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Nathalie Zeitouni: The role of hypoxia in the intestinal epithelial cell response to 

Yersinia enterocolitica 

Summary 

Hypoxia, a state of oxygen deficiency that occurs when oxygen concentrations fall 

below the normoxic atmospheric levels, has a significant effect on several cellular 

processes and has been shown to influence the pathogenesis of several diseases. 

Within the human body however, tissues are supplied with different oxygen 

concentrations that are below atmospheric levels but that remain biologically 

sufficient, thus resulting in a state termed physioxia. The gastrointestinal tract has 

been shown to experience a steep oxygen gradient, resulting in physioxic levels 

ranging between 1% and 7% in the intestinal epithelium. Therefore, when trying to 

establish an in vitro intestinal epithelial cell model, it is critical to properly characterize 

the oxygen conditions found in the cell culture.  This study aimed to measuring 

oxygen levels in three different systems of Caco-2 cell culture, conventional 

polystyrene 24-well plates, special 24-well gas permeable plates and membrane 

inserts, using optical sensor spots. All culture systems displayed lower O2 levels than 

expected when cultured under normoxic conditions over the course of six days, with 

conventional 24 well plates reaching as low as 3% oxygen while remaining above 

13% in gas permeable plates and membrane inserts. Incubation of the different 

cultures under hypoxic conditions (1%) resulted in a rapid equilibration to the 

environmental oxygen levels in the gas permeable and conventional 24 well plates, 

but not in the membrane inserts that remained at 3% after 6 hours. Studies have 

shown that cellular hypoxia results in the accumulation of the hypoxia-inducible 

factor, HIF-1α, that acts a global regulator of cellular adaptation to oxygen stress. 

Therefore, Western blot analysis was used to determine the protein levels of HIF-1α 
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in the different cultures, revealing a distinct stabilization of HIF-1α protein after only 1 

hour of hypoxic incubation of Caco-2 cultures in conventional 24-well and gas 

permeable plates, and after 4 hours in membrane inserts. Therefore, we suggest that 

the culture system and conditions should be taken into consideration when 

performing oxygen-dependent experiments.  

Furthermore, hypoxia has been shown to occur in tissues at sites of inflammation and 

infection, mainly because of decreased oxygen diffusion, and increased consumption 

by invading pathogens and recruited immune cells. When studying bacterial 

infections in the gastrointestinal tract, it is important to take into account the cellular 

responses to low oxygen concentrations and their effect on host-pathogen 

interactions. This study investigates the interaction between the gastrointestinal 

zoonotic bacterium Yersinia enterocolitica and intestinal epithelial cells under hypoxic 

conditions. It was found that hypoxic pre-incubation of Caco-2 cells resulted in 

significantly decreased bacterial internalization, a phenotype that was abolished after 

functionally blocking host β1 integrins as well as upon infection with an invasin-

deficient Y. enterocolitica strain. Decreased protein levels of β1 integrins in hypoxic 

incubated cells corroborated these results. Finally, a potential role for HIF-1α was 

hypothesized, since treatment with the HIF-1α agonist, dimethyloxalylglycine, also 

resulted in reduced Y. enterocolitica internalization and decreased β1 integrin protein 

levels.  

The study highlights the relevance of hypoxia in the context of gastrointestinal 

infections and discusses a role for HIF-1α as a potential therapeutic agent.
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Nathalie Zeitouni: Die Rolle von Hypoxie in der intestinal-epithelialen Zellantwort 

gegen Yersinia enterocolitica 

Zusammenfassung 

Hypoxie, ein Zustand von Sauerstoff-Mangel bei dem Sauerstoffkonzentrationen 

unter das normoxische atmosphärische Niveau fallen, hat signifikante Auswirkungen 

auf etliche zelluläre Prozesse und beeinflusst die Pathogenese von verschiedenen 

Krankheiten. Innerhalb des menschlichen Körpers werden die Gewebe mit 

verschiedensten Sauerstoffkonzentrationen versorgt, welche unter dem 

atmosphärischen Niveau liegen, jedoch biologisch ausreichend bleiben; daraus 

resultiert ein Zustand, der Physioxie genannt wird.  

Im  gastrointestinalen Trakt gibt es einen steilen Sauerstoffgradienten, wobei die 

physioxischen Konzentrationen im intestinalen Epithelium zwischen 1% und 7% 

liegen können. Um ein intestinal-epitheliales in vitro Zell-Modell zu etablieren, ist es 

von entscheidender Bedeutung die Sauerstoff-konzentrationen in der Zellkultur zu 

bestimmen. In der vorliegenden Arbeit wurden die Sauerstoffkonzentrationen in drei 

verschiedenen Caco-2 Zellkultursystemen unter der Verwendung von optischen 

Sensoren untersucht; in konventionellen 24-Wellplatten aus Polystyren, in speziellen 

Gas-permeablen 24-Wellplatten sowie mit Membraneinsätzen. Alle Zellkultursysteme 

zeigten niedrigere Sauerstoffkonzentration als erwartet, wenn sie unter normoxischen 

Bedingungen über sechs Tage kultiviert wurden. Dabei wiesen die konventionellen 

24-Wellplatten Konzentrationen von weniger als 3% auf, während die 

Konzentrationen sowohl in den Gas-permeablen Platten als auch in den 

Membraneinsätzen bei über 13% lagen. Eine Inkubation der verschiedenen 

Zellkulturen unter hypoxischen Bedingungen (1% Sauerstoff) führte zu einer raschen 

Angleichung an Umgebungssauerstoffkonzentrationen in den Gas-permeablen als 
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auch den konventionellen 24-Wellplatten, jedoch nicht in den Membraneinsätzen, 

welche auch nach 6 Stunden Werte von knapp 3% aufwiesen.  

Studien haben gezeigt, dass die zelluläre Hypoxie zu einer Anreicherung des 

„hypoxia-inducible factor“, HIF1α führt; dieses Protein wirkt als eine Art globaler 

Regler bei der zellulären Anpassung an sauerstoff-bedingten Stress. Um dies näher 

zu betrachten, wurden mit Hilfe von Western Blot Analysen die 

Proteinkonzentrationen von HIF1α in den verschiedenen oben beschriebenen 

Zellkultursystemen bestimmt. Unter hypoxischen Bedingungen wurde bereits nach 

einer Stunde eine deutliche Stabilisierung des HIF1α Proteins in Caco-2 Zellen in 

denkonventionellen 24-Wellplatten, sowie den Gas-permeablen Platten festgestellt, in 

den Membraneinsätzen erst nach 4 Stunden. Daraus folgernd wurde empfohlen, 

dass bei der Durchführung von Sauerstoff-abhängigen Versuchen sowohl das 

Zellkultursystem als auch die Bedingungen näher in Betracht gezogen werden 

sollten. 

Des Weiteren wurde Hypoxie bei Entzündungen und Infektionen im Gewebe 

überwiegend auf Grund von verminderter Verfügbarkeit von Sauerstoff oder 

erhöhtem Verbrauch von Sauerstoff durch einwandernde Pathogene oder rekrutierte 

Immunzellen beschrieben. Wenn bakterielle Infektionen im gastrointestinalen Trakt 

untersucht werden, ist es daher von großer Bedeutung, die zellulären Prozesse unter 

niedrigen Sauerstoffkonzentrationen sowie ihre Auswirkung auf die Wirt-Erreger-zu 

berücksichtigen. Die vorliegende Arbeit untersuchte die Wechselwirkung zwischen 

dem gastrointestinalen zoonotischen Bakterium Yersinia enterocolitca und 

intestinalen Epithelzellen unter hypoxischen Bedingungen. Es wurde gezeigt, dass 

eine hypoxische Vorinkubation der Caco-2 Zellen zu einer signifikant reduzierten 

Internalisierung der Bakterien führte. Dieser Phänotyp wurde durch die funktionelle 
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Blockade von β1 Integrin der Wirtszellen sowie durch Infektion mit einem Invasin-

defizienten Y. enterocolitica Stamm aufgehoben. Verminderte Proteinkonzentrationen 

von β1 Integrin in Zellen, welche unter Hypoxie kultiviert wurden, bestätigten diese 

Ergebnisse. Schlussendlich wurde eine potentielle Rolle von HIF1α vorgeschlagen, 

da die Behandlung mit dem HIF1α Agonisten Dimethyloxalylglycine zu einer 

verminderten Internalisierung von Y. enterocolitica sowie zu reduzierten β1 Integrin 

Proteinkonzentrationen führte.  

Diese Arbeit hebt die Relevanz von Hypoxie im Zusammenhang mit 

gastrointestinalen Infektionen hervor und erörtert die Rolle von HIF1α als potentiell 

therapeutischen Wirkstoff.  
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Introduction 

The maintenance of oxygen homeostasis in human tissues is mediated by several 

cellular adaptations in response to low oxygen stress, called hypoxia. A decrease in 

tissue oxygen levels is initially counteracted by increasing local blood flow to 

overcome diminished oxygenation and avoid hypoxic stress (Höckel and Vaupel, 

2001). However, studies have shown that the physiological oxygen concentrations in 

several tissues are much lower than atmospheric (normoxic) conditions and the 

oxygen supply is finely regulated in individual cell types (Carreau et al., 2011). Thus, 

in vitro studies that aim to shed some light on the occurrence of real cell physiology 

very often do not approximate the actual tissue-specific, in situ, oxygen levels 

(Ivanovic, 2009). The gastrointestinal tract has been described to subsist in a state of 

physiologically low oxygen level, and is thus depicted as a tissue in the state of 

constant low-grade inflammation (Taylor and Colgan, 2007). The intestinal epithelial 

cell layer plays a vital role in the immune response to inflammation and infections that 

occur within the intestinal tissue, and is involved in many of the adaptation responses 

to hypoxic stress (Colgan et al., 2013). Not much is known about the effect of the low 

oxygen surroundings on the interactions between the intestinal epithelial cells and 

invading pathogens. Therefore, the overall aim of this study is to characterize a cell 

culture model to study intestinal epithelial interactions with Yersinia enterocolitica 

under hypoxic versus normoxic oxygen conditions.  
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1.1 Oxygen conditions 

Oxygen has always been an important factor for the survival of most living organisms, 

and its concentration has had a crucial influence on life. Over the course of the 

Earth’s development and the increase in atmospheric oxygen concentrations, it was 

vital that organisms evolve alongside increasing oxygen level. In fact, oxygen levels 

that were once toxic to a life form soon became indispensable (Ivanovic, 2009). Over 

the years, organisms developed mechanisms in cellular metabolism (Massabuau, 

2001; Massabuau, 2003) to cope with oxygen levels that increased from almost 1% 

to 5% one billion years ago (Falkowski, 2006) to finally reach our current 21% 

concentration.  

Researchers have aptly described three terms that characterize the different oxygen 

levels to which cells are exposed: “normoxia” that denotes atmospheric oxygen 

content, “physioxia” that signifies biologically sufficient oxygen concentration in 

tissues and “hypoxia” that represents oxygen concentrations less than normal, 

indicating an oxygen deficit (Carreau et al., 2011). Hypoxia has a substantial effect on 

several cellular processes and has been shown to influence the pathogenesis of 

several diseases including gastrointestinal disorders, tumors and cardiovascular 

diseases (Sundfør et al., 1998; Kokura et al., 2002; Semenza, 2012). 

1.1.1 Physiological oxygen concentrations  

Within the human body, the different tissues are supplied with varying concentrations 

of oxygen, depending on their specific metabolic demands. Therefore, a state of 

oxygen concentration that is physiologically lower than atmospheric does not 

necessarily indicate a deficit in oxygen supply or the existence of hypoxic stress 

(Guzy and Schumacker, 2006). Some of the better-oxygenated organs, such as the 

kidney and liver, have oxygen levels between 10% and 6% (Müller et al., 1998; Leary 
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et al., 2002). Other tissues have even lower oxygen concentrations: in the brain, it 

varies from 0.5% to 7% and the consensus is that anything equal to or higher than 

4.6% indicates normal oxygenation (Whalen et al., 1970; Nwaigwe et al., 2000). The 

intestinal tissue has an overall oxygen concentration of around 7%, however, a steep 

oxygen gradient exists between the highly oxygenated subepithelial mucosa and the 

severely anoxic luminal region (Thermann et al., 1985; Taylor and Colgan, 2007). 

Considering these diverse oxygen levels and the daily fluctuations experienced in 

tissues, these conditions of physiological oxygenation or physiological hypoxia were 

termed physioxia (Guzy and Schumacker, 2006). Table 1.1 summarizes the oxygen 

tensions found in the various human tissues expressed in percentage of oxygen in 

the microenvironment 

Table 1.1. Physioxic oxygen partial pressure (pO2) in human tissues. Adapted from 
(Carreau et al., 2011). 
 

 

 

 

 

 

 

 

 

 

 

1.1.2 Hypoxia during infections and inflammation 

Hypoxic stress, that occurs when cellular oxygen demand is higher than its supply, is 

Location pO2 (%) 

Air 21.1 

Air in the alveoli 14.5 

Arterial blood 13.2 

Venous blood 5.4 

Brain 4.4 

Lung 5.6 

Intestinal tissue 7.6 

Liver 5.4 

Kidney 9.5 

Muscle 3.8 
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commonplace in tissues faced with infection and inflammation (Schwartz and 

Eltzschig, 2011; Palazon et al., 2014). There are many factors that result in this 

oxygen deficit, including the demands of innate immune cells, such as neutrophils 

and macrophages that are recruited to the site of infection as well as those of 

invading pathogens that will consume oxygen themselves (Colgan and Taylor, 2010; 

Bhandari and Nizet, 2014; Campbell et al., 2014). These increased oxygen demands, 

in addition to the requirements of the resident cells of the infected tissue will cause a 

severe drop in available oxygen levels, resulting in a state of hypoxia.  

A state of hypoxia resulting from infections has been shown in vivo in several studies. 

Cystic fibrosis patients that suffer from secondary infections with Pseudomonas 

aeruginosa exhibit hypoxic conditions in their airways (Worlitzsch et al., 2002). 

Furthermore, infection of renal tubules with uropathegenic Escherichia coli in rats 

resulted in a severe drop in oxygen partial pressure (pO2) within 4 hours of infection  

(Melican et al., 2008). These findings are not restricted to bacterial infections alone, 

but have also been detected in mice lungs infected with Aspergillus fumigatus (Grahl 

et al., 2011). Furthermore, tissues that subsist under conditions of chronic 

inflammation are shown to have a reduction in blood supply and a consequent loss of 

adequate oxygenation (Colgan and Taylor, 2010). Extensive studies have identified 

several characteristics of inflammation sites, such as a decrease of oxygen pO2 and 

glucose concentration, as well as increases in levels of lactate and free oxygen 

radicals (Schor et al., 2000; Saadi et al., 2002).  

1.1.3 Hypoxia in tumors  

Most tumors exhibit much lower oxygen levels than the tissues from which they 

originated, and the decreased pO2 cannot be strictly linked to a specific size, clinical 

stage or tumor site. However, it has been shown that recurring tumors are much less 
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oxygenated than their corresponding primary tumors (Höckel and Vaupel, 2001). A 

combination of physical hindrance of oxygen diffusion and altered circulation of blood 

vessels result in reduced oxygen delivery to cells of solid tumors (Vaupel et al., 

1989). More importantly, there have been several reports on the possibility of using 

the degree of tumor oxygenation as a predictor for metastasis, disease progression 

and patient prognosis (Sundfør et al., 1998). The rationale behind this is the 

differential transcriptional regulation of several genes upon exposure to hypoxia. 

Various pathways may become downregulated and lead to cellular dormancy, 

apoptosis, and necrosis (Moulder and Rockwell, 1987; Giaccia, 1996; Riva et al., 

1998). Conversely, hypoxia-induced changes in tumors also allow cells to adapt to 

oxygen and nutrient deprivation by increasing the expression of proteins like glucose 

transporters, angiogenic molecules and growth factors (Shweiki et al., 1992; Giaccia, 

1996; Dang and Semenza, 1999; Hartmann et al., 1999). In fact, these hypoxia-

induced changes aid the cells in evading their hostile environment and promote tumor 

propagation. The vascular endothelial growth factor (VEGF), that is induced under 

hypoxia and is highly expressed in malignant tumors, facilitates vascularization 

(Shweiki et al., 1992). Metastasis involves migration of cells from the primary tumor 

site and invasion of adjacent cells, a process that requires loss of cell-cell adhesion 

and remodeling of the extracellular matrix (Pouysségur et al., 2006; Krishnamachary 

and Semenza, 2007). Many of the genes involved are regulated by hypoxia, including 

the matrix metalloproteinase-2 (MMP2) that takes part in the proteolysis of the 

extracellular matrix, the transforming growth factor-alpha (TGF-α) and lysyl oxidase 

(LOX) that leads to downregulation of epithelial (E) Cadherin (Erler et al., 2006; 

Semenza, 2012). A decrease in E-Cadherin and other cell-surface adhesion 

molecules greatly enhances cell detachment and tumor cell invasion (Hasan et al., 
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1998; Beavon, 1999). Figure 1.1 shows a simplified schematic of hypoxia-induced 

tumor invasion metastasis. 

 

Figure 1.1 Hypoxia-induced tumor cell migration and invasion. Hypoxia and hypoxia-inducible factor 

(HIF) induce markers that activate proteolysis, including the matrix metalloproteinase-2 (MMP2) and 

factors that stimulate migration such as the transforming growth factor-alpha (TGF-α). Hypoxia also 

activates lysyl oxidase (LOX) that downregulates cell-cell adhesion. This pathway might account for 

the invasion and metastatic process induced by hypoxia. Adapted from (Pouysségur et al., 2006).  

 

1.2 Cellular adaptation to hypoxia 

Living organisms have developed rather efficient mechanisms to maintain cellular 

homeostasis and to circumvent stressful conditions. There are many ways for our 

bodies to cope with inadequate oxygenation. In a more global manner, a person 

faced with high altitudes will experience rapid breathing, enhanced circulation and 

increased red blood cell and hemoglobin counts (Guillemin and Krasnow, 1997). 

Hypoxia 

Adhesion 

Invasion 

Migration Proteolysis 

Epithelium 

Basement 
membrane 

Extracellular 
matrix 
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These and numerous other responses aim to decrease cellular oxygen requirements 

and increase oxygen supply, in order to survive and overcome this hypoxic stress. At 

the cellular level, many genes are involved in the adaptation processes either in a 

regulatory capacity or in a functional manner. 

1.2.1 Transcriptional regulation 

1.2.1.1 Hypoxia inducible factor 

One of the earliest genes found to be upregulated in response to hypoxia was the 

one encoding erythropoietin (EPO) that stimulates the production of red blood cells 

(Jelkmann, 1992). It was in the search for the molecular oxygen sensor and 

transcriptional activator of EPO that the transcription factor hypoxia inducible factor 1 

(HIF-1) was discovered (Semenza and Wang, 1992). HIF-1 was found to have DNA 

binding capabilities that bind to and induce the expression of several genes whose 

products promote erythropoiesis and angiogenesis and are involved in glucose 

transport and metabolism, thus initiating the cellular adaptation response to hypoxic 

stress (Semenza et al., 1994; Semenza, 2002; Semenza, 2003). HIF-1 is a 

transcription factor consisting of two subunits: the oxygen regulated alpha (α) and a 

constitutively expressed beta (β) subunit, also known as the aryl hydrocarbon 

receptor nuclear translocator (ARNT) (Semenza and Wang, 1992; Wang et al., 1995). 

Both subunits consist of a basic helix loop helix (bHLH) and two domains composed 

of the Drosophila proteins period (Per), the single-minded protein (Sim), the 

mammalian aryl hydrocarbon receptor (AHR) and the aryl hydrocarbon receptor 

nuclear translocator (ARNT) collectively called PAS (Per-ARNT-AHR-Sim) domains 

(Hoffman et al., 1991; Lee et al., 2004). The bHLH and PAS domains are required for 

DNA binding and dimerization between the α and β subunits (Wang et al., 1995; 

Jiang et al., 1996). The HIF-1α subunit also contains an oxygen-dependent 
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degradation domain (ODDD) that is involved in the regulation of the protein (Jiang et 

al., 1996). Two transactivation domains, TAD-N at the N terminus and TAD-C at the 

C terminus, are involved in the HIF-1α protein stability and activity, respectively 

(Ruas et al., 2002). Figure 1.2 represents the structure of the HIF-1 subunits and their 

various domains. Two isoforms of the HIF-1α protein have been discovered, HIF-2α 

and HIF-3α, with structural similarities (Tian et al., 1997). HIF-2α, also known as 

endothelial PAS domain protein 1 (EPAS1) is also thought to function in a similar 

manner as the HIF-1α protein, however, the two proteins have tissue-specific 

differences in their regulation (Bracken et al., 2006). The role of HIF-1α has been the 

most extensively studied, while HIF-2α is only recently being explored and the 

detailed function of HIF-3α still remains unknown. 

  

Figure 1.2. Structure of HIF subunits. The following domains are shown: basic helix-loop-helix 

domain (bHLH), Per-Arnt-Sim homology domain (PAS), O2-dependent degradation domain 

(ODDD), N- and C-terminal transactivation domains (TAD-N and TAD-C). The hydroxylation of two 

proline residues (402 and 564) and one aspargine residue (803) are required for oxygen dependent 

degradation of the HIF-1α subunit. Adapted from (Prabhakar and Semenza, 2012). 

 

HIF-1α protein is a global regulator of the energy homeostasis and cellular 

adaptation to hypoxia and its stability is tightly regulated by the cellular oxygen 

concentration (Semenza, 2004). During conditions of adequate oxygenation, or 

normoxia, HIF-1α is rapidly degraded by binding of the von Hippel-Lindau tumor 

suppressor protein (pVHL) that subsequently targets it for ubiquitination and 



Chapter 1 Introduction 

 15 

proteosomal degradation (Lee et al., 2004). This process is mediated by oxygen- 

and iron- dependent prolyl hydroxylases (PHDs) that transfer a hydroxyl group 

onto two proline residues (P402 and P564), allowing for binding to pVHL (Kallio et 

al., 1997; Lee et al., 2004). Furthermore, the factor inhibiting HIF-1 (FIH-1) 

hydroxylates an asparagine residue (N803) within the TAD-C of HIF-1α, thus 

preventing its interaction with cofactors like CREB binding protein, CBP/p300 

(Hewitson et al., 2002). The PHDs and FIH are 2-oxoglutarate dependent 

dioxygenase enzymes and their activity is dependent on the O2 concentration and 

also requires vitamin C to retain iron in its ferrous state (Hewitson et al., 2002). 

Because of their utilization of oxygen as a substrate, PHDs and FIH have been 

suggested as oxygen sensors (Epstein et al., 2001). Under hypoxic conditions, 

HIF-1α rapidly accumulates due to the interruption of its degradation pathway by 

inhibition of the oxygen-dependent hydroxylation (Maxwell et al., 1999). Analysis of 

HIF-1α kinetics showed that significant accumulation of the protein began at pO2 

lower than 6% with maximum protein levels at pO2 0.5% while degradation of HIF-

1α at higher pO2 was very rapid, with a half-life of 5 minutes (Prabhakar and 

Semenza , 2012). Figure 1.3 details the oxygen dependent regulation of HIF-1α. 

Upon HIF-1α stabilization, it translocates to the nucleus and binds the HIF-1β to 

form the heterodimeric transcription factor HIF-1, subsequently leading to binding 

to specific HIF binding sites (HBS) within DNA regulatory hypoxia responsive 

elements (HREs) (Zinkernagel et al., 2007). HIF binding regulates the transcription 

of target genes that encode erythropoietin, glucose transporters, glycolytic 

enzymes, antimicrobial factors and the angiogenic factor VEGF among many 

others, summarized in Table 1.2  (Wang and Semenza, 1993; Zinkernagel et al., 

2007).  
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Figure 1.3. Oxygen dependent regulation of HIF-1α. (A) During normoxia, PHDs hydroxylate proline 

residues 402 and 564 that are recognized by vHL, that ubiquitinates (Ub) HIF-1α and thereby targets it 

for proteasomal degradation. Asparagine 803 is hydroxylated by FIH, which decreases HIF-1α 

interaction with the p300/CBP coactivators. (B) During hypoxia or when proline hydroxylases are not 

active, HIF-1α regulates transcription at HREs by accumulating and binding to HIF-1β and p300/CBP, 

which results in transcription of hypoxia-inducible genes”. Adapted from (Zarember and Malech, 2005)  

 

Table 1.2 HIF-1 Target genes (reviewed in Lee et al., 2004). 

Function Genes 

Cell proliferation  
 

Cyclin G2, IGF2, IGF-BP1, IGF-BP-2, IGF-BP-3, 
WAF-1, TGF-α, TGF-β3 
 

Cell survival  
 

ADM, EPO, IGF2, IGF-BP1, IGF-BP-2, IGF-BP-3, 
NOS2, TGF-α, VEGF 
 

Apoptosis  NIP3, NIX, RTP801 
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Motility ANF/GPI, c-MET, LRP1, TGF-α 

 
Cytoskeletal structure KRT14, KRT18, KRT19, VIM 

 
Cell adhesion  MIC2 

 
Erythropoiesis  
 

EPO 
 

Angiogenesis EG-VEGF, ENG, LEP, LRP1, TGF-β3, VEGF 
 

Vascular tone  α1B-adrenergic receptor, ADM, ET1, Haem 
oxygenase-1, NOS2 
 

Transcriptional regulation DEC1, DEC2, ETS-1, NUR77 
 

pH regulation  Carbonic anhydrase 9 
 

Regulation of HIF-1 activity P35srj 
 

Epithelial homeostasis  
 

Intestinal trefoil factor 

Drug resistance MDR1 
 

Nucleotide metabolism Adenylate kinase 3, Ecto-5'-nucleotidase 
 

Iron metabolism Ceruloplasmin, Transferrin, Transeferrin receptor 
 

Glucose metabolism HK1, HK2, AMF/GPI, ENO1, GLUT1, GAPDH, 
LDHA, PFKBF3, PFKL, PGK1, PKM, TPI, ALDA, 
ALDC 
 

Extracellular-matrix 
metabolism 

CATHD, Collagen type V (α1), FN1, MMP2, PAI1, 
Prolyl-4-hydroxylase α (1), UPAR 
 

Energy metabolism LEP 
 

Amino-Acid metabolism  Transglutaminase 2 
 
ADM, adrenomedullin; ALDA, aldolase A; ALDC, aldolase C; AMF, autocrine motility factor; 
CATHD, cathepsin D; EG-VEGF, endocrine-gland-derived VEGF; ENG, endoglin; ET1, endothelin-
1; ENO1, enolase 1; EPO, erythropoietin; FN1, fibronectin 1; GLUT1, glucose transporter1; 
GLUT3, glucose transporter 3; GAPDH, glyceraldehyde-3-P-dehydrogenase; HK1, hexokinase 1; 
HK2, hexokinase 2; IGF2, insulin-like growth-factor 2; IGF-BP1, IGF-factor-binding-protein 1; IGF-
BP2, IGF-factor-binding-protein 2; IGF-BP3, IGF-factor-binding-protein 3; KRT14, keratin 14; 
KRT18, keratin 18; KRT19, keratin 19; LDHA, lactate dehydrogenase A; LEP, leptin; LRP1, LDL-
receptor-related protein 1; MDR1, multidrug resistance 1; MMP2, matrix metalloproteinase 2; 
NOS2, nitric oxide synthase 2; PFKBF3, 6-phosphofructo-2-kinase/fructose-2,6 biphosphatase-3; 
PFKL, phosphofructokinase L; PGK 1, phosphoglycerate kinase 1; PAI1, plasminogen-activator 
inhibitor 1; PKM, pyruvate kinase M; TGF-α, transforming growth factor-α; TGF-β3, transforming 
growth factor-β3; TPI, triosephosphate isomerase; VEGF, vascular endothelial growth factor; 
UPAR, urokinase plasminogen activator receptor; VEGFR2, VEGF receptor-2; VIM, vimentin. 
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1.2.1.2 The involvement of other factors 
 
While HIF-1 plays the most pivotal role in hypoxia-induced cellular response, and is 

thus the most extensively studied, there are a number of other transcription factors 

that are also involved in this response.  

A key transcription factor recently identified as an important player in the cellular 

response to hypoxia is nuclear factor-kappa B (NF-κB), a central regulator of innate 

immunity and inflammatory processes (Hayden and Ghosh, 2008). NF-κB was shown 

to be activated in hypoxia, both in vitro and in vivo (Koong et al., 1994). Interestingly, 

components of the NF-κB signaling pathway were shown to be hydroxylated by FIH 

(Cockman et al., 2006). Some of the genes upregulated by hypoxia-induced NF-κB 

activation include cycloxygenase-2 (COX2), tumor necrosis factor alpha (TNFα) and 

interleukin six (IL-6) (Schmedtje et al., 1997; Taylor et al., 1998; Matsui et al., 1999). 

It has therefore been suggested that hypoxia regulates inflammatory responses 

through the activation of NF-κB signalling pathway (Taylor and Cummins, 2009). 

Several mechanisms for hypoxia-induced activation of NF-κB have been studied, 

including phosphorylation and degradation of its inhibitor IκB (Koong et al., 1994) and 

it has become clear that the signaling mechanism leading to NF-κB activation under 

hypoxia is a multi-factorial process (Taylor and Cummins, 2009).  

Another transcription factor that showed hypoxia-dependent regulation was the cAMP 

Responsive Element Binding protein (CREB) (Taylor and Cummins, 2009). 

Interestingly, the differential regulation of CREB depends on the extent and degree of 

hypoxia the cells are exposed to. Studies have shown that under acute mild hypoxia, 

CREB is activated in neuronal cells (Beitner-Johnson and Millhorn, 1998), while 

exposure to severe hypoxia in intestinal epithelial cells results in CREB degradation 

(Taylor et al., 2000). Furthermore, the expression of CREB was shown to be 
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selectively regulated, in a lung specific manner, in the pulmonary circulation response 

to hypoxia (Leonard et al., 2008). This presents an intriguing view of transcriptional 

regulation under hypoxia and the intricate network that is the cellular adaptation to 

hypoxia.  

1.2.2 Cellular response  

The previous section detailed the different transcription factors that are induced under 

hypoxia as well as the multitude of genes that they regulate in response to low 

oxygen stress. The next section will explore the changes that occur at the level of 

cellular structure and function. 

1.2.2.1 Cytoskeletal rearrangement 

The cytoskeleton and its main component, actin, are very important for many cellular 

processes including cell division, intracellular organization, maintenance of cell shape 

and polarity as well as playing a crucial role in cell motility (Pollard and Cooper, 

2009). Several studies have reported hypoxia-induced alterations in the cytoskeletal 

network and the proteins associated with it in various tissues such as vessel walls, 

brain, and kidney (Hu and Bennett, 1991; Lee et al., 2001). Furthermore, hypoxia has 

been shown to have a distinct effect on epithelial cells by disrupting the actin 

cytoskeleton and tight junctions, by mislocalization of the occludin protein and 

reduction of the zonnular occludin-1 protein (Molitoris et al., 1996; Bouvry et al., 

2006). Finally, there exists a differential regulation of the Rho guanosine 

triphosphatases (GTPases) that modulate the activity of actin-binding proteins, where 

their expression is induced in some tissues but remains unchanged in others under 

similar hypoxic conditions (Heasman and Ridley, 2008; Zieseniss, 2014). 
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1.2.2.2 Membrane alterations 

The importance of plasma membranes was foretold long before their composition or 

function was fully elucidated (Singer, 1974). Therefore, any chemical and physical 

perturbations of plasma membrane structure or composition may have a dramatic 

effect on cellular processes. In fact, hypoxic exposure leads to the selective 

remodeling of membrane lipids and proteins (Bhatnagar, 2003). In endothelial cells, 

hypoxia induced an increase in saturated fatty acids without affecting the amounts of 

phospholipids and free cholesterol (Ledoux et al., 2003). In alveolar cells, mild 

hypoxia resulted in a significant increase in the cholesterol to phospholipids ratio 

causing a decrease in membrane fluidity, with no significant increase in lipid 

peroxidation detected (Botto et al., 2006). This selective lipid enrichment and 

decrease in membrane fluidity under hypoxia is suggested as an adaptation response 

to regulate the function of membrane-bound proteins and their localization by 

decreasing endocytosis (Bhatnagar, 2003). Furthermore, when membrane 

composition is altered, membrane-associated proteins are also affected. For 

instance, after mild hypoxic exposure, the expression of the epithelial sodium channel 

(ENaC), and therefore the amiloride-sensitive sodium transport were greatly reduced 

(Bouvry et al., 2006). The consequences of hypoxia on membrane ion transport 

systems may lead to several manifestations at the cellular level, notably severe 

osmotic stress (Papen et al., 2001; Collins et al., 2011).  

1.2.2.3 Metabolic adaptation 

Since oxygen is the terminal electron acceptor in aerobic respiration, it is quite logical 

to expect a decrease in mitochondrial adenosine triphosphate (ATP) production and 

an increase in anaerobic glycolysis under hypoxic conditions. However, this is not 

quite the case. The cellular metabolic response to hypoxia is initiated to rescue the 
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existing limited oxygen supply and to maintain adequate energy supply (Semenza, 

2012). This is primarily under the regulation of HIF-1, that facilitates a switch from 

oxidative to glycolytic metabolism by limiting the substrate availability for the 

tricarboxylic acid cycle (TCA) as well as selectively limiting mitochondrial function on 

the one hand  (Kim et al., 2006; Papandreou et al., 2006) and by increasing the 

conversion of pyruvate to lactate on the other hand (Semenza et al., 1996). 

Furthermore, HIF-1 increases the expression of a number of genes involved in 

anaerobic metabolism such as the glucose transporters (Glut-1 and 3) and genes 

encoding glycolytic enzymes (Wang et al., 1995; Dang and Semenza, 1999; 

Minchenko et al., 2002). However, HIF-1 is also involved in the enhancement of 

mitochondrial electron transfer efficiency under hypoxia (Fukuda et al., 2007), most 

likely to avoid the harmful accumulation of reactive oxygen species (ROS) that are 

generated upon reduced efficiency of electron transfer under hypoxic conditions 

(Chandel et al., 1998). It is important to consider that there are many interconnected 

pathways that are initiated in response to decreased oxygen availability and the need 

for alternate energy sources.  

1.3 The gastrointestinal tract 

1.3.1 Physiological conditions 

The human gastrointestinal (GI) tract constitutes a very dynamic microenvironment. 

An overwhelming quantity of food, almost one ton per year, is processed through an 

area of approximately 300 m2 (Brandtzaeg, 2011). Furthermore, the gut is home to 

some 1014 symbiotic bacteria, averaging a weight of almost 2 kg, amounting to 

almost ten times the number of cells in the body (Neish, 2009). The gut mucosa 

produces almost 80% of the body’s immunoglobulins (Pabst et al., 2008), yet despite 
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its constant interaction with foreign material and potential antigens, it maintains its 

homeostatic nature and manages to perform its normal functions. This is attributed to 

a phenomenon called “oral tolerance” that consists of the suppression of 

hyperresponsiveness to dietary agents and commensal microbiota (Turner, 2009; 

Brandtzaeg, 2010). Furthermore, due to its distinctive structure within the body, with 

the highly vascularized and oxygenated subepithelial mucosa on one side and the 

severely oxygen deficient lumen on the other side, the GI tract is characterized by a 

steep oxygen gradient  (Taylor and Colgan, 2007).  Notably, the intestinal epithelium 

is known to be in a physiologically hypoxic state, with pO2 between from 1 and 7% 

(Taylor and Colgan, 2007; Carreau et al., 2011; Glover and Colgan, 2011). 

Furthermore, studies have demonstrated the hypoxia-dependent regulation of the 

characteristic functions of the intestinal epithelial layer, barrier permeability and ion 

transport (Taylor et al., 1998; Friedman et al., 1998). Thus, the GI tract is said to exist 

in a state of constant, low-grade inflammation, and the intestinal epithelial cells have 

efficiently adapted to this physiological state (Furuta et al., 2001); in fact they 

significantly contribute to the response to this inflammation (Colgan et al., 2013).  

1.3.2 Gastrointestinal infections 

As mentioned in the previous section, the human gut is host to over 400 species of 

commensal, predominantly anaerobic, bacteria that inhabit the lumen and epithelial 

mucosa of the lower intestine (Gorbach, 1996). While the host tissue has developed 

productive relationships with its microbiota, it remains highly vigilant against invading 

pathogens (Clavel and Haller, 2007). In cases when the balance of the normal flora is 

upset, or if the intestinal barrier is breached, infection can occur from invading 

pathogens or from overgrowth of endogenous pathogens (Gorbach, 1996). Some 

strains of the most renowned enteric commensal bacterium, Escherishia coli, can 
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cause numerous and highly detrimental diseases. The enteropathogenic E. coli 

(EPEC) damages the intestinal microvilli, while the enterohemorrhagic E. coli (EHEC) 

induces hemorrhagic colitis (Hao and Lee, 2004). Invasive enteropathogenic bacteria, 

including Salmonella, Shigella, and Yersinia, cause considerable damage to the 

mucosal layer and the intestinal epithelial cells as well as the lamina propria 

(Gorbach, 1996). Besides the physical and structural damage, many of these 

pathogens induce the expression of inflammatory and chemoattractive cytokines that 

will collectively raise an immune response (Neish, 2002; Sansonetti, 2004). 

1.4 Yersinia enterocolitica  

The bacterial genus Yersinia is a very well studied group of Gram-negative 

coccobacilli that was made famous by the initial characterization of the causative 

agent of the human plague by scientists Yersin and Kitasato in 1984 (Bibel and 

Chen, 1976). Since then, besides Yersinia pestis, two other human pathogenic 

strains, Y. pseudotuberculosis, and Y. enterocolitica have been thoroughly described 

(Bottone, 1999). Y. enterocolitica is pleomorphic in shape depending on its growth 

media and can change from small coccobacilli to more elongated bacilli. It is also 

motile at 25oC due to its peritrichous flagella that are absent at 37oC (Bottone et al., 

1974). Over 60 different serotypes of Y. enterocolitica have been identified, of which 

about 11 are associated with human infections. These serotypes were divided into 

several biogroups, with the nonpathogenic serotypes (such as O:5, O:6;30 and 

O:7;8) comprising the group 1A and the pathogenic serotypes, for example the 

better-characterized O:8, O:9 and O:3, belonging to groups 1B, 2 and 4 respectively 

(Bottone, 1999). 
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1.4.1 Enteric pathogenesis 

Yersinia enterocolitica is a food-borne zoonotic pathogen that causes various gut-

associated diseases in humans, including acute enteritis, enterocolitis (especially in 

children), diarrhea, and mesenteric lymphadenitis (Bottone, 1997). The most 

common source of human infections with Y. enterocolitica is ingestion of raw 

contaminated pork, however this pathogen has been also detected in contaminated 

water, milk and beef sources (Bottone et al., 1974). After ingestion, Y. enterocolitica 

transverses the intestinal lumen and overlying mucosal layer, across the intestinal 

epithelial barrier and colonizes the underlying lymphoid tissues (Bottone, 1997; dos 

Reis and Horn, 2010). The preferential entry of Y. enterocolitica into ileal Peyer’s 

patches seems to be facilitated by attachment to and penetration of epithelial 

microfold (M) cells (Grützkau et al., 1990). Y. enterocolitica primarily multiplies and 

colonizes the lymphatic tissues and are generally resistant to phagocytosis by 

macrophages and neutrophils (Schaake et al., 2013). Furthermore, the pathogens 

are able to trigger interleukin-eight (IL-8) production by recruited immune cells, 

leading to tissue damage and facilitating their own dissemination within the host 

tissue (McCormick et al., 1997).  

1.4.2 Virulence factors 

In its journey from the food source and through the host body, Y. enterocolitica 

encounters various environmental challenges such as temperature and pH changes. 

Therefore, this pathogen expresses a cohort of chromosomal and plasmid encoded 

virulence factors that are temperature-regulated to assist in its various infective 

stages (Bottone, 1997; Bottone, 1999). The main virulence determinants of Y. 

enterocolitica and the optimum temperatures at which they are expressed have been 

listed in Table 1.3. The chromosomal inv locus encodes the outer membrane protein 
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invasin that is responsible for bacterial attachment and subsequent internalization 

into host cells at 28oC (Miller and Falkow, 1988). Another chromosomally encoded 

protein, attachment-invasion locus (Ail) also plays a role in attachment and 

internalization in a host tissue-specific manner at 37oC  (Miller and Falkow, 1988; 

Isberg and Leong, 1990). Pathogen attachment to the intestinal brush border is 

enhanced by the Yersinia adhesin A (Yad A) encoded by the Yersinia virulence 

plasmid (pYV) and expressed optimally at 37oC (Paerregaard et al., 1991). 

Furthermore, the pYV is also responsible for the secretion of several Yersinia outer 

membrane proteins (Yops) that play a vital role in pathogenesis and enable 

resistance to phagocytosis, mainly at 37oC (Straley et al., 1993).  

Table 1.3 Main Y. enterocolitica virulence factors. Adapted from (Bottone, 1999). 
 
Genomic 
origin 

Determinant Function Expressed 
temperature 

Chromosomal    

inv. locus Invasin  Attachment/invasion  28 °C 

ail locus AiL 
(attachment 
invasion locus) 

Attachment/invasion; serum resistance  37 °C 

yst locus Yst (Yersinia 
stable toxin)  

Fluid secretion in intestine  28 °C 

hem Hem R and 
other proteins 

Heme receptor – removes iron bound to 
heme proteins  

37 °C 

Plasmid    

pYV YadA 
(Yersinia 
adhesin A) 

Attachment/invasion  37 °C 

 YopH 
(Yersinia outer 
protein H) 
 

Resistance to phagocytosis by 
macrophages. Phosphorylation of host cell 
proteins 

37 °C 

 YopB 
(Yersinia outer 
protein B) 
 

Suppresses tumor necrosis factor alpha; 
evasion of immune and inflammatory 
responses 

37 °C 

 YopE 
(Yersinia outer 
protein E) 
 

Translocated into target cell at zone of 
contact; leads to cytotoxicity 

37 °C 
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1.4.3 Interaction with β1 integrin and internalization into host cells 

Yersinia enterocolitica attach to intestinal epithelial cells and M cells before being 

internalized (Grützkau et al., 1990; Bottone, 1997). This attachment is mediated by 

the interaction of the Yersinia invasin with host beta one (β1) integrin molecules with 

high affinity, in some cases, at much higher affinity than the intergrin’s natural ligand 

(Isberg and Leong, 1990). Furthermore, YadA contributes to this attachment by 

binding a broad range of extracellular matrix components, including laminin and 

fibronectin (Hudson et al., 2005). The interaction of invasin and YadA with host cell 

surface receptors causes integrin aggregation and activation of focal adhesion 

kinases that trigger cytoskeletal rearrangements resulting in bacterial internalization 

via the zipper mechanism (Miller and Falkow, 1988).  
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1.5 Aims of this study 

Considering the low physiological oxygen conditions found in the intestinal tissue, 

and the additional oxygen deficit that occurs in tissues during an infection, this study 

seeks to identify the effects of hypoxia (1% O2) on intestinal epithelial cells and more 

importantly on host-pathogen interactions under these conditions.  

The goals of this study were achieved by the fulfillment of the following specific aims 

1) analyzing oxygen conditions in Caco-2 cell culture systems and establishing an 

appropriate in vitro model to study intestinal epithelial cells and 2) examining the 

effects of hypoxia on host-pathogen interactions between intestinal epithelial cells 

and Yersinia enterocolitica and investigating the role of host β1 integrins and the 

transcription factor HIF-1α in this process. 

 

 

Figure 1.4. Aims of this study 
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Abstract  

Purpose: Measuring oxygen levels in three different systems of Caco-2 cell culture. 

Methods: Caco-2 cells were cultured in three different systems, using conventional 

polystyrene 24-well plates, special 24-well gas permeable plates or on membrane 

inserts in conventional plates. Optical sensor spots were used to measure dissolved 

O2 levels in these cultured over the course of six days under normoxia (143 mmHg) 

and for 6 hours under hypoxia (7 mmHg). Western blot analysis was used to 

determine the protein levels of HIF-1α in the different cultures. 

Results: All culture systems displayed lower O2 levels over time than expected when 

cultured under “normoxia” conditions. O2 levels, on average, reached as low as 25 

mmHg in 24-well plates but remained at 97 and 117 mmHg in gas permeable plates 

and membrane inserts, respectively. Under hypoxia, 1 ml cell cultures equilibrated to 

7 mmHg O2 within the first 60 minutes and dropped to 0.39 mmHg and 0.61 mmHg 

O2 in 24-well and gas permeable plates, respectively, after the 6 hour incubation 

period. Cultures in membrane inserts did not equilibrate to 7 mmHg by the end of the 

6-hour incubation period, where the lowest O2 measurements reached 23.12 mmHg. 

Western blots of HIF-1α protein level in the whole cell lysates of the different Caco-2 

cultures revealed distinct stabilization of HIF-1α after hypoxic incubation for 1, 2 and 

4 hours in 24-well plates as well as gas permeable plates. For membrane inserts, 

notable HIF-1α was seen after 4 hours of hypoxic incubation. 

Conclusion: Cellular oxygen depletion was achieved in different hypoxic Caco-2-

culture systems. However, different oxygen levels comparing different culture 

systems indicate that O2 level of should be carefully considered in oxygen-dependent 

experiments.  
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Summary 

Yersinia enterocolitica is a major cause of human yersiniosis, with enterocolitis being 

a typical manifestation. These bacteria can cross the intestinal mucosa, and invade 

eukaryotic cells by binding to host β1 integrins, a process mediated by the bacterial 

effector protein invasin. This study examines the role of hypoxia on the internalization 

of Y. enterocolitica into intestinal epithelial cells, since the gastrointestinal tract has 

been shown to be physiologically deficient in oxygen levels (hypoxic), especially in 

cases of infection and inflammation. We show that hypoxic pre-incubation of Caco-2 

cells resulted in significantly decreased bacterial internalization compared to cells 

grown under normoxia. This phenotype was absent after functionally blocking host β1 

integrins as well as upon infection with an invasin-deficient Y. enterocolitica strain. In 

good correlation to these data, cells grown under hypoxia showed decreased protein 

levels of β1 integrins whereas the protein level of the hypoxia inducible factor (HIF-1) 

alpha was elevated. Furthermore, treatment of cells with the HIF-1α agonist 

dimethyloxalylglycine (DMOG) also reduced invasion and decreased β1 integrin 

protein levels compared to vehicle control cells, indicating a potential role for HIF-1α 

in this process.  
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Introduction 

The human gastrointestinal (GI) tract is home to an array of bacteria, some 

commensals that are vital to human digestion and others that can cause acute or 

chronic infections. GI pathogens have been the subject of extensive studies, and 

many host-pathogen interactions in this tissue have been fully characterized. Thus, it 

is important to address the environmental setting in which these interactions occur 

and the factors that are involved. The GI tract represents its own microenvironment 

within the body: a vascularized, oxygenated, subepithelial mucosa bordered by the 

severely anoxic luminal region (Taylor and Colgan, 2007). The intestinal epithelial 

layer has been shown to be in a physiological state of oxygen deprivation, also 

known as hypoxia, characterized by daily fluctuations in oxygen tensions with 

oxygen levels ranging from 1 to 7% (Taylor and Colgan, 2007; Carreau et al., 2011; 

Glover and Colgan, 2011). This environment can be challenged even more upon 

onset of acute infections or chronic inflammation. In fact, infection sites often result in 

severe hypoxia, with oxygen levels dropping below 1% (Melican et al., 2008) 

because of decreased oxygen permeation, increased consumption by invading 

pathogens and infiltration of recruited immune cells (Zinkernagel et al., 2007; 

Bhandari and Nizet, 2014). Hypoxia has been shown to lead to numerous changes 

within host cells, including cytoskeletal rearrangements (Bouvry et al., 2006) and 

alteration of membrane composition (Botto et al., 2008). However, it is still not 

entirely clear whether a hypoxic environment affects internalization of invasive 

bacteria such as Yersinia enterocolitica into epithelial cells.  

Y. enterocolitica is a gram-negative, facultative intracellular zoonotic pathogen that 

infects the gastrointestinal tract, causing a variety of diseases like gastroenteritis, 

acute enteritis and enterocolitis especially in children (Bottone, 1997). The most 

common source of human infections with Y. enterocolitica is ingestion of 
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contaminated food (Bottone et al., 1974). After ingestion, Y. enterocolitica 

transverses the intestinal lumen and overlying mucosal layer, across the intestinal 

epithelial barrier and colonizes the underlying lymphoid tissues (Bottone, 1997; dos 

Reis and Horn, 2010). The preferential entry of Y. enterocolitica into ileal Peyer’s 

patches seems to be facilitated by attachment to and penetration of epithelial 

microfold (M) cells (Grützkau et al., 1990). The uptake of Yersinia by epithelial cells 

is predominantly mediated by invasin, but other adhesins like Ail and YadA can 

contribute to this process (Eitel and Dersch, 2002). Invasin-promoted internalization 

is characterized by a “zipper” mechanism (Miller and Falkow, 1988). Invasin interacts 

with high affinity with several members of the β1 integrin family through its 

extracellular C-terminal region (Isberg and Leong, 1990). Interaction of invasin of Y. 

pseudotuberculosis was shown to bind with a 100 fold more affinity than the 

integrin’s natural ligand, fibronectin (Van Nhieu and Isberg, 1991). Integrins are a 

family of large transmembrane glycoproteins that function as receptors on the 

surface of cells, existing as heterodimers of one α and one β subunit, which are non-

covalently linked (Srichai and Zent, 2010). Among the 18 α and 8 β subunits, β1 

integrins are the most widespread (Hynes, 2002). They can be triggered by internal 

as well as external cues, and thus are able to promote inside-out and outside-in 

signal transduction cascades (Schwartz et al., 1995). Invasin binding to integrins 

triggers receptor clustering, a step that is required for Y. pseudotuberculosis uptake 

into host cells (Dersch and Isberg, 1999). Consequently, a series of signaling cues is 

initiated, promoting the recruitment of tyrosine kinases like the focal adhesion kinase 

(FAK) and the involvement of the GTPase Rac1 that induces bacterial entry into non-

phagocytic cells (Alrutz and Isberg, 1998; Wong and Isberg, 2005). 
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The goal of this study is to investigate the effect of hypoxia on the β1 integrin-

mediated internalization of Yersinia enterocolitica using Caco-2 cells as a polarized 

intestinal epithelial cell model.  

Results 

Characterization of oxygen conditions during Yersinia enterocolitica invasion into 

Caco-2 cells 

In order to study the host-pathogen interactions under hypoxia, the experimental 

settings of the culture conditions needed to be established. For our purposes, we 

used Caco-2 cells. This human cell line was grown to a monolayer with differentiated 

polarized intestinal epithelial cells (Pinto et al., 1983). Differentiated Caco-2 cells 

develop brush-border microvilli typical of intestinal enterocytes and express a 

multitude of intestinal enzymes like sucrase-isomaltase (Pinto et al., 1983; Zweibaum 

et al., 1983). Furthermore, dissolved oxygen levels in the cell culture media were 

measured using optical sensors, based on the oxygen-dependent quenching of 

phosphorescent probes that is proportional to the oxygen level in the immediate 

surroundings (Vanderkooi et al., 1987; Carreau et al., 2011). Infection incubations 

were performed under normoxia or hypoxia, thus resulting in three distinct conditions: 

normoxic pre-incubation / normoxic infection, hypoxic pre-incubation / normoxic 

infection and hypoxic pre-incubation / hypoxic infection. Oxygen measurements were 

performed over the course of 6 hours (hr) before infection and 6 hr following infection 

with Y. enterocolitica (see experimental procedures for details). Normoxic pre-

incubation of uninfected cells resulted in oxygen levels lower than 4% after 6 hr 

(Figure 3.1 A, left panel). After normoxic infection at time point 24 hr, cells show 

oxygen levels that decreased much faster than uninfected cells before similar levels 

(5% O2) are reached after 6 hr (post infection) (Figure 3.1 A, right panel). Hypoxic 
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pre-incubated cells reach levels of approximately 0.04% O2 after 6 hr (Figure 3.1 B 

and C, left panels). Hypoxic pre-incubated cells that were infected under normoxia 

show a faster decrease in oxygen levels as compared to uninfected cells and finally 

reach 7% O2 after 6 hr post infection (Figure 3.1 B, right panel). Hypoxic pre-

incubated cells that were infected under hypoxia do not show a notable difference in 

oxygen levels as compared to uninfected cells and finally reach 0.2% O2 after 6 hr of 

infection (Figure 3.1 C, right panel). 
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Figure 3.1. Oxygen levels in Caco-2 cultures. Caco-2 cells were grown for 6 days post confluence and 

then placed under hypoxia or kept under normoxia. (A) Measurements in normoxic pre-incubated and 

normoxic infected (or uninfected) cells, (B) measurements in hypoxic pre-incubated and normoxic 

infected (or uninfected) cells and (C) measurements in hypoxic pre-incubated and hypoxic infected (or 

uninfected) cells. Oxygen peaks represent the addition of fresh media: at time point 24 hr fresh media 

with bacteria, and at time point 1.5 hr post infection fresh media with gentamicin. Plotted values 

represent mean ±SEM and are displayed as % oxygen.  
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Hypoxic pre-incubation reduces Yersinia enterocolitica internalization 

Caco-2 cells were grown for 6 days under normoxia and then either moved to 1% O2 

for 24 hr or kept at normoxia. After addition of Yersinia enterocolitica O:8 8081v at a 

multiplicity of infection (MOI) 10, plates were centrifuged in order to obtain uniform 

bacterial attachment to host cells and numbers of intracellular bacteria were identified 

by gentamicin survival assay (Mandell, 1973). Figure 3.2 A shows that cells pre-

incubated under hypoxia had a significantly decreased number of internalization 

bacteria, after normoxic and hypoxic infection, compared to the normoxic control. 

Normoxic Caco-2 showed 12% internalized bacteria while hypoxic pre-incubated cells 

showed 2.4 and 1% internalized bacteria during normoxic and hypoxic infections 

respectively. Figure 3.2 shows that there was no significant difference in either the 

number of associated bacteria (3.2 B) or in the end bacterial count (3.2 C) 

respectively, in the different oxygen incubations. Finally, a lactate dehydrogenase 

assay (LDH) confirmed no significant cytotoxic effect of hypoxic incubation of Caco-2 

cells (Fig 3.2 D).  
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Figure 3.2. Y. enterocolitica internalization is reduced in hypoxic incubated cells. Y. enterocolitica 

serotype O:8 8081v was used to infect Caco-2 cells (MOI 10) pre-incubated at normoxia or hypoxia for 

24 hr. The infection was also performed at normoxia or hypoxia. (A) The percentage of internalized 

bacteria was significantly reduced in hypoxia pre-incubated cells. There was no significant difference 

in the number of associated bacteria (B) or in bacterial growth (C) in the cells grown under either 

condition. *p = 0.0375 using one-way ANOVA. Plotted values represent mean ±SEM. 
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cells, in line with previous blocking studies (Isberg and Leong, 1990). Blocking of β1 

integrins under hypoxia resulted in a slight but not significant decrease, 0.3% for 

blocked compared to 1.5 and 1.4% in untreated and isotype control cells, respectively 

(Figure 3.3 A). In summary, blocking under hypoxia revealed a strong decrease in 

internalization when compared to blocking under normoxia, whereas the number of 

associated bacteria was comparable between the blocked and untreated controls 

under either oxygen condition (Figure 3.3 B). 

 

Figure 3.3. Integrin blocking decreases internalization. Cells were treated with 45 µg/ml of 6S6 integrin 

blocking antibody, 45 µg/ml of IgG1 isotype control or left untreated for one hour before infection. (A) 

The percentage of internalized bacteria in cells blocked with anti-integrin antibody was significantly 

decreased. There was no significant difference between untreated or antibody blocked cells under 

hypoxia. (B) There was no significant difference in the number of associated bacteria under any 

condition. **** p<0.0001 using One way ANOVA test, and **p = 0.0015 and ns = non significant using 

Tukey's multiple comparisons test.  
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Invasin-mediated internalization 

In order to investigate the invasin-β1 integrin mediated internalization, two strains of 

Y. enterocolitica serotype O:3 were used to infect normoxic and hypoxic incubated 

Caco-2 cells. The Y. enterocolitica strain Y1/07 is a wild type invasin-expressing 

strain while YE21 is the respective invasin-deficient mutant strain (ΔinvA) (Uliczka et 

al., 2009). Similarly to the infection with 8081v, 6-day post confluent Caco-2 cells 

were pre-incubated either at normoxia or hypoxia for 24 hr. Infection incubations were 

also performed under normoxia or hypoxia. The results in Figure 3.4 A show that the 

wild type strain was internalized significantly less in cells pre-incubated under 

hypoxia, similar to the O:8 serotype. Infection with the invasin mutant showed a 

highly significant decrease in internalization as compared to the infection with the wild 

type strain (Figure 3.4 A). Similar to the Y. enterocolitica O:8 8081v wildtype strain, 

the number of associated bacteria showed no significant difference between the 

different oxygen conditions for either bacterial strain (Figure 3.4 B). 
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Fig. 4. Yersinia invasion is required for internalization. Y. enterocolitica serotype O:3 (MOI 10) was 

used to infect Caco-2 cells pre-incubated at normoxia or hypoxia for 24 hrs. The infection was also 

performed at normoxia or hypoxia. (A) The percentage of internalized wild type Y1/07 bacteria was 

significantly reduced in hypoxia pre-incubated cells. Infection with the invasin-deficient strain YE21 

showed no significant difference between the different oxygen conditions. (B) There was no significant 

difference in the number of associated bacteria in the cells grown under either condition. **** p < 

0.0001 using One way ANOVA test, and **** p < 0.0001 and ns = non significant using Tukey's 

multiple comparisons test. 
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β1 integrin protein levels were significantly decreased (0.5-fold) under hypoxia. Lower 

β1 integrin protein levels (Figure 3.5 A) may explain the hypoxia-mediated decrease 

of the Y. enterocolitica internalization rate. At the same time, protein level of the 

transcription factor hypoxia inducible factor HIF-1α, a global regulator of cellular 

response to hypoxia (Semenza and Wang, 1992) was significantly increased (4-fold) 

in hypoxic incubated cells (Figure 3.5 A).  

 

Figure 3.5. Quantification of Western blots of β1 integrin and HIF-1α. (A) Caco-2 cells pre-incubated 

under hypoxia as compared to the normoxic controls for 24 hr. Values are presented as a ratio over 

the respective normoxic value. ** p = 0.0051, *** p = 0.0008 using two-tailed student’s t test.  

 

In order to confirm the decrease in β1 integrin protein levels seen in the Western 

blots, immunofluorescent visualization of β1 integrins in 7-day post confluent Caco-2 

cells incubated under normoxia or hypoxia for 24 hr was performed. Representative 

images shown in Figure 3.6 confirm a distinct decrease in β1 integrin intensity, 

visualized in green, and distribution on the cells in hypoxic samples (Figure 3.6 C) 

compared to the normoxic controls (Figure 3.6 A). The isotype controls for normoxic 

and hypoxic staining are shown in Figure 3.6 B and D respectively.  
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Figure 3.6. Decreased β1 integrin under hypoxia. Representative fluorescent micrographs of β1 

integrin abundance under normoxia (A) or hypoxia (C) with their respective isotype controls (B and D). 

Green: β1 integrin, Blue: DAPI. 

 

Treatment of Caco-2 cells with DMOG reduces Yersinia enterocolitica internalization 

In order to determine whether HIF-1α plays a role in Y. enterocolitica uptake, a 

pharmacological agent was used to stabilize HIF-1α under normoxia. 

Dimethyloxalylglycine (DMOG) is a competitive inhibitor of prolyl-4-hydroxylases that 

degrade HIF-1α and it has been effectively used to stabilize HIF-1α in cells under 

normoxia (Jaakkola et al., 2001). Therefore, 7 day post confluent Caco-2 cells were 

treated with DMOG or with media alone under normoxic conditions. The cells were 

then infected with Y. enterocolitica O:8 8081v MOI 10 (under normoxia), DMOG was 

kept in the media of treated cells throughout the infection process. Figure 3.7 A 

A B

C D
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shows a significant decrease in bacterial internalization in cells treated with DMOG 

(6%) as compared to the untreated control (17.3%). Neither the number of associated 

bacteria or bacterial growth control showed a significant difference between DMOG 

treated cells and untreated controls (Figure 3.7 B and C, respectively). Cytotoxicity of 

DMOG on Caco-2 cells was determined by performing an LDH assay, and no 

significant cytotoxic effect of DMOG treatment was found (Fig 3.7 D). Furthermore, 

we found that DMOG treatment resulted in a slight, but significant decrease (0.8-fold) 

in β1 integrin and a significant increase (1.6-fold) in HIF-1α protein levels as 

compared to the untreated control (Figure 3.7 E). These data imply a possible 

involvement of HIF-1α in the decreased β1 integrin levels that in turn lead to a 

reduced internalization of Y. enterocolitica.  
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Figure 3.7. Treatment with DMOG mimics hypoxic results.Y. enterocolitica serotype O:8 8081v was 

used to infect Caco-2 cells (MOI 10) incubated at normoxia and treated with DMOG for 7 hr. The 

infection was performed at normoxia. (A) The percentage of internalized bacteria was significantly 

reduced in DMOG treated cells. There was no significant difference in the number of associated 

bacteria (B) or in bacterial growth (C) in the cells between treated and untreated. (D) Quantification of 

Western blots of β1 integrin and HIF-1α in Caco-2 cells treated with DMOG for 7 hr as compared to 

untreated controls. (A) *p = 0.0488 using two-tailed Student’s t-test (B) * p = 0.0164, ** p = 0.0073 

using two-tailed student’s t test. 
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Discussion 

The zoonotic bacterium Yersinia enterocolitica colonizes the human intestinal 

epithelium and its uptake is mediated by bacterial invasins that bind to host cell 

surface β1 integrins. In human intestinal enterocytes, β1 integrins are mostly localized 

on the basal and basolateral surfaces, however, on M cells, they are found mostly 

apically (Beaulieu, 1992; Hamzaoui et al., 2004). Interestingly, it has been recently 

shown that in Caco-2 and MDCK polarized epithelial cell lines, β1 integrins can be 

found apically at the tight junctions, colocalizing with the zonula occludens proteins 

(Tafazoli et al., 2000). This may explain that Y. enterocolitica uptake can still be 

detected in differentiated Caco-2 cells in a monolayer cell model. In this study we 

show that hypoxic pre-incubated cells show less internalization of Yersinia 

enterocolitica compared to cells kept under normoxia. This phenomenon was in line 

with decreased protein levels of host β1 integrin in hypoxic cells.  

The GI tract has been described to be in a state of constant, low grade inflammation 

associated with hypoxia, with intestinal epithelial cells playing a pivotal role in 

mucosal immunity and response to this inflammation (Colgan et al., 2013). 

Furthermore, chronic inflammation can be found in cases of inflammatory bowel 

disease (IBD), which has also been shown to result in hypoxic conditions (Hatoum et 

al., 2005). In fact, intestinal epithelial cells have revealed a strong resilience to low 

oxygen conditions and have efficiently adapted to this physiological state (Furuta et 

al., 2001). Among these adaptation mechanisms is the accumulation of HIF-1, a 

transcription factor consisting of two subunits: the oxygen regulated α- and a 

constitutively expressed β-subunit (Semenza and Wang, 1992; Wang et al., 1995). 

HIF-1α has now been shown to be present ubiquitously in human tissues and plays 

an important role in the cellular adaptation to hypoxia (Semenza, 1999). Under 
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normoxic conditions, the HIF-1α subunit is rapidly degraded by ubiquitination and 

subsequent proteosomal degradation mediated by oxygen- and iron- dependent 

prolyl hydroxylases (PHDs) (Bruick and McKnight, 2001; Lee et al., 2004). The HIF-

prolyl hydroxylases are dioxygenase enzymes that require oxygen and 2-

oxoglutarate, rendering them key oxygen sensors (Epstein et al., 2001; Fraisl et al., 

2009). Hypoxic conditions allow for HIF-1α accumulation due to the interruption of its 

degradation pathway (Kallio et al., 1997; Maxwell et al., 1999). Following HIF-1α 

stabilization, it dimerizes with the HIF-1β subunit and subsequently binds to specific 

hypoxia response elements (HREs) on target genes (Semenza et al., 1991; Fandrey, 

1995; Maxwell et al., 1999). HIF binding regulates the transcription of several target 

genes that encode, among others, angiogenic factors, proliferation and survival 

factors, glucose transporters, glycolytic enzymes, and antimicrobial factors (Wang 

and Semenza, 1993; Semenza, 2003).  

Here, we have shown that the decreased internalization of Y. enterocolitica in 

hypoxic-treated Caco-2 cells goes along with increased protein levels of HIF-1α. 

Furthermore, the well-known HIF-1α agonist DMOG shows a similar phenotype. 

These data lead to the hypothesis that HIF-1α contributes to this process. 

Interestingly, several studies described an effect of hypoxia on integrin expression, 

and in fact, a binding site for the transcription factor HIF-1α has been found on the β1 

integrin (ITGB1) gene promoter in colonic fibroblasts that results in a significant 

increase in ITGB1 induction under hypoxia (Keely et al., 2009; Rana et al., 2015). 

Besides transcriptional regulation of ITGB1, however, many hypoxia-induced post-

translational modifications have also been reported (Yu et al., 2009; Ren et al., 2014; 

Rana et al., 2015). In renal epithelial cells, hypoxia results in over-activation of the 

calcium-dependent cysteine protease, calpain, which then leads to unrestrained 
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cleavage of integrins (Wilson and Hartz, 1991; Saido et al., 1994). In several cell 

types, hypoxia increased β1 integrin mRNA levels but hindered maturation and 

localization, thus resulting in decreased protein levels or activation (Zuk et al., 1998; 

Aoyama et al., 2004; Rana et al., 2015). Additionally, oxygen-dependent 

modifications of the host cytoskeleton significantly affect the paracellular permeability, 

intracellular transport and the general endocytic uptake of particles in alveolar 

epithelial cells (Bouvry et al., 2006). Finally, an exposure to hypoxia induces 

significant remodeling of the host cell membrane microdomains (lipid rafts) in alveolar 

epithelial cells (Botto et al., 2008). Lipid rafts have been shown to function in cell 

signaling, intracellular membrane transport, cell adhesion and host-pathogen 

interactions (Brown and London, 2000; Lindner and Naim, 2009). Whether the 

hypoxia-induced changes in the host cytoskeleton and membrane Microdomains play 

a role in decreased bacterial entry into epithelial cells remains unclear.  

The intricate relationship between hypoxia, infection and inflammation has been 

thoroughly investigated and besides HIF-1 various transcription factors are involved 

in this cellular stress response pathways, including Nuclear Factor Kappa Beta 

(NFκB) and cAMP Responsive Element Binding protein (CREB), among many others 

(Cummins and Taylor, 2005; Haase, 2009). Furthermore, many of these 

investigations have been performed in vivo, where all these factors contribute to the 

immune response during hypoxia and infection (Taylor and Colgan, 2007; Glover and 

Colgan, 2011; Schaffer and Taylor, 2015). Future experiments with genetically 

modified cells will be directed to characterize the cellular pathways involved in the 

hypoxia-modulated internalization of Y. enterocolitica into Caco-2 cells. 

Interestingly, a decrease of bacterial internalization under hypoxia was shown for 

Shigella Flexneri into host epithelial cells in a predicted HIF-dependent manner (Lima 
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et al., 2013). Moreover, Pseudomonas aeruginosa entry into alveolar cells was 

decreased under hypoxia and after DMOG treatment, confirming the role of HIF in an 

in vivo pneumonia model (Schaible et al., 2013).  However, there has been no 

mention of the involvement of the β1 integrins in the hypoxia-induced decrease in 

internalization. Furthermore, evaluation of HIF-1α stabilization by pharmacological 

inhibition of prolyl hydroxylases, namely the HIF-1-specific PHD inhibitor AKB-4924, 

have revealed an important role for HIF-1α in boosting the innate immune response 

of keratinocytes against skin infections (Okumura et al., 2012) and of the intestinal 

epithelium in murine colitis (Keely et al., 2014). In light of these results, understanding 

the effects of hypoxia on epithelial cells during infections offers a new potential for 

pharmacological interference and the use of HIF-1 as a therapeutic target 

(Zinkernagel et al., 2007; Zinkernagel et al., 2008; Bhandari and Nizet, 2014).  

 

Experimental Procedures 

Cell culture, bacterial strains and growth conditions 

The human epithelial colorectal adenocarcinoma, Caco-2 (Fogh et al., 1977) cell line 

was used in this study. Cells were maintained in high glucose (4.5 g/L) Dulbecco’s 

modified Eagle medium (DMEM, Sigma), supplemented with 10% heat-inactivated 

fetal calf serum (FCS, Gibco BRL), and 50 U/ml Penicillin and 50 µg/ml Streptomycin 

(Sigma, Germany).  

The bacterial strains used in this study are Yersinia enterocolitica 8081v bioserotype 

1A/O:8, patient isolate, wild-type (Pepe et al., 1994) Y1/07 bioserotype 4/O:3, patient 

isolate, wild-type (E. Strauch) and YE21 (Y1, ΔinvA, kanamycin resistant KnR) 

(Uliczka et al., 2009) Overnight cultures of Y. enterocolitica 8081v were grown at 

27oC, and Y. enterocolitica Y1/07 and YE21 were grown at 37oC in Luria-Bertani (LB) 
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broth. The antibiotics used for YE21 selection were carbenicillin 100 mg/ml and 

kanamycin 50 mg/ml.  

Normoxic incubations were performed in a tissue culture incubator at 37oC, 5% CO2 

in water saturated air, while hypoxic incubations were performed in an oxygen control 

hypoxia glove box (Coy Laboratory Products, Grass Lake MI, USA) at 37oC, 1% O2 

and 5% CO2 in a humidified (100%) incubation chamber within the glove box. 

Alternatively, the prolyl-4-hydroxylase inhibitor dimethyloxalylglycine (DMOG; Sigma, 

Germany) was used to chemically stabilize the HIF-1α subunit under normoxia. 

DMOG, dissolved in water, was added to the media at 450 µM for 7 hr.  

Oxygen measurements 

Immobilized PSt3 oxygen sensor spots (PreSens, Regensburg, Germany) were 

attached to the inside of 24 well plates and a polymer optical fiber (POF) was 

connected to a fiber optic oxygen transmitter that relayed the emitted light to a Fibox4 

microprocessor (PreSens, Regensburg, Germany). In this manner, oxygen was 

measured non-invasively and was not consumed during the process of 

measurement. Caco-2 cells were grown for 6 days under normoxia and then either 

moved to 1% O2 for 24 hr or kept at normoxia. On day 7 post confluency the cells 

were infected with Y. enterocolitica O:8 (see below) and dissolved oxygen was 

measured at time of infection (24 hr), 1.5, 2.5, 4 and 6 hr after infection. 

Infection and internalization 

Caco-2 cells were seeded and grown for 6 days post confluence in a normal tissue 

culture incubator. On day 6, media was changed and two plates were placed at 1% 

O2 for 24 hr while one plate was left under normoxia for 24 hr. One well of Caco-2 

cells was counted and cells were used at 3-5 x 106 cells/ml. Cell monolayers were 

washed three times with PBS and incubated in DMEM without FCS or antibiotics. Y. 
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enterocolitica O:8 or O:3 strains were grown till OD600=0.5 and used to infect Caco-2 

cells at MOI 10. Plates were centrifuged at 142 g for 5 minutes (min) at 20oC and 

then incubated for 90 min at 37oC at normoxia or hypoxia, accordingly. After 90 min, 

media was removed and cells were washed with PBS to remove non-associated 

bacteria. FCS and antibiotic-free media with gentamicin 100 µg/ml (Sigma, Germany) 

was added to half of the wells for 60 min and the other half was kept with media only. 

The supernatant of cells incubated with bacteria and gentamicin was plated to ensure 

bacterial killing, and also taken for cytotoxicity assays. Cells were washed with PBS 

to remove antibiotics, trypsinized for 2 min with Trypsin-EDTA (Sigma, Germany), 

and then lysed with 0.1% Triton X-100 in media. Cell lysates were serially diluted and 

plated on LB agar. The total number of associated bacteria was determined by 

counting the colony-forming units (CFU) from wells without gentamicin and the 

number of internalized bacteria was determined by counting the CFU from wells with 

gentamicin. Internalization was calculated as percentage of gentamicin surviving 

bacteria relative to the total number of associated bacteria.  

Blocking of β1 integrin function 

Caco-2 cells were grown for 6 days post confluence in a normal tissue culture 

incubator. On day 6, media was changed and plates were placed at 1% O2 for 24 hr 

while one plate was left under normoxia for 24 hr. One hr before infection, media was 

removed and replaced with media containing 45 µg/ml of either 6S6 anti-β1 integrin 

(Merck-Millipore, Germany) or the mouse IgG1 (Merck-Millipore, Germany). Cells 

were incubated for 1 hr at 37oC at normoxia or hypoxia. Cells were then washed and 

infection proceeded as described above using Y. enterocolitica O8 8081v at MOI 10.  

Whole cell lysis and HIF-1α Western blots 
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Whole-cell extracts were obtained from Caco-2 cells grown for 6 days post 

confluency under normoxia. At day 6, they were either left under normoxia or placed 

under hypoxia for 24 hr after which they were lysed. Supernatants were removed and 

cells were washed in cold PBS over ice and scraped into 1 ml of lysis buffer (0.1% 

Nonidet P40, 300 mM NaCl, 10 mM Tris pH 7.9, 1 mM EDTA in PBS), with protease 

inhibitor mix (Antipain dihydrochloride 1.48 µM, Pepstatin A 1.46 µM, Leupeptin 10.51 

µM, Aprotinin 0.768 µM, Trypsin inhibitors 50 µg/ml and phenylmethanesulfonyl 

fluoride (PMSF) 1 mM; Sigma, Germany). Subsequently, cells were centrifuged at 17 

000 g at 4oC for 10 min and supernatants including cellular proteins were collected 

and frozen at -20oC until use. Equal protein amounts (50 μg) of total cell lysates from 

each sample were denatured in boiling Laemmli buffer plus 50 mM DTT for 5 min. 

Samples were then subjected to 8% sodiumdodecyl sulfate polyacrylamide gel 

electrophoresis and transferred onto a PVDF membrane (Roth, Germany). ). β1 

integrin was detected with a purified mouse anti-Integrin β1 antibody (BD 

Transduction Laboratories, USA). HIF-1α was detected with a purified rabbit anti-

human HIF-1α antibody (Merck-Millipore, Temecula, CA, USA). β-Actin (Santa Cruz 

Biotechnology, CA, USA) served as loading control. 

Immunofluorescence 

Caco-2 cells were grown on glass on cover slips in a 24-well plate for 6 days post 

confluence in a normal tissue culture incubator. On day 6, media was changed and 

plates were placed at 1% O2 or left under normoxia for 24 hr. Cells were fixed with 

ice-cold methanol for 15 min and washed with Tris buffered saline with 0.01% Tween 

20 (TBS-T). Coverslips were then incubated in blocking solution of 3% BSA with 

0.01% TBS-T for 30 min at room temperature followed by permeabilization using 

0.3% Triton X-100 for 15 min at room temperature. After washing, coverslips were 
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incubated with 0.01 mg/ml mouse anti-β1 integrin (Merck-Millipore, Germany) or the 

mouse IgG1 isotype control (Merck-Millipore, Germany) diluted in 3% BSA with 

0.01% TBS-T at room temperature for 2 hr. Coverslips were washed with 0.01% 

TBS-T and incubated with secondary goat anti-mouse Alexa Fluor® 488-labeled 

antibody (Invitrogen, Germany) for 45 min at room temperature, protected from light. 

After washing, coverslips were embedded in ProlongGold + DAPI™ (Invitrogen, 

Germany). Microscopy was performed using a Leica TCS SP5 confocal fluorescence 

microscope with a HCX PL APO 40X 0.75-1.25 oil immersion objective.  

Statistical analysis 

All experiments were performed in duplicate three independent times. Data were 

analyzed using Excel 2010 (Microsoft) and GraphPad Prism 6.0 (GraphPad 

Software). Differences between two or more groups were analyzed by using a One-

way ANOVA with Tukey's multiple comparisons test. For western blot and DMOG 

internalization statistics, unpaired, two-tailed Student’s t-tests were performed. The 

significance is indicated as follows: ns = non-significant, * p < 0.05; ** p < 0.005, *** p 

< 0.001 and **** p < 0.0001. 
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Discussion 

Since the discovery of the erythropoietin gene and the oxygen-dependent pathway 

that regulates erythropoietin expression, extensive effort has been made in the 

attempt to understand cellular adaptation to oxygen deficiency (Jelkmann, 1992; 

Semenza and Wang, 1992). Cellular oxygen concentrations are very finely regulated 

in vivo, with different tissues portraying distinct levels of oxygenation, depending on 

their individual needs (Ivanovic, 2009; Carreau et al., 2011). Oxygen stress, when 

oxygen levels fall below physiological concentrations, occurs in tissues during an 

infection, mostly due to overconsumption of oxygen by pathogens and recruited 

immune cells (Colgan and Taylor, 2010). Studies have indicated a role for hypoxia, 

and HIF-1α specifically, in the development of many diseases as well as in the 

modulation of innate immune responses during infections and inflammation 

(Peyssonnaux et al., 2005; Semenza, 2012). Little is known about the effect of 

hypoxia on the host-pathogen interaction of the intestinal epithelium and the 

modifications that may alter this interaction. Furthermore, most studies that are 

performed in cell culture conditions are in fact hyperoxic, with cells facing oxygen 

levels much higher than tissues would be exposed to in vivo (Ivanovic, 2009). 

Therefore, this study aims to analyze the effect of hypoxia on host-pathogen 

interactions of the intestinal epithelium upon infection with Yersinia enterocolitica, in 

an in vitro cell culture model with well-characterized oxygen conditions. The study 

was performed with the following specific goals:  

1. Establishing an appropriate hypoxic in vitro model.  

2. Examining the effects of hypoxia on host-pathogen interactions between 

intestinal epithelial cells and Yersinia enterocolitica.  

3. Evaluating hypoxic modulation of the innate immune response during infection 
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and the potential for HIF-1α as a new therapeutic target.  

In studying the gastrointestinal environment and the host-pathogen interactions that 

occur in this tissue, it is important to find an adequate cell culture model that on one 

hand closely mimics physiological relevant conditions and on the other hand 

facilitates experimental procedures. The intestinal epithelial cell layer and its dynamic 

barrier are known to play a critical role in intestinal functions and maintenance of 

homeostasis (Taylor and Colgan, 2007). One immortalized cell line, the human 

epithelial colorectal adenocarcinoma Caco-2, has been have been extensively used 

as a model for intestinal epithelial cells (Fogh et al., 1977). When Caco-2 cells are 

kept for seven days in culture, they exhibit a spontaneous differentiation into small 

intestinal enterocytes which is sustained over the following 20 days (Pinto et al., 

1983). This differentiation includes morphological changes into polarized cells with 

fully defined brush border membranes, tight junctions and the development of a 

monolayer (Pinto et al., 1983). Functionally, these cells behave in the same manner 

as intestinal cells; they express active brush border enzymes such as sucrase-

isomaltase and dipeptidyl peptidase four (DPPIV) at levels that are comparable to 

those observed in the healthy small intestine of humans (Zweibaum et al., 1983; 

Zweibaum et al., 1983).  

For the purposes of host-pathogen studies, Caco-2 cells are commonly used in 

infection models for various intestinal pathogens (Finlay and Falkow, 1990; Curfs et 

al., 1995; Lima et al., 2013). Interestingly, it has been recently shown that 

differentiated and polarized Caco-2 cells express their β1 integrins on their apical 

membranes, colocalized with the zonula occludens proteins at the tight junctions 

(Tafazoli et al., 2000). For these reasons, as well as their relative uncomplicated 
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culture requirements as compared to primary isolated intestinal cells, Caco-2 cells 

are considered a valuable in vitro model for intestinal epithelial cells.  

Using cell culture systems to simulate in vivo situations requires the consideration for 

several challenges. In general, the lack of active tissue perfusion with blood results in 

an inadequate supply of nutrients and an accumulation of waste products (Metzen et 

al., 1995). Furthermore, there are limitations to oxygen diffusion in cell cultures that 

are often overlooked; and which may be caused by structural obstructions from cell 

densities or by the impermeability of conventional polystyrene culture vessels 

(Metzen et al., 1995; Ivanovic, 2009). A common misconception is that typical cell 

culture conditions, where incubators are provided with 95% air and 5% CO2, result in 

20 % O2 in the incubator (Carreau et al., 2011), however, this calculation fails to 

consider the effect of water vapor saturation that eventually results in a pO2 of around 

18% (Allen et al., 2001). In this respect, the significance of oxygen measurement in 

experimental cell culture protocols to enable a clear definition of present oxygen 

level. For these reasons, the first aim of this study was to examine the oxygen 

availability in classical cell culture systems. Using a non-invasive, optical sensing 

technique, I was able to measure dissolved oxygen levels in the cell culture media, 

allowing for the quantification and comparison of oxygen content in different 

experimental settings (Vanderkooi et al., 1987; Carreau et al., 2011). Three separate 

culture systems were examined: polystyrene 24-well plates that are conventionally 

used in cell culture, film-bottomed gas permeable 24-well plates that are increasingly 

being used for oxygen sensitive experiments as well as polyethylene terephthalate 

(PET) membrane inserts suspended over polystyrene plates, generally important for 

co-culturing and paracellular transport experiments. Primarily, media alone 

measurements were performed in each of the systems in order to assess the speed 
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of equilibration to surrounding oxygen conditions. Media under normoxia were 

relatively similar in the three culture systems, with pO2 values remaining steady at 

around 128 mm Hg (17%) over the 24-hour measurement period (Chapter 2, Figure 

2.1). When the plates were placed under 1% O2, in a controlled hypoxia glove box, a 

distinct difference was seen in the time needed for the media in three culture systems 

to equilibrate to the set oxygen condition. Indeed the gas permeable plates showed 

the fastest rate of hypoxic equilibration as compared to the other two culture systems 

(Chapter 2, Figure 2.1). This is important to consider, since the dissolved oxygen 

levels in media will ultimately affect the concentration of oxygen reaching the cells 

being cultured. When using Caco-2 cells as a model for intestinal epithelial cells, they 

should be used at an advanced state of confluency, beginning at 7 days post 

confluency when they are fully differentiated (Pinto et al., 1983). Therefore, after 

confluency was reached, oxygen levels were monitored daily over the course of 6 

days under normoxia. Caco-2 cells cultured in conventional 24-well plates showed a 

substantial decrease in pO2 levels over the course of 6 days that reached as low as 

22 mmHg (3%) at day 6 in culture (Chapter 2, Figure 2.2 A and B). This decrease in 

oxygen levels could in part be explained by the fact that confluent Caco-2 cells have 

been known to form domed structures, implicated in vectorial ion transport, that 

aggregate on the surface of the monolayer and may limit adequate gas diffusion 

(Pinto et al., 1983; Ramond, et al., 1985). Measurement of sub-confluent Caco-2 

cells, that lack these domes, revealed that after seeding on 24 well plates for only 24 

hours the oxygen levels already decreased to almost 60 mmHg (8%) under normoxia 

(Chapter 2, Figure S2.2 A and D). It is not unexpected to have some oxygen 

deprivation in static cultures grown, despite the frequent media change, however our 

results show that cells typically grown in what is considered normoxic conditions, face 
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severe oxygen insufficiency and are in fact hypoxic. These results are in accordance 

with what has been previously published in endothelial, renal and hepatic epithelial 

cell culture models (Wolff et al., 1993; Metzen et al., 1995). On the other hand, Caco-

2 cells cultured in gas permeable plates for 6 days showed a more modest decrease 

in oxygen levels that did not drop below 86 mmHg (12%) by the end of the culture 

period (Chapter 2, Figure 2.2 C and D). Moreover, cells seeded on gas permeable 

plates registered a pO2 value of 121 mmHg (16%) after 24 hours under normoxia 

(Chapter 2, Figure S2.2 B and D). As the name would suggest, gas permeable plates 

seem to enable better gas exchange allowing the extracellular oxygen concentration 

to closely reflect that in the surrounding milieu. Finally, while cells grown on 

membrane inserts showed an initial drop in oxygen levels in the first days, pO2 values 

remained relatively stable at around 113 mmHg (16%) over the course of the culture 

period (Chapter 2, Figure 2.2 E and F). A similar trend was observed in cultures 

seeded on membrane inserts and measured 24 hours later, with a pO2 value of 124 

mmHg (17%) under normoxia (Chapter 2, Figure S2.2 C and D). Actually, membrane 

inserts posed a technical complication for oxygen measurements since the sensors 

had to be affixed to the bottom of the well and not on the insert itself, in the middle of 

the cell monolayer, as was the case for the other two culture systems. Therefore we 

were unable to draw a direct correlation between the actual pO2 values in the 

suspended inserts and those measured in the well underneath. However, despite this 

obvious drawback, our results still underline the need for awareness of oxygen 

limitations when performing oxygen-related experiments in this particular culture 

system.  

This study also included a 6-hour monitoring of 6-day post confluent Caco-2 cells 

cultured on the different culture systems and placed under normoxia or hypoxia. 
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Once again, the 24-well plate cultures show reduced oxygen levels after two hours 

whereas the gas permeable and membrane insert cultures both remained relatively 

high under normoxia (Chapter 2, Figure 2.3 A-D). Under hypoxia, the 24-well-plate as 

well as the gas permeable cultures showed hypoxic equilibration within 1 hour of 

incubation, while the membrane insert cultures exhibited a marked decrease in 

oxygen levels over time without actually reaching the established pO2 in the hypoxia 

chamber (Chapter 2, Figure 2.3 A-D). Furthermore, using media that was pre-

conditioned to pO2 7.4 mmHg (1%) showed a relatively faster equilibration of cultures 

to the hypoxic environment in 24 well and gas permeable cultures, however it did not 

considerably enhance the adjustment of the cultures grown on membrane inserts 

(Chapter 2, Figure 2.3 A-D). Finally, this study examined the accumulation of the 

oxygen sensitive HIF-1α that regulates many of the adaptations to oxygen deficiency 

(Lee et al., 2004; Zinkernagel et al., 2007). As expected, none of cultures showed an 

accumulation of HIF-1α under normoxia at any of the 1-, 2- or 4-hour time points 

(Chapter 2, Figure 2.4). Under hypoxia, HIF-1α bands were visible in lysates obtained 

from 24-well plates as well as lysates from gas permeable plates, at all 3 time points. 

Cells grown on membrane inserts displayed a slight accumulation of HIF-1α protein 

in cells after 2 hours under hypoxia and a more substantial accumulation after 4 

hours (Chapter 2, Figure 2.4). Several studies have shown that in static, closed 

culture conditions, where the oxygenation of a cell monolayer occurs purely by 

diffusion, Fick’s law can be used to correlate between the dissolved extracellular 

oxygen concentration and the intracellular oxygen concentration (McLimans et al., 

1968; Wolff et al., 1993). The results of this study confirm that exposure to 7.4 mmHg 

(1%) oxygen in confluent Caco-2 cells results in the initiation of the hypoxic 

adaptation response, instigated by the stabilization of HIF-1α in a time-dependent 
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manner. The stabilization of HIF-1α protein by inhibition of its proteasomal 

degradation has been shown to be cell-specific as well as dependent on time and 

severity of hypoxic exposure, beginning at pO2 of up to 45 mmHg (6%) and peaking 

at 7.4 mmHg (1%) (Jiang et al., 1996; Bracken et al., 2006). With the confirmation of 

HIF-1α stabilization in Caco-2 cells, and thus the activation of several genes involved 

in the homeostatic responses to lack of oxygenation, this study facilitates the next 

step: examining the effect of hypoxic adaptation on host-pathogen interaction in an in 

vitro model.  

The gastrointestinal tract has been described as physiologically hypoxic and in a 

state of chronic low-grade inflammation (Taylor and Colgan, 2007). In fact, intestinal 

epithelial cells have revealed a strong resilience to low oxygen conditions and have 

efficiently adapted to this physiological state (Furuta et al., 2001). Therefore, it was of 

great interest to examine the effect of these low oxygen conditions on the interaction 

between intestinal epithelial cells with the enteropathogenic bacterium Yersinia 

enterocolitica. This study showed that Caco-2 cells pre-incubated under hypoxia for 

24 hours resulted in a significant decrease in the number of internalization bacteria 

compared to cells that were pre-incubated under normoxia (Chapter 3, Figure 3.2 A). 

This phenomenon was seen in cells pre-incubated under hypoxia and infected under 

either normoxic or hypoxic conditions, thus excluding a direct effect of hypoxia on the 

pathogen itself. No hypoxic effect was observed on the number of bacteria 

associated with the cells, bacterial growth or cell cytotoxicity (Chapter 3, Figure 3.2 B, 

C, and D). Interestingly, these results correlate well with previously published 

literature with other bacterial pathogens and varying host cell types. Hypoxic pre-

incubation of alveolar epithelial cells resulted in reduced Pseudomonas aeruginosa 

internalization, with a role for HIF in an in vivo pneumonia model (Schaible et al., 
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2013).  Moreover hypoxic stress significantly decreased entry of Shigella flexneri into 

hepatocytes in a predicted HIF-dependent manner (Lima et al., 2013). While these 

studies confirmed the phenotype of decreased pathogen internalization they did not 

elaborate on the mechanisms by which the host factors were affected or involved. In 

section 1.4 of this study, we described the process of Yersinia enterocolitica 

internalization into intestinal epithelial cells mediated by the interaction of bacterial 

invasin with host β1 integrins (Isberg and Leong, 1990). Integrins are a large family of 

transmembrane glycoproteins that act as receptors on the surface of cells and that 

play a role in signaling as well as cellular adhesion (Giancotti and Mainiero, 1994; 

Harris et al., 2000). Integrins exist as non-covalently linked heterodimers of one α 

and one β subunit (reviewed by Srichai and Zent, 2010). Among the 18 α and 8 β 

subunits, β1 integrins are the most widespread (Hynes, 2002). The cytoplasmic 

domains of integrins associate with the cytoskeleton, forming focal adhesions (FA) 

that regulate integrin clustering (Giancotti and Ruoslahti, 1999). These are protein 

complexes that are involved in signaling and include the focal adhesion kinase (FAK), 

α-actinin, vinculin, kindlin and talin (Burridge et al., 1990; Giancotti and Ruoslahti, 

1999). In order to determine the effect, if any, of hypoxia on the β1 integrin-mediated 

internalization of Y. enterocolitica, β1 integrins were functionally blocked with antibody 

that binds to the extracellular fragment of the receptor. Caco-2 cells pre-incubated for 

24 hours under normoxia show a significant decrease in bacterial internalization in β1-

integrin-blocked cells as compared to untreated cells (Chapter 3, Figure 3.3 A). The 

blocking of β1-integrin to examine its effect on Y. enterocolitica internalization was 

previously described, under normoxia, with comparable results (Isberg and Leong, 

1990). Blocking of β1 integrins in hypoxia-pre-incubated cells, which had not yet been 

investigated, resulted in a slight but not significant decrease, compared to untreated 
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cells (Chapter 3, Figure 3.3 A). Interestingly, this study showed that blocking under 

hypoxia revealed a significant reduction in internalized Y. enterocolitica when 

compared to blocking under normoxia, which suggests that the reduction in 

internalization is due to a hypoxia-induced effect on integrin. In order to confirm this 

hypothesis, this study looked at the effect of hypoxia on invasin that interacts with 

host β1 integrins to mediate bacterial internalization. Therefore, a mutant Y. 

enterocolitica strain, lacking the inv gene, was used to infect Caco-2 cells pre-

incubated under normoxia or hypoxia. Bacterial internalization was almost completely 

abolished in cells infected with the invasin mutant compared to the wild type strain, 

regardless of the oxygen pre-incubation condition (Chapter 3, Figure 3.4 A). Thus, 

the presence of both invasin and host β1 integrins is required for effective Y. 

enterocolitica internalization into Caco-2 cells. Since decreased bacterial entry was 

seen under hypoxia, it was important to investigate whether reduced oxygen 

conditions induce changes in β1 integrin protein levels. This report has thoroughly 

introduced the cellular changes induced by exposure to low oxygen, and it is not 

surprising to find that β1 integrins, that are tightly connected to both the plasma 

membrane and the cytoskeleton, are also subjected to hypoxic regulation. I therefore 

investigated by Western blotting the protein levels of β1 integrins in cells incubated 

under hypoxia for 24 hours and found a significant (0.5-fold) decrease as compared 

to cells kept under normoxia (Chapter 3, Figure 3.5). As further confirmation, 

immunofluorescent staining and visualization of β1 integrins in Caco-2 cells showed a 

distinct decrease in β1 integrin intensity, visualized in green, and distribution on the 

cells in hypoxic samples (Chapter 3, Figure 3.6 C) compared to the normoxic controls 

(Chapter 3, Figure 3.6 A).  
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Studies have shown that promoter region of the gene encoding β1 integrin, ITGB1, 

contains the DNA-binding motif for the transcription factor HIF-1 (Keely et al., 2009). 

In colonic fibroblasts, exposure to hypoxia leads to a significant induction of the 

ITGB1 gene (Keely et al., 2009; Rana et al., 2015). Interestingly, despite an increase 

in β1 integrin mRNA levels in several cell types, many modifications to the β1 integrin 

protein have also been described after exposure to hypoxia (Yu et al., 2009; Ren et 

al., 2014; Rana et al., 2015). Hypoxia induced uncontrolled cleavage of integrins in 

renal epithelial cells by the protease calpain, resulting in severely reduced levels of β1 

integrin at the cell surface (Wilson and Hartz, 1991; Saido et al., 1994). Furthermore, 

hypoxia significantly altered β1 integrin activation by hindering its maturation, 

glycosylation and localization, thus interfering with various functions of this receptor 

and disrupting downstream signaling cascades (Zuk et al., 1998; Aoyama et al., 

2004; Rana et al., 2015). Integrins are most often found in an inactive, bent 

conformation and only become extended upon activation, thus resulting in receptor 

clustering at the plasma membrane (Srichai and Zent, 2010). One region of the 

plasma membrane that poses great interest this process are lipid rafts, ordered liquid 

domains rich in sphingolipids and cholesterol segregated from less-ordered liquid 

domains composed of mainly unsaturated phospholipids (Lindner and Naim, 2009). 

Cell signaling, intracellular membrane transport, cell adhesion and host-pathogen 

interactions are among the cell processes regulated by lipid rafts (Brown and London, 

2000; Lafont and Goot, 2005). Host β1 integrins are raft-associated proteins that 

require these platforms for clustering as well as recycling (Vassilieva et al., 2008; 

Deuretzbacher et al., 2009). Interestingly, exposure of alveolar epithelial cells to 5% 

oxygen triggers significant remodeling of lipid microdomains and raft-associated 

protein localization (Botto et al., 2008). My own preliminary studies indicate that 
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Caco-2 cells subjected to 1% oxygen for 24 hours result in a diffuse pattern of raft as 

well as non-raft associated proteins (Supplemental Figures 6.2 and 6.3). Lipid rafts 

were isolated by detergent lysis and sucrose density gradient centrifugation as 

previously described (Rodgers and Rose, 1996) and raft-associated proteins can be 

found in the floating, low density fractions (lanes 1-3 on a Western blot) while non-raft 

proteins are located in the bottom, heavier fractions (lanes 8-10 on a Western blot) as 

is illustrated in Supplemental Figure 6.1. Preliminary results show that while the raft-

associated protein marker, Flotillin-2, is normally distributed in Triton-X 100 

solubilized cells grown under normoxia (Morrow et al., 2002), its distribution is shifted 

to a more diffuse one in cells incubated under hypoxia (Supplemental Figure 6.2). 

Furthermore, the non-raft protein Ras homolog member A (RhoA) (Bhatnagar et al., 

2004) showed a similar shift in distribution after Triton-X 100 lysis and was no longer 

restricted to non-raft fractions (Supplemental Figure 6.3). It is therefore not 

improbable that membrane changes induced by hypoxia (reviewed in section 1.2) 

may alter β1 integrin distribution in lipid rafts and thus its cell surface availability or 

activation, ultimately justifying the hypoxia-mediated decrease of the Y. enterocolitica 

internalization. Further experiments are needed to confirm this hypothesis, such as 

the distribution β1-integrin in lipid rafts, as well as the ratio of activated over the total 

β1-integrin under normoxia vs hypoxia. A final investigation in this study was the role 

of HIF-1α, as a global regulator of cellular response to hypoxia in the uptake of 

Yersinia enterocolitica (Semenza and Wang, 1992). A pharmacological inhibitor of 

HIF-1α hydroxylation and degradation, dimethyloxalylglycine (DMOG), was used to 

stabilize HIF-1α in Caco-2 cells under normoxia (Jaakkola et al., 2001). Subsequent 

infection with Y. enterocolitica resulted in a decreased internalization similar to that 

observed in hypoxia pre-incubated cells (Chapter 3, Figure 3.7 A). Interestingly, 
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DMOG treatment also resulted in a decrease in the protein levels of β1-integrin 

(Chapter 3, Figure 3.7 E). In fact, in cells placed under hypoxia as well as those 

treated with DMOG, a significant increase in the protein levels of HIF-1α could be 

detected (Chapter 3, Figure 3.5 and 3.7 E). Finally, preliminary results of lipid raft 

distribution showed an altered Flotillin-2 localization in cells treated with DMOG 

(Supplemental Figure 6.4) similarly as seen under hypoxic conditions (Supplemental 

Figure 6.2). All together these data lead to the premise that HIF-1α plays a key role in 

modulating host responses to Y. enterocolitica infection by mediating cellular 

alterations that hinder pathogen invasion. 

Finally the data presented here underline the hypothesis, that the existing oxygen-

limited conditions of the intestine may significantly affect host-pathogen interactions 

as well as host responses to bacterial infections. In fact, infection sites often result in 

hypoxia because of decreased oxygen permeation and increased consumption by 

invading pathogens and recruited immune cells. Hepatic epithelial tissues infected 

with uropathogenic Escherichia coli become severely hypoxic, with oxygen levels 

dropping below 1% (Melican et al., 2008). Oxygen-dependent modifications of the 

host cytoskeleton also significantly affect the paracellular permeability, intracellular 

transport and the general endocytic uptake of particles in alveolar epithelial cells 

(Bouvry et al., 2006). Since some of these bacteria are internalized into the intestinal 

epithelial cells via some form of endocytosis or membrane invagination, fragments of 

host plasma membrane will form the pathogen-containing compartments. Therefore, 

alterations in host membranes caused by oxygen deficiency would also affect these 

compartments, and ultimately influence intracellular bacterial survival (Takeuchi, 

1967). 

As mentioned earlier, the GI tract has been described to be in a state of constant, low 
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grade inflammation associated with hypoxia, with intestinal epithelial cells playing a 

pivotal role in mucosal immunity in response to this inflammation and in maintaining 

homeostasis (Liévin-Le Moal and Servin, 2006; Colgan et al., 2013). Chronic 

gastrointestinal inflammatory conditions, such as Crohn's disease and ulcerative 

colitis, are characterized by exaggerated inflammatory responses to the luminal 

microbiome and are aggravated by the resulting epithelial barrier dysfunction 

(Cummins et al., 2013). These inflammatory conditions, grouped under the name 

inflammatory bowel disease (IBD) are induced by multiple factors, including 

inflammatory responses, intestinal microbes and genetic predisposition (Abraham 

and Cho, 2009). IBD has been shown to disrupt the oxygen balance of the intestine 

and often results in microvascular abnormalities and tissue hypoxia (Hatoum et al., 

2005; Biddlestone et al., 2015). In fact, hypoxic conditions were confirmed in the 

intestinal epithelium in murine models of IBD by using 2-nitroimidazole dyes, 

compounds that undergo oxygen-dependent metabolism (Evans et al., 2000; 

Karhausen et al., 2004). Interestingly, HIF-1α was found to be highly expressed in 

epithelial cells from both Crohn's disease and ulcerative colitis patients 

(Giatromanolaki et al., 2003). The role of HIF-1α and its activated pathways was 

revealed to be a protective one, with suggested mechanisms that include improved 

barrier protection and prevention of epithelial cell apoptosis  (Cummins et al., 2008; 

Colgan et al., 2013; Biddlestone et al., 2015). Epithelial barrier integrity can be 

protected and maintained by the increased expression of several HIF-1α target 

genes, including the intestinal trefoil factor (ITF) and the ecto-50 nucleotidase (CD73)  

(Furuta et al., 2001; Synnestvedt et al., 2002). Furthermore, conditional knockout of 

HIF-1α expression in intestinal epithelial cells exacerbated barrier injury and resulted 

in more severe symptoms in a murine colitis model (Karhausen et al., 2004). A similar 
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aggravation in inflammatory damage was seen in Clostridium difficile toxin-induced 

colitis in mice lacking intestinal epithelial HIF-1α (Hirota et al., 2010). In contrast, 

pharmacological inhibition of HIF-1α degradation substantially reduced the extent of 

injury caused by inflammatory damage in these colitis models (Cummins et al., 2008; 

Hirota et al., 2010).  

Along with HIF-dependent pathway activation, studies have also implicated the NF-

kB-dependent pathways in the host response at these sites of inflammation (Colgan 

et al., 2013; Biddlestone et al., 2015). NF-kB is mildly activated under hypoxia and 

required for the maintenance of epithelial barrier integrity by suppressing apoptosis in 

these cells (Taylor, 2008; Colgan et al., 2013). Similarly to HIF-1α, conditional 

deletion of NF-kB in intestinal epithelial cells in mice led to an increased susceptibility 

to colitis in a murine model (Zaph et al., 2007).  

It has already been discussed that recruitment of immune cells to sites of 

inflammation or infection results in increased oxygen consumption, but it is also 

notable to say that the hypoxic environment also influences the function of the 

immune cells themselves (Karhausen et al., 2004; Peyssonnaux et al., 2005; 

Zinkernagel et al., 2007). In myeloid cells, HIF- 1α stabilization results in the 

regulation of specific immune functions, such as enhanced phagocytosis and 

bacterial killing (Anand et al., 2007). Besides conferring improved phagocytic abilities, 

HIF- 1α was also able to increase the lifespan of polymorphonuclear cells (PMNs) by 

delaying their apoptotic pathways (Zarember and Malech, 2005). Several host innate 

defense effectors are significantly induced by HIF-1α, such as cathelicidin 

antimicrobial peptides, the granule proteases cathepsin G and elastase, tumor 

necrosis factor-α (TNFα), and nitric oxide (NO) (Peyssonnaux et al., 2007; Harris et 

al., 2014). A role for HIF- 1α was also shown in the response against infections by 
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transcriptional activation of toll-like receptors two and six (TLR2, TLR6) in vitro as 

well as in mucosal organs in vivo (Kuhlicke et al., 2007). Finally, HIF-1α was also 

able to induce the specialized autophagy of adherent invasive Escherichia coli (AIEC) 

involved in Crohn’s disease in intestinal epithelial cells (Mimouna et al., 2014). 

Interestingly, several bacteria can induce HIF-1α expression even in the presence of 

normal oxygen levels (Peyssonnaux et al., 2005). Infection with Bartonella henselae 

resulted in a significant increase in HIF-1α activity in epithelial cells in normoxia 

(Kempf et al., 2005). Moreover, infection with any of the following, group A 

Streptococcus (GAS), Staphylococcus aureus, Pseudomonas aeruginosa, and 

Salmonella typhimurium was able to significantly induce HIF-1α expression in 

macrophages (Peyssonnaux et al., 2005). HIF-1α induction is not limited to 

interactions with bacteria, but can also be caused in response to viral, protozoan and 

fungal infections (Hwang et al., 2006; Werth et al., 2010).  

In light of increasing antibiotic resistance, novel approaches to treatment of infections 

are needed, and methods for boosting the host defense are currently being explored 

(Bhandari and Nizet, 2014). Because of its implication in the hypoxia-induced 

modulation of the immune response, HIF-1α has been considered as a possible 

novel therapeutic target (Zinkernagel et al., 2007). Pharmacological manipulation of 

HIF-1α levels has already been successfully used in some cancer therapies 

(Semenza, 2003). Furthermore, pharmacological stabilization of HIF-1α, by the iron-

chelator mimosine or by the prolyl hydroxylase inhibitor AKB-4924, significantly 

improved the ability of keratinocytes to fight against skin infections (Zinkernagel et al., 

2008; Okumura et al., 2012). Treatment with a HIF-1α agonist also boosted the 

innate immune response of the intestinal epithelium in a murine colitis model (Keely 

et al., 2014). In a murine pneumonia model, administering DMOG significantly 
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decreased mortality in mice infected with Pseudomonas aeruginosa (Schaible et al., 

2013).  

These data strongly suggest that HIF-1α is a promising candidate for use as a 

therapeutic agent for the treatment of several pathological conditions. The ability of 

HIF-1α to boost the innate immune cells is a very attractive feature that can be 

effective in the treatment of multi-drug resistant bacterial infections, or in 

immunocompromised patients (Bhandari and Nizet, 2014). Since the pharmacological 

stabilization of HIF-1α results in the increase of a number of antimicrobial host 

agents, the chances for the development of bacterial resistance is greatly diminished  

(Zinkernagel et al., 2007).   

Ultimately, it is important to emphasize the relevance of studying hypoxia and the 

pathways involved in the adaptation to oxygen stress in the context of gastrointestinal 

perturbations and the host cell endeavors to maintain homeostasis.
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Concluding remarks 

When taken together, the results of this study bring into focus that there is a certain 

balance that needs to be maintained in the cellular adaptation to oxygen stress. After 

exposure to hypoxia, the cells need to initiate pathways that will decrease the oxygen 

consumption while finding ways to compensate for the decreased oxygenation 

(Höckel and Vaupel, 2001). If the hypoxic stress is not overcome, the cells would 

need to activate alternate mechanisms in order to avoid permanent damage. For 

example, in the case of intestinal epithelial cells, initial exposure to hypoxia increases 

the expression of several genes that protect the epithelial barrier (Cummins et al., 

2008; Colgan et al., 2013). However, sustained hypoxia triggers several pathways 

that lead to downregulation of tight junction proteins, degradation of the extracellular 

matrix and finally, activation of the epithelial to mesynchemal transition (EMT) into 

migratory cells  (Cane et al., 2010; Zhang et al., 2013; Chou et al., 2015).  

Cellular stress, such as hypoxia, has been shown to induce endoplasmic reticulum 

(ER) stress and the induction of the unfolded protein response (UPR), which affects 

several aspects of protein biosynthesis such as folding, maturation and trafficking  

(Ma and Hendershot, 2004; Pereira et al., 2014). This is an important consideration 

when working with polarized epithelial cells that differentially sort proteins to either 

the apical or basolateral membrane, depending on their function (Jacob and Naim, 

2001). In this study, I used a differentiated Caco-2 cell model in order to study the 

interaction between intestinal epithelial cells and the gastrointestinal pathogen, 

Yersinia enterocolitica that is internalized after interaction with host β1 integrins. The 

results of this study indicate that hypoxia decreases the entry of Y. enterocolitica into 

host cells, and this is correlated with a reduction in protein levels of β1 integrins. 

Therefore, we suggest that an exposure to acute hypoxia leads to posttranslational 
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modifications in the maturation and lipid raft association of β1 integrins, thus altering 

their plasma membrane localization and rendering them inactive and incapable of 

clustering. That, in turn, hinders the adherence of Yersinia enterocolitica invasin to 

the host receptors, ultimately resulting in decreased pathogen entry. Further 

experiments are needed to confirm this hypothesis and to generate a more concise 

model. Analyzing β1 integrin mRNA levels in Caco-2 cells may confirm transcriptional 

regulation after exposure to hypoxia. Furthermore, examining the levels of cell 

surface β1 integrins as compared to total β1 integrin protein levels, by biotinylation will 

confirm the decrease seen in Western blots and immunofluorescence. Finally, 

distribution of the β1 integrin protein in plasma membrane lipid rafts could be useful to 

substantiate the theory that an altered membrane association hinders clustering and 

activation of the receptor. Figure 5.1 depicts a model of the hypothesis presented in 

this study. 

A role for HIF-1α was also suggested in this study, and performing the internalization 

experiments in intestinal epithelial HIF-1α deficient mice or even HIF-1α knock-down 

Caco-2 cells may help confirm this role. If that is the case, then pharmacological 

modulation of HIF-1α could be introduced in the treatment of such infections. 

Regardless, as summarized in this study, the cellular adaptation to hypoxia is far-

reaching and involves diverse mechanisms, including several HIF-independent 

pathways that will contribute to the immune response during hypoxia and infection in 

an in vivo situation (Taylor and Colgan, 2007; Glover and Colgan, 2011; Schaffer and 

Taylor, 2015).  
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Figure 5.1. Model of the proposed hypothesis presented in this study



 

 78 



Chapter 6 Supplementary figures  

 79 

Supplementary figures 

 

 

 

 

 

 

Figure 6.1. Lipid raft isolation protocol. Caco-2 cells were lysed using a 1% Triton-X 100 lysis buffer 

and were then loaded into a discontinuous sucrose gradient. The gradient consisted of 1 ml 80% 

sucrose solution followed by 1 ml 40% sucrose and lysate solution (0.5 ml lysate+ 0.5 ml 80% 

sucrose), then 7 ml layer of 30% sucrose followed by 1 ml 5% sucrose at the top. The gradient was 

centrifuged at 100,000 g for 18 hours at 4
o
C, then ten 1 ml fractions were collected, starting with the 

top low density raft associated portion as fraction 1 and ending with the bottom, high density non-raft 

associated portion as fraction 10. After SDS-PAGE and Western blot analysis, raft proteins such as 

flotillin-2 show up in fractions 1, 2 and 3 while non-raft proteins such as RhoA are located in the 

fractions 8, 9 and 10.  
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Figure 6.2. Representative Western blot of flotillin-2 protein distribution in lipid rafts in normoxic and 

hypoxic cells. Caco-2 cells pre-incubated under normoxia show flotillin-2 protein restricted to the first 

three raft associated fractions (top) while cell pre-incubated under hypoxia for 24 hours exhibited a 

diffused pattern in the rafts as well as non-raft fractions (bottom). 

 

 

 

 

Figure 6.3. Representative Western blot of RhoA protein distribution in lipid rafts in normoxic and 

hypoxic cells. Caco-2 cells pre-incubated under normoxia show RhoA protein restricted mostly to the 

last non-raft associated fractions (top) while cell pre-incubated under hypoxia for 24 hours exhibited a 

diffused pattern extending beyond the non-raft fractions (bottom). 
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Figure 6.4. Representative Western blot of flotillin-2 protein distribution in lipid rafts in untreated or 

cells treated with DMOG. Caco-2 cells left untreated under normoxia show flotillin-2 protein restricted 

to the first three raft associated fractions (top) while cells treated with the HIF-1α agonist DMOG for 5 

hours under normoxia exhibited a diffused pattern in the rafts as well as non-raft fractions, similar to 

the distribution seen under hypoxia (bottom). 
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