, 0.25mg/ml, 0.125mg/ml, and 0.0625mg/ml. Then, 25µl of diluted protein 

samples and the standard curve were loaded in duplicate onto a 96 well plate (Becton 

Dickinson Labware, San Jose, USA; #35 3072). The BCA reagent was prepared by making a 

1:51 dilution of reagent B in reagent A. A 200µl aliquot of BCA reagent was added to each well 

and incubated at 37°C for 30min. Absorbance at 562nm was measured with the CLARIOstar 

Plus plate reader (BMG Labtech, Aylesbury, UK; #430-0302). Results of the photometric 

measurement of the samples were plotted against the standard curve to calculate the protein 

concentrations. The protein solution was stored at -20 °C until further analysis.  

 

2.2.11.3 ANALYSIS OF KINASE ACTIVITY  

Enzyme activity of PKC and PKA was detected by commercially available kinase activity kits 

according to the manufacturer’s instructions. Importantly, in this assay, the substrate, which is 

readily phosphorylated by PKC (or PKA), is pre-coated on the wells of the provided PKC (or 

PKA) Substrate Microtiter Plate. Since the protocols for both kits detecting enzyme activity of 

PKC or PKA were very similar, they will be described together. PKC (or PKA) Substrate 

Microtiter Plate, Antibody Dilution Buffer, Kinase Assay Dilution Buffer, TMB Substrate, and 

Stop Solution 2 were brought to room temperature. The wells of the PKC (or PKA) Substrate 

Microtiter Plate were soaked with 50µl of Kinase Assay Dilution Buffer at room temperature for 

10min. Afterwards, the liquid was carefully aspirated. Twenty µg of protein samples and a 

previously diluted standard curve of purified active PKC (or PKA) were added into the wells in 
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duplicate. A blank duplicate containing Kinase Assay Dilution Buffer only was also added. The 

reaction was initiated by adding 10µl of diluted ATP to each well, with the exception of the 

blank negative control. The plate was incubated at 30°C for 90min under thorough shaking 

every 20min by hand. Then the reaction was stopped by emptying the contents of each well. 

For this, the plate was inverted and carefully pat dried on paper towels. A 40µl aliquot of the 

Phosphospecific Substrate Antibody was added to each well, with the exception of the blank 

negative control. The plate was covered with a plastic lid and incubated at room temperature 

for 60min under thorough shaking every 20min by hand. Liquids were gently aspirated from all 

wells. Then wells were washed four times by adding 100µl of 1X Wash Buffer. After the final 

washing step, the plate was inverted and carefully pat dried on paper towels. 40µl of previously 

diluted Anti-Rabbit IgG:HRP Antibody (1:1000) were added to each well, with the exception of 

the blank negative control. The plate was covered and incubated at room temperature for 

30min under thorough shaking every 10min by hand. The wells were washed four times as 

described above. Then 60µl of TMB Substrate was added to all wells. The plate was incubated 

at room temperature for 30min and 20µl of Stop Solution 2 was immediately pipetted onto the 

wells following the same order, in which the TMB Substrate was added. Absorbance at 450nm 

was measured with a standard plate reader.  

 

2.2.12 INTRACELLULAR PH MEASUREMENTS  

Immune cells (THP-1 and PBMCs) and epithelial cells (A549 cells and Caco-2) were loaded 

with 2.5µM of the intracellular pH sensor, 2,7-bis-(2-carboxyethyl)-5-(and-6)-

carboxyfluorescein, acetoxymethyl ester (BCECF-AM; Thermo Fisher Scientific; #B1170) as 

described before (Cummins et al., 2010). For loading, cells were resuspended in OptiMEM 

(Gibco; Thermo Fisher Scientific) with diluted BCECF-AM and incubated at 37°C for 30min. 

Next, cells were washed with PBS (Sigma-Aldrich/Merck) and resuspended in phenol-free 

unbuffered or buffered growth medium. For 1h, cells were seeded in 96-well plates and 

incubated at 37°C, 5% CO2, and 21% O2. Afterwards, CO2 levels were switched as indicated 

(for example, 5% CO2 to 10% CO2), and intracellular pH levels and kinetics were determined 

after 30min, according to the manufacturer’s instructions using a standard fluorescent plate 

reader. Cells were thereby immediately assayed at room temperature at 21%O2, ambient CO2. 

De-gassing during plate reading was prevented by sealing cell culture plates. The fluorophore 

BCECF was excited at 485nm (λ1) and 444nm (λ2). End-point emission was recorded at 

538nm. pH kinetics (i.e., “pH change / min norm. to baseline”) were analysed by calculating 

the delta pH per minute [(ratio30min-ratiobaseline)/30]. The ratio λ1/λ2 is directly proportional to 

intracellular pH, which was confirmed using a standard curve of nigericin (10µM; Sigma-

Aldrich/Merck)-permeabilized cells exposed to a high potassium buffer (KCl (140 mM), MgCl2 
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(1mM), CaCl2 (2mM), D-glucose (5mM)) adjusted to a standard pH range (pH 5 to 8), 

generated by adding MES (20mM)-acidifying solution or Tris base (20 mM) alkaline solution. 

 

2.2.13 TRANSIENT KNOCK-DOWN AND KNOCK-IN OF CA2  

THP-1 monocytes were seeded at 1.5 x 106 cells per well in a 12-well plate under standard 

cell culture conditions utilizing growth medium without P/S. After 24h, transient CA2 knock-

down was performed using a pool of three siRNA sequences (MyBioSource, San Diego, USA; 

#MBS8210910). For negative controls, non-targeting control siRNA sequences were 

transfected (NTC; MyBioSource; #MBS8241404). Both 100nM siRNA CA2 and NTC were 

transfected using Lipofectamine 2000 (Thermo Fisher Scientific). Successful knockdown of 

CA2 was confirmed by RT-PCR after 24h. Notably, siRNA CA2 neither affected mRNA levels 

of other CAs, such as CA4 or CA9, nor resulted in differences concerning cell viability 

Experiments analysing intracellular pH kinetics in siRNA CA2 and NTC transfected THP-1 

monocytes were subsequently performed as described above. 

For CA2 up-regulation, cells were plated at a density of 1.0 x 105 cells in 12 well-plates. 

Transient CA2 knock-in was performed using a CRISPR activation plasmids (human: sc-

401059-ACT; Santa Cruz, Heidelberg, Germany), mixed with UltraCruz® Transfection 

Reagent (Santa Cruz), according to the manufacturer’s protocol. A control CRISPR activation 

plasmid was used as a negative control. Transfected cells were incubated for 48h under normal 

culture conditions, and subsequently used for experimental assays. Successful up-regulation 

of CA2 was confirmed by RT-PCR after 48h. Notably, CRISPR/Cas CA2 transfection neither 

affected mRNA levels of other CAs, such as CA4 or CA9, nor resulted in differences 

concerning cell viability. 

 

2.2.14 ANALYSIS OF CELL TRANSMIGRATION  

Cell transmigration was analysed by counting migrated cells. For this, 1.0 x 105 cells were 

seeded in the upper chamber of a transwell plate (3um pore size; Thermo Fisher Scientific; 

#10504394). Cells were then stimulated with pre-defined concentrations of MCP-1 (also known 

as CCL-2) or vehicle solution, which were both added to the lower chamber as the 

chemoattractant. Following the above-outlined treatment with different concentrations of CO2 

for 24h, cell migration was stimulated for 2h by pre-defined concentrations of MCP-1 (50ng/ml) 

or equal amounts of vehicle solution (0.01% BSA). In some experiments, cell migration was 

stimulated by conditioned media of 5%- or 10%-treated M1 polarized THP-1 macrophages 

instead of MCP-1. Finally, cell migration was quantified by fixing and staining transmigrated 

cells with Dapi on the lower side of the membrane. The membrane was then mounted on glass 
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slides and images were taken with a fluorescence microscope (BX51; Olympus, Tokyo, Japan) 

and a mounted camera (Olympus). Cell counting was performed in 10 high-power fields and 

experiments were repeated at least three times. 

 

2.2.15 WESTERN BLOTTING   

Whole-cell lysates were prepared in radioimmunoprecipitation assay buffer (50mM Tris-Cl pH 

8.0, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 1x Protease 

Inhibitor Cocktail). Cell suspensions were triturated 10-12 times through a 26G needle and 

incubated on ice with constant agitation. Lysates were centrifuged and protein content of 

lysates was quantified and normalized using BCA assay (Pierce™; Thermo Fisher Scientific). 

Western blot analysis was performed as previously described (Strowitzki et al., 2019a) utilizing 

the following antibodies: PKCα (1:200; Cell Signaling Technology; #2056), β-Actin (1:5000; 

Sigma-Aldrich/Merck, #A5441), anti-rabbit IgG HRP-linked (1:1000; Cell Signaling 

Technology; #7074), and DyLight 800 goat anti-mouse (1:1000; IgG, Invitrogen; #SA5-10176). 

After development with an HRP-conjugated (PKCα) and fluorescence (β-Actin) secondary 

antibody, semiquantitative analysis was performed applying ImageJ software (National 

Institutes of Health). The quotient of areas under the curve (AUC) for PKCα and housekeeping 

protein (AUC PDK4/AUC β-Actin) is representative of the relative amount of PKCα protein 

present in the loaded sample. 

 

2.2.16 DETECTION OF CCL2 PROTEIN LEVELS 

C–C motif chemokine ligand 2 (CCL2, also known as MCP-1) protein levels were determined 

in conditioned medium (CM) from LPS-polarized pro-inflammatory (M1) THP-1 macrophages 

by ELISA (Thermo Fisher Scientific; #88-7399) according to the manufacturer’s instructions. 

Absorbance was measured at 450nm. 

 

2.2.17 PATIENT DATA  

All patients (N = 104) received colorectal surgery at the Department for General, Visceral & 

Transplant Surgery of the Heidelberg University Hospital. Via a prospective database clinical 

data from all patients were documented and retrospectively analysed. The study was approved 

by the local ethical review committee (S-649/2012) and in accordance with the Helsinki 

Declaration of 1975 (as revised in 1996). Detailed information regarding intraoperative blood 

gas parameters, comorbidities, preoperative haemoglobin and albumin serum levels, primary 

tumour, and postoperative course [no anastomotic leakage (AL) versus AL] was obtained from 
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patients’ medical charts and protocols during surgery (see Table 5.1). AL was defined as a 

leak of luminal contents from a colorectal anastomosis. Of note, patients treated with 

corticosteroids were excluded from the presented analysis.  

 

2.2.18 IMMUNOHISTOCHEMISTRY IN PATIENT-DERIVED MUCOSAL TISSUE 

SPECIMEN  

For immunohistochemistry, antigens were retrieved with Target Retrieval Solution (Dako, 

Hamburg, Germany), blocked with serum from the same species the secondary antibody was 

raised in (Vector laboratories, Burlingame, USA), and incubated overnight with the primary 

antibody: CD68 (1:100; Dako, #M0876) or CA2 (1:50; abcam, #124687). The following day, 

the appropriate secondary antibody (Vector laboratories) was added and amplified with TSATM 

Indirect (Perkin Elmer, Rodgau, Germany) before DAB-labelling (Dako). Quantification of 

positively stained cells was carried out by two independent assessors (Marc Bleul and the PhD 

candidate himself) in a blinded fashion on ten HPFs within the mucosal layer of healthy 

intestinal specimens (i.e., region of interest) using an Axiostar Plus Microscope (Carl Zeiss, 

Jena, Germany) and ImageJ software (National Institutes of Health, Bethesda, USA). The area 

of interest was pre-defined using lower magnification. 

 

 

Figure 2.3. Microscopic appearance of colonic anastomoses. 
Representative CD68 immunohistochemical staining, depicting 
intestinal healthy patient mucosa and gut lumen (#). Dashed blue lines 
indicate the mucosal layer. The black arrow marks the region of interest, 
which was further analysed by immunohistochemistry. 

#

Mucosal layer

Submucosal layer
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2.2.19 STATISTICS 

Statistical analysis was carried out with the statistical software program GraphPad Prism 

version 7 (GraphPad® Software, La Jolla, USA). Differences in frequencies and distribution of 

categorial data were determined by Chi-square test. Continuous data sets from two groups 

were analysed by Student’s t test. Continuous data sets from more than two groups were 

analysed by ANOVA test with appropriate post-hoc testing (Holm-Sidak method). As indicated 

in the figure legends, some data sets were analysed by multiple t tests with correction for 

multiple testing by Holm-Sidak method. For correlation analysis of parametric data, Pearson 

tests were used. All data sets were tested for normal distribution. If the data were not normally 

distributed, appropriate non-parametric tests were performed as indicated in the figure 

legends. Data are given as the mean ± the standard error of the mean (SEM) if not otherwise 

indicated. Two-sided testing was performed and a P-value of < 0.05 was considered as 

significant. 
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3 The effects of CO2 on monocyte differentiation and 
macrophage activation  

3.1 INTRODUCTION 

Macrophages play an important role during inflammatory and wound healing responses (Isidro 

and Appleyard, 2016; Mantovani et al., 2013). During inflammation, circulating monocytes 

attach to endothelial cells within blood vessels and transmigrate into the inflamed tissue 

(Gerhardt and Ley, 2015). Subsequently, monocytes differentiate into pro-inflammatory (M1) 

macrophages and upon resolution of the inflammation, polarize into immuno-modulatory (M2) 

macrophages, enhancing the (pro-)wound healing capacity of, for example, intestinal epithelial 

cells during intestinal inflammation or healing of anastomoses (Gerhardt and Ley, 2015; 

Strowitzki et al., 2019b). Targeting macrophage activation or polarization therefore represents 

a potentially interesting treatment option during acute and chronic inflammatory disease, such 

as chronic lung diseases, that impair wound healing. During macrophage activation, 

monocytes leave a normocapnic (5% CO2) and normoxic (21% O2) microenvironment and 

enter the rather hypercapnic (10% CO2) and hypoxic (approximately 1% O2) inflamed site 

(Cummins et al., 2020; Guzman et al., 1998; Mari et al., 2019; Sola et al., 2001). While the role 

of hypoxia and hypoxia-adaptive pathways, such as the hypoxia-inducible factor (HIF) 

pathway, during macrophage differentiation and activation in the context of inflammatory and 

wound healing responses has been extensively analysed (Colgan and Taylor, 2010; Strowitzki 

et al., 2019b), the role of elevated carbon dioxide levels remains largely unclear (Cummins et 

al., 2020). A better understanding of the microenvironmental factors influencing monocyte 

differentiation and macrophage activation might help to improve prevention and treatment of 

acute and chronic inflammatory diseases.  

Recently, it has been shown that elevated CO2 attenuates pro-inflammatory NFκB signaling in 

part due to nuclear translocation of IKK (inhibitor of κB kinase) α and RelB – both family 

members of the non-canonical NFκB pathway and important inhibitors of NFκB activity 

(Cummins et al., 2010; Keogh et al., 2017). Notably, these CO2-sensitive effects were 

independent of pH changes and reversible, and could, therefore, represent one putative CO2-

sensing mechanism (Cummins et al., 2010; Keogh et al., 2017). However, most of the above-

mentioned studies either investigated CO2-inflicted anti-inflammatory effects in non-immune 

cell lines (e.g., embryonic kidney and lung epithelial cells) (Cummins et al., 2010; Keogh et al., 

2017) or compared extremely low with very high CO2 levels, which often lie outside the 

physiologic range (Cummins et al., 2010; Gates et al., 2013; Helenius et al., 2009; Keogh et 

al., 2017). Therefore, the effects of CO2 on monocyte differentiation and macrophage activation 

and how CO2 might affect monocyte transmigration in vitro were determined. Furthermore, it 
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was specifically analysed to what extent putative CO2-mediated effects are driven by pH-

changes and how CO2-mediated effects on macrophage polarization might indirectly alter the 

wound healing capacity of intestinal epithelial cells.  

 

3.2 RESULTS 

3.2.1 HIGH CO2 REDUCES PMA-INDUCED MONOCYTE DIFFERENTIATION 

To investigate the effects of CO2 on monocyte differentiation, THP-1 monocytes were treated 

with 32nM PMA for 24h to induce cell differentiation. Cells were simultaneously treated with 

5% or 10% CO2 and cell morphological changes, like “spindle-like” cell shapes and cell 

attachment (Grytting et al., 2019; Lund et al., 2016), were analysed to quantify the extent of 

cell differentiation. After 24h and 5% CO2, PMA-treatment significantly increased the amount 

of differentiated THP-1 macrophages compared to untreated cells, which showed no signs of 

cell differentiation (Figure 3.1A+B). Simultaneous treatment with 10% CO2 attenuated PMA-

mediated morphological changes under these conditions, indicating decreased cell 

differentiation (Figure 3.1A+B). Since the inhibitory effects of CO2 on monocyte differentiation 

were most pronounced after 24h (Figure 3.1A+B), further studies subsequently focused on the 

effects of CO2 on the expression of genes, involved in monocyte differentiation and 

macrophage activation, after 24h. While high CO2 mitigated the expression of genes 

associated with monocyte differentiation (CD11B, CD68) and inflammation (CD14), it had no 

effect on IL1B gene expression (Figure 3.1C), indicating that after PMA-treatment CO2 reduces 

the expression of genes associated with cell differentiation, rather than down-regulating 

inflammatory gene expression in general. Flow cytometric analysis confirmed that high CO2 

attenuated PMA-induced CD11B cell-surface protein expression (Figure 3.1D). Since CD11B 

promotes cell adhesion and attachment during monocyte differentiation (Meerschaert and 

Furie, 1995), the effects of CO2 on the number of non-adherent cells were next investigated. 

CO2 at 10% significantly increased the number of non-adherent cells following PMA-treatment 

(Figure 3.1E). Importantly, the effects of high CO2 on monocyte adhesion and attachment 

during cell differentiation were not due to altered cell proliferation or viability (Figure 3.2). 

Analysis of the extracellular pH levels in cell medium of THP-1 monocytes treated with 5% 

CO2, 10% CO2, and 10% CO2 with buffered medium (BM) revealed that 10% CO2 significantly 

reduced pH compared to 5% CO2 (Figure 3.3A+B). Therefore, specifically formulated buffered 

medium (BM; see Supp. Table 1) (Cummins et al., 2010), which maintains physiological pH 

without altering medium CO2 levels, was added (Figure 3.3A). Importantly, adding BM to the 

cell culture conditions did not affect extracellular pCO2 levels or kinetics in the cell medium of 

THP-1 monocytes treated with 5% CO2 or 10% CO2 (Figure 3.3C+D). Normalization of the 
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extracellular pH using BM prevented CO2-mediated effects on monocyte differentiation as 

quantified by morphological changes (Figure 3.4A). Culture in BM likewise blunted CO2-

inflicted effects on gene and protein expression of markers involved in monocyte differentiation 

and inflammation and cell adherence (Figure 3.4B-D).  

Because monocyte differentiation and adhesion are crucial for cell migration, the effects of 

CO2 on monocyte migration were next analysed. For this, I performed THP-1 monocyte cell 

migration assays at 5% or 10% CO2 in specially adapted environmental chambers. CO2 at 10% 

strongly reduced the MCP-1 stimulated migration of THP-1 cells across a permeable 

membrane when compared to 5% CO2 (Figure 3.5). Under buffered conditions, 10% CO2 did 

not reduce monocyte migration indicating a pH-dependence of elevated CO2 reducing 

monocyte migration (Figure 3.5). Taken together, these data suggest that elevated CO2 

selectively attenuates monocyte differentiation, adhesion, and migration in a pH-dependent 

manner. 

 

3.2.2 ELEVATED CO2 MITIGATES MACROPHAGE ACTIVATION  

As 10% CO2 reduced monocyte differentiation and migration, the impact of CO2 on 

inflammatory gene expression during macrophage activation and polarization was next 

investigated. LPS treatment induced a pro-inflammatory (M1) phenotype in primary bone 

marrow derived macrophages (BMDMs) (Strowitzki et al., 2017). Similar to previous 

experiments, BMDMs were exposed to different levels of CO2 in buffered or unbuffered 

medium. Targeted transcriptomic analysis showed evidence for transcriptional up-regulation 

of inflammatory pathways associated with increased NFκB activity and cytokine and 

chemokine signaling, thus confirming M1-polarization in response to LPS-treatment (Figure 

3.6A+B).  

BM markedly reduced the number of genes which were differentially expressed in LPS-

polarized BMDMs supporting a pH-dependent effect of CO2 (Figure 3.7A). Since the effects of 

CO2 on monocyte differentiation and macrophage activation were markedly reduced under 

buffered conditions, indicating a profound pH-dependency of CO2-driven transcriptional 

changes, I focused my further analysis on unbuffered conditions. Global gene set analysis of 

metabolic and pro-inflammatory pathways revealed that 10% CO2 compared to 5% CO2 

reduced gene expression of pathways involved in NFκB activity and cytokine and chemokine 

signaling. This effects was confirmed by individual pathway score analysis (Figure 3.7B+C). 

Additionally, elevated CO2 reduced absolute mRNA counts of several NF-kB-dependent 

chemokines , such as c-c motif chemokine ligand (Ccl) 2 and Ccl4 when compared to normal 

CO2 (Figure 3.7D+E). qPCR analysis confirmed that high CO2 attenuated LPS-induced Tnfa 

gene expression only under unbuffered conditions (Figure 3.8A+B). Since 10% CO2 decreased 
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the expression of several genes involved in NFκB activity and cytokine and chemokine 

signaling, the effects of CO2 on NFκB transcriptional activity were directly analysed. For this, 

THP-1 monocytes, stably expressing an NFκB luciferase reporter (THP-1NFκB), were treated 

with LPS and different levels of CO2. While 10% CO2 had no effect on baseline NFκB activity, 

10% CO2 decreased LPS-stimulated NFκB activity compared to 5% CO2 (Figure 3.9). In 

agreement with my findings on the suppressive effects on monocyte differentiation, the CO2-

conferred inhibitory effects on macrophage activation also appear to be pH-dependent. 

 

3.2.3 ELEVATED CO2 DOES NOT AFFECT M2-POLARIZATION OF MACROPHAGES  

Immuno-modulatory (M2) macrophages influence wound healing and immune cell migration 

during inflammatory responses (Strowitzki et al., 2019b). Having demonstrated that CO2 

reduces inflammatory macrophage activation upon LPS treatment, it was next analysed 

whether CO2 likewise alters M2-polarization of macrophages. For this, BMDMs were treated 

with IL-4 to induce an immuno-modulatory (M2) phenotype (Strowitzki et al., 2017). 

Additionally, cells were exposed to different levels of CO2 in buffered or unbuffered medium. 

Analysis of targeted transcriptomics showed transcriptional up-regulation of several pathways 

involved in arginine metabolism and amino acid synthesis, confirming sufficient M2-

polarization of BMDMs after IL-4 treatment (Figure 3.10A+B).  

In contrast to the findings during M1-polarization, BM increased the number of genes which 

were differentially expressed in IL-4-polarized BMDMs suggesting a potential pH-independent 

effect of CO2 under these conditions (Figure 3.11A). Gene set analysis showed that several 

pathways associated with M2-polarization like arginine metabolism were increased under 10% 

CO2 compared to 5% CO2 under unbuffered conditions (Figure 3.11B; left graph). However, 

compared to buffered conditions these effects were rather subtle and with regard to CO2-driven 

effects on, for example, arginine metabolism in parts even opposing (Figure 3.11B; left and 

right graph), indicating a more complex role of CO2 during M2-polarization. Indeed, RT-PCR 

analysis of M2-markers arginase-1 and CD206 in BMDMs and THP-1 macrophages, 

respectively, revealed sufficient up-regulation of M2-markers upon IL-4 treatment (Figure 

3.11C+D). However, 10% CO2 did not affect gene expression of M2-markers neither without 

BM nor with BM under these conditions (Figure 3.11C+D), supporting the notion that the 

inhibitory effects of CO2 on M1-polarization are more pronounced than its effects on M2-

polarization – in particular under unbuffered conditions. The polarization state of macrophages 

(M1 versus M2) thus seems to predict whether CO2-driven effects on macrophage polarization 

are pH-dependent or not. One explanation for this could be the different metabolic states that 

are associated with M1- or M2-polarization of macrophages (enhanced glycolysis in M1-

macrophages versus induced arginine metabolism in M2-macrophages). 
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3.2.4 CO2 REDUCES CCL-2 PROTEIN EXPRESSION MITIGATING THE WOUND HEALING 

CAPACITY OF INTESTINAL EPITHELIAL CELLS 

The NFκB signaling pathway and NFκB-associated chemokine and cytokine expression, such 

as CCL2, CCL4, and TNFα, play a key role in wound healing and tissue repair (Ridiandries et 

al., 2018; Xue and Falcon, 2019). Activated macrophages secrete cytokines and chemokines 

and thereby stimulate the migratory potential of epithelial cells, which overall augments initial 

wound healing (Ridiandries et al., 2018; Strowitzki et al., 2019b). To further investigate the 

biological effects of CO2 on the epithelial wound healing capacity of macrophages, THP-1 cells 

were polarized into pro-inflammatory (M1) macrophages by LPS. During M1-polarization THP-

1 macrophages were simultaneously treated with different levels of CO2. Intestinal epithelial 

cells (Caco-2 cell line) were subsequently subjected to scratch assays and stimulated with 

conditioned medium (CM) from 5% CO2- or 10% CO2-treated M1 macrophages. Closure of 

scratch wounds was decreased upon addition of CM from 10% CO2-treated M1 macrophages 

compared to CM from 5% CO2-treated M1 macrophages (Figure 3.12A+B; left graph). ELISA-

based analysis additionally showed significantly lower CCL2 protein levels within CM from 10% 

CO2-treated M1 macrophages compared to CM from 5% CO2-treated M1 macrophages 

(Figure 3.12B; right graph). The CO2-mediated reduction on CCL2 section during macrophage 

activation and thus mitigated wound healing capacity of (intestinal) epithelial cells might explain 

how elevated CO2 levels indirectly affect wound healing responses during inflammatory 

processes.  

To determine pH-dependency of the CO2-mediated anti-migratory effects during macrophage 

activation, BM was added during the experimental conditions. There was no difference 

concerning the migratory properties of intestinal epithelial cells treated with either buffered 

conditioned medium (BCM) from 5% CO2- or 10% CO2-treated M1 macrophages (Figure 

3.12C; left graph). CCL2 protein levels within BCM were likewise unchanged (Figure 3.12C; 

right graph).  

Collectively, these findings show that high CO2 decreases macrophage activation and cytokine 

and chemokine secretion, which consequently reduces wound healing properties conferred 

upon intestinal epithelial cells. In line with the effects on monocyte differentiation, these CO2-

conferred inhibitory effects on macrophage activation seem to be highly pH-dependent. 

 

 

 



Chapter 3 – Results I                                                 Moritz J. Strowitzki 

 43 

3.3 DISCUSSION 

Elevated CO2 levels inhibit monocyte differentiation and macrophage activation in a pH-

dependent manner. The inhibitory effects of CO2 on pro-inflammatory signaling thereby 

attenuate the wound healing capacities of intestinal epithelial cells. I here provide mechanistic 

insights how elevated CO2 levels prevent monocyte differentiation upon pro-inflammatory 

stimuli and thereby inhibit cell attachment by reducing the adhesion molecule CD11B. In line 

with my findings, large-scale gene expression analysis of human airway epithelial cells recently 

showed a down-regulation of genes involved in cell differentiation and adhesion upon 

treatment with 20% CO2 (Casalino-Matsuda et al., 2018). In addition, several previous studies 

could show that high CO2 reduces pro-inflammatory gene expression and immune cell function 

in neutrophils and macrophages (Cummins et al., 2010; Gates et al., 2013; Helenius et al., 

2009).  

 

Infiltrating activated macrophages not only attract other macrophages and lymphocytes, they 

likewise stimulate fibroblast and epithelial cell migration augmenting wound closure during 

early phases of tissue repair (Mantovani et al., 2013). Notably, the CO2-mediated decrease in 

macrophage activation upon LPS-stimulation inhibited the migratory capacity of intestinal 

epithelial cells most likely due to decreased secretion of CCL2, a chemoattractant binding to 

the receptor C–C chemokine receptor type 2 (CCR2). Intestinal epithelial cells (Caco-2 cells) 

express CCR2 and are responsive to CCL2 (Sonnier et al., 2012). Decreased CCL2/CCR2 

signaling might, therefore, explain why CO2-mediated inhibition of macrophage activation also 

inhibited the wound healing capacity of (intestinal) epithelial cells according to the presented 

co-culture experiments. In contrast, high CO2 directly inhibits epithelial cell proliferation and 

thus the epithelial wound healing capacity upon tissue injury solely under buffered conditions 

(Briva et al., 2007; Vohwinkel et al., 2011). In conclusion, I hypothesize that unlike myeloid 

cells, epithelial cells seem to be significantly less sensitive to CO2-mediated extracellular pH 

changes. During the next chapters I, therefore, next, investigated how extracellular pH 

changes might affect the intracellular pH milieu and whether changes in intracellular pH alter 

specific signaling pathways on a molecular level. Additionally, I analysed whether non-immune 

cells like epithelial cells respond differently to changing CO2 levels. 
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Figure 3.1. High CO2 reduces monocyte differentiation. (A + B) Representative in vitro
images of human THP-1 monocytes treated with 5% CO2, 5% CO2 plus phorbol 12-myristate 13-
acetate (PMA), and 10% CO2 plus PMA for 24h. Cell differentiation was assessed by
morphological changes. Scale bar represents 40µm. (C) Quantitative RT-PCR analysis of genes
involved in cell differentiation (CD11B, CD68) and inflammation (CD14, IL1B). (D) flow
cytometric analysis of the differentiation and adhesion marker CD11B upon different levels of
CO2 and PMA-treatment. (E) Quantification of non-adherent cells upon different levels of CO2
and PMA-treatment. Graphs depict pooled data from 5 (in A and D), 6 (in C), and 9 (in E)
biological replicates. Statistical significance was analysed by 1-way ANOVA and appropriate
post-hoc test (in A-D) and Student’s t test (in E). Modified from Strowitzki et al., J Immunol (accepted).
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Figure 3.3. Effects of CO2 on pH levels. (A) Analysis of extracellular pH in cell medium of THP-
1 monocytes treated with 5% CO2, 10% CO2, and 10% CO2 with buffered medium (BM). BM was
added in experiments to restore pH changes due to CO2. (B) Representative image of in vitro
pCO2 measurement of cell culture medium with THP-1 monocytes treated with PMA (32nM) for
24h. Sterile planar sensor spots were glued to the inner side wall of culture dishes. pCO2 values
were retrieved contactless by a fibreoptic probe. (C) Measured pCO2 values (given in mmHg)
upon different atmospheric CO2 levels in cell culture medium of THP-1 monocytes treated with
PMA for 24h. (D) Continuous pCO2 measurement (given in mmHg) of cell culture medium
containing THP-1 monocytes. Previously set CO2 concentrations within the gas chamber were
switched from 5% CO2 to 10% CO2 (dotted line) to analyse pCO2 kinetics within the cell culture
medium. Graphs depict pooled data from 3 biological replicates. Statistical significance was
analysed by Kruskal Wallis test and appropriate post-hoc test (in C).
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Figure 3.6. Effects of LPS on gene expression. (A + B) Bone marrow-derived macrophages
(BMDMs) were polarized into pro-inflammatory (M1) macrophages utilizing lipopolysaccharides
(LPS; 100ng/ml). Absolute mRNA levels and differential gene expression were assessed by a
metabolic and inflammatory gene panel on the Nanostring platform, and LPS-inflicted
differentially expressed genes were plotted as volcano plot (A) and further in-depth analysis
included gene set analysis (B). Graphs depict pooled data from 3 biological replicates. For
statistical analysis please compare methods section.
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Figure 3.7. High CO2 attenuates macrophage activation. (A - E) Bone marrow-derived
macrophages (BMDMs) were polarized into pro-inflammatory (M1) macrophages utilizing
lipopolysaccharides (LPS; 100ng/ml). Absolute mRNA levels were assessed by a metabolic and
inflammatory gene panel. Venn diagram depicting the number of differentially expressed genes
under unbuffered (no BM) and/or buffered conditions (BM) (A). Further in-depth analysis included
gene set analysis (B), single pathway score analysis of inflammatory signaling pathways (C), heat
map analysis of pro-inflammatory genes involved in NFκB signaling (D), and absolute mRNA count
analysis (E) regarding the effects of CO2 on gene expression profiles in LPS-polarized M1
macrophages. Graphs in A-E depict pooled data from 3 biological replicates. For statistical testing of
large scale gene expression analysis, I refer to the material and methods section. Modified from
Strowitzki et al., J Immunol (accepted).
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Figure 3.8. CO2 at 10% reduces pro-inflammatory signaling. (A + B) Quantitative RT-PCR
analysis of the M1 marker tumour necrosis factor α (Tnfa) in LPS-polarized M1 macrophages
treated without BM (A) and with BM (B) to restore pH. Statistical significance was analysed by 1-
way ANOVA and appropriate post-hoc test. Modified from Strowitzki et al., J Immunol (accepted).
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Figure 3.9. High CO2 reduces pro-inflammatory signaling. NFκB activity was determined in
transfected THP-1 monocytes upon different levels of CO2 and LPS-stimulation. Graph depicts
pooled data from 3 biological replicates. Statistical significance was analysed by 1-way ANOVA
and appropriate post-hoc test. Modified from Strowitzki et al., J Immunol (accepted).
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Figure 3.10. Effects of IL-4 on macrophage polarization. (A + B) Bone marrow-derived
macrophages (BMDMs) were polarized into immuno-modulatory (M2) macrophages utilizing
interleukin 4 (IL-4; 100ng/ml). Absolute mRNA levels and differential gene expression were
assessed by a metabolic and inflammatory gene panel on the Nanostring platform, and IL-4-
inflicted differentially expressed genes were plotted as volcano plot (A) and further in-depth
analysis included gene set analysis (B). Graph depicts pooled data from 3 biological replicates.
For statistical analysis please compare methods section.
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Figure 3.11. Effects of CO2 on M2 polarization. (A + B) Bone marrow-derived macrophages (BMDMs) were polarized into
immuno-modulatory (M2) macrophages utilizing interleukin 4 (IL-4; 100ng/ml). Absolute mRNA levels were assessed by a metabolic
and inflammatory gene panel. Venn diagram depicting the number of differentially expressed genes under unbuffered (no BM)
and/or buffered conditions (BM) (A). Further in-depth analysis included gene set analysis under unbuffered (left graph) and/or
buffered conditions (BM); right graph (B) regarding the effects of CO2 on gene expression profiles in IL-4-polarized M2
macrophages. (C + D) Quantitative RT-PCR analysis of the M2 marker arginase 1 (Arg1) and CD206 in IL-4-polarized M2 BMDMs
(C) and THP-1 macrophages (D), respectively, treated without BM (C + D; left graphs) and with BM (C + D; right graphs) to restore
pH. Graphs in A-D depict pooled data from 3 biological replicates. Statistical significance was analysed by 1-way ANOVA and
appropriate post-hoc test (in C + D). For statistical testing of large scale gene expression analysis, I refer to the material and
methods section.
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Figure 3.12. Indirect effects of CO2 on epithelial cell migration. (A) Upon M1 polarization by
LPS THP-1 macrophages were treated with 5% or 10% CO2. Representative images of intestinal
epithelial cells (Caco-2) that were subjected to scratch assays upon treatment with conditioned
media (CM) from 5% CO2- (left panels) or 10% CO2-treated macrophages (right panels). Scale
bar represents 200µm. (B + C) Upon M1 polarization by LPS, THP-1 macrophages were treated
with 5% or 10% CO2. Note, that BM was added to restore CO2-induced pH changes (BCM).
Subsequently, Intestinal epithelial cells (Caco-2) were subjected to scratch assays and wound
healing capacity was analysed upon treatment without (A + B) and with buffered conditioned
media (BCM) (C) from 5% CO2- or 10% CO2-treated macrophages (B + C; left graphs). ELISA-
based analysis of chemokine (C-C motif) ligand 2 (CCL2) protein levels within CM (B) and BCM
(C) of 5% CO2- or 10% CO2-treated macrophages (rights graphs). Graphs depict pooled data
from 3 biological replicates. Statistical significance was analysed by 2-way ANOVA in B and C
(left graphs), and paired student’s t test in (right graphs). Modified from Strowitzki et al., J
Immunol (accepted).
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4 Pharmacological inhibition of CAs uncouples the intracellular 
pH response upon high levels of CO2 

4.1 INTRODUCTION 

In water, carbon dioxide quickly dissolves into bicarbonate (HCO3
-) and proton molecules (H+), 

which ultimately leads to an acidification of an aqueous solution, such as blood or cell plasma 

(Lindskog and Coleman, 1973). This chemical reaction is catalysed by carbonic anhydrase 

(CA) and considered one of the fastest reactions in living organisms, including plants, bacteria, 

and humans, (Cummins et al., 2014; Lindskog and Coleman, 1973). Importantly, the above 

described chemical reaction occurs with and without CA. However, CA significantly increases 

the velocity the enzymatic reaction. CO2 is highly permeable and able to freely diffuse into cells 

over short distances (Missner and Pohl, 2009). Therefore, mammals have several potent blood 

buffer systems including bicarbonates, phosphates and proteins functioning as either donors 

or acceptors of hydrogen ions or protons, thereby maintaining a pH equilibrium of 

approximately 7.35 to 7.45 (Elkinton, 1956). Changes in pH could, thus, be considered a 

surrogate parameter for different CO2 levels and could potentially represent one “sensing 

mechanism” by which immune cells like monocytes or macrophages adapt to different CO2-

levels. Indeed, the results outlined in the previous chapter suggest that the inhibitory effects of 

CO2 on monocyte differentiation and macrophage activation were highly dependent upon 

extracellular pH changes. Since CAs produces and utilize protons and bicarbonate ions, CAs 

play a key role in the regulation of CO2/pH in different cells and parts of our body. The present 

chapter therefore focused on the role of CAs during CO2-regulated monocyte differentiation 

and macrophage activation.  

In addition to enzymes, which utilize CO2 as a (co-)substrate (e.g., CA in humans or RuBisCO 

in plants), representing putative CO2-sensors, CO2 on its own seems to directly acts upon 

protein function via, for example, non-enzymatic carboxylation (Jimenez-Morales et al., 2014; 

Linthwaite et al., 2018). One of the most prominent examples of direct CO2-mediated effects 

in human physiology is the impact of CO2 on conformational changes of haemoglobin and 

thereby protein function (Bohr et al., 1904; Kilmartin and Rossi-Bernardi, 1969; Riggs, 1988). 

According to the “Bohr effect”, carbon dioxide binds to haemoglobin, thereby inducing 

accelerated O2 dissociation from haemoglobin to improve critical tissue and organ oxygenation 

(Riggs, 1988).  

As outlined in the previous chapter, high CO2 mitigated PMA- and LPS-induced monocyte 

differentiation and macrophage activation. Additionally, high CO2 reduced migration capacity 

of THP-1 monocytes. Importantly, restoration of pH changes by adding buffered medium 

ablated CO2-mediated changes on monocyte differentiation, macrophage activation, and 
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monocyte migration. A potential mechanism dependent upon pH changes by which CO2 

reduces monocyte differentiation and macrophage activation was investigated. Pro-

inflammatory stimuli like PMA or LPS stimulate NFκB signaling. Since the role of CO2 during 

pro-inflammatory NFκB signaling has been studied already (see introduction), I focused on 

different pro-inflammatory signaling pathways that could be altered by CO2. Interestingly, both 

PMA and LPS induce monocyte differentiation and macrophage activation by stimulating 

protein kinase C (PKC) signaling and PKC enzyme activity seems to be pH-dependent 

(Steinberg, 2008; Wen et al., 2011).  

First it was analysed whether CO2 affects PKC signaling activity in a pH-dependent manner. 

Next, it was determined how different CO2 concentrations might affect intracellular pH levels 

during monocyte differentiation. Since CAs bind CO2 and mediate CO2-/pH-homeostasis, it 

was subsequently analysed whether pharmacologic CA inhibition alters CO2-sensitivity of 

monocytes during cell differentiation and macrophage activation. 

 

4.2 RESULTS 

4.2.1 PKCS ARE INVOLVED IN CONFERRING CO2-SENSITIVITY DURING MONOCYTE 

DIFFERENTIATION 

To further investigate the role of different PKC isoenzymes during CO2-mediated decrease of 

monocyte differentiation and macrophage activation, I treated THP-1 monocytes with three 

pharmacologic PKC inhibitors (PKCi) displaying different PKC isoenzyme specificity 

[Sotrastaurin (pan-PKCi) (Evenou et al., 2009), Ruboxistaurin (PKCβ-specific inhibitor) (S.-S. 

Wang et al., 2011), and GO6976 (higher PKCα specificity) (Martiny-Baron et al., 1993)]. 

Comparable to high CO2 exposure, PKCi dose-dependently increased the amount of non-

adherent cells following PMA-treatment, suggesting attenuated monocyte differentiation in 

PKCi-treated monocytes (Figure 4.1A). I next investigated whether the combinatorial treatment 

with PKCi altered CO2-sensitivity in THP-1 monocytes upon PMA-stimulation. Treatment with 

submaximal concentrations of the pan-PKCi Sotrastaurin (1µM) decreased the relative CO2-

sensitivity of THP-1 monocytes compared to vehicle-treated cells after PMA-induced monocyte 

differentiation, as indicated by the relative increase of non-adherent cells upon 10% CO2 

compared to 5% CO2 (vehicle: ~2.5-fold increase versus pan-PKCi: ~1.8-fold increase) (Figure 

4.1B). Moreover, the combined treatment with submaximal concentrations of Ruboxistaurin 

(2.5µM) and high concentrations of GO6976 (10µM), which entirely blocks classical PKC 

activation (PKCα, β1, and β2), blunted CO2-sensitivity in PMA-treated THP-1 monocytes 

(Figure 4.1B), indicating that classical PKCs are involved in conferring CO2-sensitivity during 

monocyte differentiation.  
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4.2.2 HIGH CO2 ATTENUATES PMA-INDUCED PKC SIGNALING 

Upon activation, for example by PMA, classical PKCs like PKCα translocate to the cell 

membrane and catalyse the phosphorylation of numerous substrates including transcription 

factors that are involved during cell differentiation (Dempsey et al., 2000). PKCα activity can 

be determined by quantifying the spatial expression of PKCα (Dempsey et al., 2000). 

Therefore, the effects of CO2 on PKCα activation during monocyte differentiation were 

analysed by PKCα immuno-labelling (Figure 4.2A, upper panels). Qualitative and quantitative 

analysis of the spatial PKCα expression indeed revealed that high CO2 levels mitigated the 

PMA-induced PKCα membrane association in human monocytes (Figure 4.2A, middle panels 

and graph). Comparable effects were observed in primary PBMCs (Figure 4.3). Analysis of 

PKC signaling activity detected by a commercially available kit in whole cell lysates showed 

decreased PKC kinase activity in 10% CO2-treated monocytes compared to 5% CO2-treated 

monocytes upon PMA-treatment (Figure 4.2B+C, left graph). Notably, high CO2 did not affect 

protein kinase A (PKA) signaling activity under these conditions (Figure 4.2C, right graph), 

decreasing the likelihood that 10% CO2 randomly decreased intracellular signaling activity. 

Furthermore, high CO2 did not affect mRNA or protein abundance of PKCα under the outlined 

experimental conditions (Figure 4.4A-C), suggesting that carboxylation or protonation by CO2 

or protons, respectively, directly affects PKCα enzyme activity.  

Next, isolated and purified (enzymatically active) PKCα was exposed to different levels of CO2 

(0.04% CO2, 5% CO2, and 10% CO2). CO2 at 10% decreased PKCα enzyme activity (Figure 

4.5, left graph). To investigate putative pH-dependent effects, I developed a novel buffered 

kinase buffer (BB). Notably, BB showed comparable performance and kinase activity when 

compared to the company buffer (Figure 4.6A), and restored the 10% CO2-inflicted drop of pH 

levels (Figure 4.6B). Importantly, buffered conditions applying BM during cell culture 

experiments and BB blunted the effects of high CO2 on PKCα kinase activity and PKC signaling 

(Figure 4.2 + 4.5). In line with the effects of high CO2 on monocyte differentiation and 

macrophage activation, the CO2-conferred decrease in PKC activation seems to be pH-

dependent. Indeed, further analysis of PKCα kinase activity supported this notion, and showed 

a significant correlation of PKCα kinase activity with pH (Figure 4.5, right graph).  

In summary, I show that high levels of CO2 specifically decrease activation of classical PKCs 

in a pH-dependent manner and thereby mitigate monocyte differentiation and macrophage 

activation during inflammation. 
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4.2.3 UNCOUPLING OF THE INTRACELLULAR PH RESPONSE PREVENTS CO2-

MEDIATED EFFECTS ON MONOCYTE DIFFERENTIATION AND MACROPHAGE ACTIVATION 

Since high levels of CO2 reduced extracellular pH, THP-1 monocytes were next loaded with 

the intracellular pH sensor BCECF (2.5µM – a concentration that was predefined during 

optimization experiments) to investigate whether high CO2 similarly alters intracellular pH 

levels (Figure 4.7A). While under unbuffered conditions high levels of CO2 significantly reduced 

intracellular pH levels in THP-1 macrophages after 24h, BM prevented this drop in intracellular 

pH (Figure 4.7B, left graph). In contrast, subsequent challenging of cells with low CO2 

concentrations (i.e., 0.04% CO2) increased intracellular pH levels (Figure 4.7B, right graph), 

overall suggesting that high CO2 levels result in a coupled pH response (i.e., extracellular pH 

declines are associated with similar reductions in intracellular pH) and vice versa (Shartau et 

al., 2016), and are not detected by a preferential pH response (i.e., intracellular pH remains 

constant irrespective of extracellular pH) (Shartau et al., 2016) in human monocytes and 

macrophages.  

CAs catalyse the rapid conversion of CO2 and water into carbonic acid, protons, and 

bicarbonate ions, which leads to a pH reduction (Cummins et al., 2020). Thus, CAs can be 

considered as potential CO2-sensing enzymes (Cummins et al., 2020, 2014). I, therefore, next 

tested the hypothesis that uncoupling of the CO2-induced pH decline by pharmacologic 

inhibition of CAs affects the CO2-driven change of intracellular pH levels. For this, BCECF-

loaded THP-1 macrophages were pre-treated with vehicle (phenol-free medium) or the 

pharmacologic CA inhibitor Acetazolamide (ACTZ). Subsequently, THP-1 macrophages were 

treated with 5% or 10% CO2 for 30min and an intracellular “baseline pHi” was defined during 

each experiment (Figure 4.8A). ACTZ did not alter extracellular pH levels over the course of 

the experiment (Figure 4.8B). Analysis of intracellular pH over time (i.e., [pH]i kinetic 

normalized to intracellular “baseline pH” values) showed that unlike vehicle-treatment, ACTZ-

treatment significantly decreased the rate of intracellular pH changes in response to high CO2 

(Figure 4.8C). Comparable results were shown in human PBMCs (Figure 4.8D). 

Next, the biological significance of CA-mediated coupled pH response during monocyte 

differentiation and macrophage activation was investigated. Analysis of cell morphology and 

the amount of non-adherent cells demonstrated that high CO2 exclusively decreased monocyte 

differentiation in vehicle-treated (and not in ACTZ-treated) THP-1 monocytes upon PMA-

stimulation (Figure 4.9 + 4.10A). Furthermore, CO2 mitigated monocyte migration in vehicle-

treated (and not in ACTZ-treated) THP-1 monocytes (Figure 4.10B). Flow cytometry-based 

analysis of PBMC-derived macrophages (CD14+ cells; for gating strategy compare Figure 

4.11A) showed that ACTZ-treatment prevented CO2-mediated decreases in surface protein 
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expression of pro-inflammatory (M1) surface markers, HLA-DR and CD86, upon LPS-

stimulation (Figure 4.11B + C).  

In conclusion, pharmacological inhibition of CAs uncouples the intracellular pH response upon 

high levels of CO2, which mitigates CO2-sensing properties in human monocytes and 

macrophages during cell differentiation and activation. 

 

 

4.3 DISCUSSION 

Down-regulation of PKC signaling prevents PMA- and LPS-induced monocyte differentiation 

and macrophages activation, respectively (Caino et al., 2011). Interestingly, high CO2 reduced 

PKC (but not PKA) kinase activity in a pH-dependent manner and pharmacologic inhibition of 

classical, calcium-dependent PKC (cPKC) isoenzymes blunted CO2-sensitivity in PMA-

stimulated macrophages, suggesting that classical PKCs like PKCα and β are particularly 

sensitive to CO2-mediated intracellular pH changes. Indeed, peptide structure analysis of 

PKCα proposes two regions, a lysine-rich region within the C2 domain and conserved histidine-

residues within the active site of the kinase domain, that could potentially be protonated or 

carboxylated (Steinberg, 2008; Goode et al., 2018). Recent clinical evidence showed that a 

missense mutation within the active site of PKCα, replacing aspartate with histidine (D463H), 

renders PKCα kinases in astrocytes more active and increases tumorigenicity of low-grade 

gliomas (Goode et al., 2018). Though speculative, it is thus conceivable that high CO2 

increases intracellular proton concentrations, which in turn protonates cPKCs like PKCα, 

reducing PKC kinase activity. However, I cannot rule out that CO2 might instead alter PKCα 

kinase activity by direct (non-enzymatic) carboxylation of, for example, lysine-residues in the 

C2 domain of PKCα, which has been shown for other proteins (Linthwaite et al., 2018).  

In most mammalian cells, intracellular pH changes are regulated by a coupled pH response, 

implying that a rapid extracellular pH decline due to respiratory or metabolic acidosis prompts 

corresponding intracellular pH changes (Occhipinti and Boron, 2019; Shartau et al., 2016). 

Carbonic anhydrases are a family of 15 zinc-containing enzymes catalysing the 

interconversion of CO2 and HCO3
-. CAs are involved in numerous biological processes 

including CO2 carriage in erythrocytes (Meldrum and Roughton, 1933) and fluid transport 

across (kidney) epithelia (Occhipinti and Boron, 2019). Intriguingly, micro-injection of 

recombinant human CA2 (Musa-Aziz et al., 2014a) or CA4 (Musa-Aziz et al., 2014b) into 

xenopus oocytes with low basal expression of CAs enhanced intracellular pH changes upon 

CO2 challenge. Moreover, in cancer cells with high intracellular CA activity, extracellular 

fluctuations of CO2 evoked quicker and higher intracellular pH oscillations compared to cancer 
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cell lines with low intracellular CA activity (Hulikova et al., 2014). In line with these findings, I 

show that the pharmacologic inhibition of CAs decreased the rate of intracellular pH declines 

upon 10% CO2 exposure in monocytes and macrophages. In conclusion, pharmacological 

blocking of CAs uncoupled the intracellular pH response and prevented CO2-sensing 

properties in monocytes and macrophages. It was hypothesized that the cell type-specific CA 

expression pattern defines CO2-sensitivity. The next chapter, therefore, focused on 

determining the cell-type specific CA-isoenzyme expression in immune and epithelial cells. In 

addition, CA2 expression was altered by molecular genetics in the cells that show a high or 

low CA2 expression and CO2-sensitivity (measured by intracellular pH changes) was detected. 

Ultimately, the clinical significance of CO2 during macrophage infiltration was analysed in vivo 

in patients undergoing colorectal surgery.  
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Figure 4.1. Pharmacologic inhibition of PKC alters CO2-sensitivity during monocyte
differentiation. THP-1 monocytes were differentiated with PMA and co-treated with
pharmacologic PKC inhibitors displaying different PKC isoenzyme specificity. Non-adherent cells
were quantified (A+B) and CO2-sensitivity was determined upon combinatorial treatment with
PKC inhibitors (B). Graphs depict pooled data from 3 (in A) or 5 (in B) biological replicates.
Statistical significance was analysed by 1-way ANOVA and appropriate post-hoc test (in A and
B).
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Figure 4.2. CO2-mediated effects on PKC activity during monocyte differentiation. (A)
Representative immunofluorescence images (A) and quantification of fluorescence intensity
(graph) of unstained (left upper panel) and PKC"-labelled (left lower to right lower panel) THP-1
monocytes. Monocytes were either vehicle-treated (A, left panels) or treated with PMA to induce
PKC activity (A, middle and right panels). BM was added to restore pH changes (right panels).
Scale bar represents 20μm. (B) Kinase activity of PKC was additionally quantified in cell lysates
by commercially available kit. (C) Time-dependent kinase activity of protein kinase C (PKC; left
graph) and protein kinase A (PKA; right graph) quantified in cell lysates of PMA-treated (32nM)
THP-1 monocytes upon 5% CO2 and 10% CO2 by commercially available kit. Graphs depict
pooled data from 3 (in A and C) or min. 3 (in B) biological replicates. Statistical significance was
analysed by 1-way ANOVA and appropriate post-hoc test (in A and B).
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Figure 4.3. High CO2 reduces PKC translocation in primary human macrophages. Representative

immunofluorescence images of dapi-, CD68-, and PKCα-labelled PBMC-derived macrophages upon PMA-stimulation

and different levels of CO2. White arrow heads indicate membrane translocation of PKC α in PMBC-derived

macrophages. Bar represents 100µm.
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Figure 4.4. CO2-driven effects on PKC activity are not due to altered protein abundance.
(A) Quantitative RT-PCR analysis of PRKCA gene expression in vehicle- and PMA-treated
(32nM) THP-1 monocytes upon 5% CO2 and 10% CO2. Graphs depict pooled data from 5
biological replicates. (B + C) Analysis of PKCα protein expression by western blotting in vehicle-
and PMA-treated THP-1 monocytes upon 5% CO2 and 10% CO2. Representative images of
western blots labelled with actin and PKCα (B+C, left panels) and relative quantification by
densitometry (B+C, right graphs). Graphs depict pooled data from 3 biological replicates.
Experiments were performed with buffered medium (BM) to determine pH-dependent effects as
indicated (in A, right graph and B). Statistical significance was analysed by 1-way ANOVA and
appropriate post-hoc test.
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Figure 4.8. Uncoupling of the CO2-mediated pH decreases. (A) Schematic outlines of THP-1
monocytes or PBMCs pre-treated with vehicle or the carbonic anhydrase (CA) inhibitor
Acetazolamide (ACTZ) for 1h. Cells were subsequently treated with 5% CO2 or 10% CO2 for
additional 30min. (B) Extracellular pH levels were measured after 30min of treatment with a pH
meter. (C + D) Analysis of intracellular pH kinetic after 30min of 5% CO2 or 10% CO2 in THP-1
monocytes (C) and PBMCs (D). Graphs depict pooled data from 3 (in D), 6 (in B), or 9 (in C)
biological replicates. Statistical significance was analysed by 1-way ANOVA and appropriate
post-hoc test (*P<0.05, **P<0.01 vs. corresponding baseline). Modified from Strowitzki et al., J
Immunol (accepted).
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Figure 4.9. Pharmacologic inhibition of CAs mitigates CO2-sensitivity. THP-1 monocytes
were differentiated with PMA and co-treated with vehicle or ACTZ. Cell differentiation was
assessed by quantification of morphological changes (white arrow heads). Scale bar represents
40µm. Graphs depict pooled data from 6 biological replicates. Statistical significance was
analysed by 1-way ANOVA and appropriate post-hoc test. Modified from Strowitzki et al., J Immunol
(accepted).
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Figure 4.10. Pharmacologic CA inhibition mitigates CO2-sensitivity. (A) THP-1 monocytes
were differentiated with PMA and co-treated with vehicle or the carbonic anhydrase (CA) inhibitor
Acetazolamide (ACTZ). Cell differentiation was assessed by quantification of non-adherent cells.
(B) Quantification of transwell assays analysing migration of human THP-1 monocytes treated
with 5% or 10% CO2 with and without ACTZ. Graphs depict pooled data from 6 (or 3 in B)
biological replicates. Statistical significance was analysed by 1-way ANOVA and appropriate
post-hoc test. Modified from Strowitzki et al., J Immunol (accepted).
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Figure 4.11. Effects of pharmacologic inhibition of CAs on CO2-sensitivity in primary cells.
(A) Gating strategy for flow cytometry experiments analysing macrophages identified by CD14+

back-gating. (B + C) Flow-cytometry-based analysis of PBMC-derived macrophages quantifying
the protein expression of pro-inflammatory (M1) markers, HLA-DR (B) and CD86 (C) upon LPS-
stimulation and different levels of CO2. PBMCs were co-treated with ACTZ to alter CO2-
sensitivity. Graphs depict pooled data from 3 biological replicates. Statistical significance was
analysed by 1-way ANOVA and appropriate post-hoc test. Modified from Strowitzki et al., J Immunol
(accepted).
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5 CO2-sensitivity is driven by CA2 activity in the context of 
monocyte differentiation and macrophage activation 

5.1 INTRODUCTION 

In erythrocytes, CAs are known to confer CO2-sensing mechanisms by, for example, 

accelerating O2 dissociation from haemoglobin (“Bohr effect”) to improve critical tissue and 

organ oxygenation (Riggs, 1988). In line with this, I could show in the previous chapters that 

pharmacologic inhibition of CAs uncouples the intracellular pH response upon high levels of 

CO2, which mitigates “CO2-sensing properties” in human monocytes and macrophages during 

cell differentiation and activation. Carbonic anhydrases are ubiquitously expressed in different 

cell types, including cancer cells and immune cells like monocytes and macrophages. 

However, the exact isoenzyme-specific expression pattern and CA expression levels in 

monocytes, macrophages and epithelial-like cells have never been compared so far. I 

therefore speculated that the cell-type specific CA expression pattern predicts CO2-sensing 

properties.  

From a clinical perspective, patients experience hypercapnia and hypercapnic acidosis in a 

wide range of pathological conditions, including chronic obstructive pulmonary disease 

(COPD) and obstructive sleep apnoea (OSA) (Cummins et al., 2020). The effects of 

hypercapnia and hypercapnic acidosis on the patients’ outcome depend on the underlying 

pathological condition. Preclinical findings suggest that during bacterial or viral infections, 

hypercapnia and hypercapnic acidosis significantly impair immune cell function of 

macrophages and neutrophils, thereby leading to an overall immuno-suppressive phenotype 

which could increase patient mortality after pneumonia (Casalino-Matsuda et al., 2015; Gates 

et al., 2013; Helenius et al., 2009). In contrast, during sterile (no underlying bacterial or viral 

infection) systemic inflammatory responses, animal studies show that hypercapnic acidosis 

reduces lung injury in several models of abdominal sepsis due to suppressed expression of 

pro-inflammatory (potentially organ damaging) cytokines, such as interleukin (IL) 6 and tumour 

necrosis factor (TNF) α (Curley et al., 2010). Moreover, patients with COPD show signs of 

impaired (wound) healing and are at higher risk of developing anastomotic leakage (AL) after 

gastro-intestinal surgery, which could be due to the immuno-suppressive effects of CO2 

(Gooszen et al., 2018). In summary, CO2 is anti-inflammatory and probably even immuno-

suppressive which in turn can have either detrimental or beneficial effects for patients 

depending on the underlying pathological condition (for example, AL after gastro-intestinal 

surgery versus organ injury after sterile systemic inflammatory responses). 

I therefore next determined the cell-type specific expression pattern and investigated whether 

genetically altering the CA expression pattern by transfection in monocytes and intestinal 
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epithelial cells affects CO2-sensing properties. Furthermore, I determined the clinical role of 

different CO2 levels in the context of anastomotic leakage.  

 

5.2 RESULTS 

5.2.1 MONOCYTES EXPRESS HIGH LEVELS OF CA2 AND ARE MORE SENSITIVE TO CO2-

DRIVEN INTRACELLULAR PH CHANGES 

To further investigate the cell-type specific CA expression, openly RNA-Seq data was analysed 

in different cell lines and primary cells derived from the Human Protein Atlas (Schmiedel et al., 

2018; Uhlén et al., 2015). CA2 indeed is extensively expressed by immune cells like monocytes 

and macrophages, but not by (intestinal) epithelial cells like Caco-2 cells (Figure 5.1A), which 

was confirmed by RT-PCR analysis of CA2 mRNA levels in THP-1 monocytes, PBMCs, Hek-

293 cells, A549 cells, and Caco-2 cells (Figure 5.1B). On the basis of the findings described 

above I speculated that cell type-specific CA expression patterns define cellular CO2-sensitivity 

mediated by intracellular pH changes. When compared to THP-1 and PBMC macrophages, 

human epithelial cells like A549 and Caco-2 cells showed a decreased rate of intracellular pH 

changes in response to high CO2 (Figure 5.2A+B), suggesting that CA2 mediates CO2-

sensitivity in THP-1 and Hek-293 cells.  

 

5.2.2 DOWN-REGULATING CA2 EXPRESSION REDUCES CO2-SENSITIVITY IN HEK-293 

CELLS AND THP-1 CELLS 

To further substantiate my hypothesis that CA2 drives CO2-sensitivity, I analysed the role of 

CA2 in intracellular pH kinetics upon high CO2 in THP-1 monocytes. CA2 knockdown by siRNA 

was established in Hek- 293 (Figure 5.3A) and THP-1 monocytes (Figure 5.4) without affecting 

gross cell morphology or viability. CA2 knockdown significantly reduced the rate of intracellular 

pH changes in response to high CO2 compared to non-targeting control (NTC) both in Hek-

293 and THP-1 cells (Figures 5.3C+D and 5.5A+B). Consequently, high CO2 only reduced 

monocyte migration in control-transfected cells and not in siRNA-treated THP-1 cells, in which 

enzyme function or expression of CA2 was impaired (Figure 5.5C). Genetic CA2 inhibition thus 

reduces the functional inhibitory effects of high CO2 on immune cells. In summary, these data 

support a model whereby CA2 drives CO2-mediated intracellular pH changes and confers CO2-

sensitivity in immune cells. 
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5.2.3 UP-REGULATING CA2 EXPRESSION INDUCES CO2-SENSITIVITY IN CACO-2 

CELLS 

I next examined whether CA2 expression could confer CO2 sensitivity upon non-immune cells. 

For this, intestinal epithelial cells were transfected with CRISPR/Cas Cx or CRISPR/Cas CA2 

plasmids to modulate CA2 expression and subsequently subjected to scratch assays without 

affecting gross cell morphology or viability (Figure 5.6A+B). CRISPR/Cas-driven CA2 

upregulation significantly enhanced the rate of intracellular pH changes in response to 10% 

CO2 when compared to control-transfected cells (CRISPR/Cas Cx) (Figure 5.7A). Furthermore, 

according to the analysis of relative intracellular pH changes, CA2 up-regulation in intestinal 

epithelial cells resulted in lower intracellular pH levels after 24h upon treatment with 10% CO2 

(Figure 5.7B).  

Next, intestinal epithelial cells (Caco-2 cells) were subjected to scratch assays and treated with 

5% or 10% CO2. 10% CO2 did not alter wound closure rates in intestinal epithelial cells 

compared to 5% CO2 (Figure 5.8A). Since intracellular pH of human intestinal epithelial cells 

only marginally changed in 10% CO2 (Figure 5.2B), it is conceivable that the lack of CA (in 

particular of CA2) explains why high CO2 did not directly affect migratory properties of human 

intestinal epithelial cells. To test this hypothesis, I next analysed whether CA2 up-regulation 

affects the biological function of intestinal epithelial cells in response to high CO2 during wound 

healing in vitro. In line with the findings described above, control-transfected intestinal epithelial 

cells did not show changes in wound healing capacity when treated with 5% or 10% CO2 

(Figure 5.8B). In contrast, after CRISPR-mediated CA2 up-regulation, the wound healing 

capacity of intestinal epithelial cells was impaired upon treatment with 10% CO2 compared to 

5% CO2 (Figure 5.8B). Wound healing capacities of epithelial cells is induced by TGF-β. 

Notably, RT-PCR analysis after scratch assays revealed unchanged TGFB1 mRNA levels in 

control-transfected intestinal epithelial cells treated with 5% or 10% CO2. Conversely, after 

CRISPR-mediated CA2 up-regulation, 10% CO2 reduced TGFB1 mRNA levels in intestinal 

epithelial cells compared to 5% CO2 (Figure 5.8C), explaining why CA2 up-regulation resulted 

in a decreased wound healing capacity upon treatment with high CO2.  

In conclusion, CA2 up-regulation enhances intracellular pH changes in response to 10% CO2 

in intestinal epithelial cells, impairing their wound healing capacity (Figure 5.8D). 

 

5.2.4 CLINICAL SIGNIFICANCE OF CHRONIC LUNG DISEASES AND INTRAOPERATIVE 

BLOOD GAS VALUES DURING COLORECTAL SURGERY  

Since our above-outlined experiments suggested that high CO2 levels inhibit monocyte 

differentiation and macrophage activation, we investigated the potential clinical significance of 
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chronic lung diseases, such as COPD and OSA which are known to elevate systemic pCO2 

levels, during the inflammatory response upon healing of intestinal anastomoses (no AL versus 

AL). In my cohort, 9.6% (10/104) of all patients developed AL after colorectal resection. Further 

baseline patient characteristics are described in Table 5.1. 

 

Table 5.1  Baseline patient characteristics (N = 104). 

  All patients 

  N [%] 

No. of patients  104 100.0 

Anastomotic leakage (AL)    

 no 94 90.4 

 yes 10 9.6 

Age in years§ 
 

75.0 ±13.7 

Gender 
 

  

 male 66 63.5 
 

female 38 36.5 

COPD/OSA    

 no 98 94.2 

 yes 6 5.8 

Arterial blood gas analysis     

 no 59 56.7 

 yes 45 43.3 

EtCO2 [mmHg]§  34.6 ±2.0 

Intraoperative pCO2 [mmHg]§  39.4 ±2.6 

Intraoperative pH§  7.4 ±0.0 

Intraoperative HCO3 [mmol/L]§  24.1 ±2.2 

SpO2 [%]§  100.0 ±0.5 

Intraoperative pO2 [mmHg]§  230.0 ±64.3 

Smoking     

 no 96 92.3 

 yes 8 7.7 
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Table 1  Continued 

  All patients 

  N [%] 

No. of patients  104 100.0 

Diabetes    

 no 85 81.7 

 yes 19 18.3 

Cardiovascular risk    

 no 53 51.0 

 yes 51 49.0 

Preoperative haemoglobin [g/dl]§  12.2 ±2.3 

Preoperative albumin [g/l]§  43.9 ±4.5 

ASA 
 

  
 

I 3 2.9 

 II 54 51.9 

 III 43 41.3 

 IV 4 3.8 

UICC stage of primary tumour 
 

  
 

I 12 11.5 

 II 18 17.3 

 III 21 20.2 

 IV 53 51.0 

Neoadjuvant chemotherapy 
 

  
 

Chemotherapy 5 4.8 

 Radiotherapy 3 2.9 

 Radio-chemotherapy 7 6.7 

 none 89 85.6 

Blood loss [ml]§  300.0 ±419.6 

§Data are given as mean ± standard deviation; ASA American Society of Anaesthesiologists; COPD 
Chronic obstructive pulmonary disease; EtCO2 End tidal CO2; HCO3 Bicarbonate; OSA Obstructive 
sleep apnoea; p Partial pressure; SpO2 Oxygen saturation; UICC Union Internationale Contre le 
Cancer.  
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Of interest, the proportion of patients with chronic lung diseases was significantly higher in 

patients developing AL after colorectal resection (Figure 5.9A). Furthermore, patients with 

chronic lung diseases had a significantly increased relative risk (RR) of developing AL by 

almost 20% (RR: 1.197; 95% CI: 1.003-1.956; Koopman asymptotic score analysis). To 

determine a putative correlation between the (gaseous) microenvironment and macrophage 

infiltration, intraoperative blood gas parameters (for example: pCO2, pH, and pO2) were 

correlated with mucosal macrophage infiltration (detected by CD68 immuno-labelling) in 

intestinal tissue specimen from all 104 patients receiving colorectal resection due to colorectal 

cancer (Figure 5.9B). The patient cohort was first stratified into patients with low pCO2 values 

(< median 39.68mmHg) and high pCO2 values (> median 39.68mmHg) or into patients with 

high pH values (> median 7.39) and low pH values (< median 7.39) (Figure 5.9C+D). Patients 

with high intraoperative pCO2 values showed significantly less macrophage infiltration within 

the intestinal mucosa compared to patients with low pCO2 values (Figure 5.10A). Intraoperative 

pCO2 values negatively correlated with macrophage infiltration (Figure 5.10B). In contrast, 

intraoperative pO2 values did not correlate with macrophage infiltration (Figure 5.10C). 

Moreover, CCL2 protein levels within patient-derived mucosal biopsies negatively correlated 

with systemic EtCO2 levels (Figure 5.10D). However, above-mentioned correlations were very 

weak (compare R-values) and did not always reach statistically significance.  

Further analysis of intraoperative arterial blood gas parameters showed that pCO2 values 

negatively correlated with pH values (Figure 5.11A). Stratifying the patient cohort into patients 

with high pH values (i> median 7.39) and low pH values (< median 7.39) (Figure 5.9D) thus 

showed opposing results when compared to CO2-stratification (Figure 5.11B+C). In summary, 

systemic high pCO2 and low pH levels are associated with decreased intestinal macrophage 

infiltration, possibly explaining why patients with chronic lung diseases show impaired (wound) 

healing capacities and are thereby more prone to develop AL after colorectal resection, 

although further work will be required to determine causality over association. 

 

5.2.5 HIGH EPITHELIAL CA2 EXPRESSION IS ASSOCIATED WITH HIGHER CO2-

SENSITIVITY DURING COLORECTAL SURGERY   

The epithelial barrier is essential to protect the intestinal mucosa (Strowitzki et al., 2019b). 

Changes in the functional integrity of this barrier can, therefore, lead to altered immune 

responses and affect macrophage infiltration (Manresa and Taylor, 2017; Strowitzki et al., 

2019b). Since my cell culture experiments suggested that CA2 expression confers CO2-

sensitivity in intestinal epithelial cells, I next analysed whether human intestinal epithelial cells 
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express CA2 and how the patient-specific epithelial CA2 expression levels might affect 

mucosal macrophage infiltration during colorectal surgery.  

Immunohistochemical analysis of the epithelial CA2 expression in mucosal biopsies revealed 

that there are patients with low epithelial CA2 expression and patients with high epithelial CA2 

expression (Figure 5.12A). Thus, patients were stratified according to the CA2 expression into 

< median (“low”; left graph) and > median (“high”; right graph). Interestingly, correlation of 

CD68-labelled macrophages infiltrating into intestinal mucosa with pCO2 was only almost 

significant in patients with “high” epithelial CA2 expression (Figure 5.12B), suggesting that 

these patients are slightly more sensitive to intraoperative pCO2 changes than patients with 

“low” epithelial CA2 expression. 

 

5.3 DISCUSSION 

My findings show that pH-dependent CO2-sensitivity is driven by CA2 expression and activity 

– in particular in the context of monocytes differentiation and macrophage activation. I therefore 

hypothesize that the CA expression pattern predicts cell-type specific CO2-sensitivity. 

Interestingly, A549 cells seem to express high levels of CA12, which could explain why A549 

showed quite high rates of intracellular pH changes upon high CO2 compared to Caco-2 cells 

which lack any CA expression (compare Figure 5.1A). Though it is quite conceivable that CA12 

compensates for any lacking CA2 expression regarding the CO2 hydration reaction and CO2-

/pH-sensing capabilities in A549 cells, CA2 remains the main CA with the fastest enzymatic 

CO2 hydration rate (Maren, 1967; Musa-Aziz et al., 2014a; Supuran, 2018). In line with my 

findings, micro-injection of recombinant human CA2 into xenopus oocytes with low basal 

expression of CAs enhanced intracellular pH changes upon CO2 challenge (Musa-Aziz et al., 

2014a). Nonetheless, the non-enzymatic reaction of CO2 hydration is still quite fast and it could 

well be that the inhibition or up-regulation of CAs results in additional “off-target” effects. For 

example, certain CAs (e.g., CA2) seem to interact with the chloride/bicarbonate exchanger 

(AE1), thereby building a “transport metabolon” and facilitating completion of bicarbonate 

transport within 50ms during passage of an erythrocyte through a capillary (Sterling et al., 

2001). In addition, PKA regulates CA9 activity in hypoxic or stressed cells by Thr443 

phosphorylation at the intracellular domain of CA9 (Ditte et al., 2011). Conclusively, attenuating 

PKA in cells disrupted CA IX-mediated extracellular acidification in tumour cells (Ditte et al., 

2011). Notably, the potential effects of CO2 on the physical interaction of CAs and other 

proteins have not been investigated in the present thesis and could likely influence and even 

explain some of the more controversial findings, such as that the CA expression pattern 

predicts cell-type specific CO2-sensitivity. 
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Patients with impaired immune cell function have an increased risk to develop AL after gastro-

intestinal surgery compared to healthy patients (Slieker et al., 2012). Given our clinical and 

experimental data it is unsurprising that patients with COPD and OSA, who are known to have 

elevated systemic CO2 levels, suffer from impaired wound healing and are therefore, like 

immuno-suppressed patients, at higher risk of developing AL (Gooszen et al., 2018). 

Interestingly, only one previous clinical study showed that intraoperative pH values below 7.25 

and increased pCO2 levels are associated with increased AL rates after esophagectomy 

(Goense et al., 2017). A putative explanation for these increased AL rates after surgical 

resections could be that elevated pCO2 values impair monocyte differentiation and 

macrophage activation per se, thereby attenuating macrophage infiltration and the wound 

healing capacity of, for example, resident intestinal epithelial cells. Alternatively, elevated pCO2 

values could reduce the protective epithelial barrier function especially of patients with elevated 

epithelial CA2 expression, resulting in a reduced CO2-depdendent macrophage infiltration in 

these patients. Both hypotheses are highly speculative and require further in vivo experiments 

and prospective clinical trials. 
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Figure 5.1. Overview of carbonic anhydrase (CA) expression pattern in phagocytotic
immune cells (THP-1 monocytes and PBMCs), embryonic kidney cells, and epithelial cells
(A549 lung epithelial cells and Caco-2 intestinal epithelial cells). (A) Data are derived from
the Human Protein Atlas1 and openly available RNA-Seq data2. Modified from Strowitzki et al., J
Immunol (accepted).
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1 Uhlén et al., Tissue-based map of the human proteome. Science (2015); PMID: 25613900
2 Schmiedel et al., Impact of Genetic Polymorphisms on Human Immune Cell Gene Expression. Cell
(2018); PMID: 30449622
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Figure 5.1. Continued. (B) Quantitative RT-PCR analysis of CA2 gene expression in immune
cells (THP-1 monocytes and PBMCs) and epithelial cells (A549 lung epithelial cells and Caco-2
intestinal epithelial cells), confirming gene expression data derived from the Human Protein Atlas
shown in A. Graph in B depicts pooled data from 3 biological replicates. Statistical significance
was analysed by 1-way ANOVA and appropriate post-hoc test. Modified from Strowitzki et al., J
Immunol (accepted).
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Figure 5.2. CO2-driven change in intracellular pH. (A) Schematic outlines of immune and
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pH kinetic after 30min of 5% CO2 or 10% CO2 in immune and epithelial cells according to specific
treatment regiments outlined in A. Graph depicts pooled data from 9 biological replicates.
Statistical significance was analysed by 1-way ANOVA and appropriate post-hoc test (P-value vs.
corresponding baseline). Modified from Strowitzki et al., J Immunol (accepted).
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Figure 5.3. Effects of genetic inhibition of CA2 on cell viability and CO2-sensitivity. (A)
Quantitative RT-PCR analysis of CA2, CA4, and CA9 gene expression in control-transfected
(NTC; 100nM) and siRNA CA2-transfected (100nM) Hek-293 cells after 24h, confirming sufficient
knockdown of CA2 without compensatory up-regulation of other CAs. Graph depicts pooled data
from 4 biological replicates. Statistical significance was analysed by Mann-Whitney test. (B)
Representative in vitro images of Hek-293 cells treated with non-targeting control (NTC; upper
panel) and siRNA CA2 (lower panel) for 24h. (C) Schematic outlines of Hek-293 cells transfected
with siRNA to alter CA2 expression (lower panel). Cells were subsequently treated with 5% CO2
or 10% CO2 for additional 30min. (D) Analysis of intracellular pH kinetic after 30min of 5% CO2 or
10% CO2 genetically modified Hek-293 cells according to specific treatment regiment outlined in
C. Graph in D depicts pooled data from 9 biological replicates. Statistical significance was
analysed by 1-way ANOVA and appropriate post-hoc test (P-value vs. corresponding baseline).
Bar represents 100µm.
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Figure 5.4. Effects of genetic inhibition of CA2 on cell viability in THP-1 cells. (A)
Quantitative RT-PCR analysis of CA2, CA4, and CA9 gene expression in control-transfected
(NTC; 100nM) and siRNA CA2-transfected (100nM) THP-1 cells after 24h, confirming sufficient
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Figure 5.5. Genetic CA2 inhibition uncouples the CO2-driven pH responses. (A) Schematic
outlines of THP-1 cells transfected with siRNA to alter CA2 expression (lower panel). Cells were
subsequently treated with 5% CO2 or 10% CO2 for additional 30min. (B) Analysis of intracellular
pH kinetic after 30min of 5% CO2 or 10% CO2 genetically modified THP-1 cells according to
specific treatment regiment outlined in A. (C) Quantification of transwell assays analysing
migration of genetically modified THP-1 monocytes treated with 5% or 10% CO2. Graphs in B and
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baseline). Modified from Strowitzki et al., J Immunol (accepted).
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Statistical significance was analysed by Student’s t test. (B) Representative in vitro images of
transfected Caco-2 cells at 48h. Bar represents 100µm.
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Figure 5.9. Chronic lung diseases are associate with an increased risk for anastomotic
leakage after surgery. (A) Proportional distribution of chronic lung diseases, like chronic

obstructive pulmonary disease (COPD) and obstructive sleep apnoea (OSA), in patients without

postoperative anastomotic leakage (no AL; N = 94) and with AL (N = 10) after colorectal

resection. (B) Schematic timeline of intraoperative blood gas analysis, harvesting of tissue

specimens, and postoperative clinical course (no AL versus AL). (C+D) Waterfall plots of
individual patient-derived, intraoperative pCO2 (C) and pH (D) values indicating changes from

calculated median. Statistical significance was analysed by Chi-square test (in A). Modified from
Strowitzki et al., J Immunol (accepted).
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Figure 5.10. Clinical significance of intraoperative CO2 during colorectal surgery. (A-C)
Representative images (A; left panels), quantification (A; graph), and correlation (B) of CD68-
labelled macrophages infiltrating into intestinal mucosa (# indicates gut lumen). Bar represents
50µm. Patients were stratified according to pCO2 < median and > median (N = 26; tissue biopsies
from 3 patients were missing). Curves for pCO2 (B) and pO2 (C) correlation analysis were
interpolated applying the best-fit method and Pearson correlation. Statistical significance was
analysed by Student’s t test. (D) Correlation of total tissue CCL-2 protein levels with patients’
EtCO2 levels. The curve was interpolated applying the best-fit method and Pearson correlation.
Modified from Strowitzki et al., J Immunol (accepted).
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Figure 5.11. Low pH is associated with reduced numbers of mucosal macrophages. (A)
Correlation of individual intraoperative pCO2 and pH values (N = 29). (B+C) Representative
images (B; left panels), quantification (B; graph), and correlation (C) of CD68-labelled
macrophages infiltrating into intestinal mucosa (# indicates gut lumen). Bar represents 50µm.
Patients were stratified according to pH < median and > median (N = 26; tissue biopsies from 3
patients were missing). Curves were interpolated applying the best-fit method and Pearson
correlation. Statistical significance was analysed by Student’s t test (in B). Modified from
Strowitzki et al., J Immunol (accepted).
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6 General Discussion 

6.1 DISCUSSION 

During infections and tissue injury, circulating monocytes differentiate into activated, pro-

inflammatory (M1) macrophages and migrate to the inflamed site (Isidro and Appleyard, 2016; 

Mantovani et al., 2013). Upon this adaptive immune response macrophages are exposed to 

profoundly different microenvironments. While circulating monocytes experience an O2-rich 

environment with typically normal CO2 levels (5% CO2) within the blood, infiltrating activated 

macrophages are exposed to a hypoxic milieu, with rather high CO2 levels (up to 10% CO2) 

(Cummins et al., 2020; Strowitzki et al., 2019b). Unlike the role of high CO2, the role of hypoxia 

and the hypoxia-inducible factor (HIF) pathway in this context has already been investigated 

extensively (Cummins et al., 2020; Strowitzki et al., 2019b).  

I here provide mechanistic insights how elevated CO2 levels prevent monocyte differentiation 

upon pro-inflammatory stimuli and thereby inhibit cell attachment by reducing the adhesion 

molecule CD11B. Interestingly and in line with my findings, large-scale gene expression 

analysis of human airway epithelial cells recently showed a down-regulation of genes involved 

in cell differentiation and adhesion upon treatment with 20% CO2 (Casalino-Matsuda et al., 

2018). In addition, several previous studies showed that high CO2 reduces pro-inflammatory 

gene expression and immune cell function in neutrophils and macrophages (Cummins et al., 

2010; Gates et al., 2013; Helenius et al., 2009). High CO2 significantly attenuates pro-

inflammatory NFκB signaling most probably by inducing nuclear translocation of IKK (inhibitor 

of κB kinase) α and RelB –family members of the non-canonical NFκB pathway and important 

inhibitors of NFκB activity (Cummins et al., 2010; Keogh et al., 2017). Notably, these CO2-

sensitive effects were independent of pH changes and reversible, and most likely represent 

one putative CO2-sensing mechanism (Cummins et al., 2010; Keogh et al., 2017). However, 

most of the above-mentioned studies did either investigate CO2-inflicted anti-inflammatory 

effects in non-immune cell lines (for example: embryonic kidney and lung epithelial cells) 

(Cummins et al., 2010; Keogh et al., 2017) or compared un-physiologically low with rather high 

CO2 levels (for example: 0.04% CO2 versus 10% or 20% CO2) (Cummins et al., 2010; Gates 

et al., 2013; Helenius et al., 2009; Keogh et al., 2017) during their experimental setup. Notably, 

the presented cell culture data suggest that high CO2 levels likewise attenuate the gene 

expression of markers associated with M2-polariaztion suggesting decreased M2-polarizaiton 

of IL4-stimulated macrophages. However, unlike the inhibitory effects of CO2 on M1-

polarization, the CO2-driven inhibition of M2-polarization was subtler and in fact buffering of 

the experimental conditions suggested a profound pH-independent role of CO2 during this 

inhibition. Interestingly, main pathways involved in the pH-independent effects of high CO2 

include arginine metabolism. My current interpretation of these findings is that the metabolic 
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state of macrophages (e.g., induced arginine metabolism in M2 macrophages due to IL-4 

treatment versus enhanced glycolysis in M1 macrophages due to LPS treatment) could 

interfere with pH-independent and -dependent effects of high CO2 during macrophage 

polarization. Strikingly, key steps during arginine metabolism, which drives M2 polarization, 

potentially involve several decarboxylases, such as arginine decarboxylases and ornithine 

decarboxylases, which produce significant amounts of CO2 (Morris, 2007). Accordingly, the 

underlying metabolic state of macrophages could predict whether pH-independent or -

dependent effects of high CO2 during macrophage activation and polarization are more 

pronounced.  

Infiltrating activated macrophages not only attract other macrophages and lymphocytes, they 

likewise stimulate fibroblast and epithelial cell migration, augmenting wound closure upon 

tissue repair during early phases (Mantovani et al., 2013). The CO2-mediated decrease in 

macrophage activation upon LPS-stimulation inhibited the migratory capacity of intestinal 

epithelial cells due to decreased secretion of CCL2, a chemoattractant, binding to the receptor 

C–C chemokine receptor type 2 (CCR2). Intestinal epithelial cells (such as Caco-2 cells) 

express CCR2 and are responsive to CCL2 (Sonnier et al., 2012). Decreased CCL2/CCR2 

signaling might, therefore, explain why CO2-mediated inhibition of macrophage activation also 

inhibited the wound healing capacity of (intestinal) epithelial cells according to my co-culture 

experiments. In contrast, high CO2 directly inhibits epithelial cell proliferation and thus the 

epithelial wound healing capacity upon tissue injury solely under buffered conditions (Briva et 

al., 2007; Vohwinkel et al., 2011). In conclusion, unlike myeloid cells, epithelial cells seem to 

be significantly less sensitive to CO2-mediated intracellular pH changes. I hypothesized that 

the reason for this decreased CO2-sensitivity in epithelial cells compared to myeloid cells might 

be differences in CA expression patterns.  

Down-regulation of PKC signaling prevents PMA- and LPS-induced monocyte differentiation 

and macrophages activation, respectively (Caino et al., 2011). Interestingly, high CO2 reduced 

PKC (but not PKA) kinase activity in a pH-dependent manner and pharmacologic inhibition of 

classical, calcium-dependent PKC (cPKC) isoenzymes blunted CO2-sensitivity in PMA-

stimulated macrophages, suggesting that classical PKCs like PKCα and β are particularly 

sensitive to CO2-mediated intracellular pH changes. Indeed, peptide structure analysis of 

PKCα proposes two regions, a lysine-rich region within the C2 domain and conserved histidine-

residues within the active site of the kinase domain, that could potentially be protonated or 

carboxylated (Steinberg, 2008; Goode et al., 2018). Supporting this hypothesis, recent clinical 

evidence showed that a missense mutation within the active site of PKCα, replacing aspartate 

with histidine (D463H), renders PKCα kinases in astrocytes more active and increases 

tumorigenicity of low-grade gliomas (Goode et al., 2018). It is therefore conceivable that high 

CO2 increases intracellular proton concentrations, which in turn protonates cPKCs like PKCα, 
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reducing PKC kinase activity. Though unlikely, we cannot rule out that CO2 might instead alter 

PKCα kinase activity by direct (non-enzymatic) carboxylation of, for example, lysine-residues 

in the C2 domain of PKCα, which has been shown for other proteins like ubiquitin (Linthwaite 

et al., 2021, 2018).  

In most mammalian cells, intracellular pH changes are regulated by a coupled pH response, 

indicating that rapid extracellular pH declines due to respiratory or metabolic acidosis prompt 

corresponding intracellular pH changes (Occhipinti and Boron, 2019; Shartau et al., 2016). 

Carbonic anhydrases catalyse the interconversion of CO2 and HCO3
- and are involved in 

numerous biological processes including CO2 carriage in erythrocytes (Meldrum and 

Roughton, 1933) and fluid transport across (kidney and intestinal) epithelia (Occhipinti and 

Boron, 2019). Intriguingly, micro-injection of recombinant human CA2 (Musa-Aziz et al., 

2014a) or CA4 (Musa-Aziz et al., 2014b) into oocytes, which under normal conditions only 

marginally express CAs, enhanced intracellular pH changes upon CO2 challenge. In line with 

these findings, I show that the genetic and pharmacologic inhibition of CA2 decreased the rate 

of intracellular pH changes upon 10% CO2 in macrophages. Conclusively, pharmacological 

blocking of CAs uncoupled the intracellular pH response and prevented CO2-sensing 

properties in macrophages. Conversely, up-regulation of CA2 by CRISPR-Cas technique 

inflicted CO2-sensitivity in intestinal epithelial cells which normally only marginally express any 

CAs. Importantly, in patients undergoing colorectal surgery, high epithelial CA2 expression 

was likewise associated with enhanced intraoperative CO2-sensitivity. I, therefore, hypothesize 

that the cell type-specific CA expression pattern defines CO2-sensitivity. However, the non-

enzymatic reaction of CO2 hydration is very fast even without intracellular CA activity present. 

Main findings on pH kinetics during CO2 challenge presented in this thesis were derived from 

intracellular pH-sensor dye loading. Technically, CO2 per se could affect the intracellular pH-

sensor dye performance within cell, which would then interfere with the intracellular pH 

readings present. Relying on only one methodological strategy to determine the effects of CO2 

on intracellular pH might therefor not be enough. Nonetheless, all positive and negative 

controls were applied during the performed experiments. For future directions, it will be 

important to confirm these findings with more accurate intracellular pH readings using micro-

electrodes that are able to detect pH changes more precisely on a subcellular level. It could 

thus well be that the inhibition or up-regulation of CAs results in additional “off-target” effects. 

For example, certain CAs (e.g., CA2) seem to interact with the chloride/bicarbonate exchanger 

(AE1), thereby building a “transport metabolon” and facilitating completion of bicarbonate 

transport within 50ms during passage of an erythrocyte through a capillary (Sterling et al., 

2001). 

Interestingly, altering CA activity per se affects immune cell function and wound healing. For 

example, treatment with recombinant CA4 significantly accelerated wound re-epithelialization 
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in a dermal wound healing animal model (Barker et al., 2017). In contrast, during inflammatory 

response upon hypoxic pulmonary hypertension, carbonic anhydrase inhibition induces mild 

metabolic acidosis and exerts protective effects (Hudalla et al., 2019). In line with my findings, 

Hudalla and colleagues showed that (alveolar) macrophages expressed increased amounts of 

CA2, indicating that CA2 is the main target during the protective effects of pharmacologic CA 

inhibition (Hudalla et al., 2019). On a cellular level, pharmacologic CA inhibition by 

acetazolamide induced leukocyte migration, which increased in a dose-dependent manner, 

suggesting that acetazolamide might have an anti-inflammatory effects in supporting leukocyte 

migration during inflammatory reactions (Kawaai et al., 2009). Despite these promising 

preclinical results regarding the suggested protective effects of pharmacologic CA inhibition 

during inflammation, treatment with pharmacologic CA inhibitors can likewise have detrimental 

side effects – especially in patients with COPD or OSA (Adamson and Swenson, 2017; 

Swenson, 2014). The reason for this is complex. Briefly, according to preclinical and clinical 

data patients with severe COPD may be unable to increase ventilation in response to the 

metabolic acidosis generated by acetazolamide (Adamson and Swenson, 2017). Moreover, 

when red cell CA becomes inhibited, acetazolamide can cause severe CO2 retention in 

patients. This is more likely in the setting of even mild renal insufficiency causing decreased 

drug clearance (Adamson and Swenson, 2017). Additionally, acetazolamide may impair 

respiratory muscle function (Adamson and Swenson, 2017). Taken together, caution is needed 

if patients with chronic lung diseases are treated with pharmacologic CA inhibitors, such as 

acetazolamide.  

Patients with impaired immune cell function have an increased risk to develop AL after gastro-

intestinal surgery compared to healthy patients (Slieker et al., 2012). Given my clinical and 

experimental data it is unsurprising that patients with COPD and OSA, who are known to have 

elevated systemic CO2 levels, suffer from impaired wound healing and are therefore, like 

immuno-suppressed patients, at higher risk to develop AL (Gooszen et al., 2018). Interestingly, 

one previous clinical study showed that intraoperative pH values below 7.25 and increased 

pCO2 levels are associated with increased AL rates after esophagectomy (Goense et al., 

2017). One explanation for these increased AL rates after surgical resections could be that 

elevated pCO2 values impair monocyte differentiation and macrophage activation, thereby 

attenuating macrophage infiltration and the wound healing capacity of, for example, resident 

epithelial cells.  

Summarizing, it was demonstrated that high levels of CO2 prevent monocyte differentiation 

and macrophage activation upon inflammatory stimuli in a pH-dependent manner (Figure 6.1). 

Mechanistically, it was shown that uncoupling of the carbonic-anhydrase-dependent 

intracellular pH response prevents CO2-sensitivity in monocytes and macrophages. Moreover, 

pharmacological PKC inhibition similar to high CO2 reduces monocyte differentiation and 
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macrophage activation, indicating that PKC signaling plays a central role during sensing and 

adapting to high levels of CO2 (Figure 6.1). The presented clinical data suggest that COPD 

and OSA are associated with an increased risk to develop AL after colorectal surgery probably 

due to CO2- and pH-mediated impaired intestinal macrophage infiltration. 

 

 

6.2 LIMITATIONS & FUTURE PERSPECTIVES 

Many results from the present thesis are derived from a rather reductionist approach utilizing 

cell culture experiments. Cell culture experiments have obvious advantages such as 

controllability and robustness, and are therefore perfect in order to investigate complex 

molecular mechanisms such as potential CO2-sensing mechanism in immune cells. However, 

future in vitro studies should focus on confirming above-outlined findings on the effects of CO2 

on intracellular pH changes and the role of CAs during this process by using alternative 

methods, such as high-accuracy pH detection with the help of micro-electrodes on a 

subcellular level. Moreover, in vitro experiments lack at least in parts translatability into a in 

vivo setting. One reason for this is, for example, the complex interactions of different cell types 

during wound healing responses upon inflammation. In theory, elevated CO2 levels could, for 

example, have entirely opposing effects in different cell types, which would ultimately lead to 

the impression that CO2 per se does not alter wound healing responses in a complex in vivo 

model. In fact, my results show that many CO2 effects on monocyte differentiation and 

Figure 6.1. Schematic overview of my proposed CO2-sensing mechanism during monocyte 
differentiation and macrophage activation. 
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macrophage activation were pH- and cell type-dependent. Cells like intestinal epithelial cells, 

which under normal conditions only marginally express CA2, did not respond to high levels to 

the same degree as human THP-1 monocytes did, which express great amounts of CA2. CO2-

driven effects could thus be underestimated in an in vivo model without the knowledge 

generated by cell culture experiments. For this reason, I am currently designing preclinical 

animal experiments at the Surgical Department of the Heidelberg University to investigate the 

significance of CO2 during monocyte differentiation and macrophage activation in vivo in the 

context of healing of gastro-intestinal anastomoses and to further test the hypothesis that the 

CA2 expression pattern predicts CO2-sensitivity in vivo. Furthermore, the effects of 

intraoperative CO2 levels on healing of gastro-intestinal anastomoses will be analysed in larger 

patient cohort. Clinical data for this will be collected prospectively to increase the statistical 

power and meaningfulness of putative correlations between CO2 levels and macrophage 

infiltration and thus healing of gastro-intestinal anastomoses in particular in patients with 

chronic lung diseases. If different intraoperative CO2 levels indeed independently affect 

immune cell function and thereby beneficially impact healing of gastro-intestinal anastomoses, 

controlling intraoperative CO2 levels would be a highly promising (and cost-effective) strategy 

to improve the surgical outcome after, for example, colorectal resection. This potentially 

protective effect could be even more promising in patients with chronic lung diseases who 

seem to have a higher risk developing surgical complications. In contrast, if CO2 is associated 

with negative surgical outcome, modulating CO2-sensitivity in specific cell types with a high 

CA2 expression, such monocytes and macrophages, by pharmacologic CA inhibition might be 

prove promising under these conditions. To test these hypothesis, further preclinical and 

clinical studies are highly needed.   
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